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   Foreword   

 The evolution of vascular surgery over the past several years has been truly remarkable. 
Technologic advances have provided an unprecedented variety of therapeutic options available 
for the care of the vascular patient. The contemporary vascular specialist today must provide 
the entire spectrum of care for the patient with circulatory disease, including conventional 
open surgery, minimally invasive endovascular therapy, and medical management. Fundamental 
to achieving the optimal outcome for the vascular patient is accurate diagnosis, selection of the 
most appropriate therapy, and long-term surveillance of the natural history of the disease as 
well as the outcomes of therapeutic interventions. Crucial to this mission is the vascular non-
invasive laboratory. Indeed, not only has the vascular noninvasive laboratory bene fi tted from 
recent technologic re fi nement, but at no time in its history has it played a more critical role in 
the management of the patient with vascular disease. 

 The  fi rst vascular noninvasive laboratory was established by surgeons at the Massachusetts 
General Hospital in 1946, and the evolution of noninvasive vascular laboratory technology 
over the last six decades has been pioneered by vascular surgical pioneers such as Bergan, Yao, 
Cranley, Strandness, and Kempczinski. Dr. AbuRahma, who has been a proli fi c clinical inves-
tigator and author in the  fi eld of vascular noninvasive diagnosis, joined the company of these 
leaders with publication of the  fi rst edition of  Noninvasive Diagnosis: A Practical Guide  in 
2000. The third edition of this book is an encyclopedic treatise on noninvasive vascular diag-
nosis, is without question the “gold standard” text in the  fi eld, and is a must have volume for 
any serious practitioner interested in the care of the patient with circulatory disease. 

 This book provides truly comprehensive coverage of the entire spectrum of noninvasive 
vascular testing, ranging from conventional noninvasive technology to the latest state-of-the-
art advances. The list of part editors and authors of these chapters reads as a “who’s who” of 
leaders in the  fi eld who have combined their unique individual expertise and perspectives with 
the latest published information in clearly written, beautifully illustrated, and extensively ref-
erenced chapters. The totality of vascular noninvasive diagnosis topics are covered, even 
including regulatory issues which will become an increasingly important issue in our evolving 
health care system. 

 For example, today there are more than 10,000 noninvasive vascular laboratories in the 
United States but less than 25% are actually accredited. The initial part of the book directly 
addresses the issues of laboratory quality and credentialing. The second part, on vascular 
hemodynamics, sets the foundation for the clinical parts which follow. 

 The part on cerebrovascular disease includes 14 chapters which cover not only basic nonin-
vasive testing issues, pre-, and post-intervention, but leading edge topics such as transcranial 
Doppler, intima media thickness, and plaque characterization. These latter modalities will play 
an increasingly important role in selecting the most appropriate candidates with asymptomatic 
carotid stenoses for intervention, an issue of growing controversy in contemporary practice 
and in the future. The comprehensive nature of the part is re fl ected in the inclusion of a chapter 
on CT and MRA of the carotid arteries. 

 Likewise, the parts on peripheral arterial disease and venous disease include the entire spec-
trum of noninvasive testing from traditional physiologic modalities to the expanding role 
of Duplex examination in diverse clinical scenarios. The respective roles and the relative 
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advantages and disadvantages of each of the available testing modalities are clearly high-
lighted for the reader. Whereas mesenteric vascular disease has historically been a diagnosis of 
exclusion, often established after an extensive work-up pursuing other potential diagnoses, 
today Duplex ultrasound has become the initial diagnostic modality of choice. Its role in evalu-
ating the patient with suspected mesenteric as well as renovascular disease, and in follow-up 
after intervention, is presented authoritatively. 

 In an era of increasing pressure for health care cost containment, vascular noninvasive test-
ing will play an increasingly important, cost effective, and expanding role in the evaluation of 
patients with circulatory disease and in many cases will continue to supplant more invasive 
conventional angiography and expensive radiographic imaging studies. In addition to covering 
the entire spectrum of conventional noninvasive laboratory examination throughout the body, 
this text also provides for the reader the most recent information on evolving diagnostic modal-
ities such as intravascular ultrasound, three-dimensional imaging, and contrast-enhanced 
ultrasound. 

  Noninvasive Vascular Diagnosis :  A Practical Guide to Therapy  should be required reading 
and in fact part of the curriculum of every vascular surgery resident, as well as interventional 
cardiology and interventional radiology trainees with an interest in vascular disease. It will be 
equally valuable to the experienced practicing health care provider who cares for patients with 
vascular disease. For the busy clinician, each part of the book concludes with a summary chap-
ter on the clinical applications of the information provided in that part. The book even includes 
a practical chapter on vascular laboratory coding and reimbursement. This book is a truly 
unique contribution – I know of no other publication in the  fi eld that provides such a compre-
hensive, well organized, and easily readable presentation of state-of-the-art noninvasive vascu-
lar testing. 

 Bruce A. Perler, MD, MBA 
 Julius H. Jacobson, II Professor of Surgery 

 The Johns Hopkins University School of Medicine 
 Chief, Division of Vascular Surgery & Endovascular Therapy 

 Director of the Vascular Noninvasive Laboratory 
 The Johns Hopkins Hospital   
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   Preface   

 The purpose of the third edition of this popular textbook on noninvasive vascular diagnostics 
is to highlight recent advances in the investigation of vascular diseases. This new edition is 
designed to assist physicians and other clinicians in determining the most applicable and prac-
tical methods for managing patients with vascular disease in the most cost-effective and 
ef fi cient manner. 

 The rapid expansion of this  fi eld over the past two decades, and the addition of new diagnos-
tic modalities and new applications, justify this third edition. After three decades of maturation 
of vascular laboratories, from the days of the early pioneers that were in fl uenced by the late 
Dr. Gene Strandness and other prominent vascular surgeons, a broader group of physicians, 
including radiologists, neurologists, cardiologists, and internists have become involved in this 
technology. With this in mind, this new edition is designed to be comprehensive enough to 
address the needs of all clinicians who are involved in the care of patients with vascular disease. 

 This new edition has been divided into parts that have been edited by several nationally and 
internationally prominent experts in the  fi eld of noninvasive vascular diagnostics. This is re fl ected, 
not only by the addition of a new editor, Dr. Dennis Bandyk, but also by the addition of associate 
editors, Dr. Henrik Sillesen and Dr. Patrick Stone. With the new level of maturity and technologi-
cal advances in the  fi eld of noninvasive vascular testing, 15 new chapters have been added and 
the remaining chapters have been extensively revised, many of which have new authors. 

 The  fi rst part on vascular laboratory operations includes a new chapter on quality assurance, 
which is essential today; while the second part includes a new chapter on vascular hemody-
namics by Dr. Henrik Sillesen. The third part on cerebrovascular diagnosis has several new 
chapters, including the role of duplex ultrasound in carotid screening, computed tomography 
angiography and magnetic resonance angiography of the carotids, intraoperative ultrasound 
assessment of carotid endarterectomy and stent angioplasty, intima media thickness measure-
ment, and errors and artifacts of carotid ultrasound evaluation. 

 Part IV, edited by Dr. Dennis Bandyk, also has several new chapters, including duplex uti-
lization of radial artery imaging, protocol and mapping techniques prior to hemodialysis access 
planning, and noninvasive vascular testing in the trauma patient. 

 The noninvasive diagnosis of venous disorders, Part V, is edited by a new associate editor, 
Dr. Patrick Stone. Several of these chapters were extensively revised and two new chapters 
were added on venous duplex ultrasound of the upper extremities and the role of the noninva-
sive vascular laboratory in thoracic outlet syndromes. 

 One new chapter on duplex evaluation after renal intervention was added to Part VI, and 
Part VII includes new chapters on coding and reimbursement for vascular lab testing and the 
clinical application of ultrasound guidance in arterial and venous access. 

 Several modalities are described in this new edition by new authors who were selected 
based on their extensive knowledge and expertise in these  fi elds. 

 To the contributors, previous authors, and their staff, we, the editors, wish to express our 
most sincere appreciation. We hope the readers will enjoy this update. 

 Ali F. AbuRahma, M.D., RVT, RPVI
Dennis F. Bandyk, M.D.   
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 Noninvasive testing had its roots in early research  laboratories 
more than half a century ago. The  fi rst  facility in this  country 
was established at the Massachusetts General Hospital in 
1946, and others appeared over the following years. The 

work focused on research efforts with little thought about 
providing routine clinical testing. By the 1960s, arterial 
reconstructive procedures became increasingly frequent, 
and there was a surge in interest in the clinical investigation 
of blood  fl ow. The ability of the early measurement methods 
to provide objective noninvasive determination of vascular 
parameters attracted the interest of vascular surgeons, and 
by the 1970s, there was regular clinical use of a number of 
tests. What had been quiet (and often esoteric) research lab-
oratories expanded, providing an increasing volume of rou-
tine examinations directed toward patient management. By 
the late 1970s, the majority of hospital-based facilities were 
dedicated to routine clinical service rather than to research. 
At the same time, physicians took the testing modalities into 
the of fi ce, thus increasing the availability of these tests. 

  Abstract 

 Over the last half century, noninvasive vascular testing has evolved from a research laboratory 
curiosity to a well-established clinical component in the management of patients with vas-
cular disease. As with any new  fi eld, the search for high-quality work is a critical challenge. 
An important early step was developing appropriate education for the physicians and the 
technical staff who would ultimately be examining patients. But providing educational 
opportunities was only the  fi rst step in ensuring a quality operation. It was necessary to 
de fi ne prerequisite knowledge and experience, together with a determination of entry-level 
knowledge. This step was achieved in 1983 by establishing a certifying examination for 
vascular technologists. The second quality initiative was to de fi ne benchmarks for estab-
lishing and running of an examining facility. Relevant issues included quality of equipment, 
ongoing supervision, examination protocols, standardized diagnostic criteria, reporting 
standards, and validation studies. In 1991, a formal laboratory accreditation was established 
to provide a structured approach to this side of improved quality. Over the years, the com-
bination of individual certi fi cation and laboratory accreditation has led in the effort to 
improve the quality of noninvasive testing.  
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   Education and Training 

   Physician 

 The testing in the early laboratories was supervised by the 
physicians who worked on developing and validating the 
techniques. These researchers were committed to critical 
evaluation of the tests being developed and careful work pre-
ceded widespread clinical application. Once the value of vas-
cular testing was promulgated, increasing numbers of 
physicians became interested in the  fi eld. The majority of 
physicians who ran clinical laboratories in the late 1970s and 
early 1980s lacked the research background and the experi-
ence of the original investigators. The newcomers relied on 
learning what they could from the few published articles and 
from visits to observe the work done in established laborato-
ries. Over time, there has been an increase in the quality and 
availability of courses and teaching materials available. 
Some specialties (including vascular surgery and vascular 
medicine) require training in vascular testing as part of the 
core curriculum of residencies. Many programs include 
didactic presentations, direct participation in examinations, 
and experience in test interpretation. As the result of these 
programs, many doctors now complete training much better 
prepared for vascular testing.  

   Technologist 

 With the expansion of vascular testing into the clinical arena 
and the increasing demand for services came a need for addi-
tional personnel and the training of the providers of vascular 
testing. The most important change was adding personnel 
whose job was to perform the different testing protocols. 
People from a variety of technical backgrounds were recruited, 
including nurses, radiology technicians, and catheterization 
laboratory specialists. With time, this hybrid group evolved 
into vascular technologists. Adequate training and supervision 
became an obvious problem. Initially, the providers of vascu-
lar testing were taught the basics by the supervising physician, 
who might or might not have an adequate background. In gen-
eral, most technologists learned how to perform the examina-
tions through “on-the-job” training because of the limited 
availability of formal education. When a knowledgeable phy-
sician supervised the experience, a reasonable level of exper-
tise could result, but often trainees were on their own, learning 
by rote without understanding what was being done. In the 
past two decades, noninvasive testing has become more com-
plex both in terms of equipment and procedures. Understanding 
vascular disease and the instrumentation used has become 
increasingly important. 

 Dedicated vascular technology educational programs have 
continued to evolve over the past decade. Their measured 

development can be attributed partly to inadequate funding 
and partly to the classi fi cation of vascular technology within 
the allied health specialty of “cardiovascular technology” 
(CVT). The CVT specialty was formally recognized by the 
Committee on Allied Health Education and Accreditation 
of the American Medical Association in 1981. Essentials 
and Guidelines of an Accredited Educational Program for 
Cardiovascular Technology were completed in 1983 and 
adopted by 12 allied health organizations [including the 
Society of Vascular Ultrasound (SVU)]. While this step gave 
credibility to the cardiovascular technology profession and 
established  Standards and   Guidelines , it failed to recognize 
the practical specialty of vascular technology. In theory, CVT 
includes invasive and noninvasive cardiovascular technology 
as well as peripheral vascular testing. As a result, educa-
tional programs in CVT often included very limited didactic 
or clinical exposure to peripheral vascular testing. However, 
because vascular testing has continued to grow in clinical, 
new educational opportunities have developed for vascular 
technologists and vascular sonographers. Since 1985, the 
Joint Review Committee on Education in Cardiovascular 
Technology (JRC-CVT) has reviewed programs seeking 
accreditation in cardiovascular technology. Currently, 13 
Commission on Accreditation of Allied Health Education 
Program (CAAHEP)–accredited programs in Cardiovascular 
Technology offer concentrations in Noninvasive Vascular 
Study. Accredited programs offer certi fi cate, associate, bac-
calaureate, and master’s degrees or credentials. For detailed 
information about JRC-CVT-accredited programs, visit   www.
caahep.org     or   www.jrccvt.org    . 

 A second pathway for education in noninvasive vascular 
testing is through the Joint Review Committee on Education 
in Diagnostic Medical Sonography (JRC-DMS), also 
accredited by CAAHEP. Fifty-four accredited Diagnostic 
Medical Sonography programs offer concentrations in vas-
cular testing. Three programs offer dedicated vascular edu-
cation: Nova Southeastern University and Rush University 
are baccalaureate programs and Long Island University is a 
certi fi cate program. Students who graduate from accredited 
CVT and DMS programs are eligible to sit for certi fi cation 
examinations. 

 The emergence of “distance” or “Internet” educational 
programs is also impacting the educational choices of vascu-
lar technologists. Although several “online” vascular ultra-
sound educational programs are currently available, the  fi rst 
bachelor’s degree program in vascular technology was devel-
oped in 1992 by the Oregon Institute of Technology (OIT). 
The program offers a course of studies for a student entering 
the profession of vascular technology as well as a comple-
tion degree pathway for registered vascular technologists. 
The program currently enrolls 30–40 students on-campus 
and up to 100 students in the off-campus each year. The 
Degree Completion Program integrates basic medical  science 

http://www.caahep.org
http://www.caahep.org
http://www.jrccvt.org
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and vascular diagnostic courses with a general college edu-
cation, allowing students to complete a Bachelor of Science 
Degree in Vascular Technology. The distance program was 
developed for vascular technologists desiring a degree with-
out leaving their present employment. The program is avail-
able to technologists who lack a bachelor’s degree, and 
credits are awarded for achieving certi fi cation as a Registered 
Vascular Technologist (RVT). Details of the program are 
available at the school’s website.   

   Certi fi cation 

 From the early days of vascular testing, there was concern 
about the level of knowledge, experience, and competence of 
the individual technologist. In 1979, the national association 
of vascular technologists, the Society of Noninvasive 
Vascular Technologists (SNIVT, which later became the 
SVU), recognized that validation of the specialty required 
documentation of competence through certi fi cation. The 
American Registry of Diagnostic Medical Sonographers 
(ARDMS) was selected to provide the certi fi cation examina-
tion. Since 1975, the ARDMS developed and administered 
practice-based examinations in distinct ultrasound specialty 
areas. The ARDMS has certi fi ed more than 70,000 individu-
als in seven specialty areas for sonographers/vascular tech-
nologists and one specialty interpretation examination for 
physicians. It is recognized and accredited by the International 
Standards Organization (ISO), the American National 
Standards Institute (ANSI), and the National Commission of 
Credentialing Agencies (NCCA) and has become a recog-
nized standard for diagnostic medical ultrasound credential-
ing worldwide. The ARDMS has well-de fi ned educational 
and clinical prerequisites for candidates preparing to sit for 
ultrasound certi fi cation examinations. 

 These requirements are available on the website (  www.
ARDMS.org    ). Once the prerequisites are met, applicants 
seeking the RDMS, RDCS, or RVT credentials are required 
to pass two comprehensive examinations to earn a credential: 
(1) a sonography principles and instrumentation examination 
(SPI) and (2) a specialty examination. After acquiring a cre-
dential, continuing competency is documented through con-
tinuing medical education (CME). Evidence of ongoing CME 
is submitted to the ARDMS upon request through an audit 
process. In 2012, the ARDMS will launch a Recerti fi cation 
Assessment Program to meet a required standard of the 
International Standards Organization (ISO) and the American 
National Standards Institute (ANSI). These accrediting bod-
ies stipulate that the ARDMS must have a measurable way to 
assure registrant competence and knowledge of current day 
practice. The recerti fi cation examinations will be web-based 
and available online for all active ARDMS registrants to take 
during the last 3 years of a 10-year recerti fi cation assessment 

period. Recerti fi cation assessment will be required in all 
 specialty areas maintained by registrants; separate physics 
and instrumentation recerti fi cation will not be required. 

 The  fi rst vascular technology examination was adminis-
tered by ARDMS in 1983; since that time, over 21,000 RVT 
credentials have been awarded. Over 1,600 RVTs are also 
MDs. An important component of maintaining information 
on registrants is the ongoing documentation of the profession 
of vascular technology through periodic task analysis sur-
veys. These surveys, completed by active RVTs, re fl ect 
changes occurring within the practice of vascular technology 
and assist with examination validation by documenting the 
tasks routinely performed by vascular technologists in the 
clinical setting. As new ultrasound technology emerges, and 
older methods are discarded, the task survey documents the 
changing clinical practice. The information is used to update 
examination content so that candidates are assured that the 
examination re fl ects technological advances within the pro-
fession. The surveys are also required to maintain accredita-
tion by the three accrediting bodies. 

 Survey results are also used to provide historical data about 
trends within the specialty. For instance, in 1982, over 75% of 
practicing vascular technologists were nurses; this number 
decreased to only 18% by 1994. Similarly, in early surveys, 
most vascular technologists acquired their training in vascular 
technology on the job; by 1995, 40% of the respondents had 
graduated from a technical program in vascular technology, 
while 37% had a bachelor’s or master’s degree. Because of the 
availability of accredited educational programs in vascular 
technology and sonography, the “on-the-job training” or OJT 
prerequisite pathway has been discontinued by the ARDMS 
for candidates seeking certi fi cation. Increasingly, the individual 
seeking the RVT credential may be “cross-trained” in other 
areas of ultrasound. Recent data collected by the ARDMS 
shows that only 27% of vascular technologists are “RVT-only,” 
as compared to 55% a decade ago. Additionally, 47% are RVT/
RDMS (general sonographers), 10% are RVT/RDCS (cardiac 
sonographers), and 14% are RDMS, RDCS, and RVT. 

 A second pathway to certi fi cation is through Cardiovascular 
Credentialing International (CCI). Established in 1988, CCI is 
a not-for-pro fi t corporation founded for the purpose of admin-
istering credentialing examinations. CCI is accredited by 
the American National Standards Institute (ANSI). The CCI 
Corporation of today is the result of corporate mergers of the 
testing components of the National Alliance of Cardiovascular 
Technologists (NACT), the American Cardiology Technologists 
Association (ACTA), and the National Board of Cardiovascular 
Testing (NBCVT). Eight CCI registry examinations are offered 
in three specialty areas: invasive/cardiac catheterization, non-
invasive echocardiography, and vascular technology/ultra-
sound. The Registered Vascular Specialist (RVS) credential 
is awarded to candidates who successfully complete a one 
part, comprehensive examination in vascular technology. 

http://www.ARDMS.org
http://www.ARDMS.org
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The Registered Phlebology Sonographer (RPhS) credential, 
established in 2010, is also a comprehensive exam focusing 
on the subspecialty of phlebography, the noninvasive evalua-
tion of venous disease. As with the ARDMS process, the only 
mechanism for obtaining the CCI credential is through exami-
nation. Candidates for the RVS credential may qualify through 
four prerequisite pathways, and RPhS candidates may qualify 
through  fi ve potential pathways. Both prerequisite pathways 
include a 2-year clinical experience or “on-the-job training” 
option. Although a limited number of physicians have taken 
the certi fi cation examinations, physicians who seek CCI cre-
dentials have three possible prerequisite pathways. All prereq-
uisite options are listed on the CCI website (  www.cci-online.
org    ). There are currently 1,900 active CCI registrants with the 
RVS credential; 100 individuals have acquired the RPhS cre-
dential. Not surprisingly, Registered Vascular Sonographers 
are frequently employed by cardiologists, although a growing 
number are being hired in radiology departments. Ongoing 
documentation of continuing medical education is required to 
maintain active status and document continuing competence. 

 In an effort to demonstrate competence in vascular technol-
ogy, many vascular surgeons acquired the RVT credential. The 
majority of MD/RVTs are vascular surgeons. There has been 
concern expressed that the RVT credential, designed to evalu-
ate the knowledge and competence of the vascular technolo-
gist, is not the appropriate vehicle for a physician. To address 
these concerns, in 2003, the Society for Vascular Surgery sub-
mitted a formal request to the ARDMS to explore the interest 
in a voluntary credential for physicians in vascular ultrasound 
interpretation. A market analysis was conducted, and based on 
the favorable response, a physician interpretation examination 
was developed. This examination is designed to target physi-
cians in many medical specialties who practice vascular ultra-
sound. The Registered Physician in Vascular Interpretation 
(RPVI) examination was developed in 2005 by a six-member 
development task force representing all major medical spe-
cialties practicing vascular technology and one registered vas-
cular technologist. A detailed survey of the tasks and expertise 
relevant to the practice of vascular interpretation was distrib-
uted to 6,000 physicians, and the results were used to develop 
the foundation of the RPVI examination. Prerequisite guide-
lines and examination format were also developed. By the end 
of 2006, 277 certi fi cates had been issued; in 2010, the number 
had risen to 1,107. Examination prerequisites and applications 
are available on the ARDMS website.  

   Accreditation 

 An important concern in the late 1980s was the lack of any 
standards or guidelines for establishing and running a vascu-
lar laboratory. For the neophyte, there were no benchmarks 
to be met regarding entry-level education and experience for 

physicians and technologists, what constituted a complete 
examination, extent of ongoing supervision, quality of equip-
ment, reporting practices, or validation studies. The great 
escalation in vascular testing that came in the early 1980s 
was accompanied by a wide range of quality of the work 
being done. The problem with the accuracy of the diagnostic 
examinations came in part as the result of the common prac-
tice of a laboratory simply buying equipment and following 
protocols described in articles or recommended by manufac-
turers. Likewise, diagnostic criteria were accepted as pub-
lished, presuming that the accuracies of tests in the newly 
established laboratory would be similar to those reported by 
the experts. Internal validation of the work of an individual 
laboratory was rarely obtained. It became clear that high 
accuracy of testing is dependent on both (1) technical con-
siderations of protocols and procedures and (2) the knowl-
edge and clinical experience of the technologist performing 
the examinations. In addition, there was a growing concern 
among the leaders in noninvasive testing about the calls from 
the medical insurance companies for regulation of all testing 
and for elimination of payment for vascular tests. Isolated 
cases of fraudulent operations were well publicized and 
caught the attention of many payers. Leaders in the  fi eld 
voiced the need for better self-policing but had no way to 
bring this about. There was also concern that some state or 
specialty organizations might take the initiative to create 
standards for vascular laboratories. Often when regulation 
comes from government or from a single specialty group, 
there is limited or unbalanced input from the other profes-
sionals to be regulated. In some cases, the regulation is 
skewed in favor of one or more special interest groups. 

   Intersocietal Commission for the Accreditation 
of Vascular Laboratories 

 In 1989, an informal meeting of leaders in the  fi eld of nonin-
vasive testing proposed the possibility of establishing a vol-
untary accreditation process. This initial group included 
vascular surgeons, radiologists, and vascular technologists. 
They concluded that there was no suitable existing accredita-
tion option and that they needed to study the feasibility of 
creating an accrediting organization. Support and  fi nancial 
sponsorship were sought from a variety of professional soci-
eties whose members were involved in noninvasive vascular 
testing. The initial goals were (1) to have a broad base of 
support across different specialty lines and (2) to have an 
independent entity that was not speci fi cally allied with any 
one specialty or society. From the very beginning, the empha-
sis was on an intersocietal approach. The American Academy 
of Neurology, American College of Radiology, American 
Institute of Ultrasound in Medicine, International Society for 
Cardiovascular Surgery (North American Chapter), Society 
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for Vascular Surgery, Society for Vascular Medicine and 
Biology, Society of Diagnostic Medical Sonographers, and 
Society of Vascular Technology committed to sponsor the 
initial efforts, and a work group was formed with two repre-
sentatives from each society. 

 The initial meetings were dedicated to de fi ning the scope 
of vascular laboratory accreditation and the minimum guide-
lines necessary for the assurance of quality. The overall objec-
tive was “To ensure high quality patient care by providing 
a mechanism that recognizes laboratories providing quality 
vascular diagnostic techniques through a process of voluntary 
Accreditation.” This goal was to be achieved by establishing 
an accreditation process, issuing certi fi cates of accreditation, 
and maintaining a registry of accredited laboratories. An 
important principle established early was that the accredita-
tion should be as inclusive as possible, something that could 
be achieved by even the smallest laboratory that was doing 
quality work. Another important principle adopted was that 
accreditation would not require speci fi c medical specialty 
training but would evaluate the particular education and expe-
rience of the doctors and the technologists in each laboratory. 
Standards for the overall laboratory organization addressed 
the quali fi cations of the medical and technical personnel, 
the layout of the laboratory, the support personnel, reports, 
record keeping, patient safety, and equipment maintenance. 
Additional standards were developed for speci fi c testing areas 
(cerebrovascular, peripheral arterial, peripheral venous, and 
abdominal vascular). Attention was also given to indications, 
testing protocols, diagnostic criteria, and quality assurance. 
Not all components of the standards carried equal weight; 
some aspects were mandatory or required while others
were recommended. It was decided that the accreditation 
would be limited to 3 years, requiring an application for 
renewal after that time. In March 1990, the group adopted 
the constitution and bylaws for the Intersocietal Commission 
for the Accreditation of Vascular Laboratories (ICAVL), and 
in November 1990, it was incorporated as a nonpro fi t corpo-
ration in Maryland. The members of the ad hoc work group 
became the original Board of Directors, and Brian Thiele, 
M.D., who had chaired the work group, was elected the  fi rst 
president. In January 1991, Sandra Katanick, RN, RVT, was 
selected as the executive director and charged with creating 
the administrative structure for the commission. 

 The accreditation process starts with submission of a 
detailed application form, which includes documentation of 
all aspects of the facility. (In the past year, the application has 
been converted to a web-based form to simplify data entry and 
to save information for future reaccreditation applications.) 
The sample cases and their reports are the most important 
part of the application, for the greatest weight in the evalu-
ation process is on the quality of the testing itself. The  fi nal 
part of each testing section is the laboratory’s  documentation 
of validation or quality assurance (see Chap.   3    ). The Board 

of Directors reviews applications and decides on granting 
accreditation. Some applications have noted de fi ciencies, and 
in these cases the decision is delayed. Commonly a laboratory 
is accredited in some areas while having a postponed decision 
in others. Once the additional material is received completing 
the application or documenting the correction of a problem, 
the  fi nal review is made. If a laboratory is not considered to be 
in substantial compliance with the essentials and standards, a 
required conference call is made in a further attempt to obtain 
more complete information and to identify possible remedial 
action. The conference call involves ICAVL personnel and 
both the medical and technical directors of the laboratory. 
Only if remaining problems cannot be resolved by the con-
ference call is a mandatory site visit required. 

 Accreditation is granted for 3 years. Reaccreditation 
requires an abbreviated application. New personnel complete 
an information and background section, but for prior staff 
only an updated listing of CME is required. As with the orig-
inal accreditation, the most important aspect of the applica-
tion is the quality of the studies performed. A new set of case 
studies is required along with copies of the current protocols 
and diagnostic criteria. The other critical part of the reac-
creditation is the adequate documentation of correction of 
the de fi ciencies or weaknesses identi fi ed in the previous 
accreditation. The review process is the same as described 
above, except that special attention is given to evaluating 
improvement in problem areas. 

 From its inception, the commission operated on the prin-
ciple that vascular testing is an advancing  fi eld and that the 
Essentials and Standards needed regular review and consider-
ation for revision. The revisions to the standards give exam-
ples of the commission’s response to changes in vascular 
testing. In 1994, the Venous Testing Standard was changed to 
make duplex scanning the only primary modality, so that lab-
oratories performing only physiologic tests would no longer 
qualify for accreditation in venous testing. Later, additional 
testing areas were created for intracranial cerebrovascular 
and visceral vascular testing. A more recent policy change 
concerned the minimum volume required for a laboratory to 
apply for accreditation. The initial philosophy was that some 
minimum number was required to maintain competence and 
pro fi ciency in the procedures. The requirement was set at 100 
tests per year for each primary test. Ultimately, the Board of 
Directors went back to its primary philosophy: the most 
important factor in granting accreditation should be the qual-
ity of the work being done. In the experience of the members 
of the board, low volume laboratories often have trouble pro-
ducing good quality studies; therefore, the solution adopted 
was to increase the level of scrutiny for these applications. In 
1997, the policy was revised so that laboratories with less 
than 100 studies per year could apply but would be required 
to submit a higher number of sample cases, some randomly 
selected by the ICAVL. 

http://dx.doi.org/10.1007/978-1-4471-4005-4_3
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 Through the years, the ICAVL board has been concerned 
about the validity of the review process. Initially site visits 
were used only when serious concerns were identi fi ed in the 
application. For several years, consideration was given to 
instituting a process for random site visits to validate appli-
cations, the quality of which did not trigger additional scru-
tiny. In 1998, a policy was established for random site visits 
of some laboratories to be carried out in conjunction with 
either initial or repeat accreditation. The  fi ndings and recom-
mendations of the site visit team are compared with the rec-
ommendations resulting from the regular review of the 
applications. To date, there have been few differences found 
in the two reviews. In 2010, a change in this validation pro-
cess was made, primarily in response to requirements by the 
Centers for Medicare & Medicaid Services (CMS). At some 
point during the 3-year accreditation cycle, each laboratory 
is required to have either a random audit (submission of cur-
rent facility information and samples of reports) or a random 
site visit. These processes are intended to substantiate ongo-
ing compliance with the standards. 

 The commission was created as an independent, self-
funded organization, so it was critical to generate suf fi cient 
interest in accreditation to be able to cover the entire cost of 
the operation. At  fi rst there were low numbers of applicants, 
but there has been a continuing steady growth in the number 
of accredited laboratories, currently totaling 1,687. It was 
encouraging that most laboratories chose to reapply for 
accreditation after the  fi rst 3 years. One of the leading goals 
set by ICAVL was to help improve the quality of testing 
through the education resulting from completing the applica-
tion process. Probably the most important evidence of impact 
of accreditation is the fact that most laboratories applying for 
reaccreditation show improvement over what was found the 
 fi rst time around. Another indicator of success was the fact 
that ICAVL was used as the basis for the creation of similar 
accreditation organizations for echocardiography, nuclear 
medicine, magnetic resonance, computed tomography, and 
carotid stenting facilities.  

   American College of Radiology 

 Even though the American College of Radiology (ACR) was 
one of the original sponsors of ICAVL, its leadership decided 
to create its own ultrasound accreditation. A major reason 
put forth for this change was the interest by radiologists in 
having a single accreditation for all the areas of diagnostic 
ultrasound. This move certainly came in response to the suc-
cess of ICAVL. In 1997, the new accreditation was offered to 
radiology-based laboratories. The vascular component 
directly paralleled that of ICAVL, but the requirements were 
less stringent and the application therefore was easier to 
complete. A number of radiology laboratories have stopped 

renewing their ICAVL accreditation in favor of that offered 
by ACR. In 2010, 2,164 facilities have this vascular accredi-
tation (compared to 2,329 sites for ICAVL).   

   Accomplishments and Impact 

 Over the years since the introduction of certi fi cation and later 
accreditation, there has been growth in both these areas. The 
number of RVT certi fi cates issued was low in the early years 
but has shown a subsequent increase. In general, laboratory 
directors have found that people who have obtained the RVT 
are better prepared and ultimately show better potential for 
improvement of skills. Many institution-based laboratories 
use the RVT as a lever to place the technologist at a higher 
pay level than the average hospital technicians. ICAVL has 
always recommended that all technical personnel be creden-
tialed, and in year 2003, a mandate was introduced requiring 
that all technical directors hold an approved credential. 
Starting in 2017 all technologists will have to be creden-
tialed. The growing appreciation of technologist credential-
ing was also re fl ected by the creation by CCI of a parallel 
process. 

 When ICAVL was incorporated in 1991, there were no 
standards or guidelines for the evaluation of noninvasive 
laboratories. One of the original expectations of the founding 
members of the Board of Directors was that the accreditation 
would gain recognition and come to be used as an index of 
quality of vascular testing. Once the commission succeeded 
in becoming established and surviving as an independent 
organization, there was growing interest in this type of 
accreditation. The standards stood the test of time and 
became the basis for similar efforts by other national groups. 
In 1996, the American Institute of Ultrasound in Medicine 
established an accreditation for the areas of general and 
obstetrical ultrasound and followed the next year by the cre-
ation of the ACR ultrasound accreditation. The ICAVL staff 
participated in the creation of standards for accreditation in 
other diagnostic areas. 

 In the early years of noninvasive testing, the insurance 
companies paying for the work had little to no interest in 
the quality of testing provided to patients. As one company 
of fi cer stated, “We assume that anyone billing us for a test 
is providing a quality examination.” This attitude is chang-
ing, and in recent years different insurance programs, includ-
ing Medicare, have developed an interest in the quality of 
work done in vascular laboratories. There has been a grow-
ing recognition of technologist certi fi cation and laboratory 
accreditation as predictors of higher quality. An important 
step occurred in March 1998 when the Medicare carrier 
for Virginia implemented a regulation requiring ICAVL 
accreditation as a prerequisite for reimbursement. Additional 
 carriers have addressed the quality issue, requiring either 
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laboratory accreditation or that credentialed technologists 
perform (or supervise) all tests. (An updated list of Medicare 
requirements by state can be found in the reimbursement 
section of the ICAVL web page.) It is encouraging to see that 
groups outside of Medicare are beginning to look at similar 
mandates. The Coalition for Quality in Ultrasound (CQU), 
a group of professional organizations participating in diag-
nostic ultrasound studies, is conducting an active campaign 
to increase the mandates for certi fi cation and accreditation 
across the country. The ideal would be to achieve these regu-
lations on a national basis. This will ful fi ll the goal of wide-
reaching improvement in the quality of vascular testing and 
hopefully the elimination of poor operations, which have 
been the bane of the specialty throughout the years.       

   Appendix    

   Education 

   www.oit.edu/programs/klamath-falls/medical-imaging-tech-
nology/vascular-technology/overview     (Oregon Institute of 
Technology) 

   www.CAAHEP.org     (education info) 
   www.svunet.org      

   Credentialing 

   www.ARDMS.org     
   www.CCI-online.org      

   Accreditation 

   www.icavl.org     
   www.acr.org           

http://www.oit.edu/programs/klamath-falls/medical-imaging-technology/vascular-technology/overview
http://www.oit.edu/programs/klamath-falls/medical-imaging-technology/vascular-technology/overview
http://www.CAAHEP.org
http://www.svunet.org
http://www.ARDMS.org
http://www.CCI-online.org
http://www.icavl.org
http://www.acr.org
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   Introduction 

 The clinical vascular laboratory is an integral part of any 
busy vascular clinical practice. Vascular clinicians have come 
to rely on the Diagnostic Vascular Laboratory (DVL) as an 
extension to the physical examination and comprehensive 
evaluation of the patient with a vascular disorder. The origins 
of the DVL go back to the middle of the last century when the 
specialty of vascular surgery was still in its infancy. Vascular 
surgeons had to rely on diagnostic angiography to plan revas-
cularization  [  1  ] . Noninvasive tests were initially rudimentary 
and employed only in research and physiology laboratories 
 [  2  ] . It was the pioneering work of Strandness and Sumner at 

the University of Washington in the 1960s elucidating vascu-
lar hemodynamics and the collaborative work with engineers 
that ultimately led to the development of more sophisticated 
instruments to detect and measure blood  fl ow  [  1–  3  ] . 
Subsequently, the development of ultrasound technology led 
to noninvasive imaging, now ubiquitous in of fi ces and hospi-
tals around the world. The portability of equipment and the 
relative ease of running the diagnostic machines have led to 
the proliferation of testing sites and commercial enterprises 
that perform vascular testing or screening for pro fi t, and 
sometimes without regard for quality or accuracy. The pur-
pose of this chapter is to describe the clinical quali fi cations of 
the physician interpreting noninvasive studies in the DVL.  

   Vascular Laboratory Accreditation 

 Physicians rely on the vascular laboratory for the diagnosis, 
management, and long-term follow-up of patients with vas-
cular disorders. Therefore, it is imperative that the quality of 
the studies performed, and indeed the proper interpretation 
of these studies, be accurate and reliable. The origin of the 
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Intersocietal Commission for the Accreditation of Vascular 
Laboratories (ICAVL) is traced back to 1990 when several 
professional societies recognized the need to standardize 
vascular testing and implement a process for veri fi cation 
 [  4,   5  ] . While other organizations have established different 
standards for accreditation of vascular labs, for example, the 
American College of Radiology (ACR), it is clear that ICAVL 
accreditation is more rigorous and sought after. Testing pro-
cedures, standards for interpretation, and quali fi cations of 
vascular technologists and physician readers and directors 
are outlined in careful detail on the ICAVL website   www.
ICAVL.org     (ICAVL Standards)  [  4,   5  ] . After initial accredita-
tion, each DVL has to go through a reaccreditation process in 
3-year cycles. Random on-site visits by trained evaluators are 
done, and in some cases mandatory visits can be triggered to 
ensure that testing procedures and protocols are in fact being 
followed. The process of accreditation is fairly laborious and 
anxiety provoking for lab personnel but is viewed by most 
professionals who participate as fair (see Chap.   1    ). ICAVL is 
now Intersocietal Accreditation Commission (IAC). 

 Why should we care if the DVL is accredited and the 
physician doing the interpretation is quali fi ed? Quite sim-
ply, if a patient is sent to the vascular lab and receives a 
false-positive test, this may expose the patient to additional 
unnecessary testing or procedures with potential complica-
tions. On the other hand, a patient receiving a false-negative 
test may have a false sense of security, delay in diagnosis, 
and potentially an adverse clinical event. Unfortunately, this 
happens too frequently in current clinical practice. A typical 
example is that of a patient with an asymptomatic cervical 
bruit referred for a carotid duplex scan. A false-positive scan 
may lead to another more invasive test, such as a CT or cere-
bral angiogram. It is less likely, but possible, that this patient 
could be subjected to an unnecessary carotid endarterec-
tomy based on this erroneous initial test. On the other hand, 
if the test is a false negative, and the patient has a critical 
stenosis, watchful waiting may lead to cerebrovascular 
symptoms, even a stroke. 

 With the proliferation of vascular labs and mobile units, 
many payers have begun to require that testing facilities be 
accredited. According to the ICAVL website, the Centers 
for Medicare & Medicaid Services (CMS) requirements in 
most states stipulate that the lab and/or the technologist per-
forming the test needs to be credentialed in order to receive 
reimbursement. Clearly, this is an important  fi rst step to 
ensure that vascular testing is done properly. The substan-
dard testing in some unaccredited labs should be considered 
fraud and abuse and invariably leads to repeat testing in an 
accredited lab  [  6  ] . In response to the perceived overuse of 
diagnostic imaging, the US Congress mandated major pay-
ment cuts for all diagnostic modalities in the De fi cit 
Reduction Act of 2006. Thus, reimbursement for many tests 
performed in the DVL was reduced by up to 40%  [  7  ] .  

   Educational Background 

 Patients with vascular disorders will frequently be touched 
by multiple specialists from varying backgrounds (Fig.  2.1 ). 
Postgraduate education in vascular surgery and vascular 
medicine are two well-de fi ned pathways to achieve board 
certi fi cation in a vascular specialty. Successful completion of 
an accredited vascular surgery training program is a requisite 
to sit for the American Board of Surgery Vascular Certi fi cate. 
Similarly, training in an accredited Vascular Medicine pro-
gram will lead to eligibility to sit for the Vascular Medicine 
Certi fi cate of the American Board of Internal Medicine. The 
structured curricula in the latter specialties build on the 
essential elements listed in Table  2.1   [  8–  10  ] . Other special-
ties, such as neurology and radiology, receive more focused 
instruction and training in their respective areas. Interventional 
radiologists have broad training in invasive procedures, 
including angiography and other diagnostic modalities. 
Therefore, physicians from various backgrounds and train-
ing (e.g., neurology, radiology, vascular medicine, vascular 
surgery) may become quali fi ed to interpret carotid duplex 
scans or transcranial Dopplers based on their training and 
area of expertise.    

   Physician Quali fi cations 

 The ICAVL explicitly states that a DVL is a “unit performing 
noninvasive vascular diagnostic testing under the overall 
direction of a medical director”  [  4  ] . The intent is to place the 
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  Fig. 2.1    Medical and surgical specialties interacting with the vascular 
patient       
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overall responsibility for a VDL in the hands of a quali fi ed 
physician who can then ensure that the lab is complying with 
accepted standards. The medical director should be (1) 
legally quali fi ed physician and (2) have achieved one or more 
of the following: (a) completion of a formal residency or fel-
lowship (e.g., vascular surgery fellowship or residency, vas-
cular medicine, radiology, or cardiology with dedicated 
vascular laboratory rotation during fellowship) that includes 
appropriate clinical and didactic vascular laboratory experi-
ence with a de fi ned number of studies interpreted (this would 
be the ideal quali fi cation for both a medical director or inter-
preting physician), (b)self-study training through formal 
accredited postgraduate education and supervised vascular 
laboratory experience (preferably in accredited vascular lab-
oratory under formally trained medical director) with inter-
pretation of a de fi ned number of cases, and (c) previous work 
in a vascular laboratory (preferably in accredited vascular 
laboratory under formally trained medical director) with 
interpretation of a de fi ned number of cases  [  4  ] . The latter 
criteria also apply to the interpreting physician. 

 The general quali fi cations of physicians interpreting in 
the DVL and eligible to sit for the RPVI examination are 
outlined in Table  2.2 . Besides the basic requirement of a 
medical degree and formal training in the  fi eld, the following 
quali fi cations are essential  [  10  ] : 

   License to practice medicine in the state  • 
  Board certi fi cation  • 
  Thorough understanding of instrumentation, limitations • 
of tests  

  Troubleshooting  • 
  Knowledge of vascular disorders  • 
  Knowledge of statistics (false positive, accuracy)  • 
  Continuing Medical Education (CME)  • 
  Knowledge of techs ability and limitations  • 
  Objectivity (no bias or con fl ict of interest)    • 
 Much of the experience gained in formal training pro-

grams by attending regular clinics, conferences, and quality 
assurance meetings in the vascular lab leads to thorough 
understanding of the tests, their utility, and limitations. 
Discussions with vascular technologists and other physicians 
lead to a better understanding of a missed diagnosis, chal-
lenges with special anatomic variants, or speci fi c patient 
conditions. Some diagnostic studies are typically more chal-
lenging, such as renal or mesenteric duplex, and it is always 
helpful to get the most experienced techs and readers to share 
their knowledge and expertise with colleagues. There is 
emphasis on a minimum number of tests reviewed to high-
light the value of a broad experience. 

 It is unfortunate that in recent times, there has been a pro-
liferation of weekend courses claiming to deliver suf fi cient 
information so that a minimally trained physician can become 
a certi fi ed reader after 20 hours of instruction.  

   Credentialing 

 In the early days of the vascular lab, technologists came from 
various backgrounds of nursing or other allied health profes-
sions. Recently, ICAVL has instituted more rigorous educa-
tion and training requirements for vascular technologists. 
The American Registry for Diagnostic Medical Sonography 
(ARDMS) administers the Registered Vascular Technologist 
(RVT) test which has two components, ultrasound physics 
and vascular technology. Individuals enrolled in approved 
programs in fact can sit for the RVT exam after completing 

   Table 2.1    Suggested curriculum for physicians interpreting in the vascular 
laboratory   

 Pathophysiology of vascular disease including arterial (atherosclerotic 
and nonatherosclerotic), venous, and lymphatic 
 Ultrasound physics, Doppler instruments, transducer technology 
 Basis of physiologic testing (ABI, PPG, APG) 
 Duplex imaging of arteries, veins, vascular conduits, and soft tissue 
 Ultrasound and duplex diagnosis of: 

 Aortic aneurysms and other aortoiliac disease 
 Imaging for aortic stent grafts 
 Renal and mesenteric arteries and veins 
 Renal and liver transplants 
 Portal venous system 
 Carotid arteries and structures in the neck 
 Lower extremity occlusive and aneurismal disease 
 Bypass grafts 
 Venous re fl ux testing 
 Arteriovenous access for dialysis 

 Statistical methods and understanding of false positive, negative, 
and accuracy 
 Advantages and limitations of vascular diagnostic modalities 

  Adapted from Refs.  [  8,   10  ]  
  ABI  ankle-brachial index,  PPG  photoplethysmography,  APG  air 
plethysmography  

   Table 2.2    Common pathways leading to RPVI   

 Doctorate in Medicine 
 Valid license to practice medicine (MD or DO) 
 Previous RVT certi fi cation (ARDMS) 
 Satisfactory completion of ACGME-approved postgraduate training 
program 
 Documentation of supervised interpretation of 500 vascular studies 
in the following areas: 

 Carotid duplex 
 Transcranial Doppler 
 Peripheral arterial physiologic testing 
 Venous duplex ultrasound 
 Visceral duplex ultrasound 

 Satisfactory completion of CME in noninvasive diagnosis 

  From:   http://www.ardms.org/     Physicians’ Vascular Interpretation (PVI) 
Examination  General App   Book   

http://www.ardms.org/
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their course work. This would enable the graduate to seek 
employment in an accredited vascular lab immediately upon 
graduation. The ICAVL has very speci fi c requirements for 
supervision and oversight in the vascular lab, both by a lead 
technologist and physician director. This oversight is impor-
tant to ensure quality studies, procedures, and reporting. 

 The physician in the DVL needs to be knowledgeable and 
competent in three main areas: performance of tests, inter-
pretation and reporting, and quality assurance. While the 
physician does not necessarily have to perform the test, it is 
important to have a physical presence for supervision and 
guidance of the technologists  [  11  ] . The preliminary and  fi nal 
reports issued by the DVL need to conform to standards and 
provide accurate and useful information to referring physi-
cians. Finally, maintaining quality and excellence in the 
DVL, through constant review, training, and completion of 
CME by attending conferences and courses, keeps the lab 
personnel and physicians up to date and knowledgeable in 
this area. 

 The vascular surgical and medical societies have devel-
oped guidelines for hospital privileging  [  12  ] . Furthermore, 
thought leaders from multiple disciplines have published a 
consensus statement outlining speci fi c recommendations for 
physicians in the DVL. These recommendations encompass 
core knowledge, cognitive skills, and training requirements 
 [  8,   9  ] . Clearly, a consensus has emerged that physicians who 
are in a position to interpret noninvasive vascular studies 
need to demonstrate that they have mastered certain compe-
tencies. The RPVI test, which was developed in 2006, was 
designed to test such knowledge and competency  [  5  ]  
(Table  2.3 ). Recently, the American Board of Surgery 
declared that vascular surgeons seeking certi fi cation after 
fellowship and recerti fi cation in vascular surgery after 2014 
will need to have the RPVI. It should be noted, however, that 
having passed the RPVI exam without the proper training as 
described previously should be discouraged.  

 Although most DVLs were started and directed by vascu-
lar surgeons, the last two decades have seen a gradual shift to 
other specialties, particularly cardiology, running labs. Data 
from ICAVL show that in 1993, 76% of DVL directors were 
vascular surgeons compared to 51% in 2011 (see Fig.  2.2 ). 

While the proportion of DVL directed by radiologists has 
declined since ICAVL started keeping track, the last decade 
has seen a signi fi cant rise in the number of labs directed by 
cardiologists. The specialty of physician directors in the 
DVL is probably irrelevant, as long as good leadership and 
maintenance of high standards are enforced.       
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   Introduction 

 The words health care and quality have become increasingly 
integrated over the past decade. In times of economic 
dif fi culty within the vascular laboratory, staff is expected to 
accomplish more with less, yet demonstrate the utmost dedi-
cation to serving its patient population in an ef fi cient manner 
with exemplary results. The constant improvement and inno-
vations available in medical technology coupled with the 

increased education and credentialing of sonographers aid in 
achieving these lofty goals. However, without documenting 
ongoing quality initiatives, it may be impossible to convince 
government regulators, insurance payers, accrediting bodies, 
patients, and other key stakeholders that the services pro-
vided in a vascular laboratory are accurate, cost-effective, 
and more invaluable than ever. Maintaining a quality 
improvement plan is no longer an option in striving for supe-
rior patient care but necessary to ensure the overall success 
and viability of the vascular laboratory.  

   What Is Quality Improvement? 

 Quality assurance (QA) is de fi ned as “a program for the sys-
tematic monitoring and evaluation of the various aspects of a 
project, service, or facility to ensure that standards of quality 
are being met”  [  1  ] . Quality control (QC), quality assurance 
(QA), and continuous quality improvement (CQI) are all 
necessary components of a plan that will be effective in 
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ensuring safety, enhancement of services, and the advance-
ment of patient management (Fig.  3.1 )  [  2  ] . Prior to develop-
ing or updating the laboratory’s quality improvement 
program, it is important to understand each component:  

  Quality assurance  ( QA ) – documents outcomes and accu-
racy as well as assessing adherence to policies, procedures, 
and other standards. Examples of QA include comparison of 
noninvasive examination  fi ndings to other diagnostic tests or 
procedures and peer review. 

  Quality control  ( QC ) – the calibration and maintenance of 
equipment. This is generally achieved through following 
manufacturer recommendations for routine maintenance, 
electrical checks, and software updates. Any QC must be 
documented and accessible in the event equipment perfor-
mance is called into question. 

  Continuous quality   improvement  ( CQI ) – the process of 
becoming a more successful laboratory overall by building 
upon traditional quality assurance methods and emphasizing 
the organization and systems.  

   How Is a Quality Improvement 
Program Developed? 

 Developing the laboratory’s quality improvement (QI) plan 
is probably the easiest part of a successful program. Following 
a few simple steps prior to implementation will help to avoid 
possible loopholes and frustrations in the future (Fig.  3.2 ).  

   Allocate Responsibility 

 When developing and implementing a quality improvement 
program, it is very important to identify key staff to share in the 

responsibility of supervising and maintaining it. To ensure the 
success of the program, all levels of management must truly 
support the initiative and be willing to provide ample time and 
resources to carry out the duties associated with sustaining an 
ongoing plan. Integrating the QI responsibility as part of one or 
more staff members’ written job descriptions helps to clearly 
de fi ne the role of the individual and provides a level of account-
ability. Depending upon its size and the volume of testing per-
formed in the laboratory, it may be very helpful to establish a 
QI/QA committee to assist in developing the policies and pro-
cedures associated with implementation and continued moni-
toring of the program. Having multiple people involved in the 
program helps to provide continuity in the event a staff member 
holding a key role leaves the establishment.  

   Identify Quality Initiatives 

 When thinking of QA from a laboratory’s perspective, it is 
often limited to the correlation of noninvasive examination 
results to other diagnostic tests or procedures. Test validation 
and quality control must be included in the quality improve-
ment program; however, there are additional ways to assess 
the overall functioning and reliability of the laboratory. 
Evaluating other areas within the laboratory such as patient 
satisfaction, appropriateness of testing, safety, report con-
tent, report turnaround time, and adherence to testing proto-
cols further strengthens the quality program. The options 
that may be monitored in the laboratory are endless and inte-
gral in enhancing overall laboratory quality.  

   Set Thresholds 

 After determining what quality initiatives will be monitored, 
the laboratory must establish thresholds that will be met for 
each item. A threshold is essentially an agreed upon percent-
age of time that positive or negative outcomes are accept-
able. For instance, how often is it satisfactory that examination 
results do not correlate with another diagnostic procedure or 
patient outcome? Generally the thought is that it is never 
acceptable; however, there are very few diagnostic tests in 
medicine that are correct 100% of the time. Thresholds 
should be achievable, yet not diluted to the point that they are 
of no value in identifying problems and inconsistencies. 
When setting thresholds, it is important to take into consid-
eration current industry standards and expectations. Because 
of the potential differences between laboratories, it is dif fi cult 
to set  fi rm universal thresholds, and, consequently, there are 
no standardized thresholds at this time. Meeting positive 
thresholds of 80% or greater is generally accepted and may 
be modi fi ed after data has been collected over a period of 
time. Thresholds are set as a baseline for improvement and 

Comprehensive quality improvement program

Quality control
(QC)

Quality assurance
(QC)

Continuous
quality

improvement
(CQI)

  Fig. 3.1    The three components of a continuous quality improvement 
program       
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should be assessed and adjusted. When success rates fall 
below a minimum or continually exceed expectations, a 
departmental review should be performed to determine the 
causes and implement changes to procedures or adjustment 
to the thresholds if necessary  [  3  ] .  

   Develop Data Collection Tools 

 Once you have identi fi ed who will gather the data, what will 
be collected, and set desired outcomes, the next step is to 
identify data collection methods. Establishing guidelines for 
how often information is collected, in what format it will be 
recorded, and how often it is shared with staff members must 
be established. There are many ways in which the data can be 

documented; however, the more complicated the process is, 
the less likely it is to occur (Fig.  3.3 ). Identifying very 
speci fi c information and having simple streamlined forms in 
which to enter the data lead to a more successful quality 
improvement program.  

 Documenting patient examination  fi ndings that may be 
used in obtaining correlation to other tests or procedures may 
be accomplished through something as simple as a notebook. 
The notebook can be kept in the testing rooms to catalog 
patients with positive results that may lead to medical follow-
up, another correlative procedure, or potential surgical can-
didates. As well, there are many software programs that have 
been developed to assist in tracking QA information. Prior to 
purchasing additional data collection tools, be diligent in 
assuring that they meet the needs of your laboratory.  

Quality improvement plan steps

Allocate
responsibility

1 2 3 4 5 6 7

Identify
quality
initiatives

Set threshold

Develop
data
collection
tools

Review lab
policies &
procedures

Establish
corrective
measures

Formalize
QA/QI policy

  Fig. 3.2    Seven steps involved developing a quality improvement plan       
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  Fig. 3.3    Sample correlation data collection worksheet       
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   Review Laboratory Policies and Procedures 

 For the purposes of monitoring examination accuracy and 
safety, all laboratory policies and procedures should be 
reviewed annually to assure that they are up to date and 
include all components necessary for complete documenta-
tion and accurate interpretation. Using a checklist in the 
review of procedures will help to assure all necessary steps 
are included (Table  3.1 ). The procedures should be easily 
accessible to all staff, and steps must be made to guarantee 
that everyone follows the current procedures.  

 Regardless of the number of sonographers in the labora-
tory, technical protocols should at a minimum include the 
following components:

   Equipment used  • 
  Patient preparation and positioning  • 
  Examination techniques  • 
  Minimum image/Doppler acquisition  • 
  Additional documentation of abnormal and/or incidental • 
 fi ndings  
  Appropriate annotation    • 
 In that examinations are performed consistently in accor-

dance with the written protocols, it is as imperative to have 
standardized diagnostic criteria used in the interpretation 
of each type of testing performed in the laboratory. Criteria 
must be applied in the same consistent manner by all inter-
preting physicians. Most laboratories choose to utilize cri-
teria that have been previously validated and published. If 
the published criteria are modi fi ed to better suit the labora-
tory processes, equipment, or outcomes, it is important that 
these amended criteria be internally validated to assure its 
accurateness. 

 Routine monitoring of these two vital components of the 
laboratory processes will help ensure a systematic approach 

to services rendered by the laboratory and generally result in 
improved standardization, consistent results, and appropriate 
patient management.  

   Establish How Negative Findings 
Will Be Addressed 

 If upon analysis of the information collected, weaknesses 
exist or established thresholds are not being met, there must 
be a routine method in which problems are addressed. It may 
be found that de fi ciencies exist due to procedures or indi-
viduals. Regardless of the cause of the inconsistencies or 
inaccuracies establishing a consistent process of acknowl-
edging problems, establishing a plan for improvement and 
time frame in which reevaluation will occur is essential. 

 Later in this chapter we will discuss how using corrective 
action plans is one method that is useful in identifying and 
establishing follow-up for virtually any undesirable outcome 
identi fi ed through the QI program.  

   Formalize the QA/QI Policy 

 After the previous steps have been completed, a policy and 
procedure must be written and communicated to all staff 
members. The policy should include all of the decisions 
made in steps 1 through 6 so that everyone involved with the 
laboratory understands the expectations and importance of 
the quality program.   

   What Should the Laboratory Assess and How? 

 In addition to examination validation, included below are 
areas the laboratory could monitor and how that particular 
data can be documented and evaluated. Keep in mind the 
goal is to gain useful information that assists in identifying 
the strengths and weaknesses within the laboratory as a 
whole and is useful in making suggestions as to how goals 
will be achieved. 

   Patient Satisfaction 

 It is easy to get caught up in the busy and sometimes imper-
sonal environment that today’s health care breeds. Institutions 
that have recognized that this pace is negatively impacting 
the patient’s experience have taken steps to focus on the per-
son. With the many choices patients and primary care pro-
viders have when deciding where to receive their diagnostic 
imaging, assuring a positive patient experience has become 
paramount in the continued success of the laboratory regardless 

   Table 3.1    Partial example of a checklist that can be used in review of 
the laboratory’s procedures and protocols   

 Procedure and protocol review checklist 

 Protocol/procedure title: carotid duplex 

 Date reviewed: April 17, 2011 

 Reviewer: C. Weiland 

 Components of protocol  Present  Absent  Current 

 Equipment used 
 Patient positioning 
 B-mode image 
documentation: 
 RCCA 
 R bulb 
 RICA proximal to mid 
 LCCA 
 L bulb 
 LICA proximal to mid 
 Other abnormal  fi ndings 
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of its setting. Utilizing simple patient satisfaction surveys 
will provide valuable information in a simple format 
(Fig.  3.4 ). The survey may be provided either at the time of 
departure, via mail or email after the appointment. By simply 
documenting, the percentage of patients who measured any 
part of their experience less than the desired outcome is 
 easily tracked in a spreadsheet and identi fi ed problem areas 
addressed through staff education.   

   Appropriate Use and Indications 

 Though it has always been critical to quality care and treat-
ment plans that the appropriate examination be performed, 
there has been an acute peak in the necessity to assure that 

the proper procedure be performed for the correct indication 
or patient symptom. Though at this time the published litera-
ture regarding appropriateness criteria in noninvasive vascu-
lar testing is somewhat limited, it has become prevalent in 
other imaging modalities such as echocardiography and 
nuclear medicine. Basically, “appropriateness criteria” de fi ne 
“when to do” and “how often to do” a given procedure in the 
context of scienti fi c evidence, the health-care environment, 
the patient’s pro fi le, and a physician’s judgment  [  4  ] . In addi-
tion to good patient care, reimbursement of services often 
hinges on performing the most suitable test. According to 
requirements set forth by the Centers for Medicare and 
Medicaid Services (CMS), “Noninvasive vascular studies are 
medically necessary only if the outcome will potentially 
impact the clinical management of the patient. Services are 

Medical Imaging Specialists
Patient satisfaction survey

Facility and convenience:
Hours of operation
Convenience of the facility location

Comfort while waiting

Modesty respected
Confidentiality respected (HIPPA)

Overall impression of visit
Willingness to return
Likelihood of referring to others

What did you like best about our facility?

What did you like least about our facility?

Suggestion for improvement?

Gender:
Male

Some information about you:

Female

Age:
Under18
18-30
31-40
41-50
51-60
61-70
Over 70

Are you:
First time patient
Returning patient

Overall satisfaction:

Staff:

Knowledgeable and professional
Friendly and helpful to you
Questions answered
Explanation of the procedure

Waiting time in the reception area
Cleanlines of the facility

We would like to know how you feel about the services we provide so we can make sure
we are meeting your needs. Your responses will help us to improve the quality of care

we provide. All reponses will be kept confidential and anonymous. Thank you for your time.

Please circle how well you think we are doing in the following
areas:

Great
5

5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1

5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1
5 4 3 2 1

5 4 3 2 1
5 4 3 2 1
5 4 3 2 1

Good
4

OK
3

Fair
2

Poor
1

  Fig. 3.4    Sample patient 
satisfaction survey       
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deemed medically necessary when all of the following con-
ditions are met:
    1.    Signs/symptoms of ischemia or altered blood  fl ow are 

present;  
    2.    The information is necessary for appropriate medical and/

or surgical management;  
    3.    The test is not redundant of other diagnostic procedures 

that must be performed. Although, in some circum-
stances, non-invasive vascular tests are complimentary, 
such as MRA and duplex, where the latter may con fi rm 
an indeterminate  fi nding or demonstrate the physiologic 
signi fi cance of an anatomic stenosis (especially in the 
carotids and lower extremity arterial system).     
 In general, noninvasive studies of the arterial system are 

utilized when invasive correction is contemplated and to fol-
low medical treatment regimens”  [  5  ] . 

 Assessing the appropriateness of the examinations performed 
in the laboratory can be achieved by auditing the indications 
included on the physician’s order, comparing those indications 
to the patient symptoms, and identifying if all information was 
correct and suitable. If trends identify inappropriate testing, lack 
of reimbursement, or negative patient outcome, efforts should 
be made to notify and educate referring physicians and staff 
members. Providing the laboratory staff with mechanisms to 
correct inappropriate orders prior to completing an examination 
is imperative in assuring the best outcome for the patient.  

   Examination Quality and Completeness 
(Peer Review) 

 Another means that may be used in assessing the quality and 
completeness of examinations and interpretations can be 
accomplished through audit processes or peer reviews. 
Utilizing these tools helps to provide regular feedback to 
laboratory staff that assists in improving or maintaining the 
consistency in the laboratory. Audits and peer reviews must 
occur for all medical and technical staff members. A de fi ned 
number of random cases are selected for each staff member 
at speci fi c time intervals included in the laboratory policy 
(i.e., monthly, quarterly). Whenever possible, the reviews 
should remain anonymous. The technical and interpretive 
reviews will be evaluated for adherence to procedures, over-
all quality and accuracy. A scoring system should be de fi ned 
where discrepancies may be minor or major. Any discrep-
ancy trends should be tracked and areas of noncompliance 
forwarded to the appropriate personnel and when appropri-
ate discussed at the laboratory QA meeting. 

 In assessing physician interpretation and report content, 
a review of the reported  fi ndings and comparison to the 
 fi nal report by another member of the medical staff may 
 provide insight into the overall consistency of interpreta-
tions  performed by multiple staff members identifying 

interobserver and intraobserver variability. Interobserver 
variability is the degree to which two independent observ-
ers are in agreement. Intraobserver variability is how often 
the same reader makes a differing conclusion. Both inter- 
and intraobserver variability becomes very important in the 
follow-up of patients. If the patient were to have the same 
examination repeated, would the results be the same regard-
less of what physician is reading the study? 

 Inconsistencies between the test  fi ndings and the  fi nal 
report should be documented. The questions that should be 
included in the report review/audit include:
    1.    Did the report include the appropriate header information, 

description of the test performed, examination  fi ndings, 
and a  fi nal impression?  

    2.    Were the diagnostic criteria adhered to?  
    3.    If available, were previous examination results included?  
    4.    When applicable, were incidental  fi ndings documented?  
    5.    Was appropriate follow-up included?  
    6.    Was the report available within a timely manner as estab-

lished by the laboratory policy?     
 The technical peer review may be completed by the tech-

nical director or other quali fi ed designated staff and should 
focus on whether the documentation follows the laboratory 
protocol and the quality of the documentation. A complete 
technical review should address the following questions:
    1.    Are the image and Doppler waveform documentation 

complete according to the written protocol?  
    2.    Were the appropriate techniques applied to assure opti-

mum image visualization?  
    3.    Was the Doppler angle correction appropriately aligned?  
    4.    Were Doppler angles 60° or less?  
    5.    When abnormalities were encountered, was additional 

documentation of those areas provided?  
    6.    If technical limitations were encountered, were they con-

veyed in the notes to the interpreting physician?      

   Correlation and Validation 

 Whenever possible, examinations performed in the laboratory 
should be correlated to other imaging modalities such as digital 
subtraction angiography (DSA), magnetic resonance angiogra-
phy (MRA), and computed tomography angiography (CTA). 
However, with the improved technology of duplex ultrasound 
equipment and increased con fi dence in the ultrasound  fi ndings, 
patients are often treated and managed based upon the non-
invasive examination results thereby eliminating the need for 
other tests. This increased assurance in ultrasound  fi ndings 
does not negate the need to monitor the accuracy of the nonin-
vasive examination  fi ndings in the absence of imaging modali-
ties. Conversely, it becomes imperative to regularly assess the 
quality of the vascular laboratory examinations through other 
measures. 
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 One method of correlating the noninvasive  fi ndings is to 
compare them with interventional procedure  fi ndings and 
outcomes. This can be achieved by reviewing the procedure/
surgical report and identifying whether the  severity  of a 
lesion was found to be consistent with the noninvasive test 
 fi ndings. As well, the  location  of the lesion or abnormality 
may be con fi rmed. 

 As discussed previously, documenting interobserver vari-
ability is quite valuable not only in the reporting of the exam-
ination but in the test documentation itself. This variability 
can be assessed by performing a blinded repeat of the exami-
nation by a second sonographer. To avoid the possibility of a 
change in disease state, the repeat examination should be 
performed at the same setting. The second sonographer 
should not be provided with any results from the  fi rst exami-
nation. Documentation from both examinations is then eval-
uated for adherence to protocol and consistency of results. 

 When it is not possible to obtain a second test or the 
patient does not undergo other interventional procedures, 
clinical correlation may provide some additional informa-
tion. Clinical correlation refers to reviewing the treatment 
plan prescribed for the patient based on the noninvasive test 
results and if at the time of follow-up, whether the symptoms 
leading to the initial evaluation have diminished or resolved. 

 If gold standard correlation data is limited, using some 
type of alternate correlation is the next best way to establish 
the accuracy and consistency within the laboratory. 
Documenting these additional measures helps ensure that the 
laboratory is taking all necessary and available steps to guar-
antee best practices and quality care.  

   Analyzing Correlative Data 

 Most vascular laboratories do not have access to statisticians. 
In general, the laboratory staff tasked with the QA data col-
lection are more focused on the health and technology aspects 

of their profession and may  fi nd data analysis a bit intimidat-
ing. However, for the purposes of improving patient care and 
laboratory functions, the methods used to obtain the neces-
sary information to calculate overall examination accuracy 
are relatively simple. There are a few key terms that should 
be understood when measuring the accuracy of 
examinations:

   Sensitivity (true positive) – the probability a test will be • 
positive when disease is present  
  Speci fi city (true negative) – the probability a test will be • 
negative when disease is absent  
  Positive predictive value (PPV) – the proportion of • 
patients with positive test results who are correctly diag-
nosed (Fig.  3.5 )   
  Negative predictive value (NPV) – the proportion of • 
patients with negative test results who are correctly diag-
nosed (Fig.  3.6 )   
  Accuracy – the number of correct  fi ndings regardless of • 
whether disease is present or absent (Fig.  3.7 )     
 All of the above values are expressed in percentages and 

play an integral part in determining the source of a low over-
all accuracy. 

 Calculating the overall accuracy can be accomplished by 
utilizing a simple matrix. The matrix also helps to easily 
identify outliers and upon completion quickly depicts the 
number of exams that have undercalled or overcalled disease 
(Table  3.2 ). 

 The matrix includes both vertical columns known as the 
 Y -axis and horizontal rows known as the  X -axis. Categories 
used for reporting disease from the noninvasive vascular test 
 fi ndings are used for both the X- and  Y -axes. “The category 
reported for the noninvasive  fi ndings is located on the verti-
cal column at the far left of the matrix ( Y -axis), and the cor-
relative examination categories are located across the top 
( X -axis). Using the duplex  fi ndings, locate the appropriate 
category on  Y -axis and place the mark under the category 
located in the  X -axis representing the correlative procedure 

PPV =
Number of true positives

Number of true positives+Number of false positives

  Fig. 3.5    Calculating positive predictive value       

NPV =
Number of true positives

Number of true negatives+Number of false positives

  Fig. 3.6    Calculating negative predictive value       

Accuracy =
Number of true positives+True negatives

Number of True Positives + False Positives + False Negatives + True Negatives

  Fig. 3.7    Calculating overall accuracy       
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 fi ndings (Table  3.3 ). Keep in mind that the correlative 
 fi ndings may not utilize identical criteria when interpreting 
the examination, so these should be placed in the category 
within which the percent stenosis falls. When the two  fi ndings 
correlate, they will fall on the diagonal axis within the grid, 
while outliers will be found on either side of the diagonal 
axis. Those located to the left of the diagonal axis are those 
in which the ultrasound  fi ndings overestimated the amount 
of disease in comparison to the correlative results. In turn, 
the outliers falling to the right of the diagonal axis represent 
vessels where the ultrasound  fi ndings underestimated the 
amount of disease present when compared to the correlative 
examination (Table  3.2 )”  [  6  ] . 

 In cases when the information obtained from an examina-
tion is not quanti fi able but identi fi es only the absence or pres-
ence of disease, a modi fi ed matrix may be used. Use of this 
simpli fi ed format will identify the true-negative, false-negative, 
true-positive, and false-positive examinations. This informa-
tion can be used to further measure the speci fi city, sensitivity, 
and overall accuracy of these examinations (Table  3.4 ).                        

   What Happens Once the Data Is Collected? 

 A quality improvement plan with no follow-through is of no 
use at all. Once data is documented and analyzed, there is no 
value in it unless it is shared and used to evaluate the labora-
tory procedures and individual performance. Making time to 
hold regularly scheduled meetings to discuss the QA  fi ndings 
is imperative to the success of the program. Whenever pos-
sible, the meetings should include all medical, technical, and 
ancillary staff members and should occur at least quarterly to 
ensure effective follow-up. 

 A method of documenting identi fi ed weaknesses and 
errors can be achieved through corrective action plans. An 
effective corrective action plan will  fi t onto a single page. The 
longer and more complicated the form, the less receptive staff 
will be to using it  [  7  ] . The following components should be 
included in the corrective action plan:

   Description/summary of noncompliance ( • What is   the 
problem ?)  
  Root cause analysis ( • What caused   the problem ?)  
  Date corrective measures begin  • 

 Table 3.3    Example of matrix 
entry placement  

Angiography findings 

Carotid duplex
findings 

Normal 1–49% 50–69% 70–99% Occlusion

Normal RICA

1–49%

50–69% LICA

70–99%

Occlusion

Adapted from Zierler  [  6  ] . With permission from Lippincott Williams & Wilkins
Carotid duplex  fi ndings: RICA = Normal + Angiography  fi ndings: RICA = 25% stenosis (does not correlate)
Carotid duplex  fi ndings: LICA = 50–69% + Angiography  fi ndings: LICA = 60% stenosis (correlates)

 Table 3.2    Matrix    example identifying where positive correlation and 
noncorrelating  fi ndings will be located  

Ultrasound
findings (Y-axis)

Normal

Normal

1–49

1–49

50–69

50–69

70–99

70–99

Occulusion

Occulusion

True
Normal

True
Abnormal

True
Abnormal

True
Abnormal

True
Abnormal

Ultrasound overcalls

Ultrasound under calls

Adapted from Zierler  [  6  ] . With permission from Lippincott Williams & 
Wilkins
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  Personnel responsible  • 
  Corrective measures ( • How are   you going   to correct   the 
problem ?)  
  Documentation of activity  • 
  Assessment ( • How will   you prevent   the same   problem from  
 happening again ?)  
  Evidence of improvement ( • How improvement   will be  
 tracked and   what are   acceptable thresholds ?)    

   Example Corrective Action Plan 

  Summary of   noncompliance : Forty percent of the venous 
duplex examinations for the quarter were performed for 
inappropriate indications. 

  Root cause : All examinations are performed for referring 
physicians regardless of the indication. 

  Corrective measures / assessment : Inappropriately ordered 
venous duplex examinations will be identi fi ed through prelimi-
nary assessment of patient symptoms upon arrival to the exam 
room. If it is established the test is not indicated, the laboratory 
medical staff will contact the referring physician to establish 
the appropriate procedure or course of treatment for the patient. 
In addition, a letter will be written to referring physicians estab-
lishing appropriate indications for examinations. 

  Responsible staff : All technical staff performing venous 
duplex examinations and all medical staff will be involved in 
corrective measures. 

  Corrective measures   begin : April 25, 2011, and tracked 
daily as applicable. 

  Documentation of   activity : Copies of the following docu-
mentation are to be kept in the Venous Duplex Corrective 
Action folder: examination order, symptom assessment 
worksheet, laboratory medical staff follow-up results, and 
noti fi cation to referring physician. 

  Evidence of   improvement : Reassessment of the venous 
duplex volume and appropriateness will be performed in 

6 months with the expected outcome of decreasing the inap-
propriately performed examinations to at least 20%.   

   Further Demonstrating Your Laboratory’s 
Commitment to Quality 

 For over 20 years, the Intersocietal Accreditation 
Commission – Vascular Testing (ICAVL) has provided a 
mechanism for laboratories to evaluate and demonstrate the 
level of patient care they provide. Laboratories applying for 
accreditation through the IAC are required to maintain an 
ongoing quality assurance program and must provide docu-
mentation substantiating adherence to the standards. The 
current IAC standards require at a minimum formal QA 
meetings twice each year, a speci fi c number of examination 
correlations to other imaging modalities and/or surgical pro-
cedures with a documented overall accuracy of 70% or 
greater for each area of testing. 

 Implementing your laboratory’s quality program prior to 
applying for accreditation will help to ensure successful 
achievement of accreditation.  

   Conclusion 

 The primary objective of a QA program in the laboratory 
setting is the enhancement of patient care with the main 
emphasis of the program on the human factors that can 
lead to variations in quality care. Acknowledging the 
potential weaknesses in the laboratory must be seen as a 
strength that will provide an opportunity to grow and sur-
vive and ensure a continued place for the vascular labora-
tory in an ever-changing health-care environment.      
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Correlative standard

Ultrasound
findings

No DVT

No DVT True negative

False positive

False negative

True positive

DVT

DVT

 Table 3.4    Example of modi fi ed matrix for use when quanti fi able 
 correlative information is not available  

  Adapted from Zierler  [  6  ] . With permission from Lippincott Williams & 
Wilkins  
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   Introduction 

 Understanding ultrasound physics and instrumentation is 
foundational to vascular interpretation. Acquiring reliable, 
accurate vascular ultrasound studies requires extensive 
knowledge of basic physics and instrumentation principles 
as well as an in-depth understanding of newer, more advanced 
technologies. Good vascular interpretation can only occur 
when the studies acquired accurately represent the patient’s 
condition. Since multiple ultrasound modalities are used to 
acquire vascular studies, and since each modality has 
strengths and weaknesses, the interpreter must be well versed 
in the foundational physics and newer technologies as well. 
This chapter is not intended to serve as a comprehensive 

physics review but rather as a means of creating a practical 
foundation to improve vascular interpretation and to focus 
on targeted physics and instrumentation concepts required to 
better comprehend the vascular concepts and techniques dis-
cussed within this book. 

 This physics section is organized into four subsections. 
The  fi rst subsection covers general imaging principles includ-
ing some basics of sound waves, basic image generation, and 
the concept of compression for gray scale image display. The 
second subsection discusses more advanced and complex 
methods of image generation including harmonic imaging, 
compound imaging, and a speci fi c treatment of parameters 
associated with appropriate IMT measurements. The third 
subsection covers spectral Doppler including basics, Doppler 
sensitivity, angle correction and angular error, and the arti-
fact of spectral broadening. The fourth subsection discusses 
color Doppler including basic color image generation, appro-
priate transmit frequency selection, color priority, color gain, 
appropriate color scales and associated color wall  fi lters, and 
color frame rate and temporal resolution. It is fully intended 
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that this physics section will serve as a practical foundation 
for a more comprehensive understanding of the material 
 covered in later chapters.  

   Ultrasound Imaging General Principles 

 In order to better appreciate the challenges of ultrasound 
image generation and associated impact on interpretation, it 
is  fi rst important to brie fl y discuss how basic B-mode (2-D) 
images are generated. From this basic description, it will 
become much easier to understand spatial, contrast, and tem-
poral limitations, which can directly impact the accuracy and 
validity of interpretation.  

   Image Generation 

 Ultrasound images are generated by sequentially transmitting 
a series of pulses from a piezoelectric transducer over time. 
Each transmitted pulsed sound wave corresponds to an acous-
tic beam which propagates into the patient. Because sound is 
a mechanical wave, each transmitted pulsed wave interacts 
with the medium such that the body modulates the transmit-
ted pulse, returning echoes back toward the transducer. Once 
the echoes have returned from the greatest depth of interest 
(determined by the image depth setting on the system), 
another pulse is transmitted in a nearby location, and the pro-
cess is repeated until an image (or frame) is produced (see 
Fig.  4.1 ). The lateral dimension of the image determines how 
many beams (often referred to as lines) comprise an image 
and is set by the user. A narrower image results in the ability 
to produce more frames per second (a higher frame rate) with 
a better ability to detect quick changes in time (temporal reso-
lution). However, the improved temporal resolution is 
achieved at the expense of having a smaller  fi eld of view.   

   Absorption 

 To further understand the ultrasound image, it is important to 
discuss the mechanical interaction between the sound wave and 
the medium (body) and how these interactions relate to how 
images are presented. As the sound waves propagate through the 
tissue, some of the wave energy is lost as heat through absorp-
tion. Absorption rates within the tissue types are important for 
two reasons. First, all of the energy that is absorbed results in less 
signal to re fl ect back, decreasing sensitivity. Second, absorption 
leads to tissue heating which can cause metabolic breakdown 
resulting in tissue damage (referred to as a thermal bioeffect). It 
is valuable to know that absorption increases nonlinearly with 
increasing frequency and depth, implying that higher frequen-
cies are generally not very useful for deeper imaging.  

   Re fl ection 

 Re fl ectivity is based on the wavelength of the sound wave rela-
tive to the structure geometry as well as the heterogeneity of the 
acoustic properties of the tissues. When structures are large 
with respect to the wavelength, a very angle-dependent type of 
re fl ection occurs called specular re fl ection. As the surface 
appears “rough” with respect to the wavelength, a less angle-
dependent type of re fl ection occurs referred to as backscatter-
ing (or sometimes just scattering). When wavelengths are large 
with respect to the structure, a weak re fl ective mechanism of 
Rayleigh scattering occurs. The wavelength is given as

        

where 
  c  = speed of the sound, 
  f  = operating (transmit) frequency. 

,
c

f
l =

T1 T2 T2 TN

Time

  Fig. 4.1    Sequential image generation (Reprinted from Miele  2008 . ©2008 Miele Enterprises, LLC. With permission)       
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 From this equation, we see that shorter wavelengths result 
from:

   Higher operating frequency (chosen by the person scan-• 
ning but generally restricted by the required imaging 
depth)  
  Lower propagation velocities (determined by the proper-• 
ties of the medium)    
 When the transmitted pulse encounters a large change in 

the acoustic properties of the tissue (referred to as the acous-
tic impedance), a large re fl ection results. Similarly, when 
only a small change in acoustic impedance exists, a small 
re fl ection occurs. The varying re fl ecting echoes return to the 
transducer and are converted into electrical signals which are 
then interpreted by the system and converted to color scale 
(usually gray scale) to produce an image. Large re fl ections 
are generally mapped to brighter shades of white, whereas 
weaker re fl ections are presented as various shades of gray. 
No re fl ection detected either because of medium homogene-
ity or inadequate sensitivity is presented as black. When dif-
fering tissues have very similar acoustic impedances, the 
contrast between the tissues will be low, and the possibility 
exists that the two different tissue types will not be differen-
tiable in the image. Such situations can occur when a mass 
has acoustic properties similar to the surrounding tissue or in 
cases of a lipid-rich plaque with a thin cap. The ability to 
differentiate tissues based on brightness is referred to as con-
trast resolution.  

   Depth and Speed of Sound 

 Mapping the returning echoes to a depth location in the 
image is a simple matter of applying the distance equation, 
based on the assumption that sound travels approximately 
1,540 m/s in soft tissue. The assumed speed of 1,540 m/s is 
equivalent to 6.5  m s/cm of travel or equivalent to 13  m s/cm of 
imaging depth because of the round-trip effect (Fig.  4.2 ). Of 
course, when the true speed of sound within the body varies 
from the assumed speed of sound, echoes are mapped either 
too shallow (higher than the assumed 1,540 m/s) or too deep 
(lower than the assumed 1,540 m/s).   

   Spatial Resolution 

 The ability to resolve changes in time (temporal resolution) 
and the ability to distinguish between tissues based on differ-
ences in brightness (contrast resolution) have already been 
mentioned. The ability to spatially resolve structures within 
an image is subdivided into three dimensions: axial (depth or 
longitudinal) resolution, lateral resolution, and elevation 
resolution. In essence, the best spatial resolution is obtained 

with a short pulse (axial resolution) and a narrow beam (lat-
eral and elevation resolution). Shorter spatial pulse lengths 
result in better axial resolution with a greater ability to dif-
ferentiate structures separated along the axis of the beam. 
Additionally, shorter pulses result in more accurate measure-
ments in the axial direction. This concept is of course impor-
tant when measurement accuracy matters such as when 
making intima-media thickness (IMT) measurements. 
Narrower beams result in better lateral and elevation resolu-
tion. For conventional 1-D array transducers, the lateral beam 
dimension can be changed by varying the depth of the focus 
(or foci when multiple foci are activated). When the focal 
depth is changed, more or fewer elements of the transducer 
are activated, and the timing of the transmit pulses varied to 
each element to achieve a deeper or a shallower focus. 
However, for 1-D arrays, there is only one element in the 
elevation plane (which corresponds to the “slice thickness” 
plane), and, hence, the focus cannot be varied in elevation 
( fi xed elevation focus). In the elevation plane, most 1-D 
arrays have an acoustic lens built into the surface of the 
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  Fig. 4.2    Speed of sound in tissue (Reprinted from Miele  2008 . ©2008 
Miele Enterprises, LLC. With permission)       
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transducer that  fi xes the focus at a speci fi c “optimal” depth 
for the application for which the transducer was designed. In 
general, transducers intended primarily for shallow imaging 
will have a shallower elevation focus by design since the 
transducer is not intended for deeper imaging applications. 

 The ability to differentiate a speci fi c tissue from surround-
ing tissue is related to the acoustic impedance mismatch 
between the two tissues. In many cases, the acoustic proper-
ties of the two tissues may be only slightly dissimilar, result-
ing in poor or no differentiation. This problem exists frequently 
with masses such as liver and kidney lesions and with fresh 
thrombus which has acoustic properties only slightly differ-
ent than the surrounding blood. In these cases, even low-level 
noise can obscure the small contrast that does exist. This 
problem is exacerbated by the fact that the range of signal 
amplitudes re fl ecting from the body well exceeds the range of 
signals perceptible to the human eye. In many instances, the 
ratio of the largest to smallest signals re fl ecting from the body 
(the dynamic range) exceeds 80 dB (10,000 levels), whereas 
the human eye can perceive simultaneously less than 36 dB 
(fewer than 64 shades of gray). As a result, the imaging sys-
tem must compress the signal dynamic range to better map 
into the dynamic range of the human eye. Of course, the 

 process of compression implies that differences become 
smaller, potentially mapping small signal differences to the 
same gray scale appearance.  

   Video Compression 

 Ultrasound systems allow the user to change the video com-
pression applied to an image (different systems use different 
terminologies for this control such as gray scale, compres-
sion, dynamic range, and postprocessing). By having multiple 
compression maps with varying slopes, the expectation is that 
when one map fails to display certain signals, a different map 
will succeed. This expectation of course can only be realized 
if the person scanning actively changes the compression set-
tings to determine if any signals are being missed. The two 
images in Fig.  4.3  are identical except for the applied com-
pression map. Note that the image on the right gives evidence 
of a thrombus which is not evident in the image on the left.  

 In addition to gray scale (compression maps), there are 
many system parameters that should be optimized to decrease 
the chances of not visualizing weak signals from the sur-
rounding tissue. 

  Fig. 4.3    Compression settings can affect interpretation (Reprinted from Miele  2006 . ©2006 Miele Enterprises, LLC. With permission)       
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 The list includes:
   Using the correct transmit frequency (adequate penetra-• 
tion and best possible resolution)  
  Using adequate transmit power  • 
  Using harmonics (unless too deep)  • 
  Using compound imaging  • 
  Varying compression maps to improve contrast • 
resolution    
 Some of the advanced techniques will be discussed in the 

upcoming section.  

   Advanced Imaging Technologies 

 In addition to improvements in electronics and transducers, 
there are many advanced techniques which have signi fi cantly 
improved the quality of ultrasound images over the last 
10 years. An exhaustive treatment of imaging technologies is 
beyond the scope of this chapter, but two of the most impor-
tant techniques are covered in the upcoming section.  

   Harmonic Imaging 

 The principles of second-harmonic imaging are simple. For 
harmonic imaging, the system transmits at a lower frequency, 
referred to as the fundamental, and then receives and pro-
cesses signals at twice the fundamental signal, referred to as 
the second harmonic. Of course the complexity comes in 
understanding how fundamental signals are converted into 
harmonic signals and, more importantly, in understanding 
the bene fi ts and limitations of harmonic imaging. 

 There is a nonlinear response of tissue to the compression 
and rarefaction of sound waves. During compression, the 
density of the tissue molecules increases, resulting in a slight 
increase in propagation speed, whereas during rarefaction, 
the density decreases such that there is a slight decrease in the 
propagation velocity. The result is that the wave becomes dis-
torted (Fig.  4.4 ) as it propagates through the tissue, introduc-
ing harmonic energy into the wave. The harmonics are not 
limited to second harmonics, but as of now, ultrasound sys-
tems are not processing higher-order harmonics as each 
higher harmonic signal becomes weaker and is currently too 
weak for adequate image generation. The generation of har-
monic energy is very nonlinear with the beam intensity 
(related to the parameter called the mechanical index (MI)). 
In essence, a slightly lower intensity (lower MI) can result in 
signi fi cantly less harmonic signal generation. For this reason, 
harmonic imaging is very sensitive to where the beam focus 
is placed as well as to the overall transmit power used.  

 Making use of the harmonic signals generated by nonlin-
ear propagation requires transducers with enough bandwidth 
(range of frequencies over which the transducer can operate) 

so that the transducer can transmit at the fundamental fre-
quency and receive signals at twice the fundamental fre-
quency (the second-harmonic signal). Modern transducers 
capable of such large dynamic range are commonly referred 
to as ultra-wide bandwidth transducers. When the system 
processes the returning echoes, a  fi lter is applied to look at 
just the second-harmonic bandwidth, explicitly attempting to 
not overlap with the transmit bandwidth. Any overlap 
between the fundamental and harmonic bandwidths allows 
for the clutter from the fundamental to degrade the image 
quality of the harmonic signal. In order to reduce the overlap 
between fundamental and harmonic bandwidth, longer trans-
mit pulses are commonly used which result in a narrower 
bandwidth fundamental. As discussed earlier, a longer trans-
mit pulse (spatial pulse length) results in degraded axial res-
olution. For this reason, conventional harmonics generally 
have worse axial resolution and is generally not ideal for 
axial measurements (measurements made in depth) such as 
IMT measurements. Some systems now offer novel tech-
niques to get around the narrowbanding issue such as pulse 
inversion and pulse-modulated harmonics. In essence, these 
techniques allow for the separation of the fundamental and 
harmonic bandwidths without using a longer transmit pulse 
that results in degraded axial resolution. 

 The bene fi t of harmonic imaging is primarily a reduction 
of clutter artifacts. Since harmonic beams are inherently nar-
rower than the fundamental beams, lateral resolution is 
improved. Additionally, since the beam intensity is generally 
low in the near  fi eld before the beam has converged to the 
focus, harmonic generation is generally low in the near  fi eld. 
Since most imaging artifacts result from strong re fl ectors in 
the near  fi eld (clutter signals), lower-level harmonic signals in 
the near  fi eld result in fewer imaging artifacts, improving 
image quality (Fig.  4.5a–d ). Again since harmonic generation 
drops precipitously with lower beam intensities (lower MI), 
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  Fig. 4.4    Distortion of wave producing harmonic energy (Reprinted 
from Miele  2006 . ©2006 Miele Enterprises, LLC. With permission)       
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using harmonics when trying to image very deep in a large 
patient is not recommended as the harmonic signal will offer 
inadequate sensitivity. In these deep cases, using fundamental 
imaging is the correct approach.   

   Compound Imaging 

 Compound imaging (known as multiangle imaging, SonoCT 
or Crossbeam technology by some manufacturers) is a frame-
averaging technique which can signi fi cantly improve image 
quality through increased signal-to-noise ratio and by decreas-
ing the presence of artifacts. The angle dependency of ultra-
sound re fl ection is reduced by imaging the same region from 
different directions and “compounding” the resulting multiple 
frames into one image. Like all averaging techniques, the sig-
nal-to-noise ratio is improved when the desired signal does not 
change from frame to frame, or changes slowly from frame to 
frame relative to the rate of frame acquisition. In cases where 
the signal is changing slowly, the signal in each of the frames 
has the same phase such that adding the frames together results 
in the signal amplitude increasing by a  factor equal to the 

number of samples. For example, adding four signals with an 
amplitude of 3 V each would result in a combined signal with 
an amplitude of 12 V. In contrast, the noise which exists within 
the image is random from frame to frame, implying that 
although the noise amplitude also grows with averaging, it 
grows at a slower rate than the signal. In fact, the noise gener-
ally grows by the rate of the square root of the number of 
frames used in the average. Using the same example, imagine 
that the noise level is 1 mV, averaging four frames together 
would result in the noise becoming bigger by the square root 
of four, or 2 × 1 mV equal to 2 mV. Therefore, the signal grew 
four times larger, whereas the noise grew only twice as large, 
implying that the signal-to-noise ratio increased by a factor of 
4 divided by 2, or two times. In other words, averaging 
improves the signal-to-noise ratio by the square root of the 
number of samples in the average. 

 In addition to averaging, compound image varies the 
image steering from frame to frame. Recall that specular 
re fl ection is very angle dependent. Combining this fact with 
the fact that most imaging artifacts are caused by specular 
re fl ection, it should be clear that compound imaging results 
in artifacts tending to “average out.” The net result is that 

a b

c d

  Fig. 4.5    ( a ) Fundamental. ( b ) Harmonic imaging. ( c ) Fundamental. ( d ) Harmonic imaging       
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compound imaging generally results in images with better 
signal-to-noise ratio (improved sensitivity) and fewer arti-
facts, as seen in Fig.  4.6 .  

 Also, because of the angle dependency of ultrasound 
re fl ection, by imaging from several angles, the circumfer-
ence of arteries in cross section becomes more visible with 
compound imaging compared to single-angle imaging (con-
ventional ultrasound imaging technique).  

   Image Optimization 

 Image optimization requires a comprehensive knowledge of 
the many system controls discussed above. There are no set 
rules which always govern when one technology should be 
applied or another disabled other than understanding the 
trade-offs as well as the underlying principles of each tech-
nology and control relative to the imaging situation. In gen-
eral, the starting point for good image quality is to ensure 
adequate signal strength by appropriate transducer frequency 
selection, focal/foci depth, and imaging window. With 
respect to identi fi cation of artifacts, it is important to vary the 
incident angle (by electronically steering the image or physi-
cally angling the transducer) while looking for changes 
within the image. When the relative locations of structures 
vary with varying angles, imaging artifacts are present. Once 
the appropriate signal strength (signal-to-noise ratio) is 
achieved, the receiver-gain and time-gain compensation 
(TGC) should be adjusted so that the full range of existing 
signals is visible relative to the ambient light and so that 
similar tissues at differing depths are displayed with similar 
brightness. Periodically, the compression should be adjusted 
to vary the contrast resolution so as to make certain that no 
signals such as fresh thrombus or masses are not being 
obscured by inappropriate contrast. Newer technologies such 
as harmonics and compound imaging often provide signi fi cant 

improvement, but are at times inappropriate based on the 
trade-offs of the technologies. Finally, many systems now 
offer adaptive processing which attempts to perform image 
optimization based on internal algorithms. There are times 
when these adaptive processes will generate better image 
quality than even the most seasoned sonographer. However, 
there are other times when a talented sonographer will pro-
duce signi fi cantly better images than the adaptive processes. 
For this reason, the best use of these adaptive processes is to 
 fi rst optimize the image by hand, activate the adaptive pro-
cess, and then compare. It is then useful to optimize again by 
hand starting with the settings chosen by the adaptive pro-
cessing technique. If the image only degrades by further 
manipulation, then reactivating the adaptive process will 
return the image to the “optimal” quality. By employing this 
approach, the sonographer can be pretty certain that he or she 
achieves optimal image quality.  

   IMT Measurements 

 In recent years, carotid intima-media thickness (IMT) mea-
surements have been used as an indicator for atherosclerotic 
disease with the intent of predicting likelihood of myocardial 
infarction and stroke. The ability to both accurately and repeat-
edly measure a vessel’s wall thickness is highly dependent on 
technique and ultrasound system settings. This section out-
lines those parameters which should be considered when per-
forming IMT measurements. Realizing that equipment from 
different manufacturers will have different ideal settings, the 
purpose of this section is to make the reader aware of the 
potential issues, not to create a standard for measurement. 
Measurement standards require signi fi cant research and poten-
tially may need to vary for different equipment design. 

 The fundamental dif fi culty with accurate IMT measure-
ments is related to axial resolution. Even for a single excitation 

a b

  Fig. 4.6    ( a ) Conventional imaging. ( b ) Compound imaging       
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pulse, the resonance of a transducer results in more than one 
cycle in the acoustic pulse generated by the transducer. The 
effect is similar to ringing a bell with a single strike of 
the clapper. Even with a very short duration single stroke of 
the clapper, the bell proceeds to ring at its resonant frequency 
for a period of time. As discussed previously, the more cycles 
which exist within a pulse, the longer the spatial pulse length, 
and the worse the axial resolution. For this reason, ultrasound 
transducers are designed with a backing material to dampen 
the impulse response, thereby shortening the spatial pulse 
length, improving the axial resolution. No matter how much 
damping takes place, practically speaking, every pulse will 
have a “tail” which tends to exaggerate the axial dimension of 
a measured structure. The degree to which this tail exists is a 
function of the transducer operating frequency, the transducer 
crystal’s impulse response, and the backing material used. 

 There are other parameters which can also affect the axial 
resolution. As mentioned in the harmonic imaging section, 
the need to decrease the overlap between the fundamental 
and receive bandwidths often results in degradation of the 
axial resolution for conventional harmonic imaging. This 
fact alone indicates that concern should exist if using con-
ventional harmonic imaging when performing IMT measure-
ments. More advanced harmonic techniques such as pulse 
inversion and pulse-modulated (chirp Z) harmonics are 
intended to produce the advantages of harmonics without the 
corresponding degradation in axial resolution. The degree to 
which harmonics affect IMT measurements is clearly affected 
by the speci fi c methodology used by the manufacturers of 
the speci fi c equipment being used. 

 For many years, the suggestion has been to make the 
IMT measurements from the posterior and not the anterior 
vessel wall. The rationale for this approach is of course 
rooted in the physics of axial resolution. When assessing the 
anterior wall of a vessel, the “tail” of the pulse continues to 
image the wall while the main burst of the pulse has reached 
the vessel lumen. Although the energy in the pulse tail is 
weaker than the energy in the main burst, the re fl ection from 
the blood is weak (Rayleigh) such that the re fl ected signal 
from the lumen is very small. Therefore, the weak signal 
from the pulse tail potentially overlaps a region that should 
be displayed as lumen, increasing the apparent thickness of 
the vessel intima. In contrast, when imaging the posterior 
vessel wall, the echo from the tail coincides with vessel 
lumen when the main burst reaches the vessel wall so that 
there is no impact on the perceived intima thickness. For 
this reason, the posterior wall became a standard location 
for IMT measurements. 

 Other parameters which can clearly impact the perception 
of intima thickness include the receiver-gain (ampli fi cation) 
transmit power, use of compound imaging, incident angle, and 
of course video compression. Many systems offer  automated 
measurements which also attempt to reduce  variability by 

making multiple measurements within a speci fi c region and 
then averaging the multiple measurements. 

 In reality, there are two different issues that must be con-
sidered with respect to IMT measurement accuracy. The  fi rst 
is that serial measurements to assess changes over time 
should be made holding as many of the system parameters as 
constant as possible. If the system parameters are changed, it 
is conceivable that the difference in IMT measurement is 
attributable to system changes and not to atherosclerotic pro-
gression. The second issue is more challenging in that IMT 
measurements are compared against standards, for which 
threshold values exist based on age and gender. Here, the 
problem is that even very repeatable measurements could 
have a potential skew relative to the method by which the 
standards were developed. Finally, changes over time may be 
obscured by the fact that wall thickening/atherosclerosis 
does not develop uniformly along the circumference of the 
vessel wall. Given the thin “slice” of the artery in a focused 
image, scanning the artery from a slightly different angle 
may reveal another IMT value!  

   Spectral Doppler Basics 

 In B-mode imaging, data is presented based on the amplitude 
of the re fl ected echoes. The amplitude is representative of 
the acoustic properties of the tissue in the region of the body 
that was scanned. Unlike B-mode imaging, spectral Doppler 
is a nonscanned modality in which the data is acquired by 
transmitting repeatedly in the same location. In lieu of spa-
tial information, velocity information is displayed. Therefore, 
the signal strength is still represented by gray scale, but the 
horizontal access of the display now represents elapsed time, 
and the vertical axis represents velocity toward and away 
from the steered beam (line) from the transducer. 

 The velocity information is obtained using a Doppler 
technique. The Doppler effect is essentially a perceived 
change in frequency as the result of a compression or decom-
pression of the wavelength of a wave as the result of motion 
of the wave source relative to an observer. When the relative 
movement results in the source and observer becoming closer 
together, the wavelength is decreased giving the perception 
of a higher frequency. When the relative movement results in 
the source and observer becoming farther apart, the wave-
length is increased giving the perception of a lower frequency 
(as expressed by the wavelength equation). Most people have 
practically witnessed the Doppler shift in situations such as a 
very fast moving train, an ambulance, or at the racetrack. In 
each case, the observer hears a change in pitch (from higher 
frequency to lower frequency) as the sound source approaches 
and then moves past. The detected shift in frequencies, 
referred to as the Doppler shift ( f  

Doppler
 ), is a function of the 

parameters which affect the relative motion (velocity and 
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angle) and the parameters which determine the wavelength 
(operating frequency and propagation velocity), as given in 
the Doppler equation:

        

where 
  f  
o
  = operating (transmit) frequency, 

  v  = velocity of blood, 
   q   = Doppler angle, 
  c  = speed of sound. 
 There are two principal forms of spectral Doppler: con-

tinuous wave (CW) and pulsed wave (PW) Doppler. With 
CW, a transmitter continuously  fi res simultaneously while a 
receiver continuously listens for echoes. Since the receive 
and transmit are continuous, echoes returning from all depths 
are heard simultaneously such that there is no inherent depth 
discrimination. In essence, unless there is a reference image 
which indicates the source of speci fi c  fl ow velocity ranges, 
CW yields no information relative to the source of the 
detected Doppler signals. In contrast, with PW Doppler, the 
transmitter and receiver are alternately turned on and off at a 
rate referred to as the pulse repetition frequency (PRF) such 
that signals returning at a speci fi c time are received. Through 
the distance equation, the time for the echo to return is asso-
ciated with a speci fi c depth. Therefore, PW yields fairly 
good range resolution. However, since the PW receivers are 
alternately turned on and off at a rate of the PRF, it is possi-
ble that some signals changing very quickly (higher Doppler 
frequency shifts) will not be detected, resulting in an inabil-
ity to determine the true peak velocity. This effect is referred 
to as aliasing as speci fi ed by the Nyquist criterion. With PW 
Doppler, aliasing occurs when the maximum Doppler shift 
exceeds half of the PRF.  

   Understanding Angle Correction 

 Perhaps the most misunderstood aspect of spectral PW 
Doppler is angle correction. The Doppler equation illustrates 
that the detected Doppler shift is dependent on the cosine of 
the Doppler angle (the angle formed between the steered 
Doppler beam and the  fl ow direction) with maximal Doppler 
shifts detected at 0° and 180°. Unlike cardiac Doppler in 
which the maximum Doppler shifts are often obtained 
because alignment to  fl ow is usually possible from one of the 
many cardiac imaging views, vascular Doppler rarely affords 
detection of the maximum Doppler shift. As a result, angle 
correction is necessary to compensate for the partial fre-
quency shift detection. 

 Before explaining angle correction, we must  fi rst assess 
how the Doppler angle affects the Doppler measurement. 
The system transmits a signal at a known radio frequency   

(typically from 1.6 MHz to as high as 10 or 12 MHz depend-
ing on the system and transducer). The system then detects 
the frequency of the returning echoes from which the trans-
mit frequency is essentially “subtracted” leaving the Doppler 
frequency shift. When the Doppler angle is less than 90°, the 
returning frequency is higher than the transmitted frequency 
and a positive Doppler shift is detected. Similarly, if the 
Doppler angle is greater than 90°, the returning frequency is 
lower than the transmitted frequency and a negative Doppler 
shift is detected. The important thing to realize is that unless 
the Doppler angle is 0° or 180°, the system does not detect 
the full Doppler shift. As the Doppler angle approaches 90°, 
the Doppler shift converges to 0. 

 For the times when the full Doppler shift is not detected, 
as with most vascular applications, the ultrasound system 
allows for angle correction. Practically speaking, the angle 
correction is applied by the system user. The user speci fi es 
the Doppler angle by aligning a Doppler  fl ow indicator with 
the perceived direction of the  fl ow. Using basic geometry, the 
system can then determine the Doppler angle, calculate the 
cosine of the Doppler angle, and correct the partially detected 
Doppler frequency shift. Since Doppler yields velocity infor-
mation, the correction is essentially applied by manipulating 
the Doppler equation to be expressed in terms of velocity as

         

 Table  4.1  illustrates how the Doppler angle affects the 
measured Doppler frequency shift and how angle correction 
works. Assume that the transmit frequency of 3.0 MHz is 
used and that the true blood velocity is 1 m/s. The  fi rst two 
columns illustrate the Doppler shift that would be detected 
for a range of speci fi ed Doppler angles. Note that for the 
same  fl ow velocity, different Doppler shifts are detected as 
the result of the varying Doppler angles. The third column 
shows the calculated velocity that would result from the 
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   Table 4.1    Effects of angle on detected Doppler shift and angle 
correction   

   q   
  f  
Doppler

  
measured, Hz 

 Velocity 
(uncorrected), m/s  Cos(  q  ) 

 Velocity (angle 
corrected), m/s 

 0  3,896  1  1  1 
 30  3,374  0.9  0.866  1 
 45  2,755  0.7  0.7071  1 
 60  1,948  0.5  0.5  1 
 90  0  0  0  0 
 120  −1,948  −0.5  −0.5  −1 
 135  −2,755  −0.7  −0.7071  −1 
 150  −3,374  −0.9  −0.866  −1 
 180  −3,896  −1  −1  −1 

  Note that the negative velocity implies that the  fl ow is presented below the 
spectral Doppler baseline, representing  fl ow “away” from the transducer  
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Doppler equation if angle correction is not applied (clearly 
incorrect at all angles other than 0° and 180°). The fourth 
column shows the cosine of the angle used for the velocity 
correction. The  fi fth column shows that theoretically, the 
angle-corrected velocity values are now all correct except at 
90° at which point no Doppler shift is detected and correc-
tion is not possible.   

   Why Does Doppler Angle Matter? 

 Theoretically using any angle other than an angle close to 
90° should not make a difference since angle correction is 
applied. However, the theoretical assessment ignores nonlin-
ear error sources that make the Doppler angle very impor-
tant. When the  fl ow direction is speci fi ed by a user, there is 
no way of guaranteeing that the  fl ow direction is speci fi ed 
accurately. Since blood  fl ow direction in an artery may be 
nonaxial, i.e., rotational within the artery, or simply not par-
allel to the vessel wall at bifurcations or around asymmetri-
cal atherosclerotic lesions, angle correction by assuming 
vessel direction as  fl ow direction can be erroneous. In addi-
tion to angular misalignment in the plane displayed on the 
ultrasound system screen, there is also the potential for angu-
lar misalignment in the elevation plane (corresponding to the 
image slice thickness). If the  fl ow direction is speci fi ed incor-
rectly, in essence, the wrong “angle correction” is applied, 
and error is introduced into the velocity measurement. 

 Hypothetically assume that the  fl ow indicator is misaligned 
with the  fl ow by 5°. Because of the very nonlinear behavior of 
the cosine, a 5° error relative to performing Doppler at an 
angle of 70° results in signi fi cantly more error in the mea-
sured velocity than the same 5° error relative to performing 
Doppler at 50°. As the Doppler angle gets larger (closer to 
90°), the error increases at increasingly faster rates. 

 In addition to nonlinear angular error, the artifact of spec-
tral broadening also becomes worse at larger Doppler angles. 
Spectral broadening is the result of the spread of angles that 
results from the Doppler sound beam coming from more 
than one element, resulting in an increase in the measured 
peak velocity as well as a decrease in the spectral window 
(when a spectral window would exist). As shown in Fig.  4.7 , 
angle correction is applied based on the angle formed from 
the center of the beam to the  fl ow. However, note that some 
of the elements (labeled “L”) result in angles larger than the 
center element, while other elements (labeled “R”) result in 
angles less than the center element. Again since the same 
cosine correction is applied to the signal from all elements, 
some signals are overcorrected (resulting in an arti fi cially 
higher peak velocity), while other signals are underestimated 
(resulting in a decrease in the spectral window when a win-
dow would be otherwise present).   

   Standardized Doppler Measurements 

 For many years, there has been an attempt within vascular 
labs to standardize Doppler measurements at a Doppler angle 
of 60°. Certainly, using larger Doppler angles should be 
avoided if possible since the errors in velocity underestima-
tion and (more frequently) overestimation can become quite 
signi fi cant. It is important to note that 60° does not represent 
the best Doppler measurements, but rather an angle that was 
considered to be acceptable since it is relatively repeatable 
from patient to patient and from measurement to measure-
ment within a patient. Many labs have adopted a range of 
Doppler angles from 45 to 60 as the standard. With this stan-
dard, measurements made at angles less than 60° have the 
bene fi t of reducing some degree of the known error sources 
which are worse with larger angles. As always, standardiza-
tion and internal validation should be considered within each 
vascular laboratory.  

   Correct Operating Frequency 

 Re fl ectivity from blood is based on Rayleigh scattering. 
Rayleigh scattering is a very weak re fl ective mechanism, 
which makes Doppler techniques (both spectral and color 
Doppler) prone to errors because of inadequate sensitivity. 
Interestingly, the amount of backscattering increases with 
increasing frequency. This increase in re fl ectivity is the result 
of the size “increase” of the red blood cells relative to the 
decreasing wavelength. Based on this increase in re fl ectivity, 
the conclusion that higher frequencies should create stronger 
Doppler signals would seem logical but paradoxically is not 
true. This paradox results because not only does re fl ectivity 
increase with increasing frequency but attenuation through 
absorption also increases with increasing frequency. In fact, 
since the absorption rate increases exponentially with 
increasing frequency, the increased attenuation using higher 
transmit frequencies well exceeds the increase in re fl ectivity, 
thereby resulting in weaker Doppler signals. For this reason, 
with the exception of very super fi cial Doppler, Doppler 
should always be performed at the lowest frequency possi-
ble. Practically speaking, super fi cial imaging implies a depth 
of approximately 1–2 cm or shallower. Figure  4.8  indicates 
the ideal operating frequency based on Doppler depth. Note 
that the assumption was made that the lowest frequency 
Doppler available is about 2 MHz.  

 When an incorrectly high Doppler frequency is used, the 
Doppler signal becomes weaker and quite often leads to 
underestimation of the true peak velocity. In general, there 
are some relatively easily recognized spectral indicators of 
Doppler operation at or near the sensitivity limit. When 
Doppler sensitivity is marginal, the returning signals are so 
weak that more receiver gain must be applied to visualize the 
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70° (cosine correction
too large)

50° (cosine correction
too small)

60°

L Ra

b

c

  Fig. 4.7    ( a ) Cause of spectral broadening artifact. 
( b ) Spectrum without artifact. ( c ) Spectrum with 
broadening artifact (Reprinted from Miele  2006 . 
©2006 Miele Enterprises, LLC. With permission)       
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Doppler spectrum. As the Doppler gain is increased, the 
noise  fl oor (random white speckle associated with the elec-
tronic noise of the Doppler system) becomes apparent within 
the Doppler spectrum. Therefore, whenever the transmit 
power is set to maximum (or 100%) and there is evident ran-
dom white speckle throughout the entirety of the Doppler 
spectral display, especially if the Doppler spectrum itself is 
still not that bright, there is a strong indication that a lower 
Doppler frequency should be used if possible.  

   Color Doppler 

 Color Doppler is similar to B-mode imaging in that spatial 
dimensions are portrayed. Color Doppler is similar to spec-
tral Doppler in that velocity information is displayed. 
However, color Doppler is different from both spectral 
Doppler and B-mode imaging since amplitude information is 
not displayed. 

 Color Doppler presents an estimate of the mean velocity 
at each point within the color box of the scan region. Note 
that to achieve a mean estimate, a color display line cannot 
be generated from a single acoustic line (a single transmit 
pulse) since multiple samples are required to generate a 
mean. Unlike the simplest case of B-mode imaging described 
in the  fi rst subsection, to generate color images, an entire 
packet of lines must be transmitted in the same direction, a 
correlation performed, and then a single “line” of color dis-
played. Since color is created by transmitting entire packets 
to generate a single color line, the time required to create a 
frame increases dramatically, resulting in generally degraded 
temporal resolution. Since the temporal resolution with color 

Doppler is generally so poor, scanning techniques such as 
narrowing the color box width, cropping the color box depth, 
and potentially decreasing color packet size of color line 
density to optimize frame rate become very important param-
eters to control.  

   Color Priority and Color Gain 

 Since color Doppler does not directly display signal ampli-
tude, there are indirect methods of determining whether or 
not the color receiver gain is adequately set. To understand 
these techniques, it is important to realize that color Doppler 
displays color signals based on color signal thresholds. When 
the color signal amplitude exceeds a speci fi c threshold, color 
is displayed. If the signal is weaker than the speci fi c ampli-
tude threshold, no color is displayed so that gray scale values 
are presented. Since an individual pixel cannot represent 
both tissue and  fl ow, if both  fl ow and gray scale values simul-
taneously exist, the threshold determines when color is dis-
played versus when the gray scale value is presented. Most 
systems provide a user control to specify the color priority 
which determines at what level the tissue signal must be 
below to allow color to be displayed. A high color priority 
implies that color is generally given priority unless the gray 
scale amplitude is very high (Fig.  4.9a ). A low color priority 
implies that color is given a lower priority so that even mod-
erate-level gray scale values will take priority over display-
ing color (Fig.  4.9b ).  

 Given that color is a threshold-based technique, receiver 
gain set too low results in color dropout in regions where 
 fl ow exists. Since the lack of  fl ow is easily recognized, 
sonographers generally recognize the problem and take the 
corrective step of turning up the color gain. The problem of 
overgaining is more complex to determine. In fact, overgain-
ing in the near  fi eld is recognized by a different technique 
than recognizing overgaining at deeper depths or when color 
sensitivity becomes an issue. With more super fi cial imaging 
and adequate signal, color overgaining results in color bleed 
over regions of tissue at the  fl ow boundary (Fig.  4.10 ). When 
viewing a vessel, the color bleed occurs more commonly and 
more excessively with the posterior wall. This phenomenon 
is the result of limited axial resolution sometimes referred to 
as the color tail (analogous to the situation described in the 
IMT description).  

 Setting the gain appropriately for deeper color imaging or 
when close to penetration limits requires skill. Since imaging 
deep requires optimal sensitivity, setting the gain too low can 
result in inadequate color  fi lling, as the lower-level echoes 
often drop below the amplitude threshold required to display 
color. The technique for setting the color gain is to increase 
the color gain until color speckle (noise) appears within the 
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  Fig. 4.8    Ideal Doppler operating frequency based on depth (Reprinted 
from Miele  2006 . ©2006 Miele Enterprises, LLC. With permission)       
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color box in regions where  fl ow does not exist (Fig.  4.11 ). 
Then, the color gain should be decreased until the color 
speckle just disappears from the non fl ow regions. At this set-
ting, the color gain is set for optimal sensitivity. When color 
speckle is apparent within the image (in regions where  fl ow 
does not exist), the color gain is set incorrectly too high.   

   Correct Operating Frequency 

 As with spectral Doppler, color Doppler is very sensitive to the 
operating frequency. Perhaps even more common than with 
spectral Doppler, color Doppler is often performed using a 
transmit frequency higher than appropriate. Since, as discussed 

in the color gain section above, color Doppler is a threshold-
based technique, when an inappropriately high operating fre-
quency is used, color dropout occurs. This problem is 
particularly disconcerting when the dropout occurs when attempt-
ing to determine whether or not  fl ow exists. Figure  4.12a, b  
shows how even with normal  fl ow situations using a higher 
operating frequency can result in less appreciated  fl ow.   

   Color Scales and Wall Filters 

 The color pulse repetition frequency (PRF) is also commonly 
referred to as the color scales. The PRF is simply the recipro-
cal of the pulse repetition period (PRP). As already discussed 

a b

  Fig. 4.9    ( a ) Higher color priority. ( b ) Lower color priority (Reprinted from Miele  2008 . ©2008 Miele Enterprises, LLC. With permission)       

  Fig. 4.10    Color bleed from excessive color gain       
  Fig. 4.11    Color speckle from excessive color gain       
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in the earlier section on how basic images are produced, the 
speed of sound is assumed to be 1,540 m/s which requires 
13  m s for each cm of imaging depth (6.5  m s for each cm of 
tissue through which the sound must travel). For a given 
depth, the minimum PRP is calculated simply as the imaging 
depth in cm multiplied by the assumed 13  m s/cm travel time. 
For example, with an imaging depth of 8 cm, the PRP and the 
PRF are calculated as follows:

         

 This calculation shows that for an imaging depth of 8 cm, 
the ultrasound system can transmit and receive approxi-
mately 10,000 beams (lines) per second or 10,000 samples 
per second. Recalling the Nyquist criterion, the maximum 
detectable frequency is half of the sample rate. Therefore, at 
a depth of 8 cm, the highest detectable mean Doppler shift 
is 5 kHz. If the mean frequency shift exceeds half of the 
PRF, color aliasing occurs. By employing the Doppler equa-
tion, the mean frequency shifts can be presented as mean 
velocities. Looking at the color bar given in Fig.  4.13 , note 
that the color scales (PRF) are set to ±65 cm/s. For Doppler 
angles less than 90°,  fl ow with mean velocities below 
65 cm/s will be presented as hues of red through orange. If 
the mean velocity exceeds 65 cm/s, aliasing occurs which 
implies that the color will wrap  fi rst to hues of aqua fol-
lowed by shades of darker blue. Flow with mean velocities 
lower than 65 cm/s at angles between 90° and 180° will 
present as dark blue through aqua. When the mean velocity 
exceeds 65 cm/s, the color wraps  fi rst to shades of orange 
followed by shades of red.  

 Imagine that for a speci fi c imaging situation the maxi-
mum detectable mean velocity is 65 cm/s, and the mean  fl ow 

velocity is only 5 cm/s. Clearly, you would want to lower the 
color scales to better appreciate  fl ow velocity gradients about 
this low mean. When imaging at the maximum color PRF, 
the PRF is the reciprocal of the minimum PRP (based on the 
depth) as exempli fi ed in the calculation above. One method 
of lowering the PRF would be to increase the imaging depth 
(color box depth), increasing the PRP. However, this approach 
makes very little sense as the color box would now be dis-
playing color in regions deeper than the region of interest. 
The system is designed to use a better approach. For a given 
depth, lowering the color scales essentially means arti fi cially 
increasing the PRP to a time greater than needed for the 
sound to travel to and back from the maximum imaging 
depth. With lower than the maximum scales (PRF), the sys-
tem transmits the pulse, waits the required time for the pulse 
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  Fig. 4.12    ( a ) 4.0 MHz: inadequate color. ( b ) 1.8 MHz: appropriate color       
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to reach and return from the maximum imaging depth, and 
then simply does nothing for a period of time (“dead time”) 
before repeating the process. The added “dead time” increases 
the PRP, hence decreasing the PRF. 

 Note that in the center of the color bar is a black band 
(Fig.  4.13 ). The center of the band represents the baseline 
and the span of the black band above and below the center 
represents the color wall  fi lters. With both spectral and color 
Doppler, wall  fi lters are necessary to reduce the very large 
clutter signals from slowly moving structures such as vessel 
walls and transducer movement so that the lower amplitude 
signals from the blood are not obscured. The baseline cor-
responds to no Doppler shift detected. No detected shift can 
be the result of no  fl ow, poor angle to  fl ow, poor sensitivity, 
or artifacts which obscure the color signal such as shadow-
ing as occurs with the spiny process when looking at the 
vertebral arteries. For some systems, the width of the black 
band represents the extent to which the color wall  fi lters 
eliminate low mean velocity color signals. 

 It is important to note that with all ultrasound systems, 
when the color PRF is changed, the wall  fi lters also change. 
In essence, the color wall  fi lters are a percentage of the PRF. 
Therefore, when the color scales are increased, the color 
wall  fi lters also increase. Similarly, when the color scales 
are decreased, the color wall  fi lters also decrease. This 
implies that when trying to detect very low velocity  fl ow, 
the color scales must be lowered so as to lower the color 
wall  fi lters. If the color scales are set too high, the corre-
sponding high wall  fi lters can potentially eliminate the sig-
nals from the low velocity  fl ows, resulting in no low velocity 
 fl ow presented in the image. Note that for all ultrasound 
systems, changing the color scales automatically changes 
the color wall  fi lters. 

 A further complexity with color wall  fi lters exists. In addi-
tion to the color wall  fi lters changing with the color scales, 
many ultrasound systems allow the user to set how aggres-
sively the wall  fi lters attenuate the lower mean velocity  fl ow 
signals. When the wall  fi lters are set to “high,” the percentage 
of the color scales to which the wall  fi lters attenuate increases. 
With wall  fi lters set less aggressively, the percentage to which 
the wall  fi lters attenuate decreases. With respect to interpre-
tation, for many systems there is a visual clue given on the 
color bar (the width of the black band), as shown in Fig.  4.14a, 
b . In Fig.  4.14a , note that the band is narrower since the wall 
 fi lter was set to low, whereas in Fig.  4.14b , note that the black 
band is wider (the wall  fi lter was set to high). For those sys-
tems that do not vary the width of the black band, you must 

look on the screen for the description of the wall  fi lter setting 
(usually as low, medium, and high).   

   Conclusion 

 For many people, physics is a very challenging topic, espe-
cially when presented without a clear connection to speci fi c 
applications. For this reason, many people mistakenly con-
clude that physics knowledge is not important for good 
interpretation skills. Although there are signi fi cantly more 
topics that could be discussed, it is hoped that the approach 
taken here is deemed more useful than a more expansive 
physics lecture. It is further hoped that by seeing the physics 
and instrumentation discussed relative to the direct vascular 
application, the reader will be less inclined in the future to 
shy away from physics and instrumentation concepts which 
form the basis of advancements in vascular medicine.      
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   Introduction 

 Understanding vascular hemodynamics is essential in order 
to understand, perform, and interpret vascular tests. Normal 
and pathological hemodynamic criteria constitute the basis 
for most of the diagnostic criteria used in noninvasive meth-
ods that we have in the vascular laboratory. Whereas patho-
logical hemodynamic  fi ndings are associated with signs/
symptoms of ischemia in the target organ, they most often 
originate from vessels at some distance, i.e., in patients with 
large vessel stroke, i.e., in the left hemisphere, the responsi-
ble atherosclerotic lesion may be located in the left carotid 
artery. In fact, atherosclerosis, being killer number one in the 

Western world, in addition to being responsible for most 
cases of invalidity and being the most costly disease, is asso-
ciated with pathological hemodynamics somewhere proxi-
mal in the circulation, especially of interest in vessels 
responsible for the stroke, heart attack, or whatever event/
organ that is in focus. Interestingly, atherosclerosis develops 
slowly over, i.e., four to six decades before symptoms most 
often develop and is therefore present in many asymptomatic 
persons, opening the opportunity to screen selected popula-
tions where preventive treatment may exist. 

 This chapter will describe normal and abnormal hemody-
namic  fi ndings in the peripheral circulation. Focus will be on 
 fi ndings in large- and middle-sized vessels since these are 
the main targets for noninvasive testing.  

   Blood Flow in the Normal Arterial Circulation 

 Blood is pumped around the human body by the heart,  fl owing 
through large- to middle- and small-sized arteries to  fi nally be 
delivered at the arterioles, which control blood through the 
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capillaries where most exchange of oxygen, carbon dioxide, 
and other particles related to metabolism takes place. 

 Blood  fl ow is pulsatile due to the heartbeat, being driven 
forward during all of the cardiac cycle due to the positive 
pressure even in diastole (because of closure of the aortic 
valve and resistance in the arterial circulation). However, due 
to differences in resistance, blood  fl ow is regulated to certain 
organs by the muscular tone of the arterioles. That is, blood 
 fl ow to the extremities is low during rest since muscular 
metabolism is low; thus, the arterioles contract resulting in 
high resistance in order to limit circulation to the needs. When 
exercising, the metabolic needs increase, the arterioles dilate, 
the resistance is reduced, and the blood  fl ow increases. Other 
organs, i.e., the brain, have more or less constant, high blood 
demand; thus, the resistance in the arteries supplying the brain 
is low (Fig.  5.1 ). For these reasons, blood  fl ow pro fi les may 
differ depending on which artery and which state the artery/
vascular bed supplied is in. Blood  fl ow to the gut varies with 
state of “nutrition”: When fasting, blood  fl ow is low and resis-
tance high, whereas blood  fl ow increases substantially shortly 
after eating revealing low resistance pattern. Table  5.1  lists 
different arteries and their  fl ow properties.   

   Flow Pro fi les 

 Because arteries are not always straight tubes, but often are 
curved or bifurcate, blood  fl ow velocity across the vessel 
may differ. That is, blood  fl ow in the left carotid artery is 
parabolic in the section between the aortic arch and the 
carotid bifurcation (parabolic  fl ow: low  fl ow velocities near 
the vessel walls but high  fl ow in the rest of the artery). 

However, in the bulb, just before branching into the internal 
and external carotid arteries (ICA and ECA), blood  fl ow 
velocities become skewed toward the internal because most 
 fl ow will be directed to the ICA (Fig.  5.2 ). Furthermore,  fl ow 
pro fi les may vary during the cardiac cycle. As is seen in the 
 fl ow pro fi le from the ICA,  fl ow is forward during systole in 
most of the vessel, but opposite the  fl ow divider it is shortly 
retrograde during systole, whereas in diastole,  fl ow is con-
tinuously forward (Fig.  5.3 ).    

   Velocity Pro fi les 

 Velocity pro fi les may differ according to vascular bed being 
supplied. The CCA bifurcates into the ICA and ECA, the ICA 
supplying the brain having an almost constant, high blood 
 fl ow due to a high oxygen demand. Therefore,  resistance is 

a b

  Fig. 5.1    ( a ) Velocity curve (Doppler spectrum) from posterior tibial 
artery at rest illustrating how  fl ow velocity is high during systole but low 
or zero during diastole. Note the steep acceleration and deceleration 
phase, short negative  fl ow in early diastole – high resistance  fl ow. 

( b ) Velocity curve from internal carotid artery. Note the less steep 
 acceleration and deceleration phases and continuous forward  fl ow 
throughout the cardiac cycle       

   Table 5.1    Vascular beds and resistance patterns   

 Low resistance  High resistance 

 Internal carotid  + 
 External carotid  + 
 Vertebral artery  + 
 Renal artery  + 
 Superior mesenteric 
artery 

 + a   + a  

 Brachial artery  + b  
 Femoral artery  + b  

   a When fasting, resistance is high; postprandial vasodilation results in 
lowering of resistance 
  b High resistance when resting. During muscular exercise, vasodilation 
takes place, and resistance is reduced  
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low resulting in high  fl ow throughout the cardiac cycle. The 
ECA supplies mainly structures outside the skull and reveals 
a more or less constant high resistance with only low forward 
 fl ow in diastole. 

 As mentioned, also physiological states in vascular beds 
affect velocity pro fi les. In the resting limb, the velocity pro fi le 
is triphasic: steep acceleration and deceleration phase during 
systole, a short period of retrograde  fl ow, and then slow for-
ward  fl ow in diastole. Almost similar, the velocity pro fi le in 
the superior mesenteric artery reveals only little diastolic  fl ow 
when fasting, but shortly after a meal, resistance is lowered, 
and  fl ow is high both in systole and diastole. 

 The  pulse wave  moves forward from the heart after con-
traction of the ventricle. The speed depends on stiffness of 
the arteries it travels through; i.e., it may become faster with 
age with gradual stiffening of the arteries. Watching an elec-
trocardiogram (ECG) and palpating the radial artery pulse at 
the same time will reveal that pulse is felt sometime after the 
t-notch and not during the QRS complex when left ventricle 
contraction takes place. When the pulse wave moves, the 
artery due to its elastic properties dilates and recoils, thereby 
promoting forward blood  fl ow since the aortic valve inhibits 
backward  fl ow. The dilatation is typically 2–3% but may be 
up to 10% depending on which artery: the carotid bulb dilates 

up to 10% and other large arteries a 2–5%. Aortic aneurysms 
may dilate up to 10% more during systole. If reliable mea-
surements for comparison over time, i.e., of aortic diameter, 
are to be made,  fi rst of all, measurements have to be taken at 
a de fi ned stage in the cardiac cycle, i.e., during systole or 
diastole. In order to do accurate repeated measurements in 
the same patient during the same investigation, ECG trigger-
ing may be used to identify exactly the same stage of the 
cardiac cycle. 

 The  effect of gravity  is important to have in mind when 
performing and evaluating vascular testing. For blood pres-
sure measurement, in order to get an estimate of central car-
diac blood pressure, the cuff should be at approximately the 
same level as the heart. Placing it on the upper arm with the 
patient sitting relaxed with the arm at the side of the chest, or 
lying down with his arms by the side, the blood pressure will 
be quite representative. Since the mid-brachium will be at the 
same level as the heart, both sitting and lying blood pressure 
measurement should re fl ect central blood pressure. However, 
care should be taken when estimating peripheral blood pres-
sure, being it on the antebrachium or at the ankle. Here, it 
is imminent to evaluate if the location of the blood pressure 
cuff is at the level of the heart. A difference of, i.e., 10–15 
centimeter (cm) will result in a difference in blood pressure 
of 7–11 mmHg; 15 cm difference equals to 150 mm water 
which is the same as 11 mmHg (150/13.6). Ankle pressure 
standing is therefore very high: the central cardiac systolic 
pressure plus the distance from the heart to the ankle trans-
lated into mmHg. For an average person 180 cm in height, the 
distance from the heart to the ankle may be 140 cm; thus, the 
ankle pressure standing would be approximately 240 mmHg 
if the “normal” central pressure is 120/80 mmHg. 

 Evaluating arterial  fl ow patterns, i.e., with ultrasound 
Doppler, is best performed with the patient lying; thus, most 
arteries will be at heart level. Gravity obviously has much 
greater impact when investigating the venous circulation, 
which will be discussed later.   

   Blood Flow in Diseased Arteries 

 The far most common arterial disease seen in the western 
world is atherosclerosis which is an in fl ammatory process 
that develops over decades. Atherosclerosis results from 
thickening of the vessel wall due to lipid accumulation and 
in fl ammation in the intima and subsequent plaque develops. 
Because of the slow buildup of plaque and arterial remodel-
ing, hemodynamic changes do not take place for years. 
Therefore, early stages of atherosclerosis are not detected by 
tests that evaluate hemodynamic parameters rather imaging 
methods should be used. Not before the arterial lumen is 
reduced by 15–20% may local effects of atherosclerotic 
plaque/stenoses be detected. Eventually, atherosclerotic 

  Fig. 5.2    Flow pro fi le (pulsed multigated Doppler) from the common 
carotid artery just before bifurcating into the ICA and ECA. Each vertical line 
represents velocity as a function of depth, with forward illustrated to the left 
and backward  fl ow to the right. A new line is generated every 80 ms       

  Fig. 5.3    Flow pro fi le (pulsed multigated Doppler) from carotid bifur-
cation showing  fl ow separation ( arrows ) during systole. Note  fl ow is 
retrograde (right shift) along the far wall of the artery during systole       

 

 



48 H. Sillesen

lesions grow and gradually reduce the lumen more and more, 
and in some cases, acute thrombosis occurs resulting in sud-
den occlusion at the site of stenosis or dislodgement of 
thrombotic material (embolism). Other conditions that may 
result in pathological hemodynamics are trauma, dissection, 
aneurysms, etc. 

 Arterial stenosis, from whatever cause, results in a num-
ber of  fl ow-related changes of which three are essential to 
understand when interpreting noninvasive vascular tests: 
changes in  peak  fl ow velocity , development of  turbulence , 
and  changes in  fl ow pro fi le . 

   Critical Stenosis 

 Critical stenosis (or signi fi cant stenosis) is a term commonly 
used to describe a lesion severe enough to reduce  fl ow 
through the artery. In general terms, and with the hemody-
namics in the human circulation, we speak about a critical 
stenosis when the lumen (cross-sectional area) is reduced by 
75%, as may be seen in Fig.  5.4 . Seventy- fi ve percent lumi-
nal reduction corresponds to a 50% reduction in diameter if 
seen on an arteriogram or longitudinal ultrasound B-mode 
image (assuming a round artery).  

 Since blood  fl ow in arteries varies from artery to artery and 
in different physiological states, it is clear that the same degree 
of stenosis may not be critical in two different anatomical 
locations. That is, 75% luminal reduction in a carotid artery 
may result in reduced volume  fl ow through that artery, but 
a similar stenosis in the iliac artery may not cause any 

symptoms or measurable hemodynamic changes in the lower 
limb at rest. However, following exercise when blood  fl ow 
increases dramatically (may increase as much as  fi ve- to ten-
fold), blood  fl ow reduction and pressure drop may develop, 
and the patient may complain of pain in the ipsilateral limb 
(claudication).  

   Peak Velocity 

 Development of stenosis results in compensatory increased 
 fl ow velocity. Consider watering in a garden holding the water 
hose in the hand. In order to water those  fl owers 15–20 ft away, 
the thumb may be placed at the end of the water hose resulting 
in a longer jet. In fact, the length of the jet may be regulated by 
changing the residual lumen at the end of the hose: the smaller, 
the lumen the longer the jet. Increasing degrees of stenosis has 
the same effect on blood  fl ow velocity; thus, increases in peak 
velocity are the most commonly used parameter for diagnos-
ing moderate to severe arterial stenosis. 

 Peak velocity in an artery is highest within or just distal to 
the stenosis and gradually returns to “normal” (or lower) with 
increasing distance from the stenosis (Fig.  5.5 ). Generally, 
it can be expected that velocity has normalized 6–8 normal 
arterial diameters from the stenosis. In a normal sized ICA, 
the peak velocity most often will have returned to the pre-
stenotic value (or lower) just below the jaw bone unless the 
bifurcation is very high. In case of severe stenosis with major 
 fl ow reduction, peak velocity may be lower than prestenotic, 
depending on whether the prestenotic vessel also delivered 
blood to other vascular beds, i.e., the ECA.  

 In arteries with constant  fl ow, such as the ICA, absolute 
assessment of velocity is useful. Since blood  fl ow to the brain 
is fairly constant and since the relationship of the carotid arter-
ies to volume  fl ow is reasonably similar from person to person, 
a peak velocity around 120–130 cm/s has been identi fi ed as the 
maximum in unstenosed arteries (or in arteries with less than 
50% diameter reduction = 75% luminal reduction). 

 In arteries with varying  fl ow, i.e., in the lower limb or the 
mesenteric artery, it may be dif fi cult to use criteria with an 
absolute velocity number. Therefore, the ratio of peak veloc-
ity in the stenosis and distal to the stenosis may be useful. The 
assumption necessary for such criteria is that there are no 
branches between measurement sites in the artery in question 
(same volume  fl ow where measurements are taken). Another 
clinical example relates to monitoring of in situ vein bypass 
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  Fig. 5.4    Diagram showing the relationship between volume  fl ow, 
degree of stenosis, and pressure. The term “critical stenosis” is typically 
used when a stenosis exceeds the degree where volume  fl ow decreases       
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  Fig. 5.5    Drawing of stenosis with velocity vectors within and distal to 
lesion       
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grafts. Since such a graft quite often develops stenoses, either 
at the anastomoses or somewhere along the graft (i.e., at sites 
of cut valves), ultrasound Doppler surveillance is used by 
many. Since there are no branches, velocity ratios are useful – 
peak velocity within the stenosis compared to peak velocity 
distally. A ratio >2–3 is indicative of a  critical stenosis.  

   Turbulence 

 When blood passes through areas with increased  fl ow  velocity 
due to narrowing of the vessel (stenosis), immediately dis-
tally, blood  fl ow in the center stream will seek laterally creat-
ing a more “disturbed”  fl ow pattern or so-called turbulence   . 
Development of turbulence is a function of diameter of the 
artery, mean  fl ow velocity, density, and viscosity of blood. 
   Turbulence can be detected by ultrasound Doppler in lesions 
only reducing the diameter by 15% or more. Figure  5.6  illus-
trates how  fl ow is almost uniformly parabolic in a normal ves-
sel and how slight turbulence is detected just distal to a 60% 
stenosis. In clinical practice, turbulence is the most sensitive 
hemodynamic sign for identi fi cation of atherosclerotic 
lesions; imaging methods, i.e., ultrasound B-mode, may 
detect lesions even smaller – see Chap.   7    .   

   Changes in Velocity Pro fi le 

 Severe occlusive lesions may induce changes in the velocity 
pro fi le. In general, what elicits the change is lowering of periph-
eral resistance due to the pressure drop across the stenosis. Two 
conditions need to be met in order for a stenosis to result in a 
pressure drop: First, the degree of luminal narrowing has to 
exceed 75% (or in case of slightly lesser stenosis,  fl ow has to be 
very high) and, second, collateral blood supply must be 
insuf fi cient to compensate for the blood  fl ow reduction   . 
(Collateral blood supply may arise from existing vessels (circle 
of Willis in the brain, Riolan’s artery in the mesentery), or it 
may be new vessels that develop in response to ischemia.) 

 Due to the lower peripheral resistance caused by a reduc-
tion in blood pressure across the stenosis, a “dampening” 
of the velocity pro fi le occurs. Where the velocity pro fi le 
proximal to the stenosis displays a steep acceleration and 
 deceleration phase, distal to the stenosis, the acceleration 
in systole is less, and similarly, deceleration phase in dias-
tole appears less steep. There is an increase in diastolic  fl ow, 
and the so-called “triphasic” shape of the velocity pro fi le is 
replaced by a monophasic (Fig.  5.7 ).   

   Autoregulation 

 Blood  fl ow to organs/extremities is regulated in order to keep 
 fl ow more or less constant (when needed constant) and 

independent of blood pressure. When blood pressure 
increases, resistance vessels contract and vice versa when 
pressure drops (autoregulation). The brain can hereby ensure 
constant blood  fl ow, except when blood pressure becomes 
very low. Below, i.e., <60–70 mmHg systolic pressure, cere-
bral blood  fl ow declines. When arterial stenosis, i.e., carotid, 
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  Fig. 5.6    ( a ) Doppler spectrum from a normal artery, ( b ) Doppler spec-
trum from artery <50% stenosis, ( c ) Doppler spectrum from artery with 
>50% stenosis       
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causes chronic pressure reduction across the stenosis, auto-
regulation ensures cerebral blood  fl ow to a certain extent. In 
case carotid endarterectomy is performed, and the stenosis is 
removed, thereby normalizing blood  fl ow through this artery, 
autoregulation may not be functioning for some time postop-
eratively (weeks). In this period, blood  fl ow will be pressure 
dependent, and there may be risk of cerebral hyperfusion and 
subsequent cerebral hemorrhage. Similarly, in a limb with 
chronic critical arterial insuf fi ciency, i.e., a patient with rest 
pain or nonhealing ulcers, operated with a bypass to restore 
perfusion, autoregulation may be nonfunctioning postopera-
tively, and the foot will appear very warm and red, and  fl ow 
pro fi les in the graft and distal vessels will reveal low resis-
tance at rest. The pressure level at which autoregulation still 
functions in the lower limb is lower than for the brain, i.e., 
20–30 mmHg.  

   Vascular “Steal” Phenomena 

 Direction of  fl ow in an artery is driven by blood pressure and 
vascular resistance. When major blood pressure drop occurs 
due to vascular obstruction,  fl ow direction may change. The 
classical example is the so-called “vertebral steal.” In this 

case,  fl ow is backward in the left vertebral artery due to 
occlusion (or severe stenosis) of the subclavian artery at its 
origin from the aortic arch. In this manner, the blood supply 
to the left arm originates from the vertebral artery, which has 
reverse  fl ow. In the classic syndrome, the patient experiences 
episodes of dizziness and other nonfocal neurological symp-
toms when exercising the left arm, indicating “steal” of blood 
from the brain to the arm. The syndrome is easy to demon-
strate using ultrasound Doppler: with the vertebral artery 
insonated,  fl ow direction is noted. A blood pressure cuff on 
the relevant upper arm is in fl ated above the systolic blood 
pressure to induce ischemia (1–2 min). When the cuff is 
de fl ated,  fl ow will increase if steal is present – as a result of 
postischemic hyperemia. However, most cases of vertebral 
steal syndrome are asymptomatic, i.e., either found acciden-
tally or symptoms are unrelated to use of the left arm. 

 Performing thoracic aortic stent grafting, i.e., to treat dis-
section, the left subclavian artery may be “overstented,” 
meaning that the left subclavian artery intentionally is cov-
ered by the stent graft resulting in occlusion. In these cases, 
if not treated with a bypass or transposition, vertebral artery 
steal may occur.   

   Blood Flow in the Normal Venous Circulation 

 Return of blood from the capillaries to the heart takes place 
through veins. The anatomy is much more variable than that 
of the arterial circulation; however, some general concepts 
are important. Veins have thinner walls than arteries and are 
equipped with valves, preventing retrograde  fl ow (Fig.  5.8 ). 
To secure return of blood to the heart, the venous system also 
serves as “blood reservoir” or capacitance vessels, in addi-
tion to acting as part of hemostatic system.  

  Fig. 5.7    Duplex scan of mid-thigh super fi cial femoral artery stenosis in 
a patient with calf claudication. At rest, a triphasic waveform was recorded 
proximal and a focal stenosis with a PSV of 441 cm/s was identi fi ed 
 (   criteria indicating a >50% diameter reducing stenosis). Treadmill exer-
cise (12% grade at 1.5 mph) results in a decrease in ankle pressure from 
132 mmHg at rest (ABI = 0.8) to 50 mmHg after walking for 2 min. The 
patient underwent percutaneous transluminal balloon angioplasty of the 
lesion with restoration of normal limb hemodynamics (ABI > 1.0)       

  Fig. 5.8    Ultrasound image of normal jugular vein with valve       
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 Super fi cial veins are located above (outside) muscle fas-
cia, whereas deep veins are located within muscle fascia. 
When muscles contract, they exert pressure on the veins 
inside the fascia, and since venous valves prohibit retrograde 
 fl ow, blood is expelled forward toward the heart (muscle 
pump, Fig.  5.9 ). Venous valves are located everywhere in the 
venous system but most abundant in the lower extremity 
where the effect of gravity is greatest.  

 Perforating veins (perforators) connect the super fi cial and 
deep system with valves directing blood  fl ow inward – from the 
super fi cial to the deep venous system. From a pathophysiologi-
cal perspective, perforators are most important in the lower 
limb due to hydrostatic pressure and therefore abundance of 
people/patients with lower limb venous diseases/conditions. 
The most important perforator locations are sapheno-femoral 
junction in the groin, sapheno-popliteal junction in the popliteal 
fossa, and perforators at the medial side of the lower limb con-
necting the super fi cial veins with the deep veins. 

 Blood  fl ow in veins is in the supine position driven by 
pressure gradients and in the standing position by the “mus-
cle pump.” In supine position, blood pressure at the venous 
end of the capillary is 12–18 mmHg in contrast to 4–7 mmHg 
in the right atrium. Therefore, blood moves passively along 
this pressure gradient. 

 Breathing has an impact on venous  fl ow. During inspira-
tion, when diaphragm moves downward and increases the 
intra-abdominal pressure, the large veins are compressed, 
and blood is forwarded toward the heart. The intrathoracic 
pressure becomes negative also facilitating veins blood  fl ow 
to the heart. Therefore, especially in the supine position, 
venous  fl ow will be synchronous with respiration. 

 When using the muscle pump, the blood pressure may 
reach 200 mmHg at maximal contraction. The pump is most 
ef fi cient in the calf muscles where up to 65% of blood is 
emptied during contraction; in the thigh, only 15% of blood 
is emptied upon muscle contraction. Consequently, the vol-
ume of the calf decreases slightly when exercising. 

 Venous blood pressure is low in the supine position. 
However, when standing still, blood pressure in a foot vein 
increases up to around 80–100 mmHg depending on height 
(distance from the heart to the foot). When using the muscle 
pump (i.e., walking), venous blood pressure rapidly declines 
to 5–15 mmHg, and when standing still again, it increases to 
80–100 mmHg again (Fig.  5.10 ). If valves are incompetent, 
obviously, this pressure reduction is less or almost abolished, 
i.e., in severe postthrombotic syndrome.  

 Supra-aortic veins, on the other hand, will have similar 
hemodynamics to other veins except when in the upright 
position. Since blood pressure in the heart (right atrium) is 
low (4–7 mmHg), it may become negative when standing; 
because blood pressure in the jugular vein becomes negative 
when standing, special care should be taken not to have open 
intravenous access lines in the jugular vein since air will suck 
into the vein. 

 Palpating veins will reveal the pressure relationship with 
gravity: in the upright position, veins are dilated on the 
extremities and do have some pressure. When supine, veins 
either collapse or become much thinner and disappear at the 
lightest touch. Similarly, examining veins with an ultrasound 
scanner, in supine position veins are easily compressible. In 
fact, care should be taken not to compress veins simply by 
pressure from the transducer – obviously depending on depth 

ml

VFT90

90%
VV

VV

EV

RV

s

a b c d e

  Fig. 5.9    Relationship 
between venous 
volume and activity of 
the muscle pump. 
( a ) Venous volume is 
low when leg is 
elevated. ( b ) Standing 
increases venous 
volume, and ( c ,  d ) 
exercise reduces it 
when the deep valves 
are intact. ( e ) When 
standing, veins get 
 fi lled again       
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of the vein. Also venous diameter will change as a function 
of gravity: examining the jugular vein in supine position will 
reveal a large structure of variable shape, i.e., triangular, 
oval, etc.; however, scanning in upright position, the vein 
will either just be much smaller or have collapsed.  

   Blood Flow in Diseased Veins 

 The main clinical conditions in veins are deep vein thrombosis 
and super fi cial thrombophlebitis (thrombosis in one or several 
venous segments) and development of venous re fl ux due to 
valve insuf fi ciency, which can result in either super fi cial venous 
insuf fi ciency (varicose veins) or deep venous insuf fi ciency, 
which is much more complex and may be invalidating. 

 Super fi cial thrombophlebitis most often occurs at sites of 
intravenous lines, either during their use or after removal. 
This is a benign condition and does not warrant testing. 
Super fi cial thrombophlebitis may also develop spontane-
ously which can be seen in patients with varicose veins but 
may also be related to other conditions. 

 Deep venous thrombosis is often related to coagulation 
disorders, of which the heterozygote form of Factor V Leiden 
is the most common, but may also occur in people with nor-
mal coagulation system. However, in most cases, irrespec-
tive of status of the coagulation system, there is a relationship 
to trauma, surgery, other disease, or condition that has 
resulted in inactivity. When thrombosis occurs, there is an 
immediate occlusion of the affected vein. Later, after a few 
weeks/months, spontaneous lysis may result in opening of 

the affected vein, however, often with damage to the valves 
located in the affected venous segment. These patients 
develop venous hypertension when standing and walking 
(exercising) because the muscle pump will not be as effective 
due to insuf fi cient venous valves directed venous  fl ow in 
both directions upon contraction of the muscle. In other 
cases, occlusion may become chronic, and if not compen-
sated by development of venous collaterals, venous hyper-
tension may develop and also pain related to walking/
exercising, so-called venous claudication. In both cases, due 
to venous hypertension, valves between the deep and 
super fi cial system may become insuf fi cient and result in 
reverse blood  fl ow through the perforators (from the deep to 
the super fi cial veins) and cause development of secondary 
varicose veins. 

 Venous re fl ux is a condition that results in venous hyper-
tension due to gravity. Therefore, almost only the lower limb 
becomes affected by varicose vein development, except in 
cases of venous obstruction, which can result in varicosities 
anywhere. Since the condition, re fl ux, mainly exists in the 
horizontal position, testing is also done with the patients 
standing. As will be described in Chap.   41    , older tests using 
rubber bands and clinical assessment have been abandoned    
with the development of ultrasound duplex scanning systems 
using adequate scanning protocols. With the patient stand-
ing, the veins can be examined for re fl ux: standing on the 
contralateral leg with the examined leg resting, the vein in 
question (i.e., great saphenous vein) is insonated and  fl ow 
evaluated by Doppler. Upon compression of the calf muscle, 
venous  fl ow will increase immediately, and when releasing 
compression,  fl ow will stop, and in a normal vein, there will 

  Fig. 5.10    Venous 
“muscle pump”. 
( a ) Relaxed calf 
musculature with 
open vein and open 
valves distal to the 
muscle. ( b ) 
Compressed calf 
muscle and closed 
valves distally but 
open central valves so 
the blood from the 
compressed vein can 
 fl ow toward the heart       
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be a short, small retrograde  fl ow segment in the  fl ow curve 
followed by no  fl ow or only slight forward  fl ow. Examining    
an incompetent vein, after the  fl ow increases due to compres-
sion, blood  fl ow will be reversed when compression is 
released (Fig.  5.11 ). Another way of testing for venous valve 
function is to ask the patient to perform Valsalva’s maneuver 
while insonating the vein in question.  

 Finally, hemodynamics in venous obstruction re fl ects the 
effects of venous hypertension. First of all, there may not 

be any signs of venous congestion at rest, i.e.,  fl ow appears 
normal and does increase on peripheral compression. In 
case of common iliac vein occlusion, venous out fl ow may 
be suf fi cient during rest, and the femoral/external iliac vein 
may serve as capacitance vessels allowing accumulation of 
venous blood when peripheral compression test is performed 
and appears normal. However, when exercising, and drain-
age increases by a factor V or more, venous collaterals may 
become insuf fi cient and congestion occurs.       

  Fig. 5.11    Doppler spectrum from vein with competent valves and Doppler spectrum from vein with incompetent valves       
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   Introduction 

 Stroke is the third leading cause of death in industrialized 
nations (behind heart disease and cancer). It is also a leading 
cause of long-term disability  [  1  ]  with an annual incidence of 
about 700,000 stroke events, of which about 200,000 are 
recurrent and 500,000 are new strokes  [  2  ] . It is the cause of 

death in approximately 150,000–200,000 Americans annually. 
The morbidity of those who survive a stroke has a signi fi cant 
socioeconomic impact on our society. It is estimated that 
strokes account for the disability of two million Americans. 
The cost of medical bills, hospitalization, and rehabilitation 
was estimated to be around $69 billion in 2009. 

 Ischemic strokes constitute 80–86% of all strokes, and the 
remaining 14–20% are caused by cerebral hemorrhage  [  3  ] . It 
has been estimated that  ³ 50% carotid stenosis may be respon-
sible for up to 25% of all ischemic strokes. Large population 
studies using carotid ultrasound estimate the prevalence of 
 ³ 50% carotid artery stenosis to be 3–7%. Ideally, patients 
who are at high risk for stroke could be identi fi ed and treated 
prior to permanent neurological de fi cit. Unfortunately, only 
15% of stroke victims have warning transient ischemic 
attacks (TIA) prior to stroke, and waiting until symptoms 
occur is not ideal  [  4  ] . This emphasizes the importance of 
early detection for stroke prevention. 
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 Signi fi cant changes in our thinking and treatment of 
this disease have occurred over the past 50 years, but this 
has been a topic fraught with controversy since the  fi rst 
carotid endarterectomy (CEA) was reported. Eastcott 
et al.  [  5  ]  performed a carotid resection with reanastomosis 
of a diseased vessel in a patient who suffered a transient 
ischemic attack. This was published in 1954, but DeBakey 
 [  6  ]  reported a successful performance of this procedure 
earlier. 

 Today, CEA is the most commonly performed vascular 
surgical procedure; however, it is still controversial. The 
debate over medical versus surgical treatment for carotid 
artery disease has been extensively analyzed in the medi-
cal literature over the past 20 years. The CASANOVA, 
Asymptomatic Carotid Atherosclerosis Study (ACAS), 
Veterans Administration (VA) Cooperative Study, and 
Asymptomatic Carotid Surgery Trial (ACST) looked at 
medical versus surgical therapy in asymptomatic carotid 
stenosis  [  7–  10  ] . Meanwhile, the VA Cooperative Study, the 
North American Symptomatic Carotid Endarterectomy Trial 
(NASCET) Collaborators Study, and the European Carotid 
Surgery Trialists’ (ECST) Collaborative Group looked at 
symptomatic carotid disease  [  11–  13  ] . 

 Recently, carotid angioplasty/stenting (CAS) has been 
recommended as an alternative to CEA. Several random-
ized and nonrandomized prospective trials have been con-
ducted over the past several years to evaluate the ef fi cacy of 
CAS, in comparison to CEA, for the prevention of stroke 
for both symptomatic and asymptomatic patients  [  14–  18  ] . 
Regardless of which criteria are used to determine whether 
operative intervention is warranted, a surgeon must stay 
within the accepted perioperative stroke rate of 3–7% 
(depending on indication) as recommended by the Ad Hoc 
Committee of the Stroke Council of the American Heart 
Association. What is generally agreed upon, however, is 
that early and accurate detection of stroke-prone patients 
remains one of the most important problems in medicine, 
since stroke has an immediate mortality of 20–25% within 
30 days. Of the survivors of a  fi rst stroke, 25–50% will have 
an additional stroke.  

   Anatomy 

 The aortic arch gives off, from right to left, the innominate 
(brachiocephalic trunk), the left common carotid, and the 
subclavian arteries (Fig.  6.1 ). The innominate artery passes 
beneath the left innominate vein before it branches into the 
right subclavian and the right common carotid arteries. 
The vertebral arteries branch off the subclavian arteries 
2 or 3 cm from the arch, but many variations may occur 
(Fig.  6.1 ). Overall, there are three types of aortic arch 
morphologies which are distinguished based on the 

relationship of the innominate artery to the aortic arch. A 
type I aortic arch is characterized by the origin of all three 
major arteries (innominate, left common carotid, left sub-
clavian) in the horizontal plane de fi ned by the outer curva-
ture of the arch. A type II arch has the innominate artery 
originating between the horizontal planes of the outer and 
inner curvature of the aortic arch. In a type III aortic arch, 
the innominate originates below the horizontal plane of the 
inner curvature of the aortic arch. The left common carotid 
artery may share a common origin with the innominate, 
which is frequently called a bovine aortic arch (16%). 
However, this anatomy is not usually found in cattle; there-
fore, the term bovine arch is a misnomer  [  19  ] . The left 
common carotid artery may also arise from the innominate 
artery without having a common origin. The left vertebral 
artery may arise directly from the aortic arch instead of 
from the left subclavian arteries (Fig.  6.2 ). The right verte-
bral artery may arise as part of a trifurcation of the bra-
chiocephalic trunk into subclavian, common carotid, and 
vertebral arteries (Fig.  6.3 ). Occasionally, both subclavian 
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  Fig. 6.1    An illustration showing the aortic arch and its branches: ( 1 ) 
brachiocephalic trunk, ( 2 ) right subclavian artery, ( 3 ) right vertebral 
artery, ( 4 ) right common carotid artery, ( 5 ) right external carotid artery, 
( 6 ) right internal carotid artery, ( 7 ) aortic arch, ( 8 ) left subclavian 
artery, ( 9 ) left vertebral artery, ( 10 ) left common carotid artery, ( 11 ) 
left  external carotid artery, ( 12 ) left internal carotid artery, ( 13 ) the 
basilar artery       
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arteries originate together as a single trunk off of the arch, 
or the right subclavian may arise distal to the left subcla-
vian artery and cross to the right side  [  21  ] .    

 The common carotid arteries on each side travel in the 
carotid sheath up to the neck before branching into internal 
and external carotid arteries just below the level of the man-
dible. The external carotid artery supplies the face. Important 
branches of the external carotid artery include the superior 
thyroid, which can actually arise from the common carotid 
artery and is important in that it accompanies the external 
branch of the superior laryngeal nerve and the ascending 
pharyngeal, lingual, and occipital arteries that have a close 
association with the hypoglossal nerve (Fig.  6.4 ). No 
branches of the internal carotid artery are located in the 
neck.  

 The carotid sinus, a baroreceptor, is located in the crotch 
of the bifurcation of the internal and external carotid arter-
ies. It is innervated by the nerve of Hering, which branches 
from the glossopharyngeal nerve. The carotid body is a very 
small structure that also lies in the crotch of the bifurcation 
and functions as a chemoreceptor, responding to low  oxygen 

  Fig. 6.2    Arch aortogram showing left vertebral artery originating from 
the arch of the aorta with tight stenosis at its origin ( curved arrow ) and 
the right vertebral artery (coming off the right subclavian artery) with a 
tight stenosis at its origin ( straight arrow )       

  Fig. 6.3    Abnormal origin of the vertebral artery ( H ) from the right com-
mon carotid artery ( C ) in a patient with retroesophageal right  subclavian 
artery ( B ). ( A ) innominate artery; ( B ) right subclavian artery; ( C ) right 
common carotid artery; ( D ) left common carotid artery; ( E ) left subclavian 
artery; ( F ) right internal carotid artery; ( G ) right external carotid artery; 
( H ) right vertebral artery; ( I ) left vertebral artery (Courtesy of Springer-
Verlag. Berguer and Kieffer  [  20  ] )       
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  Fig. 6.4    Main branches of the external carotid artery: ( 1 ) superior thy-
roid artery, ( 2 ) lingual artery, ( 3 ) facial artery, ( 4 ) internal maxillary 
artery, ( 5 ) super fi cial temporal artery, and ( 6 ) occipital artery (Courtesy 
of Springer-Verlag. Berguer and Kieffer  [  20  ] )       
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or high carbon dioxide levels in the blood. It is also inner-
vated by the glossopharyngeal nerve via the nerve of 
Hering. 

 The corticotympanic artery and the artery to the ptery-
goid canal are branches of the internal carotid artery in its 
petrous portion. The cavernous, hypophyseal, semilunar, 
anterior meningeal, and ophthalmic arteries are branches 

of the cavernous portion of the internal carotid artery. The 
ophthalmic artery is clinically important since it communi-
cates with the external carotid system, which is the basis of 
the periorbital Doppler study. The remaining branches of the 
internal carotid artery arise from the cerebral portion, i.e., the 
anterior and middle cerebral, posterior communicating, and 
choroidal branches (Fig.  6.5 ).  
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  Fig. 6.5    Major branches 
of the internal carotid artery 
(i.e., middle cerebral, anterior 
cerebral, posterior communicating, 
and ophthalmic arteries) and 
vertebrobasilar arteries       
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 The vertebral artery leaves the subclavian artery and 
pushes upward through the foramina of the transverse pro-
cesses of the cervical vertebrae into the cranium through the 
foramen magnum (Fig.  6.6 ). The neck spinal branches enter 
the vertebral canal through the intervertebral foramen, and 
muscular branches are given off to the deep muscles of the 
neck. These latter branches anastomose with branches of the 
external carotid artery.  

 Intracranially, the vertebral arteries give off the posterior 
inferior cerebellar and spinal arteries before they are united 
at the pontomedullary junction to form the basilar artery. The 
basilar artery terminates as the posterior cerebral artery after 
giving off the anterior inferior cerebellar, superior cerebellar, 
pontine, and internal auditory arteries. 

 Blood  fl ows through each internal carotid artery at about 
350 ml/min, accounting for approximately 85% of the blood 
supply to the brain, and the vertebral arteries account for 
about 15% of the total blood supply to the brain  [  22  ] . 

Therefore, the carotid arteries, both from the standpoint of 
accessibility and functioning, become the system of impor-
tance for noninvasive testing.  

   Morphologic Variations of the Internal 
Carotid Artery 

 Tortuosity of the internal carotid artery (or loop) is generally 
de fi ned as an S- or C-shaped elongation or curving in the 
course of the artery (Fig.  6.7a ). Coiling is a term used to 
describe an exaggerated, redundant S-shaped curve, or a 
complete circle, in the longitudinal axis of the artery 
(Fig.  6.7b ). Tortuosity and coiling are thought to be con-
genital developmental abnormalities that may become exag-
gerated with aging. They usually do not produce clinical 
symptoms.  

 Kinking is a sharp angulation with stenosis of segments 
of the internal carotid artery (Fig.  6.7c ) and appears to be 
somewhat different than tortuosity and coiling. Kinking is 
less frequently bilateral and usually affects a few centimeters 
or more above the carotid bifurcation. 

 Poststenotic dilatation may be present. Frequently, an ath-
erosclerotic plaque on the concave side of the kink further 
narrows the lumen. 

 Unlike tortuosity and coiling, kinking is thought to be an 
acquired abnormality, occurring mostly in older people in 
whom arteriosclerotic disease and hypertension are impor-
tant factors. Changes in head and neck positions may pro-
duce cerebral ischemia in patients with carotid kinking, 
whereas tortuosity and coiling are usually asymptomatic.  

   Cerebral Collateral Pathways 

 Single stenotic lesions may or may not produce carotid 
 territory symptoms (hemispheric) or vertebrobasilar terri-
tory symptoms (nonhemispheric). The collateral system 
comes into play when resistance in the stenotic major artery 
is greater than the resistance in the smaller circulative col-
lateral channel. As stenosis becomes more severe and the 
collateral channel arteries dilate in response to increased 
 fl ow, the collateral channels will increase  fl ow up to the 
point of capacity. It can then be seen that the more proximal 
the obstruction, the greater the potential for collateral path-
ways to exist. Proximal occlusion of the arteries arising 
from the aortic arch is, therefore, rarely associated with the 
stroke syndrome because of this collateral  fl ow. Branches of 
each subclavian artery may anastomose with collaterals of 
the opposite subclavian artery and the branches of the exter-
nal carotid system. 

  Fig. 6.6    Relation of the vertebral artery and cervical spine. The dotted 
line indicates the level at which the vertebral artery becomes intradural. 
As noted, the vertebral artery is divided into four portions ( V  

1
 ,  V  

2
 ,  V  

3
 , 

and  V  
4
 ). V 

1
  is the segment between its origin and the level where it 

enters the transverse process of the sixth cervical vertebra. V 
2
  is the 

segment of the artery through the foramina of the transverse processes 
of the cervical spines until the  dotted line . V 

3
  is the segment between C 

2
  

and C 
1
 . V 

4
  is the segment prior to joining the other vertebral artery to 

form the basilar artery       
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  Fig. 6.7    Three types 
of redundancy of the internal 
carotid artery. ( a ) Coil. ( b ) Kink. 
( c ) Loop (Courtesy of Springer-
Verlag. Berguer and Kieffer  [  20  ] )       

 The subclavian steal syndrome  [  23  ]  occurs with proximal 
subclavian occlusion and retrograde  fl ow down the vertebral 
artery (Figs.  6.8  and  6.9a ). In innominate artery obstruction, 
the retrograde  fl ow may be down to the carotid artery 
(Fig.  6.9b ). Therefore, vascular surgeons may use the mecha-
nism of collateral  fl ow in a constructive manner; a patient 
who has both a carotid stenosis and subclavian steal syndrome 
may be completely relieved of steal  symptoms by CEA.   

 An interesting collateral pathway is the retrograde  fl ow 
that may occur in the external carotid system by proximal 
occlusion of the common carotid artery (Fig.  6.9c ). 
Collateral  fl ow to the internal carotid artery occurs by way 
of the ophthalmic artery or the circle of Willis. Patients 
with a proximal internal carotid occlusion might have 
blood  fl ow up the external carotid artery and retrograde 
through the supraorbital and frontal arteries into the oph-
thalmic artery and,  fi nally, antegrade in the distal internal 
carotid artery and the circle of Willis. This important path-
way is the basis of the supraorbital Doppler cerebrovascu-
lar examination. Patients with proximal internal carotid 

occlusion and external carotid stenosis may be relieved of 
symptoms with correction of the external carotid occlu-
sion, which alleviates symptoms of hypoperfusion  [  24  ] . 
Finally, emboli may course via the external carotid artery 
to the eye, producing amaurosis fugax in patients with a 
functional collateral pathway  [  25  ] . 

 The major collateral pathway, of course, is the circle of 
Willis (Figs.  6.10  and  6.11 ). This unique circle provides the 
major pathway between the internal carotid, the external 
carotid, and the vertebrobasilar systems. The circle of Willis is 
anatomically complete in only one-third of patients, but it is 
physiologically adequate in around two-thirds of patients 
(Fig.  6.12 ). Collateral arteries between the occipital branches 
of the external carotid arteries may bypass stenosis of the ori-
gin of both vertebral arteries and the muscular branches of the 
vertebral arteries (Figs.  6.13 ,  6.14 , and  6.15 ), or between the 
cervical branches of the thyrocervical trunk and vertebral 
arteries. Figures  6.16 ,  6.17 , and  6.18  summarize the important 
collateral pathways in patients with an occluded internal 
carotid artery.           
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  Fig. 6.8    Right 
subclavian steal 
secondary to occlusion 
of the  fi rst  segment of 
this artery. The left 
vertebral artery is  fi lling 
from the left subclavian 
artery as seen on the left 
side of this  fi gure 
( arrow ). In the middle of 
this  fi gure,  fl ow is seen 
retrograde in the right 
vertebral artery ( arrow ), 
and as seen on the right 
side of this  fi gure, the 
right subclavian artery is 
 fi lling retrograde via the 
left vertebral artery 
( arrow ) (Courtesy of 
Springer-Verlag. Berguer 
and Kieffer  [  20  ] )       

  Fig. 6.9    Three patterns 
of  fl ow reversal. ( a ) 
Subclavian steal distal to 
an occluded left 
subclavian artery. ( b ) 
Reversal of  fl ow in the 
carotid and  vertebral 
arteries distal to an 
occluded innominate 
artery (innominate steal). 
( c ) Reversal of  fl ow in the 
occipital artery and 
proximal external carotid 
distal to an occluded 
common carotid artery 
(carotid steal) (Courtesy 
of Springer-Verlag. 
Berguer and Kieffer  [  20  ] )       

   Pathology 

 Numerous theories exist as to the mechanism by which ath-
erosclerosis develops in the carotid arteries, but whether 
you prescribe to the mechanical, sheer stress, chemi-
cal injury, or infectious theory  [  26  ] , the basic lesion is 

essentially the same. Atherosclerosis accounts for approxi-
mately 90% of extracranial cerebrovascular disease, with 
the remaining 10% being attributed to such disease pro-
cesses as  fi bromuscular dysplasia, traumatic or spontaneous 
 dissection, aneurysms, and arteritis, including Takayasu’s 
arteritis. 
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  Fig. 6.10    The circle of Willis: ( 1 ) right and left vertebral arteries, ( 2 ) 
basilar artery, ( 3 ) right posterior communicating artery, ( 4 ) right inter-
nal carotid artery, ( 5 ) right middle cerebral artery, ( 6 ) anterior commu-
nicating artery, ( 7 ) left anterior cerebral artery, ( 8 ) left internal carotid 
artery, ( 9 ) left posterior cerebral artery       
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  Fig. 6.11    Circle of Willis showing the anterior cerebral circulation 
( shaded black ) and the posterior circulation ( shaded gray ).  a  artery       
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  Fig. 6.12    The circle of Willis demonstrating rudimentary posterior communi-
cating branches       

  Fig. 6.13    Occipital connection of the vertebral artery. In this patient with an 
occluded internal carotid artery, the collaterals ( arrow ) from the occipital 
artery  fi ll the vertebral artery anterogradely toward the basilar artery and ret-
rogradely toward the base of the neck, where the vertebral artery is occluded       
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  Fig. 6.14    Occipital collateral may enter the vertebral artery at the level of C1, 
( arrow ) as seen in this selective external carotid injection       

10

11

12
13

14

15

16

17

2

1

3

4

5

6

7

8

9

  Fig. 6.16    A patient with an occluded internal carotid artery with a 
reversal of  fl ow through the ophthalmic artery via periorbital branches 
of the external carotid artery. ( 1 ) Anterior cerebral artery, ( 2 ) middle 
cerebral artery, ( 3 ) posterior communicating artery, ( 4 ) caroticotym-
panic branch of the internal carotid artery, ( 5 ) middle meningeal artery, 
( 6 ) fascial artery, ( 7 ) external carotid artery, ( 8 ) occluded internal 
carotid artery, ( 9 ) common carotid artery, ( 10 ) super fi cial temporal 
artery, ( 11 ) ophthalmic artery, ( 12 ) supraorbital artery, ( 13 ) supratro-
chlear artery, ( 14 ) dorsal nasal artery, ( 15 ) angular artery, ( 16 ) trans-
verse fascial artery, ( 17 ) internal maxillary artery       

  Fig. 6.15    The importance of the occipital collateral is seen in this patient 
with an occluded internal carotid ( arrows )       
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 The pathology of carotid and vertebral artery atherosclero-
sis is similar to the process of atherosclerosis affecting coro-
naries and other arteries. The early stage of the lesion is 
initiated by intimal accumulation of lipoprotein particles 
which will undergo oxidative modi fi cation and elaborate 
cytokines that cause expression of adhesion molecules and 
chemoattractants; this will facilitate the uptake and migration 
of monocytes into the arterial wall. These monocytes become 
lipid-laden macrophages (foam cells) as a consequence of 
accumulation of modi fi ed lipoproteins and subsequently 
release additional cytokines, matrix metalloproteinases, and 
oxidants. This is followed by smooth muscle cell migration 
from the media to the intima. These will proliferate and elabo-
rate extracellular matrix as extracellular lipid accumulates in a 
central core surrounded by a layer of connective tissue, which 
is called the  fi brous cap, which in many advanced plaques 
becomes calci fi ed. The atherosclerotic lesion initially grows in 
an outward direction; however, once advanced, it will grow 
inward and encroach on the lumen, causing stenosis. 

 These plaques occur preferentially at areas of vessel bifur-
cations, and the process is similar to that seen with coronary 
artery disease. It can begin in the bulbous portion of the 
internal carotid artery on its posterior lateral wall. The ath-
erosclerosis appears as a fatty strip subintimally with a col-
lection of fat cells that progresses to a  fi brous plaque in the 
subendothelial layer, causing gradually decreasing  fl ow. 
These plaques can enlarge in several ways. They may just 
continue to slowly enlarge from an accumulation of choles-
terol and  fi broblasts, leading to a central necrosis and rupture 
of the intimal lining of the vessel. This will lead to discharge 
of atheromatous debris into the lumen of the vessel, which 
can embolize. The exposed necrotic core of the lesion can 
then become a nidus for platelet deposition and further 
embolization to the brain. Progressive accumulation of the 
arteriosclerotic process, often with thrombotic debris, may 
result in stenosis or total occlusion in the carotid artery, with 
subsequent thrombosis of the internal carotid artery distal to 
the lesion (Fig.  6.19 ). Another mechanism by which there 
may be sudden plaque enlargement is intraplaque hemor-
rhage  [  27  ] , which may produce acute narrowing of the lumen. 

AC

PCO

  Fig. 6.18    A patient with an internal carotid artery occlusion where 
the collateral  fl ow may be reduced by the incomplete circle of Willis 
(rudimentary right posterior communicating artery [ PCO ] and anterior 
cerebral artery [ AC ])       
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  Fig. 6.17    This illustration is a patient with an internal carotid artery 
occlusion. The  fl ow to the corresponding cerebral hemisphere is main-
tained by  fl ow from the opposite internal carotid artery ( A ), the verte-
bral basilar system ( B ), and the ophthalmic artery via the periorbital 
branches of the external carotid artery of the same side ( C ). ( 1 ) Anterior 
communicating artery, ( 2 ) anterior cerebral artery, ( 3 ) middle cerebral 
artery, (4) ophthalmic artery, ( 5 ) posterior communicating artery, ( 6 ) 
posterior cerebral artery, ( 7 ) basilar artery, ( 8 ) internal carotid artery, ( 9 ) 
vertebral artery       
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  Fig. 6.19    ( a ) Development 
of pathologic features in a 
plaque. ( b ) Partial obstruction 
created by a plaque may result in 
accumulation of a  fi brin-platelet 
thrombus downstream from the 
 obstruction. ( c ) The plaque may 
“soften” in its core. ( d ) This 
softening may break through to 
the surface, exposing the contents 
of the soft core to the blood-
stream. ( e)  An ulceration may 
become covered by a  fi brin 
deposit and even heal. ( f ) The 
increased size of the obstruction 
created by the plaque may result 
in thrombosis of the vessel lumen 
(Courtesy of Springer-Verlag. 
Berguer and Kieffer  [  20  ] )       

If the intima overlying the site of the plaque hemorrhage 
ulcerates, the necrotic contents of the atheromas escape into 
the lumen and cause cerebral embolization with transient 
ischemic attacks (TIA) or cerebral infarcts. Nonulcerated 
lesions may alter  fl ow and produce mural thrombi, which 
may fragment, causing embolization (Fig.  6.20 ). The friabil-
ity of these lesions is often not appreciated until seen by the 
vascular surgeon (Fig.  6.21 ).    

 Blaisdell et al.  [  28  ]  and Hass et al.  [  29  ]  studied the distri-
bution of the atherosclerotic lesions involved in cerebrovas-
cular disease and found that approximately one-third of 
responsible lesions that were surgically inaccessible occurred 
in the intracranial distribution. The remaining two-thirds of 
the lesions were in extracranial locations. 

 The common carotid bifurcation and the proximal inter-
nal carotid artery account for 50% of the lesions. Vertebral 
artery lesions account for 20%, left subclavian arterial lesions 
account for 10–15%, and lesions of the innominate and right 
subclavian arteries account for 15%; and more than one 
lesion may be present (Fig.  6.22 ).  

 Generally, the most common cause of cerebral ischemic 
events is embolic phenomena, primarily arterial in origin 
(carotid) and secondary to cardiac sources. The irregular 
plaque surface produces turbulence, which will act as a stim-
ulus for platelet aggregation. If the platelet aggregates become 

large enough and embolize to an important vessel in the brain, 
symptoms will occur. If the platelet aggregates break up 
quickly from mechanical forces or from the effect of arterial 
prostacyclin, the symptoms will be transient, i.e., TIAs. If the 
embolic fragment persists, however, it can lead to focal infarc-
tion (Fig.  6.23 ). As noted in Fig.  6.24 , the end result of the 
atherosclerotic plaque might be an internal carotid artery 
thrombosis. When an arteriosclerotic plaque expands to pro-
duce a critical reduction in blood  fl ow, the vessel will ulti-
mately undergo thrombosis. In the case of the internal carotid 
artery, this column of thrombus stops at the ophthalmic artery 
and remains stable, and if there is suf fi cient collateral circula-
tion via the circle of Willis, the thrombotic event may be 
entirely asymptomatic (Fig.  6.24 ). However, if small thrombi 
rather than a thrombotic column form and are subsequently 
carried to the intracranial vessels by continuous blood  fl ow, 
then the patient will experience cerebral symptoms that can 
vary from transient amaurosis fugax or hemispheric events to 
a profound hemiplegia, depending upon the extent of the 
propagated thrombus or embolus (Fig.  6.25 ). In addition, if 
the collateral circulation to the circle of Willis is inadequate, 
the sudden loss of blood  fl ow through a diseased internal 
carotid artery may induce a sudden drop in  fl ow to the cere-
bral hemisphere, resulting in ischemic infarction as a conse-
quence of inadequate proximal blood  fl ow.    
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  Fig. 6.20    ( a – c ) Three mechanisms for thromboembolization from an 
internal carotid plaque. ( a ) Fibrin-platelet aggregates associated with 
an obstructing plaque. ( b ) Atheromatous contents. ( c ) Thrombus 
forming on the surface (Courtesy of Springer-Verlag. Berguer and 
Kieffer  [  20  ] )       

  Fig. 6.21    Carotid endarterectomy plaque       

1

2

3

4

5

6

8

  Fig. 6.22    Sites of atherosclerosis of brachiocephalic vessels. ( 1 ) Aortic 
arch, ( 2 ) left subclavian artery, ( 3 ) innominate artery, ( 4 ) right subclavian 
artery, ( 5 ) right and left vertebral arteries, ( 6 ) right and left common carotid 
arteries, ( 7 ) right internal carotid artery, ( 8 ) right external carotid artery (note 
atherosclerosis at left subclavian, left vertebral, innominate with proximal 
right common carotid and subclavian arteries and left carotid bifurcation)       
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  Fig. 6.23    Embolization from internal carotid artery stenotic lesion to 
ophthalmic artery ( 1 ) and middle cerebral artery ( 2 )       
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 A less common cause of cerebrovascular ischemia is 
 fi bromuscular dysplasia (FMD), which is usually more dis-
tally located in the internal carotid artery. The most common 
form of this disease is characterized by hyperplasia of the 
media producing alternating bands of thinned areas, leading 
to a beady appearance on angiography. Often, the internal 
carotid artery is involved at long lengths. Always look for 
evidence of  fi bromuscular dysplasia elsewhere. It will involve 
both internal carotid arteries in 65% of patients  [  30  ] .  

   Pathophysiology 

 It has been stated that a 70–80% reduction of the cross-
sectional area of the arterial lumen must be present to pro-
duce a hemodynamically signi fi cant drop in the usual  fl ow 
rate in the cerebrovascular system  [  31  ] . However, this may 
not always be the case. Important mechanisms of collateral 
 fl ow and hemodynamic events that decrease cardiac output 
or systemic blood pressure, such as postural hypotension 
and cardiac arrhythmia, may produce transient episodes of 

ischemia. Embolization has been a documented cause of 
TIAs by proven ophthalmologic examination. Intraluminal 
particles of platelet  fi brin aggregates, cholesterol frag-
ments, and small clots have been noted. Most TIAs are 
probably caused by this mechanism. There is a permanent 
neurologic de fi cit as a result of permanently disrupted 
 fl ow. A pale infarct occurs with focal cell necrosis and 
cerebral softening. The blood vessels lose integrity at the 
periphery of the infarct at a relatively ischemic spot. 
However, where neural death has not occurred, neurologic 
function may be altered and blood  fl ow, while slow, may 
still be present.  

   Clinical Syndromes 

 The following well-de fi ned syndromes of cerebrovascular 
ischemia have emerged:

   TIAs are focal neurologic symptoms or de fi cits that usu-• 
ally clear completely within 2 h. Some last for only a few 
moments, and others last for a few hours, but no longer 
than 24 h.  
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  Fig. 6.24    Internal carotid artery thrombosis with retrograde  fl ow via 
ophthalmic artery ( 1 ) to terminal internal carotid artery and middle 
cerebral artery ( 2 )       
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  Fig. 6.25    Internal carotid artery thrombosis which extends to ophthalmic 
artery ( 1 ) and terminal internal carotid artery and middle cerebral artery ( 2 )       
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  Reversible ischemic neurologic de fi cits (RIND) are focal • 
 fi ndings that clear over a period of days.  
  Minor stroke, which is de fi ned as a neurologic de fi cit that • 
clears completely in less than a week.  
  Major stroke, which is de fi ned as a major neurologic • 
de fi cit that lasts longer than a week.  
  Stroke in evolution or progressing stroke.  • 
  Complete stroke is a stroke with a signi fi cant return of • 
function.  
  Diffuse cerebral ischemia or “low- fl ow” syndrome.    • 
 Each of these syndromes requires a thorough history and 

physical and neurologic evaluation with close attention to 
the severity of associated cardiovascular disease, hyperten-
sion, diabetes, neurologic aid, and diagnostic testing. 

 The mechanism by which TIAs occur is usually an embo-
lic process. The source for these emboli can be from a num-
ber of sources—intracranial lesions, extracranial carotid 
lesions, extracranial arch vessel lesions, primary cardiac 
thrombus, or even paradoxical emboli. The majority of TIAs 
will come from carotid bifurcation lesions, and this must be 
the site that is worked up  fi rst in these patients. When taking 
a history from patients who present with TIAs, it is important 
to obtain information as to previous episodes. Patients with a 
carotid source for their TIA will generally report having 
identical previous neurologic de fi cits, in contrast to cardiac 
TIAs that may vary; this is based on the principles of laminar 
 fl ow within the carotid vessels that send the embolus to the 
same area each time. 

 It is critical in evaluating patients with carotid artery 
stenosis to determine if these patients are classi fi ed as asymp-
tomatic or symptomatic. Most TIAs involve the distribution 
of the internal carotid arteries, while some may affect the 
vertebrobasilar system. Typical carotid TIA symptoms 
include contralateral weakness of the face, arm, and/or leg; 
contralateral sensory de fi cit or paresthesia of the face, arm, 
and/or leg; or transient ipsilateral blindness (amaurosis 
fugax). If the right cerebral hemisphere is involved, other 
manifestations may be noted, e.g., agnosognosia, asomatog-
nosia, neglect, and visual or sensory extinction. In contrast, 
if the left hemisphere is involved, patients may show mani-
festations of aphasia, alexia, anomia, and agraphesthesia. 

 The patient with amaurosis fugax will describe these epi-
sodes as someone pulling a shade over one of his or her eyes, 
which quickly resolves. A funduscopic inspection of these 
patients may reveal Hollenhorst plaques, bright yellow spots 
on the retina that represent cholesterol crystals. These may 
be present in asymptomatic patients with atherosclerotic dis-
ease as well. 

 Meanwhile, patients with vertebrobasilar TIAs may have 
a combination of the following symptoms: vertigo, ataxia, 
diplopia, visual disturbances, dysarthria, nausea, vomiting, 
decreased consciousness, and weakness, which may include 
quadriparesis. 

 These symptoms may be related to an embolic event from 
primary atherosclerotic lesions involving the vertebrobasilar 
system, resulting in an ischemic event to the posterior brain 
or brain stem. Another mechanism for this may be a 
signi fi cantly diminished blood  fl ow to the brain, or diffuse 
cerebral ischemia. To have this situation, the patient must 
have severe stenoses involving the majority of the extracra-
nial vessels, incomplete circle of Willis, or an altered  fl ow 
state, i.e., subclavian steal syndrome. 

 Other clinical syndromes include reversible ischemic neu-
rologic de fi cit (RIND). RIND is a focal neurologic de fi cit that 
takes several days to completely resolve. The mechanism by 
which RIND occurs is poorly understood. It is generally felt 
that these patients actually suffer focal cerebral infarctions, 
but these areas are very small and surrounding tissue compen-
sates for the loss. Another syndrome is crescendo TIAs. These 
are hemispheric de fi cits that resolve within minutes, but occur 
with increasing frequency. Stroke in evolution is where initial 
neurologic symptoms may not completely resolve and subse-
quent neurologic events are progressive. 

 A completed stroke is a neurologic de fi cit that occurs and 
does not have a complete resolution of symptoms. This may 
be the result of a large embolus, a small embolus to an end 
vessel with surrounding vessel thrombosis, or thrombosis of 
the internal carotid artery. 

 Casually, patients will present with headache and vague 
neurologic symptoms and have cerebral imaging, i.e., MRI 
or CT scans, that shows recent cerebral infarcts, which may 
be the result of carotid pathology. 

 Silent cerebral infarcts on brain imaging may be present 
in patients with asymptomatic carotid stenosis. These infarcts 
can be large and found particularly in the frontal lobes or the 
nondominant temporal lobe, or more commonly symmetri-
cal lacunar infarcts, implying small vessel disease. However, 
they may also be asymmetrical, which tend to point toward 
carotid stenosis on that side. These can be secondary to blood 
 fl ow changes distal to carotid occlusion, which may increase 
the risk of lacunar infarcts in those with small vessel disease. 
In these patients, even if they do not have classical carotid 
TIA symptoms, they may be considered clinically relevant. 
Overall, if these infarcts are old, the patients would be con-
sidered asymptomatic. However, Kakkos et al.  [  32  ]  reported 
a higher stroke rate in patients with >60–79% asymptomatic 
stenosis with an annual TIA/stroke rate of 1.3% if there was 
no silent infarct versus 4.4% if a silent infarct was present.  

   Physical Examination 

 With a good history and thorough physical examination, it is 
possible to diagnose the nature and location of the vascular 
lesions with reasonable certainty, and the diagnosis can usu-
ally be con fi rmed by the noninvasive techniques to be 
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described. The physical examination includes examining or 
checking the pulses of the super fi cial temporal artery; the 
carotid artery, both high and low in the neck; the subclavian 
artery above the midportion of the clavicle; and the radial 
artery. One side of the body should be compared with the 
other. Physical examination may show signs of stroke: facial/
eyelid drooping, motor or sensory de fi cits, and speech distur-
bances. Ocular examinations can occasionally identify 
Hollenhorst plaques. Palpation of the carotid artery provides 
limited data unless there is asymmetry in the pulsation 
between the two carotids. Neck auscultation may elicit a 
carotid bruit. The blood pressures in each arm should be 
compared, and a 15–20 mmHg difference in blood pressure 
may indicate a signi fi cant lesion of the subclavian or innomi-
nate arteries. Bruits in the neck, indicating turbulence in 
stenotic arteries, should be carefully evaluated. Listening for 
a bruit is also important. Remember that a near or total occlu-
sion of the internal carotid artery has no bruit at all. A good 
pulsation may be felt under the mandible when a totally 
occluded internal carotid artery is present due to the palpa-
tion of the common carotid artery and the external carotid 
artery. These cannot be differentiated on a physical examina-
tion. It is sometimes dif fi cult to palpate the subclavian arter-
ies in obese or heavy-set individuals, and it is necessary to 
determine that cervical bruits are not really aortic ejection 
murmurs. A carotid bruit, heard louder at the level of the 
mandible than in the lower part of the neck, would probably 
indicate a stenosis of the internal carotid artery. This could 
also represent a stenosis of the innominate artery. Moderate 
stenosis may result in a systolic bruit, whereas more severe 
stenosis results in a systolic bruit that ends in diastole. A 
complete neurologic examination should be done.  

   Investigations 

 The work-up of patients presenting with asymptomatic 
carotid bruits or TIAs should include initial carotid duplex 
scanning, and based on the  fi ndings of this study, the patient 
can take one of several routes. First, the patient may have no 
signi fi cant disease by duplex. These patients with classical 
hemispheric TIAs will require a cardiac work-up and/or neu-
rological work-up and, if negative, a systemic disease work-
up, or possibly another imaging modality. Second, the patient 
may have a severe or tight stenosis. In this situation, depend-
ing on the patient’s operative risk, the surgeon’s skill, the 
accuracy of the duplex, and angiography complication rates, 
this patient could undergo CTA or magnetic resonance 
angiography or conventional arteriography (if CAS is antici-
pated), or surgery, without further work-up. Third, in patients 
with hemispheric TIAs and only mild to moderate disease by 
duplex, other sources should be explored as well as CTA or 
carotid magnetic resonance angiography or arteriography. 

Again, many factors must be considered when working up 
patients for TIAs, and each patient must be individualized. 
A practical approach is described in Chap.   19    .  

   Overview of Various Noninvasive 
Cerebrovascular Techniques 

 Contrast cerebrovascular arteriography has been the de fi nitive 
diagnostic technique for evaluation of cerebrovascular dis-
ease; however, its limitations and complications played a 
great role in the drive to develop accurate, reliable, and non-
invasive diagnostic procedures. Although arteriography 
serves to de fi ne anatomic lesions and is indispensable for 
most vascular surgeries, it provides little objective data 
regarding physiologic disability, nor is it without risk. 

 Most complications of cerebral arteriography can be 
assigned to technical error, embolic events, or neurotoxic 
effects of the contrast material. Catheter-related injuries at 
the puncture site are near 0.2%, with mortality estimated at 
0.02%  [  33  ] . Allergic reactions to the contrast medium occur 
in about 2% of cases, while the overall incidence of neuro-
logic de fi cits is around 1% if the transfemoral approach is 
used (the  fi gure is slightly higher with the transaxillary 
route). Both the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET) Collaborators and the 
Asymptomatic Carotid Atherosclerosis Study (ACAS) Group 
reported stroke rates of around 1%  [  8,   12  ] . 

 A technical shortcoming of cerebral arteriography is its 
failure to delineate shallow, super fi cially ulcerating lesions. 
Because of this, a potential source of cerebral emboli could 
be overlooked. If we add to these risks the disadvantages of 
patient discomfort, the need for hospitalization, and expense, 
there is little wonder that many physicians are reluctant to 
subject their patients to cerebral arteriography. These make 
noninvasive vascular diagnostic techniques highly desirable 
and cost-effective alternatives.  

   Historical Perspectives 

 Over the past 30 years, extensive research has been done in 
the  fi eld of cerebrovascular diagnosis, resulting in the devel-
opment of a broad range of noninvasive diagnostic tools, 
extending to the use of radioactive isotope scanning. While 
these nuclear studies have been useful in detecting intracra-
nial lesions, they have not been as effective as noninvasive 
techniques in localizing extracranial disease, the main site of 
pathology in the carotid tree. 

 Ultrasound was  fi rst applied to the study of carotid circu-
lation as early as 1954  [  34  ] , but it was not until 1967 that its 
clinical application in velocity detection was reported  [  35  ] . 
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Brockenbrough, in 1970, further re fi ned the technique and 
popularized the  fl owmeter  [  36  ] . 

 In 1971, D. E. Hokanson, working in Eugene Strandness’ 
laboratory at the University of Washington in Seattle, was 
able to piece together all the elements necessary to provide 
the  fi rst noninvasive visualization of an arterial segment 
using pulsed Doppler methods  [  37  ] . The concept was quite 
simple. If one knew the size and location of the Doppler 
transducer, the position of the pulsed Doppler sample vol-
ume, and could transfer this to a cathode-ray tube, it should 
be possible to paint a picture containing all points within an 
arterial segment where  fl ow was occurring. This led to the 
development of ultrasonic arteriography, which was success-
fully applied to the study of carotid artery disease. Although 
this method worked, there were signi fi cant limitations: (1) it 
was time-consuming, (2) an experienced technologist was 
required, (3) the image was distorted by the patient’s move-
ment, (4) arterial wall calci fi cation blocked the transmission 
of the ultrasound, and (5) the arterial wall and plaque were 
not visualized. Because of these limitations, Strandness and 
colleagues began exploring the use of B-mode ultrasound to 
visualize the arterial wall. Very early in their application of 
this method, they studied a patient whose internal carotid 
artery appeared patent by ultrasonic imaging but was found 
to be occluded by arteriography. This led to the obvious con-
clusion that thrombus may have acoustic properties similar 
to  fl owing blood and, thus, would be missed by imaging 
alone. The solution appeared to be the addition of a Doppler 
probe to the ultrasonic imaging to permit assessment of the 
presence or absence of  fl ow. It was this combination of imag-
ing plus Doppler that led to the term “ultrasonic duplex scan-
ner”  [  38  ] . When real-time fast Fourier transform (FFT) 
spectrum analysis was added, the basic components of the 
systems that are in widespread use today became available. 

 Another breakthrough came in 1974 when Gee et al.  [  39  ]  
introduced the use of the oculopneumoplethysmograph for 
carotid disease screening. From a historical perspective, ocu-
lopneumoplethysmography (OPG-Gee) detects the ophthal-
mic artery pressure by suction ophthalmodynamometry. The 
main indication for OPG-Gee is the identi fi cation of carotid 
artery stenosis  [  39–  41  ] ; however, it can also be used in mea-
suring ophthalmic artery pressure during external compres-
sion of the common carotid artery, re fl ecting the collateral 
pressure of the ipsilateral internal carotid artery. It may also 
be helpful in determining the safety of ligating or resecting 
the carotid artery. 

 Another indirect test that was used in the past is the perior-
bital Doppler examination (ophthalmosonometry), the prin-
ciple of which is based on evaluating the Doppler velocity 
 fl ow pattern in the accessible branches of the ophthalmic 
artery and assessing the response to compression of the 
branches of the external carotid. The identi fi cation of advanced 
internal carotid stenosis by examination of the periorbital 

 fl ow patterns with the Doppler detector was  fi rst described by 
Brockenbrough in 1969  [  36  ] . The original technique described 
by Brockenbrough used a nondirectional velocity detector to 
examine the signal obtained from the supraorbital artery and 
the response to the compression of the super fi cial temporal 
artery  [  36  ] . Further re fi nement became possible with the 
development of the directional Doppler detector, which per-
mitted the documentation of reverse  fl ow in the branches of 
the ophthalmic artery  [  42,   43  ] . 

 Duplex with color  fl ow imaging systems using pulsed 
wave Doppler signals are now the most common direct meth-
ods for carotid evaluation; indirect methods such as continu-
ous wave Doppler technique, periorbital Doppler  [  36  ] , and 
oculopneumoplethysmography  [  39–  41  ]  are outdated and are 
no longer used in the modern vascular laboratory for the 
diagnosis of carotid artery disease.  

   Carotid Duplex Scanning 

 Carotid duplex scanning, originally developed at the 
University of Washington, combines real-time, B-mode 
ultrasound imaging with a pulsed Doppler detector. As men-
tioned previously, although calci fi ed plaques can readily be 
identi fi ed on a B-mode scan due to the high acoustic 
re fl ectivity, noncalci fi ed plaques and thrombi have approxi-
mately the same acoustic impedance as  fl owing blood. 
Therefore, a completely thrombosed vessel may not be dis-
tinguished from a patent one based on the B-mode image 
alone. By using Doppler  fl ow investigation of the vessels that 
can be imaged, this dif fi culty can be overcome. 

 In the initial model of the duplex scanner, the same trans-
ducer housed both pulsed echo and pulsed Doppler func-
tions, as well as the multigated pulsed Doppler  fl ow detector. 
However, after clinical trials, it was apparent that separate 
transducers were advisable due to the con fl icting transducer 
alignment requirements for the pulsed echo and the pulsed 
Doppler functions. 

 The next generation of duplex scanners utilized separate 
echo and Doppler transducers that alternated pulse transmis-
sion in a time-sharing fashion. The scanner also contained a 
movable, single-gated pulsed Doppler detector. By using the 
B-mode image as a guide for precise placement of the pulsed 
Doppler range gate, the characteristics of  fl ow at various 
points in the carotid arteries could be determined. This 
duplex scan also had the capability of spectral sound analysis 
of the Doppler signals. This helped to differentiate high-
grade stenosis from occlusion in the carotid arteries accu-
rately as well as aided in the detection of many lesions that 
were not severe enough to reduce pressure or  fl ow. The 
strength of an echo is indicated by its brightness on an oscil-
loscope screen, a double display term “brightness modulation,” 
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or B-mode. B-scan refers to the imaging technique that uti-
lizes brightness modulation and a moving transducer. The 
primary difference between the pulsed Doppler and pulsed 
echo systems is the type of electronic signal processing used 
to detect the Doppler shift. In the conventional continuous 
wave Doppler instrument, separate transmitting and receiv-
ing transducers are used that operate constantly to detect 
 fl ow at any point along the sound beam. The duplex scan 
generally employs a 5-MHz pulsed Doppler instrument with 
a single transducer that acts as both transmitter and receiver. 
The transducer emits short pulses of ultrasound, and then by 
varying the time interval before it operates as a receiver,  fl ow 
at different depths in tissue can be detected. This technique 
is referred to as a range gating. 

 Duplex scanning of the carotid bifurcation provides a 
highly accurate method of identifying signi fi cant lesions of the 
internal carotid artery as well as of separating lesions into gen-
eral pathologic categories. It also has the advantage of real-
time visualization so that a satisfactory scan does not depend 
on the patient. This system and its clinical applications are 
described in detail in Chap.   7    . Its major disadvantages are the 
relative high cost of the equipment and the extensive operator 
training required. Duplex scanning of the carotid arteries has 
become the method of choice for noninvasive assessment of 
extracranial carotid artery disease. The addition of color-coded 
 fl ow mapping facilitates the examination and allows more 
accurate frequency and/or velocity measurement. Accuracies 
of equal to or more than 90% have been reported by several 
investigators in the past several years  [  44–  57  ] .  

   Carotid Color Duplex Scanning 

 In addition to the technology described for duplex ultrasound, 
the color duplex carotid scanner utilizes a large number of 
sampling sites to determine the backscattered frequency and 
visually depicts this information as a real-time  fl ow image. 
This development has occurred because of advances in com-
puter technology that enable the rapid processing of large 
amounts of information. The instrument simultaneously ana-
lyzes Doppler information obtained from over 300 small 
sampling sites in the zone of insonation. This frequency infor-
mation is subprocessed and displayed in a color-coded format 
rather than a gray-scale format. The color depiction of the 
frequencies facilitates identi fi cation of focal areas of abnor-
mal  fl ow patterns. This technique is performed in a manner 
similar to that described for duplex ultrasound with the addi-
tion of a hard copy of the real-time color  fl ow image. 

 Color  fl ow imaging is an alternative to spectral wave-
form analysis for displaying the pulsed Doppler informa-
tion obtained by duplex scanning. In contrast to spectral 
analysis, which evaluates the entire frequency and  amplitude 

content of the signal at a single sample site, color  fl ow 
imaging provides an estimate of Doppler-shifted frequency 
or  fl ow velocity for each site within the B-mode image. The 
color assignments are based on  fl ow direction and a single 
mean or average frequency estimate for each site in the 
B-mode image plane. Accordingly, the peak Doppler fre-
quency shifts or velocities shown by spectral waveforms 
are generally higher than the frequencies or velocities indi-
cated by color  fl ow imaging. In color  fl ow imaging, shades 
of two or more distinct colors, usually red and blue, indi-
cate the directional  fl ow relative to the ultrasound scan 
lines. Variations in the Doppler-shifted frequency or  fl ow 
velocity are then indicated by changes in color, with lighter 
shades typically representing high- fl ow velocities. A single 
sample volume-pulsed Doppler and spectrum analyzer are 
always available for a detailed evaluation of the  fl ow pat-
terns at speci fi c arterial locations. One of the main advan-
tages of color  fl ow imaging is that it presents simultaneous 
 fl ow information on the entire image. Although color  fl ow 
imaging may be helpful in identifying  fl ow disturbances, 
some high-velocity jets may not be clear on the color  fl ow 
imaging because the colors are based on mean Doppler fre-
quency estimates rather than peak systolic frequency. Color 
 fl ow imaging has been especially helpful in identifying 
unusual anatomic features such as kinking or tortuosity, 
which can be dif fi cult to recognize with conventional 
duplex scanning. Color  fl ow imaging is also valuable for 
documenting internal carotid artery occlusion  [  49  ] . 

 This technology generally is user-friendly because it pro-
vides real-time anatomic and  fl ow imaging of the vessels 
being examined. Although this information can be obtained 
fairly rapidly initially, additional time is required for deter-
mining the optimal location of the sample volume for dis-
crete spectra. The major drawback of this technique is its 
high cost and the fact that a detailed knowledge of Doppler 
technology is essential for meaningful interpretation of the 
color images  [  58  ] . This technology will be described in more 
detail in Chap.   7    .  

   Transcranial Doppler 

 Transcranial Doppler (TCD) is capable of detecting intrac-
ranial stenoses and occlusions. It can also evaluate the 
collateral circulation in patients with severe carotid artery 
stenosis or occlusion. One of the most important applica-
tions of TCD is its ability to evaluate the onset, severity, 
and time course of vasoconstriction caused by subarach-
noid hemorrhage. Other applications include evaluation of 
intracranial arteriovenous malformations and assessment 
of patients with suspected brain death. TCD also allows 
for the identi fi cation of  fl ow abnormalities during many 
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 cerebrovascular and cardiovascular procedures, such as 
carotid endarterectomy and cardiopulmonary bypass. A 
signi fi cant decrease in the middle cerebral artery  fl ow 
velocities during the cross clamping of carotid endart-
erectomy may signal the need for carotid shunting  [  59  ] . 
Auditory signals related to microemboli may also lead the 
surgeon to alter the operative technique. TCD is usually 
done using 2-MHz pulsed Doppler with a spectrum ana-
lyzer with an assumed angle of insonation of 0°. Three 
acoustic windows provide access to the intracranial circu-
lation: transtemporal, transorbital, and transforaminal. The 
transtemporal approach allows for three windows: ante-
rior, middle, and posterior. Accurate vessel identi fi cation 
requires appropriate sample volume size and depth, knowl-
edge of the direction and velocity of the blood  fl ow, the 
relationship of the various  fl ow patterns to one another, 
and common carotid artery compression and oscillation 
maneuvers. This technology will be described in detail in 
Chap.   10    .  

   Carotid CTA/MRA/Conventional Arteriography 

 Carotid CTA/MRA will be covered in depth in Chaps.   15     and   19    . 
  Conventional Carotid Arteriography : Intra-arterial injec-

tion is usually performed according to the Seldinger tech-
nique. The most commonly used artery is the common 
femoral artery and, to a lesser extent, the axillary or brachial 
arteries. Digital subtraction angiography (DSA) uses real-
time digital video processing to detect the small amount of 
contrast medium that has been injected into the artery 
(Figs.  6.26 ,  6.27 ,  6.28 , and  6.29 ).      

   Interpretation of Stenosis 

 There are several methods of estimating stenoses. One of 
the most common methods is the one used by the NASCET 
trial  [  12  ] , where the percentage of stenosis is calculated as 
a diameter reduction. The percentage of stenosis is deter-
mined by comparing the least transverse diameter at the 
stenosis to the diameter of the distal uninvolved internal 
carotid artery where the arterial walls become parallel 
(Fig.  6.30 ). The percentage may then be expressed as the 
function of either the diameter or the cross-sectional area 
as follows:  

  Percentage of Stenosis Calculation — Diameter Reduction  
 Percentage of stenosis equals 1, minus  A,  divided by  B , 

and multiplied by 100, i.e.,

         

  Percentage of Stenosis Calculation — Area Reduction  

[1 ( / )] 100A B- ´

  Fig. 6.27    Carotid arteriogram showing tight stenosis of proximal 
internal carotid artery ( white arrow )       

  Fig. 6.26    Carotid arteriogram showing normal distal internal carotid 
artery and its two major branches: anterior and middle cerebral arteries       
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 To calculate the percentage of stenosis on the basis of the ves-
sel cross-sectional area and assuming the lesion is symmetrical, 
as seen in Fig.  6.30 , the percentage of stenosis (area reduction) 
will equal to 1 minus  A 2 divided by  B 2 multiplied by 100, i.e.,

         

 The third method of calculating the percentage of 
 stenosis is to divide the area of residual lumen ( A ) by the 

area of the true lumen at the level of the stenosis ( C ), as 
adapted by the ECST, i.e.,

         

 This calculation will require a transverse view of the ves-
sel in question. 

 Generally speaking, a stenosis that reduces the vessel 
diameter by 50% (which is equal to 75% area reduction) is 
considered hemodynamically signi fi cant.  

   Treatment 

 Medical therapy generally includes control of risk factors, 
e.g., weight, a low-cholesterol diet that may enhance a nor-
mal endothelial cell metabolism, antihypertensive drugs for 
hypertensive patients to decrease shear forces on the endothe-
lialized cells, and cessation of smoking. Speci fi c medical 
therapy includes antiplatelet agents, such as aspirin, dipyri-
damole (Persantine, Boehringer), or combined aspirin and 
extended-release dipyridamole (25/200 mg capsule, 
Aggrenox, Boehringer), or clopidogrel (Plavix, Sano fi -
Synthelabo), and statin therapy. 

 Surgical intervention, a carotid endarterectomy, is indi-
cated in patients with signi fi cant carotid artery stenosis (at 
least 50%) associated with TIA symptoms or strokes with a 
good recovery, as recommended by the NASCET study  [  12  ] . 
The NASCET study concluded, after analyzing 659 patients 
with TIAs or nondisabling strokes occurring within 6 months 
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  Fig. 6.28    Carotid arteriogram showing severe stenosis of carotid 
bifurcation and proximal internal carotid artery ( black arrow )       

  Fig. 6.29    Four-vessel arch aortogram showing severe stenosis of prox-
imal left subclavian artery ( black arrow )       
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  Fig. 6.30    Information required for calculating the percentage of inter-
nal carotid artery stenosis (see text for details)       
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preceding presentations and with ipsilateral carotid stenosis 
of 70–99%, that the cumulative risk of an ipsilateral stroke 
occurring by the 18-month follow-up was 26% for 331 
patients who were treated medically and 9% for 328 patients 
who were treated surgically. This yielded an absolute risk 
reduction of 17% ( p  < 0.001). The corresponding incidence 
of major or fatal ipsilateral stroke was 13% and 3% for medi-
cally and surgically treated groups, respectively. This trans-
lates into an absolute risk reduction of 11% or a greater than 
5 to 1 bene fi t in favor of operation ( p  < 0.001). The NASCET 
investigators concluded that carotid endarterectomy was 
highly bene fi cial for patients with recent hemispheric or reti-
nal TIAs or those with nondisabling stroke in the presence of 
ipsilateral high-grade carotid stenoses. The NASCET study 
also concluded that carotid endarterectomy was highly 
bene fi cial for symptomatic patients with 50% to <70% 
carotid artery stenosis  [  60  ] . 

 Patients with >60% asymptomatic carotid artery stenosis 
can be candidates for carotid endarterectomy if they are 
good-risk patients  [  9  ] . The ACAS study also concluded that 
carotid endarterectomy was superior to medical therapy in 
good-risk patients, and it reduced stroke by 55% over a 
5-year period when surgical therapy was compared to medi-
cal therapy (5% vs. 11%). Recently, the ACST Collaborative 
Group reported on the results of carotid endarterectomy in 
the prevention of stroke for  ³ 70% asymptomatic stenosis. 
Their conclusions were somewhat similar to the American 
study (the ACAS): in asymptomatic patients younger than 
75 years of age with a carotid diameter reduction of 70%, 
immediate carotid endarterectomy decreased the net 5-year 
stroke risk by one-half, from 12% to 6% (including the 3% 
perioperative hazard)  [  10  ] . 

 Despite the  fi ndings of these trials, the management of 
patients with asymptomatic carotid stenosis has been contro-
versial over the past decade, since most of the landmark stud-
ies comparing the best medical therapy with CEA used only 
aspirin as the antiplatelet agent and occurred prior to the 
widespread use of statins. Because of which, a signi fi cant 
number of authorities recommend intervention only in good-
risk patients with  ³ 80% asymptomatic stenosis or even opti-
mal medical therapy alone. 

 Recently, carotid angioplasty/stenting (CAS) has been 
recommended as an alternative to carotid endarterectomy. 
Several randomized and nonrandomized prospective trials 
have been conducted over the past several years to evaluate 
the ef fi cacy of CAS in the prevention of strokes for both 
symptomatic and asymptomatic patients. One of these, the 
SAPPHIRE study, just reported their early results comparing 
CAS to carotid endarterectomy in high-risk patients. The 
SAPPHIRE study was a randomized trial that compared 
carotid stenting using the AngioGuard embolic protection 
device to carotid endarterectomy in patients at increased risk 
for carotid surgery. Symptomatic patients with  ³ 50% steno-

sis and asymptomatic patients with  ³ 80% stenosis by ultra-
sound (constitutes most of the patients), who had one or 
more of the comorbidity criteria that placed them at increased 
risk for surgery, were included. The primary endpoints were 
death, stroke, and myocardial infarction at 30 days post pro-
cedure, and ipsilateral stroke and death at 1 year. The com-
posite endpoint of death, stroke, and myocardial infarction at 
30 days was 5.8% for the stent group and 12.6% for the sur-
gery group ( p  = 0.047).The trial concluded that carotid stent-
ing in high-risk patients was comparable or somewhat 
favorable to carotid endarterectomy when combined death, 
stroke, and myocardial infarction were considered  [  18  ] . 

 The SPACE trial was designed to test the hypothesis that 
CAS would not be inferior to CEA in symptomatic patients 
with  ³ 70% carotid stenosis  [  17  ] . This study compared 584 
CEAs with 599 CAS procedures. The primary endpoint was 
a composite of ipsilateral stroke or death within 30 days of 
the procedure. Surgeons were required to have performed at 
least 25 CEA procedures with an acceptable rate of morbid-
ity and mortality in a prior year, and CAS operators were 
required to have performed at least 25 successful angioplasty 
or stent procedures. The use of shunting during CEA and 
embolic protection devices during CAS was optional. The 
primary endpoint for CEA was 6.3% versus 6.8% for CAS, 
and all strokes was 6.2% for CEA versus 7.5% for CAS with 
a disabling stroke rate of 2.9% for CEA versus 4% for CAS. 

 The EVA-3S trial (Endarterectomy versus Angioplasty in 
Patients with Symptomatic Severe Carotid Stenosis Trial) 
randomized patients within 120 days of TIA or complete 
stroke with >60% ipsilateral carotid stenosis based on duplex 
ultrasound and angiography  [  16  ] . The primary outcome was 
the composite of stroke or death within 30 days of the proce-
dure. Surgeons were required to have performed at least 25 
CEA procedures during the previous year, and CAS interven-
tionalists were required to have performed at least 12 CAS 
procedures or 35 stenting procedures in other vessels. The use 
of embolic protection devices was limited. Among the 259 
patients randomized for CEA and the 261 patients random-
ized for CAS, the combined composite endpoint was 3.9% 
for CEA versus 9.6% for CAS (an odds ratio of 0.38, with 
 p  = 0.0133). The incidence of all strokes was 3.5% for CEA 
versus 9.2% for CAS (odds ratio of 0.36,  p  = 0.0108), with a 
disabling stroke rate of 0.4% for CEA versus 2.7% for CAS 
(odds ratio of 0.14,  p  = 0.0682). Similarly, the ICSS 
(International Carotid Stenting Study) is a randomized study 
comparing CEA versus CAS in symptomatic patients with 
>50% carotid stenosis  [  15  ] . The primary endpoint is the 
3-year rate of fatal or disabling stroke. Among 1,713 random-
ized patients, the 120-day composite rate of stroke, death, or 
MI was 8.5% in the CAS group versus 5.2% in the CEA 
group (odds ratio of 1.69). The CREST Trial (Carotid 
Revascularization Endarterectomy vs. Stent Trial) was a ran-
domized multicenter trial comparing CAS to CEA in both 
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symptomatic and asymptomatic patients  [  14  ] . In this trial and 
among 2,502 patients followed for a mean of two and a half 
years, there was no signi fi cant difference in the primary events 
between the two methods of revascularization (combined 
stroke, death, and MI, 7.2% for CAS versus 6.8% for CEA, 
odds ratio of 1.11). There were differences in the rates of the 
component periprocedural events; speci fi cally stroke was 
signi fi cantly more frequent with CAS (4.1% vs. 2.3%, 
 p  = 0.01) and myocardial infarction was more likely after 
CEA (2.3% vs. 1.1%,  p  = 0.03). In a recent systemic review 
and meta-analysis of randomized trials of CEA versus stent-
ing  [  61  ] , 13 randomized carotid trials enrolling 7,484 patients, 
of which 80% had symptomatic disease, showed that com-
pared with CEA, stenting was associated with an increased 
risk of any stroke (RR = 1.45; 95% con fi dence interval 1.06–
1.99), decreased risk of perioperative myocardial infarction 
(RR = 0.43; 95% con fi dence interval 0.26–0.71), and a 
nonsigni fi cant increase in mortality (RR = 1.40; 95% 
con fi dence interval 0.85–2.33). The authors concluded that 
compared with CEA, CAS signi fi cantly increased the risk of 
any stroke and decreased the risk of myocardial infarction.      
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   Historical Perspectives and the Duplex Concept 

 Over the past 30 years, there has been a signi fi cant evolution 
in the application of noninvasive technology for the diagno-
sis of extracranial vascular disease with more widespread 
utilization of duplex ultrasound techniques. An appreciation 
of why this technology has enjoyed such acceptance is best 
obtained by understanding the evolution of the concept of 
using combined imaging and velocity detection techniques. 

  Abstract 

 A complete extracranial carotid duplex examination should include the following data: the 
peak systolic and end-diastolic velocities of common carotid, internal carotid, and external 
carotid arteries, right and left subclavian arteries, and vertebral arteries; the internal carotid 
artery to common carotid artery peak systolic velocity ratio;  fl ow direction of the vertebral 
artery (antegrade or retrograde); analysis of the Doppler spectral waveform of the examined 
vessels; and the presence or absence of plaque and description of its morphology. 

 A carotid duplex ultrasound examination should be termed “inconclusive” if the  fi ndings 
are uncertain, and it cannot be ensured that the carotid artery does not have signi fi cant 
carotid artery disease. Calci fi cation and shadowing, high bifurcation, short neck, or any 
other circumstances that prevent adequate interrogation of the carotid artery can result in an 
inconclusive examination. In this scenario, other diagnostic modalities must be recom-
mended to delineate the proper pathology. 

 The accuracy of duplex scanning in the examination of the carotid artery bifurcation has 
resulted in its use for detecting signi fi cant carotid stenosis in symptomatic patients, the 
evaluation of patients with neck bruits, postoperative imaging of endarterectomized vessels, 
and the sequential examination of asymptomatic patients to document progression of dis-
ease. Other clinical implications include carotid endarterectomy based on duplex ultra-
sound without angiography, intraoperative assessment of carotid endarterectomy, long-term 
follow-up after carotid endarterectomy, plaque morphology and outcome, and carotid 
duplex scanning following trauma.  
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 When Kossoff  [  1  ]  applied gray-scale techniques to imag-
ing, he paved the way for identifying vessels with ultrasound. 
In 1969, Olinger  [  2  ]  reported on the use of ultrasound echo 
techniques to identify the carotid arteries and was active in the 
development of high-resolution imaging technology. In these 
studies, the walls of vessels were identi fi ed as echo-dense par-
allel structures, while the lumen was an echo-free zone con-
tained between the walls. Atherosclerotic lesions would 
theoretically be identi fi ed as projections into the lumen, and 
thus, it appeared that this technique alone would be suitable 
for identifying all degrees of occlusive disease. Early experi-
mental application, however, encountered three major prob-
lems, which, in retrospect, seem obvious. The  fi rst of these 
related to the complex acoustic density of atherosclerotic 
plaques, particularly as the lesions became more severe with 
zones of hemorrhage and calci fi cation. The areas of hemor-
rhage were relatively echo-free and appeared as defects within 
the substance of the plaque, rendering accurate delineation of 
the plaque surface dif fi cult. The presence of calci fi cation 
served as an acoustic barrier to deeper penetration of the ultra-
sound beam, resulting in the production of an acoustic win-
dow with subsequent loss of resolution of deeper structures 
 [  3  ] . While a pure imaging technique might accurately identify 
the surface characteristics if a plaque is homogeneous, the 
presence of so-called complicated plaques introduced a source 
of signi fi cant error. Finally, because thrombus and  fl owing 
blood had similar acoustic densities, it was dif fi cult to differ-
entiate between occluded and non-occluded arteries. 

 To overcome this problem, a Doppler device was added to 
the imaging system, and its initial application was reported 
by Barber et al. in 1974  [  4  ] . It soon became apparent that 
changes in the  fl ow patterns detected by the Doppler velocity 
apparatus correlated closely with the severity of stenosis as 
judged by arteriography  [  5  ] . The emphasis in instrument 
development, therefore, shifted from imaging to Doppler 
detection of velocity changes. Thus, the duplex concept of 
combining B-mode imaging and pulsed Doppler  fl ow detec-
tion for direct evaluation of arterial disease led to the creation 
of the  fi rst duplex scanning instruments. Using duplex ultra-
sonography, anatomical and physiological information can 
be obtained directly from the sites of vascular disease. This is 
based on the concept that arterial lesions produce distur-
bances in blood  fl ow patterns that can be characterized by 
Doppler  fl ow signal analyses. B-mode imaging is used as a 
guide for placement of a pulsed Doppler sample volume 
within the artery of interest, and the local  fl ow pattern is eval-
uated by spectral wave analysis. Duplex scanning permits 
evaluation of the arterial  fl ow pattern at a discrete site within 
the B-mode image, using pulsed Doppler. The sample vol-
ume of the pulsed Doppler is the region in which  fl ow is actu-
ally detected. Adjusting the position and size of the sample 
volume aids in allowing the center stream pattern to be evalu-
ated without interference from  fl ow disturbances near the 
arterial wall or in adjacent blood vessels. B-mode imaging is 
useful in identifying anatomical variants and arterial wall 
pathology, including thickening or calci fi cations; however, 

the classi fi cation of arterial disease severity is based primar-
ily on an analysis of the pulsed Doppler spectral waveforms.  

   Duplex Ultrasound Components 

   Real-Time B-Mode Imaging 

 B-mode ultrasound imaging has been used extensively for 
visualizing soft tissue structures. Carotid arteries, however, 
could not be seen properly until the advent of real-time tech-
niques that have overcome the problem of visualization. 
With B-mode imaging alone, variations in the acoustic prop-
erties of different tissues re fl ect ultrasound waves and gener-
ate an image of the tissues being examined. These variations 
in acoustic re fl ectance are represented visually by shades of 
gray on the image, which facilitates identi fi cation of differ-
ent tissues. The vessel wall, because of its high re fl ectivity, 
may thus be visualized. Yet it is this tissue interaction with 
ultrasound that has imposed severe limitations on techniques 
that use this method for visualizing atherosclerotic plaques 
and occluded arteries. 

 Unfortunately, methods currently used for processing the 
re fl ected ultrasound waves are often incapable of differenti-
ating  fl owing blood, thrombus, and noncalci fi ed plaques. 
Thus, vessels that are completely occluded may appear pat-
ent. Likewise, noncalci fi ed plaques may be entirely missed 
or, at best, only partly visualized. In addition, when athero-
sclerotic disease at the carotid bifurcation exists, calcium is a 
common component of the plaque and prevents the passage 
of ultrasound waves through this area. Thus, if there is a 
calci fi ed plaque on the anterior wall of the vessel, a very 
dense acoustic signal will be registered, but there will be no 
information concerning the lumen beneath the calci fi ed seg-
ment. This is commonly referred to as acoustic shadowing 
(Fig.  7.1 ). These limitations are largely overcome by com-
bining B-mode imaging with  fl ow detection techniques using 
Doppler, such as spectral waveform analysis and color  fl ow 
imaging. Experience with B-mode imaging techniques for 
the classi fi cation of carotid artery disease has generally 
shown that interpretation of the image is most accurate for 
lesions of a minimal to moderate degree of stenosis and least 
accurate for high-grade stenoses or occlusions. It is often 
dif fi cult to estimate the size of the arterial lumen from a 
B-mode image because the interface between the arterial 
wall and  fl owing blood is not clearly seen. Calci fi ed athero-
sclerotic plaque, which is extremely echogenic, results in 
bright echoes with acoustic shadows (Fig.  7.1 ).  

 The ultrasonic carotid plaque morphology may correlate 
qualitatively with its histological composition; however, the 
clinical relevance of this information is somewhat controver-
sial  [  6–  9  ] . The B-mode characteristic of the carotid plaque 
that appears to correlate most closely with the clinical out-
come is heterogeneity. This is generally de fi ned as a plaque 
that has a mixture of hyperechoic, hypoechoic, and isoechoic 
plaques, a feature that may be attributed to the presence of 
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intraplaque hemorrhage. This feature has been noted more 
frequently in patients with neurological events than in asymp-
tomatic carotid stenoses.  

   Doppler Spectral Waveform Analysis 

 A valuable adjunct to B-mode imaging is the use of spectral 
analysis to analyze the backscattered Doppler signal. Spectral 
analysis, as applied to Doppler ultrasound, is merely a method 
of determining the frequency content of the backscattered 
signal and the relative strengths or amplitude of these com-
ponent frequencies. The original technique was utilized off-
line and employed a Kay sonograph, which although 
providing more information than was previously available 
with analog displays, was time-consuming and did not depict 
forward and reverse  fl ow. Real-time spectral analysis was 
introduced using fast Fourier transform analysis (FFT). The 
FFT method makes it possible to display the individual fre-
quencies that make up the return signal. Information related 
to the intensity of the spectrum is also possible: for example, 
a narrow well-de fi ned spectrum is displayed when a limited 
number of frequencies are evident in a laminar  fl ow. Spectral 
broadening represents a variety of frequencies and is often 
associated with turbulent  fl ow. The velocity pro fi le shows 
various frequency shifts on the vertical axis and time on the 
horizontal axis. The FFT has the advantages of saving time 
and detecting both forward and reverse  fl ow. This method of 
signal processing was particularly suitable because pulsed 
Doppler beams were being utilized in the echo component. 
Other techniques of spectral analysis, including multiple 
band-pass  fi lter analysis and time compression analysis, have 
been used, but have not achieved widespread acceptance. 

 The availability of the pulsed Doppler technique made it 
possible to obtain velocity information from a known loca-
tion and, depending on the sample volume size, from a  fi nite 
volume of the  fl ow stream. The continuous-wave (CW) 

instruments utilized widely at that time for the detection of 
disease in the lower extremity were known to have a large 
sample volume that traversed the whole width of the vessel 
being insonated, and were really most suitable for determin-
ing the mean velocity in the forward or reverse direction. 
Also, the data analyzed by CW instruments were obtained 
not only from the vessel of interest but also from other ves-
sels in close proximity. With the pulsed instrument, the 
examiner could be certain that the data were being obtained 
from the vessel of interest. It was also possible, because of 
the  fi nite sample volume, to interrogate a segment of the 
velocity pro fi le and, perhaps, to detect changes that would 
not otherwise be apparent with a CW device. 

 A series of animal studies were conducted to determine 
the relationship between varying degrees of stenosis and 
spectral changes as identi fi ed by pulsed Doppler and fast 
Fourier spectrum analysis  [  10  ] . 

 The Doppler spectral waveform analysis is a signal-pro-
cessing technique that displays the complete frequency and 
amplitude content of the Doppler signal. This Doppler-
shifted frequency is directly proportional to blood cell veloc-
ity, and the amplitude of the Doppler signal depends on the 
number of cells moving through the pulsed Doppler sample 
volume. The signal amplitude becomes stronger as the num-
ber of cells producing Doppler frequency shift increases. 
This spectral information is usually presented graphically 
with time on the horizontal axis and frequency or velocity on 
the vertical axis, and amplitude is indicated by shades of 
gray (Fig.  7.2 ).  

  Fig. 7.1    Color duplex ultrasound image of an internal carotid artery 
showing calci fi ed plaque where a very dense acoustic signal is regis-
tered ( arrow ) with acoustic shadowing ( underneath the arrow )       

  Fig. 7.2    A normal internal carotid artery Doppler spectra       
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 The following is an explanation of these  fi ndings as it 
applies to the  fl ow patterns within vessels. The center stream 
 fl ow pattern in a normal artery is uniform or laminar, and a 
spectral waveform taken with the pulsed Doppler sample vol-
ume in the center of the lumen shows a relatively narrow band 
of frequency. It appears that even relatively mild degrees of 
stenosis are capable of producing deviations from laminar  fl ow 
(as zones of vortical shedding) in the area distal to the stenosis 

(Fig.  7.3 ), with the magnitude of these disturbances being 
depicted by the magnitude of change in spectral width (spec-
tral broadening). With hemodynamically signi fi cant stenoses, 
not only is spectral broadening present, which is produced by 
a major decay in the laminar  fl ow pattern, but there is also a 
marked elevation in peak frequency or peak velocity at systole 
as a result of the high-speed jet of blood passing through and 
immediately beyond the stenosis (Fig.  7.4 ). High-grade 

  Fig. 7.3    Schematic representa-
tion of minor  fl ow disturbance 
generated by nonhemodynami-
cally signi fi cant stenosis with 
production of vortical shedding 
immediately beyond the area of 
the stenosis with resumption of a 
normal laminar  fl ow pattern 
further downstream       

Pb P
a

  Fig. 7.4    Schematic representa-
tion of major  fl ow disturbance 
produced by hemodynamically 
signi fi cant stenosis with both 
increases in peak velocity in and 
immediately beyond the stenosis 
with decay of laminar  fl ow to 
turbulent  fl ow occurring at a 
maximum two diameters distal to 
the stenosis       
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stenoses can therefore be recognized by the presence of both 
elevations in peak frequency at systole and diffuse spectral 
broadening  [  5  ] .   

 The end-diastolic frequency or velocity is also increased 
in very severe stenoses. The Doppler spectral waveform cri-
teria for classifying severity of carotid artery stenosis will be 
described in detail later. 

 The current application of duplex scanning in the detec-
tion of carotid artery disease utilizes this principle of 
identi fi cation of  fl ow disturbance patterns by Doppler veloc-
ity detection instrumentation, with the emphasis in later 
years being on technical improvements in instrument design. 
A variety of duplex scanning instruments are available, the 
major differences among them being in the Doppler compo-
nent. These are of two types: those utilizing CW Doppler and 
those utilizing pulsed Doppler beams. The outline below 
applies to the instrumentation available that currently uses 
pulsed Doppler beams for velocity detection and image 
generation.   

   Instrumentation 

 The most signi fi cant changes in duplex instrumentation have 
occurred in scan head design. The shape of the pulsed 
Doppler beam, and therefore its sample volume, has been 
modi fi ed using either medium-focus or short-focus scan 
heads. The medium-focus scan head, operating at 5 mHz, 
has a 40-mm focal point, while the short-focus scan head, at 
a transmitting frequency of 5 mHz, has a 20-mm focal point. 
The beam width of the medium-focus scan head is most nar-
row at 35–45-mm depth, whereas that of the short-focus scan 
head is most narrow at 20–30 mm. The medium-focus scan 
head is therefore more appropriate for evaluating blood  fl ow 
in vessels deeper than 30 mm, while the short-focus scan 
head is ideal for evaluating  fl ow in vessels located close to 
the surface, 2–3 cm from the skin. Because the carotid arter-
ies lie within 30 mm of the skin surface in the majority of 
human subjects, the short-focus scan head, at least theoreti-
cally, is ideal for evaluating these vessels. 

 These features are not only important in consideration of 
the depths of the vessels studied but also in understanding 
the effects of the sample volume size on the velocity pro fi le 
being evaluated. If a large sample volume size is used in the 
evaluation of small-diameter vessels, a wide range of veloci-
ties will be detected under normal circumstances, which on 
spectral analysis will appear as spectral broadening. In these 
circumstances, this  fi nding is normal and is similar to the 
spectra generated by CW instruments. Conversely, if a small 
sample volume is used in a large vessel, particularly if  fl ow 
is axisymmetric, the velocities in the sample volume are 
likely to be similar and, on spectral analysis, will not display 
spectral broadening. At a range of 25 mm, the beam widths 

for the medium- and short-focus scan heads are 5.5 and 
2 mm, respectively, at the 20 dB level. At this range, the 
sample volumes have been calculated at 3 and 24 mm 3  for 
the short- and medium-focus scan heads, respectively. If 
spectral broadening therefore is an important feature in the 
evaluation, it is apparent that a short-focus scan head should 
be more sensitive than a medium-focus scan head. 

 An additional feature of the current instruments is the 
dedicated use of the pulsed signal to the Doppler component, 
which avoids the problem of aliasing encountered in the 
original prototypes. In the latter, the signal was shared 
between the echo and Doppler components and resulted in a 
limited peak frequency detection capability that could be 
exceeded when severe disease was present. With the pulsed 
echo component nonoperative, the usual pulse repetition fre-
quency available to the Doppler component is doubled, 
increasing the frequency response of the 5-mHz instrument 
at 60° to 9.5 kHz, which is more than adequate to detect the 
frequencies associated with severe disease. 

 The quadrature outputs of the pulsed Doppler signal are 
then analyzed using an online fast Fourier transform spectral 
analyzer, providing a full-scale frequency display of 10 kHz, 
with 7 kHz usually being used for forward frequencies and 
3 kHz for reverse frequencies. The amplitude of the compo-
nent frequencies in the signal is depicted in gray-scale for-
mat on the oscilloscope screen. 

 To improve the signal-to-noise ratio on the spectral display, 
the signal in many instruments is “normalized,” a principle 
that increases the highest amplitude of each analysis in the 
spectrum to a particular reference level with the subsequent 
same scaling factor being applied to all other amplitudes. 
Following this normalizing process, a variable amount of sig-
nal is then displayed depending on the dynamic range used 
with the Doppler signal. The use of a wide dynamic range 
enhances the likelihood that, in addition to the Doppler back-
scattered signal, noise will also be displayed. Narrow dynamic 
range is ideal for evaluating the Doppler signal only. 

 The addition of high-de fi nition imaging (HDI) technol-
ogy revolutionized the front end of the ultrasound image for-
mation process. The extended signal processing, or ESP 
technology (Advanced Technology Laboratories/Phillips 
System), extends the momentum into the area of signal pro-
cessing. The result is a substantial reduction in speckle noise, 
allowing a higher level of clarity and detail than has ever 
been seen in ultrasound images. Tissue differentiation and 
resolution of  fi ne anatomical detail, already hallmarks of 
HDI images, are enhanced even further through the addition 
of ESP technology. 

 The technology developments that make HDI and 
extended signal processing possible are many and complex. 
Perhaps the most appropriate place to begin is with the 
acoustic information that is returned to the ultrasound sys-
tem from the body. 
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 Each tissue within the body responds to ultrasound energy 
of different frequencies in a characteristic way, which is often 
referred to as the tissue signature. The tissue signature informa-
tion is carried within the spectrum of ultrasound frequencies 
returning from the tissue. This band of frequencies is referred to 
as the frequency spectrum bandwidth, or simply, bandwidth. 

 HDI preserves the quantity and quality of tissue signature 
through the capture and preservation of the entire bandwidth. 
This results in more sonographic information with better 
detail and de fi nition. 

 The ultrasound beam former, together with the scan head, 
determines the ultimate contrast resolution, spatial resolution, 
penetration, and consistency of the image. If the acoustic infor-
mation containing the tissue signature is reduced in quantity, 
or distorted in the beam former, there is no way of recovering 
it. Beam formation is accomplished by pulsing the transducer 
elements in the scan head to insonify the target. Sound waves 
re fl ected by the target return to the elements of the transducer, 
generating signals that are essentially separated in time. The 
beam former delays these signals so when all the channels are 
summed together, the time variations in the signals are com-
pensated for and the exact tissue de fi nition is obtained. The 
critical design requirements of the beam former are to preserve 
the entire bandwidth, which contains all of the acoustic infor-
mation, and to prevent distortion of the signal during delay. 

 More recently, SonoCT real-time compound imaging was 
incorporated into duplex technology. Using up to nine “lines 
of sight,” SonoCT imaging dramatically enhances image 
quality by providing up to nine times more information than 
conventional two-dimensional imaging. The resulting real-
time image is a more realistic representation of actual tissue. 

 The clinical bene fi ts of SonoCT real-time compound 
imaging include improved visualization of plaque border 

delineation, better assessment of plaque morphology, reduc-
tion of clutter artifacts seen in dif fi cult-to-image patients, 
and reduction of posterior plaque shadowing to reveal the 
full extent of vascular disease. An example of this system is 
the Model iU22 xMATRIX (Philips Healthcare, Bothell, 
WA) which has a breakthrough processing technology that 
optimizes image quality down to the pixel level. It displays a 
SonoCT image with unprecedented visualization of tissue 
texture, borders, and margins, almost free of image-degrad-
ing artifacts (Fig.  7.5 ).   

   Carotid Examination Technique 

 The technician can use any duplex ultrasound imaging sys-
tem, which includes high-resolution B-mode imaging, pulsed 
Doppler, and a frequency spectrum analyzer. The carotid 
examination can be done using several scan heads, e.g., 
mechanical sector, phased array, or linear array. A linear 
array scan head is generally used for the mid/distal common 
carotid artery and carotid bifurcation where these vessels are 
usually parallel to the skin surface. Meanwhile, the sector-
type imaging of a curved array or the smaller footprint phase 
array may be needed in an examination of the distal internal 
carotid artery and the vessels in the supraclavicular area. 

 The examination is conducted with the patient supine and 
the head slightly extended and turned slightly away from the 
side being examined and supported to eliminate lateral move-
ment. Copious quantities of water-soluble acoustic gel are 
applied along the anterior border of the sternomastoid mus-
cle, and the scan head is applied to the skin surface. A 7.5- or 
5-mHz transducer is usually used. Presently, we are using the 
iU22 xMATRIX system (Philips Healthcare, Bothell, WA) 

  Fig. 7.5    A SonoCT image showing tissue texture, borders, and margins       
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(Fig.  7.6 ). If color  fl ow imaging is used, Doppler information 
is displayed on the image after it is evaluated for its phase 
(i.e., direction toward or away from the transducer) and its 
frequency content (i.e., a hue or shade of color). The sample 
volume of the pulsed Doppler should be kept as small as pos-
sible and placed in the center of the vessel or the  fl ow chan-
nel. A Doppler angle of 45–60° should be maintained to 
obtain consistent results in velocity measurements. The ves-
sels are examined both in longitudinal (Fig.  7.7 ) and trans-
verse views (Fig.  7.8 ) and followed from the clavicle to the 
mandible with anterior oblique, lateral, and posterior oblique 
projections to identify and evaluate any carotid plaques or 
pathology.    

 Most of the carotid duplex examination is done using the 
longitudinal view since it allows the most favorable Doppler 
angle for recording the velocity data and for color Doppler 
imaging. Neither the color Doppler image nor the B-mode 
image will reliably pinpoint the area of maximum velocities 
and/or  fl ow disturbances, i.e., B-mode imaging and color 
Doppler are generally helpful for localizing a speci fi c area 
of interest, which needs to have extra or speci fi c interroga-
tion with pulsed Doppler sampling. Therefore, the gray-

scale and color Doppler imaging alerts the technician to the 
presence of pathology/plaque in the arterial wall that may 
preclude penetration of the vessel by the pulsed Doppler. It 

  Fig. 7.6    A duplex ultrasound machine: Model iU22 xMATRIX, 
Philips Healthcare, Bothell, WA       

a

c
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  Fig. 7.7    ( a ) Gray scale of right common carotid artery bifurcation in 
longitudinal view. ( b ) Color duplex ultrasound of right common carotid 
artery bifurcation in longitudinal view. ( c ) Power Doppler image of 
right common carotid artery bifurcation in longitudinal view       
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should also be noted that velocity waveforms should not be 
obtained from a transverse view since the Doppler angle in 
such a view is either unknown or close to being perpendicu-
lar to the  fl ow direction, which will result in useless Doppler 
velocity measurements. Similarly, color Doppler imaging in 
cross section can be misleading for the same reasons. It 
should also be noted that ultrasound beam angles for opti-
mal B-mode imaging are different from those required for 
obtaining Doppler spectral waveforms. As noted in the ultra-
sound physics chapter, the maximum ultrasound re fl ection 
is obtained when the ultrasound beam is perpendicular to the 
imaged surface. The optimal B-mode imaging angle is there-
fore 90° to the surface of the artery. The angle that yields the 
highest Doppler frequency shift is zero degrees or parallel to 
the direction of  fl ow. However, since it is dif fi cult to achieve 
Doppler angle parallel to the  fl ow in the carotid arteries in 
the neck, an angle of up to 60° between these vessels and the 
Doppler beam is acceptable. Angles greater than 60° will 
produce erroneous higher velocities, while angles much 
lower than 60° may reduce aliasing. The technician may 
observe changes in the hue of the color  fl ow pattern or bleed-
ing of the color outside of the vessel wall (color bruit, 
Fig.  7.9 ), which suggests the presence of stenosis.  

 The scan head is then moved cephalad with the B-mode 
imaging display activated and with frequent sampling of the 
center stream velocity signal. Audible interpretation alone is 
usually used during this phase of the examination. The region 
of the carotid bifurcation is identi fi ed by the presence of two 
vessels and visualization of the superior thyroid artery branch 
of the external carotid artery. This may be con fi rmed by sam-
pling in the center stream just distal to the origin of these 
vessels and identifying the characteristic differences between 
the two arteries. 

 It is recommended that the dynamic range be set to 
40–50 dB to optimize the gray-scale image and the time gain 
compensation (TGC) as needed in regard to the depth of the 
carotid and vertebral arteries examined. 

 The external carotid signal is recognized by the presence 
of  fl ow reversal, while the internal carotid signal is identi fi ed 
by the absence of  fl ow reversal and the presence of forward 
 fl ow during diastole. The scan head is moved further cephalad 
to insonate the proximal few centimeters of the internal 
carotid artery, which is the common site of disease. 
Abnormalities in the velocity spectra displayed on the screen 
are noted for subsequent reference. Once the general anat-
omy has been outlined, a detailed examination is performed. 
The initial quick scanning of the vessels provides a reference 
for determining whether disease is present and, if so, its 
severity. It is likely that these areas will require more detailed 
interrogation than areas that are normal. 

 Following the preliminary scan, the scan head is returned 
to the base of the neck over the anterior border of the sterno-
mastoid muscle, and the common carotid artery is again 
visualized. Note is taken of the presence or absence of 
calci fi cation in the wall represented by dense acoustic shad-
ows and a deeper acoustic window. Representative spectra 

a b

  Fig. 7.8    ( a ) Common carotid artery bifurcation in transverse view ( gray scale ). ( b ) Common carotid artery bifurcation in transverse view (color  fl ow)       

  Fig. 7.9    Color duplex ultrasound of the internal carotid artery: color 
bruit       
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are then obtained from the center stream with the Doppler 
beam axis at 60° and the signals recorded for subsequent 
analysis. During this part of the examination, the peak veloc-
ity should be noted and whether the velocity is always in the 
forward direction throughout the whole of the cycle. 

 Low peak systolic velocities suggest occlusions of the 
internal or external carotid arteries, while frequencies 
approaching zero are suggestive of either high-grade stenosis 
or occlusion of the internal carotid artery. Other variations in 
the waveform may occur as a result of signi fi cant aortic 
disease. 

 The scan head is again moved cephalad with a second 
center stream sample being obtained just proximal to the 
region of the bulb. With rapid shifting from B-mode to 
Doppler mode imaging, the evaluation is continued through 
and into the proximal internal carotid artery, looking for 
abnormal spectral displays. Care must always be taken dur-
ing sampling to ensure that the sample volume cursor is 
located in the center stream of the vessel and the incident 
angle of the Doppler beam to the long axis of the vessel is as 

close as possible to 60°. The presence of disease is suspected 
by echogenic shadows impinging on the lumen of the vessel 
associated with either changes in spectral broadening or 
 fl uctuations in peak systolic and diastolic velocities. It is fre-
quently necessary to obtain multiple spectra along the center 
stream axis of the internal carotid artery to determine the 
location at which the most abnormal spectra occur. These 
should be recorded for future reference. 

 Attention is then directed to the subclavian artery in the 
posterior triangle of the neck, and the vessel is visualized. 
Scanning proceeds proximally with identi fi cation of the ori-
gin of the vertebral artery and subsequent sampling with the 
Doppler component of the ori fi ce in the proximal centimeter 
of the  fi rst portion of this vessel, as this is the usual site of 
stenotic disease. 

 With a clear view of the common carotid artery, the probe 
is slowly angled more posterolaterally to identify the verte-
bral artery. This artery will have vertical shadows running 
through it from the spinous processes of the vertebrae, giving 
it the appearance of a series of Hs (Fig.  7.10 ). Vertebral  fl ow 

a b
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  Fig. 7.10    ( a ) Origin of right vertebral artery in gray scale. ( b ) Origin of right vertebral artery using color duplex ultrasound. ( c ) Origin of right 
vertebral artery using power Doppler. ( d ) Mid right vertebral artery (series of H appearance)       
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is documented, either antegrade or retrograde. Major eleva-
tions in peak velocities are characteristic of high-grade ori fi ce 
stenosis. The contralateral side of the neck is then evaluated 
in a similar manner, and representative recordings from the 
common carotid, external carotid, and internal carotid arter-
ies are obtained.  

 The following considerations are generally helpful in 
optimizing color  fl ow setup and value. The appropriate color 
pulse repetition frequency (PRF) must be chosen by setting 
the color velocity scale for the expected velocities in the 
examined vessel. The scale should be adjusted to avoid sys-
tolic aliasing (low PRF) or diastolic  fl ow gaps (high PRF) in 
normal vessels. Every effort should be made to avoid using 
large wider color boxes, which may slow down frame rates 
and resolution of the imaged vessel. It is recommended that 
color boxes that cover the entire vessel diameter and are 
approximately 1–2 cm of its length be used. The color, power, 
and gain should be optimized so that  fl ow signals are recorded 
throughout the lumen of the examined vessel with no bleed-
ing of color into the adjacent tissues. 

 The zero baseline of color bar (PRF) is set at approxi-
mately two-thirds of the range with the majority of frequen-
cies allowed in the red direction for  fl ow toward the brain, 
which will display higher arterial mean frequency shifts 
without aliasing artifacts. The color PRF and zero baseline 
may also need to be readjusted throughout the examination 
to allow for changes in velocity that may occur if carotid 
tortuosity or stenosis is present. Adjustments in the PRF are 
generally needed in the examination of the carotid bulb 
where the color differentiation scale should be set to visual-
ize the slower  fl ow in the boundary separation zone 
(Fig.  7.11 ). The PRF range is generally adjusted higher to 
detect increased velocity in the region adjacent to the  fl ow 
divider. Similarly, the color PRF should be increased to dis-
play higher velocities detected in the presence of carotid 
stenosis and to avoid aliasing. In the post-stenotic zone, the 
color PRF should be decreased to observe the lower veloci-
ties and  fl ow direction changes in the region of turbulent  fl ow 
just distal to the stenosis. Color PRF should also be decreased 
when occlusion is suspected to detect the preocclusive, low-
velocity, high-resistance signal associated with tight stenosis 
or carotid occlusion and to con fi rm absence of  fl ow at the site 
of the occlusion. The color PRF should also be decreased in 
the presence of a carotid bruit to detect the lower frequencies 
associated with a bruit.  

 Color sensitivity (ensemble length) should be around 12 
in systems where there is an adjustable control. The ensem-
ble length can be increased in regions where more sensitive 
color representation is needed. Keep in mind that the frame 
rate will decrease when the ensemble length is increased. 
The color wall  fi lter should also be set as low as possible, and 
you may need to decrease the wall  fi lter manually when 

decreasing the color PRF. The color wall  fi lter may automati-
cally increase as the PRF is increased. 

 The angle of the color box should also be changed to 
obtain the most accurate Doppler angle between the scan 
lines and the direction of the blood  fl ow. This will yield a 
better color display, secondary to better Doppler angle. The 
color box should be kept to a size that is adequate for visual-
izing the area of interest, and should be kept small enough to 
keep the frame rate at a reasonable number. The color gain 
should be adjusted throughout the examination to detect the 
changing signal strength. If this is not properly adjusted, too 
much color may be displaced or some color information may 
be lost, which may result in seeing color in areas where there 
is no  fl ow. In patients with very low  fl ow or questionable 
carotid occlusion, an overgained level may be advantageous 
to show any  fl ow that may be present. 

 The desaturation of the color from darker to lighter hues 
on the color bar indicates increasing velocities. The colors 
are darkest close to the zero baseline, and as the velocities 
increase, the colors become lighter. Color should be selected 
so that the highest frequency shifts in each direction are of 
high contrast to each other so that you can easily detect alias-
ing, e.g., the color selection can be set so that low to high 
velocities are seen as dark blue to light green to aqua in one 
direction and red to orange to yellow in the opposite direc-
tion. Aliasing in these circumstances would appear as aqua, 
adjacent to yellow. 

 Since the frame rate is affected by the PRF, ensemble 
length, depth, and width of the color box, it should be kept as 
high as possible to capture the rapid change in  fl ow dynamics 
that occurs with carotid stenosis, particularly in the carotid 
bulb region. The frame rate decreases with decreasing PRF, 
and increasing the color ensemble length will also decrease 
the frame rate. Increased color box width and deep insonation 
will also decrease the frame rate.  

  Fig. 7.11    Color duplex ultrasound of the internal carotid artery: notice 
boundary separation zone ( blue color )       
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   Limitations of Duplex Technology 

 Duplex technology of the carotid arteries may be adversely 
affected by the following: acoustic shadowings from 
calci fi cation, soft tissue edema or hematoma, the depth or 
course of the vessel, the size of the neck, and the presence of 
sutures or skin staples. 

 Duplex ultrasonography may also overestimate or under-
estimate the degree of stenoses or plaquing. Underestimation 
of disease can be noted if it fails to appreciate very-low-level 
echoes of soft plaque, or the examiner does not carefully 
interrogate the vessel and misses accelerated  fl ow; or in 
patients with long, smooth plaque formation, which does not 
have the accelerated, turbulent  fl ow pattern usually associ-
ated with the hemodynamically signi fi cant stenoses, or if an 
inappropriate Doppler angle is used (e.g., above 60°). 
Stenoses can also be overestimated when an artifact is mis-
taken for a carotid plaque, if accelerated  fl ow is mistakenly 
attributed to stenosis, if there is vessel tortuosity or kinking, 
and in the presence of signi fi cant stenoses or occlusion on 
the contralateral side. 

 Due to the varying  fi lling phases of the cardiac cycle, car-
diac arrhythmia makes it more dif fi cult to evaluate the  fl ow 
spectra. Also, the  fl ow velocity will be lower in a wider ves-
sel and higher in a narrower vessel at the same  fl ow intensity. 
Therefore, the  fl ow in a wide carotid sinus can easily be dis-
turbed and may incorrectly suggest pathological  fi ndings.  

   Interpretation and Determination of Severity 
of Carotid Stenosis 

 A complete extracranial carotid duplex examination should 
include the following data:
    1.    The peak systolic and end-diastolic velocities of common 

carotid, internal carotid, and external carotid arteries, 
right and left subclavian arteries, and vertebral arteries  

    2.    The internal carotid artery to common carotid artery peak 
systolic velocity ratio  

    3.    Flow direction of the vertebral artery (antegrade or 
retrograde)  

    4.    Analysis of the Doppler spectral waveform of the exam-
ined vessels  

    5.    The presence or absence of plaque and description of its 
morphology     

   B-Mode Imaging Interpretation 

 An echoic area should be evident between the walls of the 
vessel, indicating the absence of pathology, i.e., plaquing, 
whose density usually differs from that of the blood. An 

echoic line indicating the endothelium may be evident at the 
vessel lumen. The following abnormalities can be noted on 
B-mode imaging:
    1.    Fatty streaks: low-level echoes of similar appearance 

(homogeneous) can be detected.  
    2.    Fibrous soft plaque (homogeneous): low- to medium-

level echoes of similar appearance (Fig.  7.12 ).   
    3.    Complex plaque (heterogeneous): low-, medium-, and 

high-level echoes indicating soft and dense areas 
(Fig.  7.13 ). This plaque is a mixture of isoechoic, hyper-
echoic, or hypoechoic plaque.   

    4.    Calci fi cation: very bright, highly re fl ected echoes are 
noted. The acoustic shadowing from calci fi cations pre-
vents a thorough evaluation of the vessel and may result 
in the calculation of an erroneous percentage of stenosis 
(Fig.  7.14 ).   

    5.    Vessel thrombosis: fresh carotid thrombosis may not be 
detected without using Doppler  fl ow sampling since 
fresh thrombus has the same echogenicity of  fl owing 
blood.     
 Carotid plaque morphology is generally characterized 

into smooth (Fig.  7.15 ) or irregular plaques (Fig.  7.16 ) 
according to surface, and homogeneous (Fig.  7.12 ) versus 
heterogeneous (Fig.  7.13 ) according to plaque structure. An 
ulcerative plaque is usually an irregular plaque with a cleft 
within the plaque that can be seen on B-mode imaging 
(Fig.  7.17 ). Further details of carotid plaque morphology 
will be described in Chap.   11    .    

   Estimation of Stenosis Based on B-Mode Imaging 
 Ideally, carotid plaque should be visible from at least two of 
the longitudinal, or sagittal, projections and in the transverse 
view to give a rough estimate of stenosis. Percent diameter 
stenosis equals the ratio of the residual diameter to vessel 
lumen diameter minus 1 multiplied by 100. Percentage of 

  Fig. 7.12    Duplex ultrasound image of the carotid artery showing 
homogeneous plaque ( arrow )       
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a b

  Fig. 7.13    ( a ) Color duplex ultrasound image of the carotid bifurcation showing a complex heterogeneous plaque at the origin of the internal 
carotid artery ( arrow ). ( b ) A duplex ultrasound image of the carotid artery showing a heterogeneous plaque ( arrow )       

  Fig. 7.14    A color duplex ultrasound image of the carotid artery show-
ing a calci fi ed plaque ( arrow ) with acoustic shadowing underneath 
( under the arrow )       

  Fig. 7.15    A color duplex ultrasound image of the carotid artery show-
ing a smooth heterogeneous plaque ( arrow ). The dark center of the 
plaque may represent intraplaque hemorrhage       

  Fig. 7.16    A carotid color duplex ultrasound image showing an irregu-
lar plaque of the proximal internal carotid artery ( arrow )       

  Fig. 7.17    A duplex ultrasound image of the carotid bifurcation show-
ing an ulcerative lesion of the proximal internal carotid artery ( arrow )       

 

 

 

 

 



917 Duplex Scanning of the Extracranial Carotid Arteries

area of stenosis is calculated similarly, except you substitute 
the area for the diameter. The vessel lumen diameter (in lon-
gitudinal view) or area (in transverse view) is measured from 
intima to intima. Then the residual lumen diameter, or area, 
is measured (Fig.  7.18 ). The percent reduction is calculated 
using the above formula. The approximate relationship 
between diameter and area of stenosis is shown in Table  7.1 . 
These values are applicable to circular geometry.   

 A chronic arterial occlusion may be diagnosed using 
B-mode imaging, although Doppler interrogation is essential 
to this diagnosis. Depending on the type of occlusive pro-

cess, the artery may be  fi lled with highly echogenic material 
or be anechoic.   

   Interpretation of Doppler Spectral Analysis 

   Normal Findings 
 The external carotid artery supplies blood to the vascular bed 
that has high peripheral resistance. Therefore, its signal is 
more pulsatile and very similar to the signal from peripheral 
arteries, such as the common femoral artery. As shown in 
Fig.  7.19 , the external carotid artery has a rapid upstroke and 
downstroke with a very low diastolic component. The dia-
stolic notch is clearly seen, and tapping the super fi cial tem-
poral artery causes oscillations in the waveform (Fig.  7.19 ).  

 The internal carotid artery signal is slightly more high 
pitched and continuous than the signal from the external carotid 
artery. The blood  fl ow in the internal carotid artery is less pul-
satile since the brain is a low-resistance vascular bed, with 
increased  fl ow during diastole. As shown in Fig.  7.20 , the 
waveform of the internal carotid artery has a rapid upstroke 
and downstroke with a high diastolic component. A diastolic 
notch may not be evident. The common carotid artery, mean-
while, has a  fl ow characteristic of both the internal and external 
carotid arteries (Fig.  7.21 ). Since most of the  fl ow of the com-
mon carotid artery (close to 80%) enters the internal carotid 
artery, which has low-resistance  fl ow, the  fl ow in the common 
carotid artery usually shows a low-resistance pattern with a 
rapid systolic upstroke and forward  fl ow through diastole.   

 Spectral waveforms must be obtained from the proximal 
(bulb), mid, and distal cervical internal carotid artery seg-
ments. The normal proximal ICA (the bulb), which is gener-
ally larger than the mid/distal ICA, will have characteristic 

  Fig. 7.18    Calculation of area reduction percent stenosis. This image 
re fl ects the greatest stenosis in transverse diameter. An elliptical mea-
surement of the arterial lumen is taken. Then an elliptical trace of the 
residual lumen is made. The percent area reduction is calculated by the 
duplex machine. To calculate the diameter reduction percent stenosis, a 
similar calculation is performed with the vessel in longitudinal view       

  Fig. 7.19    Color duplex ultrasound image of an external carotid artery. 
Note that the external carotid artery has a rapid upstroke and down-
stroke with a very low diastolic component. The diastolic notch is 
clearly seen, and tapping of the super fi cial temporal artery causes oscil-
lations in the waveform ( bottom right )       

   Table 7.1    % Diameter stenosis versus % area stenosis a    

 % Stenosis by: 

 Diameter stenosis  Area reduction 
 0  0 
 10  19 
 11  36 
 30  51 
 40  64 
 50  75 
 60  84 
 70  91 
 80  96 
 90  99 
 100  100 

     

( )
( )

%Diameter stenosis %Ds

100 1 inner diameter/outer diameter= ´ -é ùë û    

     
( ) ( )%Area stenosis %As 100 1 inner area / outer area= ´ -é ùë û    

     
2%As 100 100 (1 %DS/100)= - ´ -

   

   a Assuming concentric circle  
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 fl ow. Unidirectional  fl ow patterns are normally found in the 
carotid bulb, along the  fl ow divider of the carotid bifurcation, 
and because there is transient reversal of  fl ow at peak systole 
near the center stream and at the outer wall opposite to the 
 fl ow divider, this area of reverse  fl ow is often seen in color 
Doppler and commonly called an area of boundary layer 
separation or  fl ow separation. Flow velocities along the outer 
wall and the separation zone may drop to zero at the end of 
the diastole. This normal  fl ow pattern is used in conjunction 
with the absence of visible plaque on B-mode imaging to 
indicate a normal carotid bulb. 

 In a pulsed Doppler tracing, and because the sample vol-
ume would be more precisely placed in a center stream, the 

signals will have a narrow band of frequencies in systole 
with a blank area under that narrow band. The narrow band 
is called the spectral envelope; the blank area is called the 
frequency window or spectral window. The presence of these 
features is generally seen in laminar  fl ow (Fig.  7.22 ). In con-
trast, in continuous-wave Doppler, because of the inability to 
regulate sample size or depth, a frequency window is not 
clear (Fig.  7.23 ).    

   Abnormal Findings 
 The auditory signal from a stenotic vessel is characterized by 
a higher than normal pitch, with a very high-pitched hissing 
or squealing type of signal evident at signi fi cant stenosis. 
The waveform from a stenotic vessel has a higher than nor-
mal amplitude because of the accelerated  fl ow through the 
stenosis (Fig.  7.24 ). The very high-pitched hissing signal 
that is evident at a signi fi cant stenosis has a higher than nor-
mal amplitude in systole and diastole. In a spectral analysis, 
the band evident along the top of the waveform during sys-
tole may  fi ll in the spectral window to create the spectral 
broadening that is consistent with turbulent  fl ow (Fig.  7.24 ). 
As seen in Fig.  7.24 , the more signi fi cant the stenosis, the 
greater the increase in systolic and diastolic frequencies. In 
severe stenoses, there will be complete loss of the window. 
Distal to a stenosis, disturbed  fl ow patterns are evident, i.e., 
dampened monophasic  fl ow (turbulence). Immediately prox-
imal to severe stenosis, the spectral waveform is dampened, 
and velocities are usually decreased with increased velocities 
within the stenosis and remain elevated with turbulent  fl ow, 
which is re fl ected as spectral broadening just distal to the 
stenosis. It should be noted that an absent signal may suggest 

  Fig. 7.20    Color duplex ultrasound image of the internal carotid artery. 
Note that the waveform of the internal carotid artery has a rapid upstroke 
and downstroke with a high diastolic component. The diastolic notch 
may not be evident       

  Fig. 7.21    A color duplex ultrasound image of the common carotid 
artery. The common carotid artery signal has a  fl ow characteristic of 
both the internal and external carotid arteries       

1

2
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  Fig. 7.22    Spectral analysis of pulsed Doppler waveform:  1  spectral 
envelope,  2  peak systole,  3  dicrotic notch,  4  diastole       
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occlusion; however, a tight stenosis cannot be ruled out since 
blood  fl ow may be dif fi cult to detect with velocities of less 
than 6 cm/s.  

 Occlusion of the internal carotid artery (Fig.  7.25 ) is 
 usually associated with a loss of the diastolic component 
in the ipsilateral common carotid artery. If the contralateral 
common carotid and internal carotid arteries are serving as 
collateral pathways, increased systolic and diastolic velocities 

  Fig. 7.23     Left : continuous-wave Doppler signal. Note the absence of a frequency window.  Right : in contrast the pulsed wave Doppler signal has 
a frequency window       

0
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0 0
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  Fig. 7.24    Waveforms from a normal vessel ( a ) in contrast to a mildly 
stenotic vessel ( b ) and a severely stenotic vessel ( c ). See text for a more 
detailed description       

  Fig. 7.25    A color duplex ultrasound image of a patient with occlusion 
of the internal carotid artery, which is usually associated with a loss of 
the diastolic component in the ipsilateral common carotid artery 
( bottom )       
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may be evident in these arteries. If a carotid siphon stenosis 
is present, high-resistance  fl ow patterns may be evident in 
the extracranial internal carotid artery. Flow characteristics 
from one side must be compared with those on the other as 
well as those in proximal to distal segments of the ipsilateral 
carotid system. Generally, this test is somewhat limited in 
patients with poor cardiac output or stroke volume, which 
may result in bilaterally diminished common carotid artery 
velocities. Unilateral reduction of velocities may suggest 
proximal disease, such as innominate or common carotid 
artery stenoses.    

   Determination of Disease Severity Using Doppler 
Spectral Analysis 

 Identi fi cation of disease in the carotid system uses both 
qualitative and quantitative data. Careful attention to unusual 
echoes on the image serves as a qualitative guide to the 
presence of disease at sites where careful scrutiny with a 
Doppler component should be performed. The changes in 
spectra obtained from the common, internal, and external 
carotid arteries provide quantitative information for the 
determination of the severity of disease in these locations. 
This is probably best considered by describing the normal 
and abnormal spectra generated in various anatomical loca-
tions by disease of varying severity, according to the 
University of Washington criteria  [  11  ] . These original crite-
ria by the University of Washington are described in the fol-
lowing sections (Table  7.2 ) since they are still commonly 
used in the United States and they have been the foundation 
for interpretation of carotid artery stenosis. However, later 
in this chapter, you will  fi nd that other authorities modi fi ed 
these criteria to be compatible with the indication for carotid 
endarterectomy as proposed by the North American 
Symptomatic Carotid Endarterectomy Trial (NASCET) and 

Asymptomatic Carotid Atherosclerosis Study (ACAS) 
trials.  

   Normal Internal Carotid Spectra or Minimal Disease 
(0–15% Stenosis) 
 The characteristic features of normal internal carotid artery 
spectra are shown in Fig.  7.2 . The peak systolic velocity is 
<125 cm/s with minimal degrees of spectral broadening dur-
ing the initial deceleration phase of systole, followed by mild 
spectral broadening during diastole. The velocities are always 
in the forward direction, and, therefore, the frequencies 
depicted on the scale are always above the zero line. The 
velocity envelope during systole is relatively narrow and dis-
plays a large clear window area under the systolic curve. 
Correlation with arteriographic  fi ndings has supported the 
view that this type of waveform may also be generated with 
minimal disease up to 15–20% diameter reduction, and, 
therefore, identi fi cation of this type of waveform con fi rms 
the presence of either a normal vessel or one in which only 
minimal disease is present. Figure  7.26  is a color duplex 
imaging of a normal common carotid artery, an internal 
carotid artery, and an external carotid artery.   

   Mild Stenosis (16–<50%) 
 As noted in the discussion regarding  fi ndings with animal 
studies, it is over the range of mild stenosis that spectral broad-
ening changes in both magnitude and timing, and it is the pres-
ence of spectral broadening in systole, particularly during the 
deceleration phase, which is characteristic of the spectra gen-
erated by the presence of mild disease. As shown in Fig.  7.27 , 
the peak systolic velocity of <125 cm/s and spectral broaden-
ing is also present during diastole, although it may be of 
greater magnitude than seen in the normal. Again, velocity is 
always in the forward direction, and therefore, the frequen-
cies, even during diastole, are above the zero frequency line.   

   Moderate to Severe Disease (50–<80% Stenosis) 
 As the lesion becomes progressively more occlusive (50–
<80% diameter reduction), the velocity of the red blood cells 
traversing the stenosis increases, producing an increase in 
peak velocity at systole (Fig.  7.28 ). A peak systolic velocity 
of >125 cm/s and an end-diastolic velocity of <125 cm/s are 
characteristic of this stenosis.   

   Tight Stenosis (80–99%) 
 With the development of high-grade lesions in excess of 80% 
diameter reduction, the end-diastolic velocity increases (a 
peak systolic velocity of  ³ 125 cm/s and an end-diastolic 
velocity of  ³ 125 cm/s) so that the ratio between peak fre-
quency at systole and peak frequency at diastole falls, pro-
viding an accurate method of identifying these high-grade 
lesions. Diffuse spectral broadening is also present during 

   Table 7.2    Strandness criteria   

 Stenosis/occlusion 

 Normal  PSV < 125 cm/s 
 No spectral broadening 

 1–15% Stenosis  PSV < 125 cm/s 
 Minimal spectral broadening 

 16–49% Stenosis  PSV < 125 cm/s 
 Marked spectral broadening 

 50–79% Stenosis  PSV  ³  125 cm/s 
 EDV < 140 cm/s 
 Marked spectral broadening 

 80–99% Stenosis  PSV  ³  125 cm/s 

 EDV  ³  140 cm/s 
 Post-stenotic turbulence 

 Occlusion  No  fl ow 
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a

c

b

  Fig. 7.26    ( a ) A color duplex ultrasound image showing a normal com-
mon carotid artery with a normal Doppler spectra ( bottom of  fi gure ). ( b ) 
A color duplex ultrasound image of the carotid bifurcation showing a 
normal internal carotid artery with a normal Doppler spectra ( bottom of 
 fi gure ). ( c ) A color duplex ultrasound image of the carotid bifurcation 
showing a normal external carotid artery with a normal Doppler spectra 
( bottom of  fi gure )       

a

b

  Fig. 7.27    ( a ) A color duplex ultrasound image showing mild plaquing 
(15–<50% stenosis) of the internal carotid artery ( arrow ). ( b ) The same 
patient in ( a ) showing internal carotid artery Doppler spectra associated 
with mild stenosis       

  Fig. 7.28    A color duplex ultrasound image of an internal carotid artery 
showing Doppler spectra of severe stenosis (50–<80%). The peak sys-
tolic velocity on this patient was 218.4 cm/s with an end-diastolic 
velocity of 71.6 cm/s       
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the whole of the cycle, and with these lesions, the diastolic 
velocity at the lower frequencies approaches zero 
(Fig.  7.29 ).   

   Internal Carotid Occlusion 
 Occlusion of the internal carotid artery (Fig.  7.30 ) is recog-
nized by imaging a vessel in the characteristic anatomical 
location of the internal carotid artery with no detectable 
Doppler signal. It is important to ensure that the internal 
carotid artery is being examined, and as part of this evalua-
tion, visualization of the external carotid artery is mandatory. 
The differentiation between the internal and external carotid 
arteries is made by visualization of the superior thyroid artery 
branch. Changes in the real-time spectra produced by com-
pression of the super fi cial temporal artery that increases the 
out fl ow resistance usually result in a decrease in peak sys-
tolic frequency. Other feature characteristic of occlusion is 
the presence of frequencies to the zero baseline, or even neg-
ative frequencies, indicative of  fl ow reversal obtained from 
the common carotid artery low in the neck  [  12  ] . When the 
internal carotid artery is occluded, the ipsilateral common 
carotid artery assumes a velocity pattern similar to that of the 
external carotid artery, and the external carotid artery may 
assume  fl ow characteristics of the internal carotid artery, i.e., 
high diastolic component.  

 Common carotid artery occlusion can also be diagnosed 
by color duplex ultrasound. Figure  7.31  shows retrograde 
 fl ow of the external carotid artery and antegrade  fl ow of the 
internal carotid artery.  

 Occlusions are periodically missed due to changes in 
physiologic parameters attendant upon the presence of inter-
nal carotid artery occlusions. Figure  7.32  shows the arterio-

gram and spectra obtained from a patient in whom internal 
carotid occlusion was missed because the external carotid 
artery was a major source of collateral blood  fl ow to the mid-
dle cerebral artery and, as such, developed the spectral 
changes characteristic of a high-grade internal carotid steno-
sis. Errors such as this can be avoided by careful evaluation 
of the image for the presence of branches originating from 
the vessel being examined and the change in the velocity 
pro fi le induced by super fi cial temporal artery compression.   

   The Role of Power Doppler and Carotid 
Artery Occlusion 
 Power Doppler ultrasound displays an estimate of the entire 
power contained in that part of the received radio frequency 
ultrasound signal for which a phase shift corresponding to 
motion of the target is detected; in contrast, conventional 
color Doppler imaging displays Doppler frequency shift 
information. In a recent study by us  [  13  ] ,  fi ve out of six 
patients (83%) who were felt to have total carotid occlusion 
by conventional color duplex were con fi rmed to have subto-
tal occlusion by adding power Doppler imaging (Fig.  7.33 ).  

 Other clinicians, primarily radiology colleagues, use 
Zwiebel criteria  [  14  ] , which are summarized in Table  7.3 .   

   External Carotid Artery Disease (High-Grade 
Stenosis) 
 Lesions producing a greater than 50% diameter reduction of 
the external carotid artery are identi fi ed by the presence of 
peak frequencies in excess of 4.5 kHz (>125 cm/s) associ-
ated with diffuse spectral broadening (Fig.  7.34 ). The overall 
shape of the waveform with frequencies in the negative range 
remains normal.     

a b

  Fig. 7.29    ( a ) A color duplex ultrasound image of the internal carotid 
artery showing Doppler spectra of tight stenosis (80–99%). The peak 
systolic frequency was 15.7 kHz with an end-diastolic frequency of 
5.06 kHz. ( b ) A color duplex ultrasound image of an internal carotid 

artery showing Doppler spectra of tight stenosis (80–99%). The peak 
systolic velocity was 501.3 cm/s with an end-diastolic velocity of 
150.4 cm/s       
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   Duplex Classi fi cation for Threshold Stenoses 
Used in Various Symptomatic and 
Asymptomatic Carotid Endarterectomy 
Trials  [  15  ]  

 Based on the duplex criteria, many laboratories, including 
our own, classi fi ed internal carotid artery stenosis into cate-
gories patterned after those used at the University of 
Washington  [  11  ] : normal, 1–15% stenosis, 16–49% stenosis, 
50–79% stenosis, 80–99% stenosis, and total occlusion. 
While these classi fi cations have been useful clinically in the 
past, they do not correlate with threshold stenoses utilized in 
the recent trials investigating symptomatic (NASCET)  [  16  ]  
and asymptomatic (ACAS)  [  17  ]  carotid artery diseases. With 
the publication of the NASCET  fi ndings showing conclusive 
bene fi t of carotid endarterectomy for symptomatic patients 

with 70–99% stenosis and also for those with  ³ 50–<70% 
stenosis, several recent studies have attempted to develop 
duplex criteria to identify patients with  ³ 50% and  ³ 70% 
carotid stenosis  [  18–  21  ] . With the subsequent report from 
the ACAS group  [  22  ]  showing signi fi cant bene fi t of carotid 
endarterectomy in asymptomatic patients with  ³ 60% steno-
sis, others  [  23–  26  ]  reported optimal duplex criteria for 
detecting  ³ 60% stenosis. 

 It should be noted that the 5-year absolute risk reduction rate 
for ipsilateral stroke in the ACAS study was only 5.8%. 
Therefore, the duplex criteria for screening  ³ 60% internal 
carotid artery stenosis should have a high positive predic-
tive value since these patients are likely to undergo inva-
sive carotid angiography and/or carotid endarterectomy. 
This, along with increasing reports advocating carotid 
 endarterectomy based on carotid duplex results alone, 

a

c

b

  Fig. 7.30    ( a ) A common carotid artery Doppler spectra produced by 
occlusion of the ipsilateral internal carotid artery. Peak frequency is not 
abnormally high, but the characteristic feature is the presence of reverse 
 fl ow in diastole. ( b ) Internal carotid artery occlusion in longitudinal view 

(no color  fl ow). ( c ) Internal carotid artery occlusion in transverse (no 
color  fl ow in power Doppler [ arrow ]; color  fl ow is seen in external 
carotid artery)       
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a

c d

b

  Fig. 7.31    ( a ) Right common carotid artery occlusion in longitudinal view. ( b ) Right common carotid artery occlusion in transverse view. 
( c ) Retrograde  fl ow in external carotid artery. ( d ) Antegrade  fl ow in internal carotid artery       

  Fig. 7.32    Arteriogram ( left ) and Doppler spectra ( right ) obtained from 
a missed internal carotid occlusion showing the external carotid artery 
functioning as a major collateral to the middle cerebral vessels. The 
spectra show peak frequencies in excess of 4.5 kHz in association with 

spectral broadening and no  fl ow reversal. This appearance is produced 
by the low-resistance out fl ow bed of the external carotid into the middle 
cerebral artery       
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 without preoperative arteriography  [  27,   28  ] , prompted us to 
identify and evaluate new duplex velocity criteria for threshold 
stenoses used in various symptomatic and asymptomatic carotid 
endarterectomy trials (NASCET, ACAS, and VA studies). In 
addition, we identi fi ed the best duplex criteria that yielded a 
high positive predictive value ( ³ 95%) for the threshold level of 
asymptomatic internal carotid artery stenosis of  ³ 60%, there-
fore minimizing unnecessary arteriography with its associated 
risk of stroke. We also identi fi ed the best duplex criteria that 
provided a high negative predictive value for the threshold level 
of symptomatic internal carotid artery stenosis of  ³ 70% to min-
imize missing patients who would bene fi t the most from a 

carotid endarterectomy. We analyzed 231 patients (462 arter-
ies) who underwent both carotid color duplex scanning and 
arteriography from January 1992 to December 1994  [  26  ] . 

 Data derived from receiver operator curves were used to 
calculate the sensitivity, speci fi city, positive predictive value, 
negative predictive value, and overall accuracy of selected 
internal carotid artery peak systolic velocities, internal 
carotid artery end-diastolic velocities, and ratio of the peak 
systolic velocity of the internal carotid artery to the peak sys-
tolic velocity of the common carotid artery in detecting 
 ³ 30%,  ³ 50%,  ³ 60%, and  ³ 70–99% angiographic internal 
carotid artery stenosis. 

a b

  Fig. 7.33    ( a ) Color duplex imaging of a right internal carotid artery suggesting total occlusion ( arrow ). ( b ) Power Doppler image of same artery 
showing string sign ( arrow ), i.e., subtotal occlusion       

   Table 7.3    Zwiebel criteria for carotid stenosis   

 0  ICA PSV < 110 cm/s 
 EDV < 40 cm/s 
 PSV ICA/CCA < 1.8 
 Spectral broadening < 30 cm/s 

 1–39% Stenosis  PSV < 110 cm/s 
 EDV < 40 cm/s 
 Ratio < 1.8 
 Spectral broadening < 40 cm/s 

 40–59% Stenosis  PSV < 130 cm/s 
 EDV < 40 cm/s 
 Ratio < 1.8 

 60–79% Stenosis  PSV > 130 cm/s 
 EDV > 40 cm/s 
 Ratio > 1.8 

 80–99% Stenosis  PSV > 250 cm/s 
 EDV > 100 cm/s 
 Ratio > 3.7 

 Occlusion  No  fl ow 

  Fig. 7.34    Doppler spectra produced by high-grade stenosis of external 
carotid arteries. This patient has a peak systolic velocity of 434.5 cm/s. 
Flow in diastole reaches the zero baseline       
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 Table  7.4  correlates the results obtained with the new pro-
posed criteria to the percentage of angiographic stenoses in 
404 carotid arteries.  

 The optimal duplex values that provide the best positive 
predictive value ( ³ 95%) and have a good overall accuracy in 
detecting  ³ 60–99% and  ³ 70–99% internal carotid artery 
stenoses are listed in Table  7.5 , and the optimal duplex val-
ues that provide the best negative predictive value ( ³ 95%) 
and a good overall accuracy in detecting  ³ 60–99% and  ³ 70–
99% internal carotid artery stenoses are shown in Table  7.6 .   

 In choosing our criteria for peak systolic velocity and end-
diastolic velocity, we chose the values that gave the highest 
overall accuracy. Which criteria to use is therefore dependent 
on the “outcome” desired by the clinician. Although some 

surgeons have advocated carotid endarterectomy based on 
duplex criteria alone  [  27,   28  ] , the decision to proceed with an 
arteriogram is based on the duplex  fi ndings in the majority of 
patients. The mortality and morbidity of arteriography vary 
from institution to institution, but can be signi fi cant  [  22,   29  ] . 
We propose that vascular laboratories at institutions with 
signi fi cant morbidity in relation to carotid arteriography use 
duplex criteria with a  ³ 95% positive predictive value and the 
best overall accuracy in order to minimize the number of 
patients undergoing unnecessary arteriography (Table  7.5 ). 
These criteria can also be  utilized when carotid endarterec-
tomy is performed without  preoperative arteriography. In 
those institutions where arteriography does not signi fi cantly 
add to the morbidity of the overall treatment of carotid 

   Table 7.4    Accuracy of color duplex ultrasound based on the new criteria   

 Duplex criteria (% stenosis)  Sensitivity (%)  Speci fi city (%)  PPV (%)  NPV (%)  Overall accuracy (%) 

 ICA PSV > 120 cm/s (<30% vs.
 ³ 30% stenosis) 

 93  67  90  77  87 

 ICA PSV  ³  140 cm/s (<50% vs.
 ³ 50% stenosis) 

 92  95  97  89  93 

 ICA PSV > 150 and EDV  ³ 
65 cm/s (<60% vs.  ³ 60%
stenosis) 

 82  97  96  86  90 

 ICA PSV > 150 and EDV  ³ 
90 cm/s (<70% vs.  ³ 70%
stenosis) 

 85  95  91  92  92 

   Table 7.5    Selected optimal criteria with best PPV ( ³ 95%) and overall accuracy in detecting  ³ 60–99% and 70–99% stenosis   

 PPV (%)  Overall accuracy (%)  Sensitivity (%)  Speci fi city (%)  NPV (%) 

  Best PPV for   60% ICA stenosis  

 ICA PSV  ³ 220 cm/s  96  82  64  98  76 

 ICA EDV  ³  80 cm/s  96  87  79  97  84 

 ICA/CCA PSV ratio  ³  4.25  96  71  41  99  65 

 ICA PSV and EDV 150, 65 a   96  90  82  97  86 
  Best PPV for   70% ICA stenosis  

 ICA PSV  ³  300 cm/s  97  80  48  99  76 

 ICA EDV  ³  110 cm/s a   100  91  75  100  87 

 ICA/CCA PSV  ³  none  –  –  –  –  – 

 ICA PSV and EDV 150, 110 a   100  91  75  100  87 

   a These values have the best PPV and overall accuracy  

   Table 7.6    Selected optimal criteria with best NPV  ³ 95% and overall accuracy in detecting  ³ 60–99% and 70–99% stenosis   

 NPV (%)  Overall accuracy (%)  Sensitivity (%)  Speci fi city (%)  PPV (%) 

  Best NPV for   60% stenosis  

 ICA PSV  ³  135 cm/s a   99  80  99  64  71 

 ICA EDV – none  –  –  –  –  – 

 ICA/CCA PSV ratio  ³  1.62  95  71  97  47  62 

 ICA PSV and EDV – none  –  –  –  –  – 
  Best NPV for   70% ICA stenosis  

 ICA PSV  ³  150 cm/s a   99  80  99  69  65 

 ICA EDV  ³  60 cm/s  96  83  94  77  71 

 ICA/CCA PSV  ³  none  –  –  –  – 

 ICA PSV and EDV – none  –  –  –  –  – 

   a These values have the best NPV and overall accuracy  
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   Table 7.7    Comparison of several studies correlating angiographic 50–69%, 60–99%, and 70–99% ICA stenosis with duplex scanning   

 Duplex scanning 

 Criteria (reference)  Number of 
ICAs 

 Ultrasound system  Accuracy (%)  Sensitivity (%)  Speci fi city (%)  PPV (%)  NPV (%) 

  30–49% stenosis  

 PSV  ³  120 cm/s  [  14  ]   462  ATL, UM9 (HDI)  87  93  67  90  77 

  50–69% stenosis  
 PSV > 140 cm/s  [  14  ]   462  ATL, UM9 (HDI)  93  92  95  97  89 

 PSV  ³  130 cm/s and EDV
 £ 100 cm/s  [  18  ]  

 120  Acuson 128  97  92  97  93  99 

  60–99% stenosis  

 PSV  ³  150 cm/s and EDV  ³  
65 cm/s  [  14  ]  

 462  ATL, UM9 (HDI)  90  82  97  96  86 

 PSV  ³  130 cm/s and EDV  ³  
40 cm/s  [  19  ]  

 120  Acuson 128  80  97  72  62  98 

 PSV  ³  260 cm/s and EDV  ³  
70 cm/s  [  23  ]  

 352  Acuson 128, ATL, 
UM9 

 90  84  94  92  88 

 PSV  ³  290 cm/s and EDV  ³  
80 cm/s  [  23  ]  

 88  78  96  95  84 

  70–99% stenosis  

 PSV  ³  150 cm/s and EDV  ³  
90 cm/s  [  14  ]  

 462  ATL, UM9 (HDI)  92  85  93  91  92 

 PSV  ³  130 cm/s and EDV  ³  
100 cm/s  [  18  ]  

 770  QAD 1, QAD 
2000 

 95  81  98  89  96 

 PSV  ³  270 cm/s and EDV  ³  
110 cm/s  [  19  ]  

 120  Acuson 128  93  96  91  –  – 

 PSV  ³  325 cm/s  [  20  ]   184  Acuson 128  88  83  91  80  92 

 ICA/CCA PSV ratio  ³  4.0  [  20  ]   88  91  87  76  96 

 PSV  ³  130 cm/s and EDV  ³  
100 cm/s a   [  21  ]  

 914  QAD 2000  95  87  97  89  96 
 Phillips P700 

 PSV  ³  130 cm/s and EDV  ³  
100 cm/s b   [  21  ]  

 93  78  97  88  94 

   Abbreviations :  PPV  positive predictive value,  NPV  negative predictive value,  PSV  peak systolic velocity,  ICA  internal carotid artery,  CCA  common 
carotid artery,  EDV  end-diastolic velocity 
  a Prospective validation of criteria developed in Faught et al.  [  18  ]  including ICA occlusions 
  b Analysis of criteria developed in Faught et al.  [  18  ]  excluding ICA occlusion  

 disease, we suggest using the criteria described in Table  7.6 . 
These criteria have the highest negative predictive value to 
ensure that only a minimum number of patients with  ³ 60% 
or  ³ 70% stenoses are missed. 

 This duplex classi fi cation would  fi t into the existing trials 
(NASCET, ACAS, and VA). By reporting results using these 
criteria, the clinician will be better able to make decisions 
regarding the need for carotid endarterectomy or arteriogram 
based on the risks and bene fi ts for individual patients. With 
the added risks of arteriography, decisions to operate would 
be better based on duplex  fi ndings alone. Having positive 
predictive values ranging from 90% to 97% and accuracies 
of 87–93% can eliminate many unnecessary arteriograms or 
other invasive imaging. 

 It is important to note that the data obtained by individual 
vascular laboratories will vary across the country. Differences 
in equipment, abilities and consistencies of vascular techni-
cians, and reader interpretations will cause variabilities from 
laboratory to laboratory  [  30  ] . Therefore, each laboratory must 
adapt a method that employs the equipment it uses and has vali-
dated its method when using proposed new duplex criteria. 

 Other studies have sought to reconcile these trials 
(NASCET, European Carotid Surgery Trial [ECST], and 
ACAS) with duplex criteria  [  18–  21,   24,   26  ] . A summary of 
these studies can be found in Table  7.7 . As noted in this table, 
different overall accuracies were reported according to each 
technique and according to speci fi c duplex criteria. This can 
be partially explained by the differences in scanning tech-
niques, technologists’ experience, angle of insonation, or 
different ultrasound systems. It has been shown that linear 
array transducers may overestimate peak systolic velocity in 
a  fl ow phantom  [  31  ] .  

   Accuracy of Duplex Scanning in the Detection 
of Carotid Stenosis and Severity 

 Various clinical studies have reported an overall accuracy of 
80–97% in diagnosing carotid artery stenosis  [  15,   18–  21, 
  32–  39  ] . Tables  7.7  and  7.8  summarize some of these studies.  

 The UK Health Technology Assessment (HTA) published 
a meta-analysis in 2006 of studies evaluating the accuracy of 
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noninvasive imaging and concluded that although contrast-
enhanced magnetic resonance angiography was the most 
accurate imaging modality overall, it was limited by unavail-
ability, inaccessibility, and delays. Therefore, they con-
cluded that color duplex ultrasound remained the preferred 
imaging modality for identifying patients with 70–99% 
stenosis  [  50  ] . 

 This recommendation was based on several factors, 
including low cost, a much higher number of strokes likely to 
be prevented in the long term by the rapid availability of 
carotid duplex ultrasound in contrast to other imaging, and 
the good sensitivity of imaging in detecting signi fi cant steno-
sis. However, the HTA highlighted the concern about the 
accuracy of duplex ultrasound in diagnosing 50–69%, which 
carries a sensitivity of only 36%, with a speci fi city of 91% 
 [  50  ] . Because of which, other combined imaging was recom-
mended for this category of stenosis. 

   Carotid Duplex Consensus Criteria for Grading 
Carotid Artery Stenosis 
 Accreditation of noninvasive vascular laboratories, in gen-
eral, has resulted in an increased degree of standardization of 
carotid duplex ultrasound examinations; however, a wide 
range of practice patterns still exist. Clinicians have relied on 
published institutional experience for interpreting carotid 
duplex ultrasounds at their institutions. Because of this, a 
panel of experts from several medical specialties convened 
in October 2002 in San Francisco, California, under the aus-
pices of the Society of Radiologists in Ultrasound to arrive at 
a consensus regarding the performance of Doppler ultra-
sound to aid in the diagnosis of internal carotid artery (ICA) 
stenosis. This panel of experts recommended a cutoff ICA 
PSV of  ³ 125 and  ³ 230 cm/s for predicting angiographic 
>50% stenosis and >70% ICA stenosis, respectively  [  51  ] . It 
should be noted that the recommended criteria in the Society 

   Table 7.8    Accuracy of carotid duplex ultrasound compared to arteriography in recent series   

 Author (year)  Carotids/patients  Stenosis (%)  Sensitivity (%)  Speci fi city (%) 

 Serfaty et al. (2000)  [  40  ]   46/169  Occlusion  100  90 
 Hood et al. (1996)  [  21  ]   457/170  100  99 
 White et al. (1994)  [  41  ]   120/171  80  100 
 Turnipseed et al. (1993)  [  42  ]   34/172  100  100 
 Riles et al. (1992)  [  43  ]   75/173  100  100 
 Riles et al. (1992)  [  43  ]   75/173   ³ 80  85  80 

 UK Health (2006)  [  50  ]   Meta-analysis   ³ 70  89  84 

 Nederkoorn et al. (2002)  [  38  ]   313/313  88 
 MacKenzie et al. (2002)  [  39  ]   375/192  81  89 
 Johnson et al. (2000)  [  44  ]   76/174  65  95 
 Serfaty et al. (2000)  [  40  ]   46/169  64  97 
 Anderson et al. (2000)  [  35  ]   80/40  82  71 
 Back et al. (2000)  [  36  ]   74/40  90  74 
 AbuRahma et al. (1998)  [  7  ]   462/231  85  95 
 Huston et al. (1998)  [  33  ]   100/50  97  75 
 Link et al. (1997)  [  45  ]   56/176  87  98 
 Hood et al. (1996)  [  21  ]   457/457  87  97 
 Patel et al. (1995)  [  32  ]   176/88  94  83 
 Bray et al. (1995)  [  46  ]   128/177  85  96–97 
 Patel et al. (1995)  [  32  ]   171/178  94  83 
 Turnipseed et al. (1993)  [  42  ]   34/172  94  89 
 Bluth et al. (2000)  [  47  ]   40/179   ³ 60  62  100 

 Jackson et al. (1998)  [  48  ]   99/180  89  92 
 White et al. (1994)  [  41  ]   120/171  73  88 
 Walters et al. (1993)  [  49  ]   102/181  88  88 
 Johnston et al. (2001)  [  37  ]   452   ³ 50  87 

 Back et al. (2000)  [  36  ]   74/40  100  72 
 Anderson et al. (2000)  [  35  ]   80/40  35  87 
 Serfaty et al. (2000)  [  40  ]   46/169  94  83 
 Hood et al. (1996)  [  21  ]   457/170  99.5  89 
 Bray et al. (1995)  [  46  ]   128/177  87–95  96 
 Riles et al. (1992)  [  43  ]   75/173  98  69 
 Technology assessment (2006)  [  50  ]   36  91 
 Belsky et al. (2000)  [  34  ]   92/46  0–100  79  96 
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of Radiologists in Ultrasound report are based on an analysis 
of several published studies and the experience of the panel-
ists and they are not validated criteria. These criteria are 
summarized in Table  7.9 .  

 These criteria were to be used for new laboratories 
requesting applicable criteria for prospective validation. It 
was also recommended for established laboratories, which 
had previously developed their own criteria that were 
outdated. 

 Validation of ultrasound criteria can be dif fi cult since dif-
ferent scanners are used in various laboratories. Therefore, it 
is important for each laboratory to validate its own criteria 
and use these accordingly.    

   Validation of the Carotid Duplex Consensus 
Criteria for Grading Carotid Artery Stenosis 

 Recently, we conducted a study to validate the carotid 
duplex consensus criteria by analyzing 376 carotid arteries 
which had both carotid duplex ultrasound and angiogra-
phy. Receiver operator characteristic curves were used to 
compare peak systolic velocities (PSV), end-diastolic 
velocities (EDV) of the internal carotid artery (ICA), and 
ICA/common carotid artery (CCA) ratios in detecting 
<50%, 50–69% (ICA PSV of 125–230 cm/s), and 70–99% 

(PSV of  ³ 230 cm/s) stenosis according to the consensus 
criteria. 

 The consensus criteria use a PSV of 125–230 cm/s for 
detecting angiographic stenosis of 50–69% stenosis, which 
has a sensitivity (sens.) of 93%, speci fi city (spec.) of 68%, 
and overall accuracy (OA) of 85%. A PSV of  ³ 230 cm/s for 
 ³ 70% stenosis had a sens. of 99%, spec. of 86%, and OA of 
95%. Receiver operator curves showed that the ICA PSV 
was signi fi cantly better (area under the curve [AUC] = 0.97) 
than EDV (AUC = 0.94) or ICA/CCA ratio (AUC = 0.84) 
( p  = 0.036) in detecting  ³ 70% stenosis and  ³ 50% stenosis. 
Using Pearson correlations, a statistical difference was found 
between the correlation of PSV with angiography (0.833, 
con fi dence interval [C.I.] 0.8–0.86), EDV with angiography 
(0.755, C.I. 0.71–0.80), and ICA/CCA systolic ratio with 
angiography (0.601, C.I. 0.53–0.66) ( p  < 0.0001) in detecting 
70–99% stenosis. There was no improvement in accuracy by 
adding the EDV values and/or the ratios to the PSV values. 

 The consensus criteria for diagnosing 50–69% stenosis 
can be signi fi cantly improved by using an ICA PSV of 140–
230 cm/s with a sens. of 94%, spec. of 92%, and OA of 92%. 
The results are summarized in Tables  7.10 ,  7.11 ,  7.12 ,  7.13 , 
and  7.14  and Figs.  7.35 ,  7.36 , and  7.37 .         

 We concluded that the consensus criteria can be accu-
rately used for diagnosing  ³ 70% stenosis; however, the accu-
racy can be improved for detecting 50–69% stenosis if the 
ICA PSV is changed to 140–<230 cm/s  [  52  ] .  

   Effect of Contralateral Stenosis or Occlusion 
on Ipsilateral Carotid Stenosis Duplex Criteria 

 A number of studies in the recent literature have reported 
decreased accuracy of duplex scanning in predicting the 
degree of ipsilateral internal carotid stenosis in the presence 

   Table 7.9    Ultrasound consensus criteria for carotid stenosis   

 Stenosis range  ICA PSV  ICA EDV  ICA/CCA PSV ratio  Plaque 

 Normal  <125 cm/s  <40 cm/s  <2.0  None 
 <50%  <125 cm/s  <40 cm/s  <2.0  <50% diameter reduction 
 50–69%  125–230 cm/s  40–100 cm/s  2.0–4.0   ³ 50% diameter reduction 
 70 – near occlusion  >230 cm/s  >100 cm/s  >4.0   ³ 50% diameter reduction 
 Near occlusion  May be low or undetectable  Variable  Variable  Signi fi cant, detectable lumen 
 Occlusion  Undetectable  Not applicable  Not applicable  Signi fi cant, no detectable lumen 

   Table 7.10    Validation of consensus criteria: duplex ultrasound versus angiographic stenosis   

 Sensitivity  Speci fi city  PPV  NPV  Overall accuracy 

 Consensus normal stenosis  100 (100, 100)  100 (100, 100)  100 (100, 100)  100 (100, 100)  100 (100, 100) 
 Consensus < 50% stenosis  88 (83.6, 91.7)  99 (95.6, 100)  100 (98.7, 100)  68 (58.8, 77.3)  90 (84, 95.9) 
 Consensus 50–69% stenosis  93 (89.3, 96.1)  68 (58.5, 76.9)  86 (82, 90.8)  81 (72.2, 89.2)  85 (77.2, 92.6) 

 Consensus  ³ 70% stenosis  99 (97.7, 100)  86 (80, 92.8)  93 (89.9, 96.5)  98 (95.1, 100)  95 (90.2, 99.1) 

   Table 7.11    Pearson correlation of the consensus criteria   

 Duplex variable 
 Overall correlation 
(CI) 

 Correlation to  ³ 70–99% 
stenosis (CI) 

 Peak systolic velocity  0.81 (0.77, 0.85)  0.833 (0.8, 0.86) 
 End-diastolic velocity  0.7 (0.64, 0.75)  0.755 (0.71, 0.80) 
 Systolic ratio  0.57 (0.49, 0.63)  0.601 (0.53, 0.66) 
 Diastolic ratio  0.54 (0.46, 0.61)  0.60 (0.53, 0.66) 
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   Table 7.14    Sensitivity, speci fi city, and overall accuracy validation of our present standard criteria   

 Sensitivity  Speci fi city  PPV  NPV  Overall accuracy 

 Standard normal stenosis  100 (100, 100)  100 (100, 100)  100 (100, 100)  100 (100, 100)  100 (100, 100) 
 Standard < 50% stenosis  93 (89.8, 96.4)  94 (89.2, 99.1)  98 (95.8, 99.7)  84 (76.1, 90.9)  93 (88.4, 98.3) 
 Standard 50–69% stenosis  96 (94.0, 98.9)  82 (73.6, 89.5)  93 (89.4, 96.1)  90 (84, 96.7)  92 (86.3, 97.9) 
 Standard > 70% stenosis  99 (97.1, 100)  96 (91.9, 99.8)  98 (96.4, 100)  97 (93.4, 100)  98 (94.9, 100) 

of contralateral high-grade stenosis or carotid occlusion 
 [  53–  59  ] . When conventional standard criteria  [  11  ]  were 
applied in this circumstance, the result was an overestima-
tion of the degree of ipsilateral stenosis (up to 48%)  [  58  ] , 
often resulting in incorrect assignment to a higher category 
of disease and thus creating a false-positive interpretation 

 [  53–  59  ] . It has been proposed that this phenomenon occurs 
because of a compensatory increase in  fl ow velocity in the 
ipsilateral carotid system to maintain a stable cerebral circu-
lation via the circle of Willis  [  55  ] . 

 Fujitani et al.  [  58  ]  were the  fi rst to recommend modi fi cation 
of the standard duplex criteria in patients with contralateral 

   Table 7.12    Summary of various velocities and ratios for detecting  ³ 70–99% stenosis   

 Sensitivity  Speci fi city  PPV  NPV  Overall accuracy 

 PSV > 230  99 (97, 100)  86 (79.8, 92.7)  93 (89.9, 96.5)  97 (93.5, 100)  94 (89.7, 98.9) 
 PSV > 240  97 (95, 99.4)  87 (80.2, 93.2)  94 (90.5, 96.9)  94 (89.0, 98.6)  94 (88.9, 98.5) 
  PSV > 280    95  ( 92 . 3 ,  97 . 9 )   93  ( 88 . 4 ,  98 . 5 )   97  ( 95 . 1 ,  99 . 4 )   89  ( 82 . 4 ,  95 )   95  ( 90 . 2 ,  99 . 1 ) 
 Systolic ratio > 2.75  87 (82.8, 91.3)  85 (76.6, 92.6)  95 (91.6, 97.6)  68 (58.8, 77.3)  86 (79.7, 93.3) 
 Systolic ratio > 3  86 (81.3, 90)  91 (84.2, 97.9)  97 (95.1, 99.4)  63 (53.3, 72.5)  87 (80.1, 93.5) 
 Diastolic ratio > 3  87 (82.6, 91.2)  80 (71.9, 89.1)  93 (89.3, 96.2)  68 (58.8, 77.3)  85 (78.2, 92.3) 
 Diastolic ratio > 3.5  86 (81.9, 90.5)  89 (81.4, 96.1)  96 (93.9, 98.8)  65 (55.5, 74.4)  87 (80.1, 93.5) 
 PSV > 230 and EDV > 50  97 (95.0, 99.4)  88 (82.2, 94.6)  95 (91.6, 97.6)  94 (89, 98.6)  94 (89.7, 98.9) 
 PSV > 230 and/or EDV > 90  99 (97, 100)  86 (79.8, 92.7)  93 (89.9, 96.5)  97 (93.5, 100)  94 (89.7, 98.9) 
 PSV > 220 and diastolic ratio > 2.5  88 (84.2, 92.4)  87 (80, 94.7)  95 (92.7, 98.2)  71 (62.1, 80.2)  88 (81.6, 94.5) 
 PSV > 230 and/or diastolic ratio > 5.5  99 (97, 100)  86 (79.8, 92.7)  93 (89.9, 96.5)  97 (93.5, 100)  94 (89.7, 98.9) 
 PSV > 220 and systolic ratio > 2.5  89 (84.8, 92.8)  91 (84.5, 97.3)  97 (94.5, 99.1)  72 (63.3, 81.1)  89 (83.2, 95.5) 
 PSV > 230 and/or systolic ratio > 4.5  99 (96.9, 100)  85 (78.9, 92)  93 (89.3, 96.2)  97 (93.5, 100)  94 (89.3, 98.7) 
 EDV > 50 and systolic ratio > 2.5  88 (84.3, 92.4)  88 (81.4, 95.6)  96 (93.3, 98.5)  71 (62.1, 80.2)  88 (82, 94.8) 
 EDV > 70 and/or systolic ratio > 4  97 (94.2, 99.1)  83 (76.3, 90.4)  92 (88.3, 95.5)  93 (87.6, 97.9)  92 (86.8, 97.5) 
  EDV > 100 and/or systolic ratio > 4    91  ( 87 . 6 ,  94 . 8 )   96  ( 92 ,  100 )   99  ( 97 ,  100 )   78  ( 70 ,  86 . 6 )   92  ( 87 . 2 ,  97 . 7 ) 
  PSV > 230  ( EDV > 100 or systolic ratio > 4 )   91  ( 87 . 7 ,  94 . 8 )   97 ( 93 . 9 ,  100 )   99  ( 97 . 9 ,  100 )   78  ( 70 . 2 ,  86 . 6 )   93  ( 87 . 6 ,  97 . 9 ) 
 Systolic ratio > 2 and diastolic ratio > 3.5  86 (81.6, 90.3)  90 (82.7, 97)  97 (94.5, 99.1)  64 (54.4, 73.5)  87 (80.1, 93.5) 
 Systolic ratio > 3.5 and/or diastolic ratio > 3  87 (83.2, 91.7)  78 (69.5, 86.8)  91 (87.7, 95.1)  70 (61, 79.2)  85 (77.8, 92) 

   Table 7.13    Sensitivity, speci fi city, and overall accuracy for velocity cutoffs for the diagnosis of  ³ 50% and 70–99% stenosis   

 Sensitivity  Speci fi city  PPV  NPV  Overall accuracy 

    50% stenosis  
 PSV > 140  94 (89.7, 98)  91 (87.5, 95.5)  88 (83.1, 93.8)  96 (92.5, 98.6)  92 (88.6, 96.3) 
 PSV > 150  85 (79.7, 91)  94 (90.5, 97.6)  93 (88.4, 97.1)  88 (83, 92.6)  90 (85.5, 94.3) 
  ****     PSV > 137    96  ( 92 . 6 ,  99 . 4 )   91  ( 86 . 6 ,  94 . 8 )   87  ( 81 . 3 ,  92 . 6 )   97  ( 94 . 8 ,  99 . 6 )   93  ( 89 ,  96 . 6 ) 
    70–99% stenosis  
 PSV > 230  99 (97, 100)  86 (79.8, 92.7)  93 (89.9, 96.5)  98 (93.5, 100)  94 (89.7, 98.9) 
 PSV > 240  97 (95, 99.4)  87 (80.2, 93.2)  94 (90.5, 96.9)  94 (89, 98.6)  94 (88.9, 98.5) 
  ****PSV > 252    97  ( 95 . 1 ,  99 . 4 )   91  ( 85 . 4 ,  96 . 6 )   96  ( 93 . 3 ,  98 . 5 )   94  ( 89 ,  98 . 6 )   95  ( 91 . 1 ,  99 . 5 ) 
 PSV > 280  95 (92.3, 97.9)  93 (88.4, 98.5)  97 (95.1, 99.4)  89 (82.4, 95)  95 (90.2, 99.1) 
 EDV > 70  96 (93.1, 98.5)  85 (77.7, 91.6)  93 (89.3, 96.2)  91 (85, 96.5)  92 (86.8, 97.5) 
  ****EDV >  87    93  ( 89 . 9 ,  96 . 4 )   95  ( 90 . 8 ,  99 . 8 )   98  ( 96 . 4 ,  100 )   84  ( 76 . 1 ,  90 . 9 )   94  ( 88 . 9 ,  98 . 5 ) 
  ***Values with the best overall accuracy  
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internal carotid occlusion. However, in this study, only the 
effect of the contralateral total carotid occlusion was studied. 
Patients with less than total occlusion of the contralateral 
artery were excluded from the study population. 

 The recognition of this phenomenon as consistent and 
clinically signi fi cant led us to undertake a retrospective study 
to compare the accuracy of various existing duplex criteria 
(standard  [  11  ] , Fujitani  [  58  ] , internal carotid artery/common 
carotid artery ratio [ICA/CCA]  [  60  ] ) used in grading ipsilat-
eral carotid stenosis in patients with contralateral high-grade 
stenosis or occlusion. In addition, we propose new modi fi ed 
duplex criteria that we believe to be superior to the existing 
criteria in terms of overall accuracy. These criteria are sum-
marized in Table  7.15 .  

 These criteria were developed because of our dissatisfac-
tion with the results of the standard method in grading ipsilat-
eral stenosis in the presence of severe contralateral disease. 

 One hundred and seventy-eight patients (356 arteries) were 
identi fi ed as having signi fi cant (>50%) internal carotid artery 
stenosis by carotid duplex ultrasonography, and they subse-
quently underwent carotid arteriography within 6 weeks  [  61  ] . 

 Criteria for duplex ultrasonography classi fi cation of the 
degree of stenosis are shown in Table  7.15 . Four different sets of 
criteria for each patient were analyzed: (1) the standard criteria 
(University of Washington)  [  11  ] , (2) Fujitani criteria  [  58  ] , (3) 
ICA/CCA ratio criteria  [  60  ] , and (4) the new revised criteria that 
we are proposing  [  61  ] . These criteria were used to assign each 
artery to one of  fi ve categories: 1–15% stenosis, 16–49% steno-
sis, 50–79% stenosis, 80–99% stenosis, and total occlusion. 

 The standard method overestimated 56 (16%) of 356 
stenoses in contrast to 3% for the new method ( p  < 0.001), and 
this effect was most evident in the 50–<80% stenosis category 
(30%). The Fujitani method underestimated 97 (27%) of 356 
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  Fig. 7.35    Sensitivity versus speci fi city ROC comparing PSV, EDV, 
and ratios for normal carotids (Reprinted from AbuRahma et al.  [  52  ] . 
With permission from Elsevier)       
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  Fig. 7.36    Sensitivity versus speci fi city ROC comparing PSV, EDV, 
and ratios for  ³ 50% stenosis (Reprinted from AbuRahma et al.  [  52  ] . 
With permission from Elsevier)       
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  Fig. 7.37    Sensitivity versus speci fi city ROC comparing PSV, EDV, 
and ratios for  ³ 70–99% stenosis (Reprinted from AbuRahma et al.  [  52  ] . 
With permission from Elsevier)       
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stenoses, and the ICA/CCA ratio overestimated stenoses in 
77 (22%) of 356. The overall exact correlation was 94, 82, 
70, and 75% for the new, standard, Fujitani, and ICA/CCA 
ratio, respectively. The  x  2  statistic and corresponding 
con fi dence intervals for the new method ( x  2  = 0.923, ±0.016) 
are signi fi cantly higher ( p  < 0.001) than those for the stan-
dard method ( x  2  = 0.760, ±0.027), the Fujitani method 
( x  2  = 0.608, ±0.031), and the ICA/CCA ratio method 
( x  2  = 0.642, ±0.051). The overall accuracy in diagnosing 
 ³ 50% ipsilateral stenosis in the whole series was 85% for the 
standard method, 97% for the new method, 95% for the 
Fujitani method, and 81% for the ICA/CCA ratio. The new 
method was superior to the standard and ICA/CCA ratio 
methods ( p  < 0.001) and the Fujitani method ( p  = 0.024). 

 Tables  7.16 ,  7.17 , and  7.18  summarize the results of the 
study. The proposed criteria fared very well in the analysis, 
with only 3% overall overestimation of the disease and 3% 
overall underestimation of the disease. The overall exact cor-
relation between duplex and arteriographic grading was 94% 
and was superior to the other criteria in each case ( p  < 0.001).    

 The proposed criteria yielded sensitivity, speci fi city, pos-
itive and negative predictive values, and overall accuracy 
values superior to those of the other three criteria in predict-
ing  ³ 50% ipsilateral stenosis, when all patients with 0–100% 
contralateral stenosis were included ( p  < 0.001) in each case. 
When divided into 50–<80% contralateral stenosis and 
80–99% contralateral stenosis or total occlusion, the new 
criteria proved once again to be superior to the standard and 
ICA/CCA ratio criteria ( p  < 0.001). The differences between 
the new criteria and Fujitani criteria in these patients did not 
reach statistical signi fi cance. This  fi nding is not surprising 
because the Fujitani criteria were developed from a study in 
which the contralateral artery was totally occluded and were 
designed to be used in such cases rather than to be applied 
to all vessels studied, as they were in this series. 

 Some clinicians believe that the most important clinical 
issue is accuracy in detecting stenoses of greater than or less 
than 80%, contralateral to a tight stenosis or occlusion. The 
standard method results were very comparable to the new 
method and somewhat comparable to the ICA/CCA ratio 
method in all parameters examined, including overall accu-
racy. This  fi nding is not surprising because both the standard 
and new methods require an end-diastolic frequency of the 
internal carotid artery of >140 cm/s for the diagnosis of 
 ³ 80% stenosis. However, the Fujitani method had a poorer 
sensitivity and an overall accuracy of only 85% in contrast to 
an overall accuracy of 98% for the new and standard meth-
ods in this group of patients (80–99% contralateral stenosis). 
This  fi nding can be explained by the requirement of an end-
diastolic frequency of the internal carotid artery of >5 kHz 
for the diagnosis of  ³ 80% stenosis for the Fujitani method. 
Similar observations were noted in patients with a total con-
tralateral occlusion. Our results were comparable to data pre-
viously reported by others  [  54–  59  ] . 

 Table  7.19  summarizes the duplex accuracy of various cri-
teria in the presence of contralateral stenosis or occlusion.   

   Clinical Use of Carotid Duplex Scanning 

 Overall, the indications for carotid duplex sonography 
include  [  62,   63  ] :

   Cervical bruit in an asymptomatic patient  • 
  Amaurosis fugax  • 
  Hemispheric TIA  • 
  Hemispheric stroke  • 
  Follow-up of known asymptomatic carotid stenosis  • 
  Vascular assessment in a patient with multiple risk factors • 
for atherosclerosis or stroke risk assessment in a patient 
with coronary or PAD  
  Intraoperative assessment during CEA or stenting  • 
  Follow-up after a carotid intervention    • 

   Table 7.15    Doppler velocity criteria for carotid artery stenosis   

 Arteriographic lesion  Spectral criteria 

  Standard method  
 1–15% diameter reduction  PSV < 125 cm/s 
 16–49% diameter reduction  PSV < 125 cm/s 
 50–79% diameter reduction  PSV  ³  125 cm/s 

 EDV < 140 cm/s 
 80–99% diameter reduction  PSV > 125 cm/s 

 EDV > 140 cm/s 
 Occlusion  No internal carotid  fl ow signal 

 Low or reversed diastolic component 
in common carotid artery 

  New method  ( AbuRahma )  similar to standard method except for the 
following  
 16–49% diameter reduction  PSV < 140 cm/s 

 EDV < 140 cm/s 
 50–79% diameter reduction  PSV  ³  140 cm/s 

 EDV < 140 cm/s 
 80–99% diameter reduction  PSV > 140 cm/s 

 EDV > 140 cm/s 
  Fujitani method  –  same as standard method except for the following  
 16–49% diameter reduction  PSV > 125 cm/s 

 EDV < 155 cm/s 
 50–79% diameter reduction  PSV > 140 cm/s 

 EDV < 155 cm/s 
 80–99% diameter reduction  PSV > 140 cm/s 

 EDV > 155 cm/s 
  ICA / CCA ratio method  
 1–49% diameter reduction  SVR < 1.5 
 50–79% diameter reduction  SVR  ³  1.5, PEDV < 100 cm/s 
 80–99% diameter reduction  SVR  ³  1.8, PEDV > 100 cm/s 
 Occlusion  No internal carotid artery  fl ow signal 
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 Carotid duplex ultrasound reports routinely include  fl ow 
velocities and the degree of stenoses. However, several carotid 
reports, particularly those from non-accredited vascular labo-
ratories, have several inconsistencies that can be extremely 
critical in clinical decision making. A carotid duplex ultra-
sound examination should be termed “inconclusive” if the 
 fi ndings are uncertain and it cannot be ensured that the carotid 
artery does not have signi fi cant carotid artery disease  [  64,   65  ] . 
Calci fi cation and shadowing, high bifurcation, short neck, or 
any other circumstances that prevent adequate interrogation 

of the carotid artery can result in an inconclusive examina-
tion. In this scenario, other diagnostic modalities must be rec-
ommended to delineate the proper pathology. Inconsistent 
carotid examination is used when the imaging and velocity 
determination of the color duplex ultrasound are not consis-
tent with each other, and additional tests are also required in 
these circumstances. Signi fi cant carotid artery stenosis may 
be present without associated increased  fl ow velocities. This 
can be partially explained by complex or calci fi ed lesions or 
dampened  fl ow by an extremely high-grade lesion. 

   Table 7.16    Comparison of duplex methods versus arteriography for sensitivity/speci fi city in diagnosis of  ³ 50% ipsilateral stenosis in patients 
with arteries of 50–<80% stenosis on contralateral side   

 Carotid arteriogram 

 <50% stenosis (%)  >50% stenosis (%)  Total  Sen. (%)  Spec. (%)  PPV (%)  NPV (%)  Overall accuracy (%) 

  Standard method  
 <50% stenosis  24 (100)  0  24  100  56  78  100  83 

  ³ 50% stenosis  19 (22)  68 (78)  87 

  New method  
 <50% stenosis  42 (95)  2 (5)  44  97  98  99  95  97 

  ³ 50% stenosis  1 (1)  66 (99)  67 

  Fujitani method  
 <50% stenosis  42 (91)  4 (9)  46  94  98  98  91  96 

  ³ 50% stenosis  1 (1)  64 (99)  65 

  ICA / CCA ratio method  
 <50% stenosis  19 (86)  3 (14)  22  96  44  73  86  76 

  ³ 50% stenosis  24 (27)  65 (73)  89 

 Total  43  68  111 

  New method versus standard method,  p  < 0.001 ( Z  statistics for proportion) 
 New method versus Fujitani method,  p  > 0.05 ( Z  statistics for proportion) 
 New method versus ICA/CCA ratio method,  p  < 0.001 ( Z  statistics for proportion) 
  PPV  positive predictive value,  NPV  negative predictive value  

   Table 7.17    Comparison of duplex methods versus arteriography for sensitivity/speci fi city in diagnosis of >50% ipsilateral stenosis in patients 
with arteries with 80–99% stenosis of the contralateral side   

 Carotid arteriogram 

 <50% stenosis (%)  >50% stenosis (%)  Total  Sen. (%)  Spec. (%)  PPV (%)  NPV (%)  Overall accuracy (%) 

  Standard method  
 <50% stenosis  26 (100)  0  26  100  53  68  100  76 

  ³ 50% stenosis  23 (32)  48 (68)  71 

  New method  
 <50% stenosis  45 (100)  0  45  100  92  92  100  96 

  ³ 50% stenosis  4 (8)  48 (92)  52 

  Fujitani method  
 <50% stenosis  45 (96)  2 (4)  47  96  92  92  96  94 

  ³ 50% stenosis  4 (8)  46 (92)  50 

  ICA / CCA ratio method  
 <50% stenosis  23 (92)  2 (8)  25  96  47  64  92  71 

  ³ 50% stenosis  26 (36)  46 (64)  72 

  New method versus standard method,  p  < 0.001 ( Z  statistics for proportion) 
 New method versus Fujitani method, not signi fi cant ( Z  statistics for proportion) 
 New method versus ICA/CCA ratio method,  p  < 0.001 ( Z  statistics for proportion) 
  PPV  positive predictive value,  NPV  negative predictive value  
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 The accuracy of duplex scanning in the examination of the 
carotid artery bifurcation has resulted in its use in symptom-
atic patients for the detection of disease, the evaluation of 
patients with neck bruits, postoperative studies of endarterec-
tomized vessels, and the sequential examination of asymptom-
atic patients to document progression of disease  [  66  ] . Other 
clinical implications include carotid endarterectomy without 
angiography, intraoperative assessment of carotid endarterec-
tomy, long-term follow-up after carotid endarterectomy, 
plaque morphology and outcome, and carotid duplex scanning 

following trauma. The clinical implications of duplex ultra-
sound technology will be discussed in detail in Chap.   19    .      
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   Introduction    

 Extracranial cerebrovascular disease is most commonly 
diagnosed at the carotid bifurcation/proximal internal carotid 
artery. While ultrasound is excellent at detecting the bifurca-
tion lesion, it has been limited in its application to diseases in 
other cerebrovascular segments. 

 Atherosclerotic diseases in the truncal branches of the 
aortic arch typically occur at the origin of the branch vessels. 

The clinical consequences of these lesions include hypoper-
fusion and thromboembolic events that can impact the ante-
rior or posterior cerebrovascular circulation and circulation 
to the upper extremities. Their potential for atheroembolic 
strokes in the anterior circulation and subclavian steal from 
the posterior circulation is suf fi cient for surgeons to consider 
intervention when signi fi cant lesions are detected  [  1  ] . 

 The incidence of atherosclerotic disease in the branches 
of the arch is much lower than it is for the carotid bifurcation, 
but the incidence is not well documented. Studies performed 
in the 1960s–1970s estimated disease in the arch branches to 
account for no more than 17% of symptomatic extracranial 
cerebrovascular diseases  [  2–  4  ] . In 1968, Hass et al.  [  5  ]  
reported a severe lesion in one or more of the aortic arch 
branches in one third of patients examined by cerebrovascu-
lar arteriography. In 101 autopsy patients, a similar percent-
age was ascribed to ulcerative disease in the arch branches, 
second only to the carotid sinus  [  6  ] . 

 The incidence of arch lesions has not been systematically 
evaluated by arteriography, and ultrasound has not been con-
sidered suf fi cient to evaluate the arch and its branches. The 
lack of an adequate assessment has made the natural history 
of these lesions unclear, and indications for repair have not 
been well established. With endovascular surgery poised to 

  Abstract 

 Duplex ultrasound plays an important role in the diagnosis of arterial and venous diseases in 
peripheral vasculature. However, the role of duplex ultrasound in the diagnosis of diseases of 
the aortic arch vessels and proximal carotid arteries is limited. Nevertheless, duplex ultra-
sound can provide direct and indirect clues to the diagnosis of ostial disease of the aortic arch 
vessels. The characteristics of the waveforms, direction of  fl ow, and velocity can assist in the 
diagnosis of occlusive disease of the distal carotid arteries. We aim to describe the anatomy, 
essentials of duplex imaging, and diagnosis of aortic arch vessels in this chapter.  

  Keywords 

 Duplex ultrasound  •  Carotid artery  •  Innominate artery  •  Subclavian artery  •  Velocity  
 Spectral broadening      

      The Role of Color Duplex Scanning 
in Diagnosing Diseases of the Aortic 
Arch Branches and Carotid Arteries       

     Aravinda   Nanjundappa       ,    Gianluca   Rigatelli    , 
   Clifford   T.   Araki    , and    Ali   F.   AbuRahma        

  8

    A.   Nanjundappa ,  M.D., RVT, FACC, FSCAI   (*)  •    A.  F.   AbuRahma   
     Department of Surgery ,  Robert C. Byrd Health Sciences Center, 
West Virginia University, Charleston Area Medical Center ,    
 Charleston ,  WV   ,  USA    
e-mail:  dappamd@yahoo.com  

     G.   Rigatelli ,  M.D., Ph.D.  
     Department of Cardiovascular Diagnosis and Endoluminal 
Interventions ,  Rovigo General Hospital ,
  Rovigo ,  Italy  

      C.  T.   Araki ,  Ph.D., RVT  
     Department of Medical Imaging Sciences , 
 School of Health Related Professions, 
University of Medicine and Dentistry of New Jersey ,
  Newark ,  NJ ,  USA    



112 A. Nanjundappa et al.

treat these once dif fi cult lesions, the availability of a reliable 
noninvasive assessment of the arch lesion now becomes 
 clinically signi fi cant. 

 There are no data available to indicate how many arch 
lesions are missed in a typical carotid ultrasound exam, and 
yet the perceived limitations of ultrasound testing may be 
due to technique more than hardware. New ultrasonic 
approaches to this poorly assessed structure should be made 
to extend the characterization of the extracranial cerebro-
vascular examination for the potential bene fi t of this subset 
of patients.  

   Anatomy of the Aortic Arch 
and Brachiocephalic Veins 

   Aortic Arch 

 To ultrasonically evaluate the arch and its branches, the orienta-
tion of the arch has to be recognized as it projects from the left 
ventricle to the descending aorta. The aorta ascends to the right 
of midline as it leaves the left ventricle. The pericardium attaches 
to the ascending aorta and pulmonary artery as they leave the 
heart, just beyond their origination. The arch itself becomes an 
extrapericardial structure. The aorta ascends from the heart to 
the right of the pulmonary artery. It arches around and above the 
right branch of the pulmonary artery, anterior to the trachea, and 
then forms an oblique trajectory from the right anterior medi-
astinum to the left posterior mediastinum. It forms the descend-
ing thoracic aorta to the left of the trachea and esophagus. As the 
descending aorta, it continues its course along the posterior wall 
of the chest, toward the left side of the vertebral column. 

 The aortic arch is approximately 4.5 cm in length. At 
2.5–3 cm, it has a slightly larger diameter than the abdominal 
aorta that we are accustomed to seeing. Three truncal 
branches arise from the arch: the innominate artery (brachio-
cephalic trunk), the left common carotid artery, and the left 
subclavian artery (Fig.  8.1 ). All arise perpendicular to the 
 fl ow axis of the arch and ascend through the mediastinum to 
carry blood to the upper extremities and head.  

 The innominate artery is the  fi rst and largest arch branch. It 
arises near midline, anterior to the trachea, and courses gently to 
the right. Just below the base of the right neck, it bifurcates to 
form the right subclavian and right common carotid arteries. 

 The left common carotid artery is typically the second 
branch from the aortic arch. Arising immediately after the 
innominate artery, it also originates in front of the trachea and 
curves gently toward the left side of the neck. Both the innom-
inate and left common carotid arteries start near midline, and 
then curve gently laterally. The common carotid arteries 
course to the right and left of midline, where both right and 
left common carotid arteries approach the carotid bifurcation 
in a posterior position on either side of the trachea. 

 The left subclavian artery is the third arch branch, 
ascending toward the neck but bending laterally to course 
through the thoracic outlet. In some, the right subclavian 
artery may originate from the innominate slightly higher in 
the chest to take a more downward projection to enter the 
thoracic outlet. 

 The arch rises in the superior mediastinum fairly high in 
the chest, but lies protected by the sternum. The truncal 
branches also arise behind the sternum and sternoclavicular 
joints at about the level of the third and fourth thoracic verte-
brae. This protected position makes a direct transthoracic 
ultrasonic approach to the arch impossible. 

 The basic branch anatomy is shared by two thirds (65%) 
of the population  [  7  ] , and the remaining one third has a vari-
ant anatomy. The most frequent variant lies in a common 
origin shared by the innominate and left common carotid 
arteries, the so-called brachiocephalic branch or bovine 
con fi guration, which occurs in 27% of the population. Much 
less frequently, the vertebral artery originates from the aorta 
between the left common carotid and the left subclavian 
arteries (2–6% of cases). Rarely (less than 1%), the right 
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  Fig. 8.1    Aortic arch and its branches.  IA  innominate artery,  RScA  right 
subclavian artery,  VA  vertebral artery,  RCCA  right common carotid 
artery,  LCCA  left common carotid artery,  LScA  left subclavian artery       
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subclavian artery originates from the arch distal to the left 
subclavian, or the right vertebral originates from the right 
common carotid artery or the arch.  

   Brachiocephalic Veins 

 The central veins demonstrate greater symmetry than the 
supra-aortic arteries (Fig.  8.2 ). The internal jugular veins of 
the neck and subclavian veins from the upper extremities are 
con fl uent, forming the right and left brachiocephalic veins. 
The external jugular veins also drain into the subclavian 
veins bilaterally, near the originations of the brachiocephalic 
veins. The right and left brachiocephalic veins converge to 
form the superior vena cava (SVC) at about the level of the 
aortic arch. The SVC lies to the right of the arch, causing a bit 
of asymmetry. The right brachiocephalic vein descends 
directly into the SVC as a short venous segment, but the left 
brachiocephalic vein is longer and sharply angulated because 
of the position of the SVC. The left brachiocephalic vein 
courses obliquely from the left internal jugular (IJ) vein to the 
right chest, lying anterior to the branch arteries of the arch. 

Both brachiocephalic veins converge to form the superior 
vena cava. Approximately 7 cm in length, the SVC is in con-
tact with the pleura of the right lung, the trachea, and aorta. 
There are no valves in the brachiocephalic trunks or SVC.    

   Imaging the Aortic Arch and Brachiocephalic 
Veins 

 The arch and branches are a neglected area that is seldom 
imaged with ultrasound because of dense ultrasound 
re fl ections produced by bone and lung air. It is, however, 
described as part of a standard echocardiographic assessment 
made through a suprasternal approach  [  8  ] . 

 The suprasternal notch is the midline depression that lies 
at the base of the neck, between the sternum and larynx. 
Echocardiography uses the notch to visualize the ascending 
aorta, arch, and descending thoracic aorta as a means for eval-
uating the aorta for valvular insuf fi ciency, dissection, aneu-
rysm, or coarctation  [  9  ] . Though it is described as a standard 
echo approach, the image is often less than satisfactory and is 
seldom used in adult echo. 

 The echocardiographer uses a 2–5 MHz transducer to 
visualize the ascending aorta, arch, and descending aorta. 
The transducer produces a small footprint for the more 
super fi cial arch branches and is less suited for branch vessel 
assessment. For the neck, vascular sonographers use high-
frequency (5–10 MHz) linear probes to image the extracra-
nial cerebrovascular branches at the carotid bifurcation. The 
examination approaches the cervical carotid arteries from 
the lateral neck, alongside the sternocleidomastoid muscle. 
The scan typically ends centrally at the right common carotid 
origin and left common carotid artery at the neck base. 

 As a compromise, the midline, suprasternal approach 
should be our approach to the supra-aortic vessels, using a 
low-frequency curvilinear probe rather than the small footprint 
echo or the high-frequency linear probe. The obvious draw-
backs to imaging the arch and its branches from this angle 
include the following: (1) Interference from the sternum and 
claviculae which severely limits access. The ultrasound beam 
is projected downward through a narrow acoustic window 
which limits the anterior-posterior projection by the sternum 
and neck. (2) The truncal arteries project directly toward the 
probe, and veins project directly away from the probe. The 
resulting B-mode echoes are weakly re fl ective and poorly illu-
minate the walls of the central branches. (3) Color Doppler 
compensates for the weak B-mode image, but the number of 
large vessel  fl ows and color artifacts picked up from the bright 
echore fl ective surfaces of the mediastinum and pleura produce 
a confusing image with large swaths of color. 

 To overcome these problems, recognizing the anatomy of 
the arch and brachiocephalic veins is important to scanning the 
central vessels. It is also important to maintain an orientation 
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  Fig. 8.2    Brachiocephalic veins and superior vena cava.  RScV  right 
subclavian vein,  RIJV  right internal jugular vein,  RBcV  right brachio-
cephalic vein,  LBcV  left brachiocephalic vein,  LScV  left subclavian 
vein,  LIJV  left internal jugular vein,  SVC  superior vena cava       
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that is based upon the known ultrasonic anatomy. The exami-
nation can be performed by  fi rst placing the curvilinear trans-
ducer above the sternum and positioning the probe to produce 
a panoramic view of both common carotid arteries and internal 
jugular veins at the base of the neck (Fig.  8.3 ). With this view 
as the reference point, the scan can be extended centrally by 
gray scale and color. The right common carotid artery will be 
seen to rapidly converge with the subclavian artery to become 
the innominate artery. On the left, the common carotid artery 
will be seen to simultaneously continue uninterrupted toward 
the arch. As the probe is projected centrally, both the innomi-
nate and left common carotid arteries will approach one another. 
The larger innominate artery will approach midline from the 
patient’s right, and the left common carotid artery will course 
obliquely from the left. From further left, the left subclavian 
artery will course toward the arch from the clavicle.  

 The arteries and veins of interest lie in front of the trachea. 
Because the arch projects obliquely from right to left and ante-
rior to posterior, the probe positioned for a transverse view of 
the innominate and left common carotid arteries will also cap-
ture the aorta in near transverse. The aorta will be seen in gray 
scale as a 2−3-cm pulsatile mass. By color,  fl ow in the aorta will 
be notably disturbed. Flow in the innominate and left common 
carotid will be much more uniform and easily traced as tracks of 
color  fl ow directed toward the probe. Both arteries can be inter-
rogated by spectral Doppler as they approach the aorta. 

 Once the relative positions of the arteries are identi fi ed, 
the innominate artery (Fig.  8.4 ) and left common carotid 
artery (Fig.  8.5 ) may be imaged individually in the longitudi-
nal view by rotating the ultrasound probe on the neck base to 
the left of midline.   

 The left subclavian artery may be the most dif fi cult to fol-
low. To visualize the subclavian, the transducer probe will be 
positioned above the clavicle, projecting the heel of the probe 
toward the left posterior aspect of the notch (Fig.  8.6 ). 
Ultrasound re fl ections will capture bright re fl ections from 
the pleura and left lung. Artifactual duplication of the left 
subclavian artery by B-mode and color could then result 
from mirror imaging reverberation (Fig.  8.6 ).  

 The subclavian artery should be identi fi ed as the color 
 fl ow pattern that lies super fi cial to any color artifact. To avoid 
further confusion, the left subclavian artery could be fol-
lowed from the axillary artery, below the clavicle, through 
the thoracic outlet to the subclavian artery. 

 Dif fi culties in imaging may be associated with con  fi guration 
of the arch. The arch has been described in coiled and uncoiled 
con fi gurations with the supra-aortic trunks originating from 
different points of the arch  [  10  ] . The better con fi guration posi-
tions the innominate on the right edge of the apex, and the 
left subclavian on the left edge. The take-off points, located 
on the superior wall of the arch, are  optimally positioned for 
ultrasound imaging and endovascular cannulation. The more 
dif fi cult imaging con fi guration occurs when the innominate 
artery arises from the aorta, before the apex, and its origin lies 

  Fig. 8.3    Imaging the aortic arch and its branches. Branches of the arch 
from the neck base ( top ) to aorta ( bottom ) are scanned with a 4-MHz 
curvilinear probe placed horizontally above the suprasternal notch. The 
innominate artery ( IA ), left common carotid artery ( LCCA ), and left 
subclavian artery ( LScA ) are shown in oblique slices. Scanning cen-
trally, the supra-aortic branches enter the aorta ( Ao ). With greater probe 
angulation ( bottom ), the convergence of the right and left brachiocepha-
lic veins ( BcV ) can be imaged to form the superior vena cava ( SVC ). 
The right sternoclavicular joint produces an acoustic shadow alongside 
the SVC       
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below the level of the apex. In this “uncoiled” position, the left 
common carotid and subclavian arteries may be similarly dis-
placed to the right. The deeper take-off of the innominate may 
prevent adequate ultrasonic visualization as well as increase 
the dif fi culty of endovascular cannulation. 

 Dif fi culties caused by anomalous anatomy, inaccessible 
origination of any arch branch due to coiling, or confusing 
color artifacts may be overcome by continually backtracking 
the scan to familiar territory at the neck base. Retracing the 
path of each branch should then allow normal anatomy to be 
separated from variants and artifacts. The lack of branches 
central to the innominate, left common carotid, and left sub-
clavian should allow indirect spectral Doppler evidence of a 
hemodynamically signi fi cant stenosis or occlusion when the 
ori fi cial lesion is not accessible. 

   Brachiocephalic Veins 

 Imaging the brachiocephalic veins follows the same refer-
ence points as the arterial scan, with a view of the internal 
jugular veins bilaterally at the base of the neck. From that 
point, both veins can be followed to their con fl uence with the 
subclavian veins and traced to the superior vena cava 

  Fig. 8.4    Longitudinal view of the innominate artery from the aorta 
( Ao ) to the innominate artery ( IA ), right common carotid artery ( CCA ), 
and right subclavian artery ( ScA ), using a 4-MHz curvilinear probe. 
The probe is placed toward the left of midline. A shadow is cast from 
the left clavicle at the sternoclavicular joint. A mirror imaging rever-
beration artifact can be noted below the bright re fl ector and right 
 subclavian artery       

  Fig. 8.5    Longitudinal view of left common carotid artery ( LCCA ) and 
aorta ( Ao ) scanned with a 4-MHz curvilinear probe, demonstrating ori-
gin of the left common carotid artery, internal jugular vein, and shadow-
ing from the sternoclavicular joint       

  Fig. 8.6    Longitudinal view of left subclavian artery ( LScA ) and origi-
nations of left common carotid artery ( LCCA ) and innominate artery 
( IA ) from the aorta ( Ao ). A mirror imaging reverberation artifact can be 
noted below the bright re fl ector and left subclavian artery       
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(Figs.  8.3  and  8.7 ). The left brachiocephalic vein lies anterior 
to the left common carotid and innominate arteries as it 
approaches the SVC. Visualization requires a greater ante-
rior angulation and may be more dif fi cult than visualizing 
the truncal arterial branches.  

 The superior vena cava (SVC) lies to the right of the 
aorta. This causes some dissymmetry between the right and 
left brachiocephalic veins that join to form the SVC. The 
right brachiocephalic vein is short and descends vertically to 
the SVC. The left brachiocephalic vein will be seen to curve 
from the patient’s left to right as it descends centrally. It is 
approximately 6 cm in length and will be seen coursing ante-
rior to the branch arteries of the arch. Because the right bra-
chiocephalic vein and superior vena cava are in contact with 
the pleura of the right lung, there may be substantial color 
artifact that must be sorted out to identify the con fl uence.   

   Using Color Flow to Assess the Central Vessels 

 B-mode imaging does not provide an optimal view of the 
great vessels, and color imaging is important for con fi rming 
the relevant structures and guiding the spectral Doppler inter-
rogation. Advantages and limitations of color  fl ow imaging 
are worth discussing. 

 Color Doppler technology is the main form of color  fl ow 
imaging used in commercial instrumentation. Activation of 
the color Doppler mode displays  fl ow-related color within 
the borders of a box that is superimposed on the B-mode 
image. Color Doppler slows the frame rate. While B-mode 
information can be acquired from single pulses, color 
Doppler information for a scan line requires multiple 
insonation pulses. The number of pulses required to collect 
the Doppler information is called a pulse train or packet 
 [  11  ] . More pulses in a packet provide a better estimate of 
 fl ow velocities but require more time. Hence, turning the 
color on decreases the frame rate. 

 The frame rate also decreases because the color is written 
within a large number of color gates that are present in the 
color box. While spectral Doppler uses one gate in one scan 
line to sample the Doppler shifted frequencies, color Doppler 
packs the color box with multiple gates in multiple scan lines 
to display colorized  fl ow anywhere within the box. The verti-
cal dimension of the box determines the number of sample 
gates along each scan line, and the lateral dimension deter-
mines the number of scan lines  [  12  ] . The frame rate decreases 
because the same calculation is made for all gates in the box, 
whether color is applied to the pixel or not. The operator is 
able to select the color box size and, to a certain extent, the 
number of gates in a scan line and the number of scan lines. 
This affects the size of the color pixel and allows the operator 
to trade off color resolution for frame rate  [  13  ] .  

  Fig. 8.7    Imaging the brachiocephalic veins and superior vena cava. 
From the neck base ( top ), the right subclavian vein ( ScV ) and right 
internal jugular vein ( IJ ) can be seen to enter the right brachiocephalic 
vein ( BcV ). The left brachiocephalic vein crosses from left to right ante-
rior to the innominate artery ( IA ), above the aorta ( Ao ). When scanning 
centrally ( bottom ), the con fl uence of both brachiocephalic veins ( BcV ) 
can be seen to form the superior vena cava ( SVC )       

 



1178 The Role of Color Duplex Scanning in Diagnosing Diseases of the Aortic Arch Branches and Carotid Arteries

   Color Doppler 

 Color adds an obvious advantage to standard B-mode/spec-
tral Doppler duplex if it rapidly identi fi es blood  fl ow and 
guides the placement of the spectral Doppler. Limitations in 
color may hinder diagnosis and extend the examination time 
if it is used as a crutch rather than an aid. Color may:

   Overwhelm subtle grayscale shadings of the B-mode • 
image that may be more important than the color 
information.  
  Slow frame rate to below real-time imaging. Scan times • 
will improve if most of the scan is performed in B-mode, 
and color is activated only when necessary.  
  Mislead the inexperienced sonographer. Color sensitivity • 
adjustments are subjective, experience-based, and instrument-
speci fi c. Color registration may be dif fi cult to achieve.  
  Have dif fi culty demonstrating the presence of  fl ow. Echoes • 
received from moving red blood cells are much weaker than 
the re fl ections returned for the B-mode image. A relatively 
good B-mode image of an artery may not be matched by a 
good velocity signal by color or spectral Doppler simply 
because of a lack of adequate signal strength. Overreliance 
on the presence or absence of color may be misleading.  
  Over fl ow the edge of the vessel. The size of a color pixel • 
is variable and can be much larger than the grayscale 
pixel. Color over fl owing the vessel edge may misrepre-
sent the tightness of a stenosis.  
  Demonstrate  fl ow where there is none. A mirror image • 
reverberation artifact can occur when a bright re fl ector 
lies below the insonated vessel. The result is a false dupli-
cation of  fl ow by spectral and color Doppler below the 
bright interface. A reverberation color artifact may also 
occur within bright stationary re fl ectors with the vibration 
of stiff calci fi ed surfaces.    
 To the inexperienced sonographer who does not recog-

nize the potential pitfalls and necessary adjustments for opti-
mization, color can be a major frustration. This is particularly 
true when the dependence on color has limited the person’s 
recognition of grayscale morphology and spectral Doppler 
waveform characteristics. However, once the limits are rec-
ognized, there is a distinct advantage to using color to guide 
the examination. Among the bene fi ts are as follows:

   Setting the pulse repetition frequency (PRF) at about the • 
expected average velocity will provide good luminal color  fi ll.  
  Higher-velocity  fl ows produce color aliasing, which  displays • 
a mixture of hues in adjacent pixels. Within the area of alias-
ing, color mixing occurs over the top of the color bar scale. 
There is a scattering of color progressions from light red to 
light blue that occurs through the unsaturated hues, passing 
through white. Aliasing can be distinguished from physio-
logic  fl ow reversals, which cause the color to change in 
adjacent pixels from uniformly saturated reds to saturated 
blues, passing through black rather than white.  

  Turbulence can produce a color bruit. Flow turbulence • 
produces a high-frequency vibration in the vessel wall. 
This vibration is transmitted to the skin surface as an audi-
ble bruit or palpable thrill and is picked up by the color 
Doppler as an intense speckling of color that spills over the 
wall of the vessel around the point of greatest turbulence.  
  If a stenosis is suspected, possibly with color aliasing or • 
bruit, the point of highest velocity can be located by 
increasing the PRF. With a tight stenosis or arteriovenous 
 fi stula, it is not unusual to  fi nd a color hot spot in a tight 
stenosis or arteriovenous  fi stula that is continuously lit, 
indicating continuous forward  fl ow across the stenosis. 
This is presumably the result of a pressure drop that is 
maintained throughout the cardiac cycle, indicating that 
the pressure distal to the stenosis remains lower than dia-
stolic pressure.  
  Color is helpful for distinguishing ulcerations from • 
hypoechoic plaque. For this purpose, it would be worth 
increasing spatial resolution over frame rate to increase the 
number of sample gates and decrease the size of the color 
pixel. It is also advisable to decrease the PRF, increase the 
 fi lter, and increase persistence. The latter adjustments will 
detect the slower  fl ows  fi lling the ulcerations and smooth 
the color  fi ll throughout the cardiac cycle.    
 Through these characteristics, color  fl ow imaging pro-

vides an excellent adjunctive modality for assessing the cen-
tral vessels of the chest. The relatively simple branch anatomy 
of the large vessels, the lack of potential small branch col-
laterals, and the assessment made distal to an arterial steno-
sis or occlusion make the evaluation more straightforward.  

   Clinical Role of Color Duplex Ultrasound 
in Diagnosing Arch Vessels 

 Despite the limitations of duplex ultrasound in imaging the 
aortic arch vessels, it can assist in diagnosing ostial lesions 
 [  14  ] . These include ostial lesions of the innominate artery, 
left common carotid artery, and left subclavian artery. 
Ultrasound evaluation of the arch vessels should include 
both gray scale and Doppler-derived velocity waveforms. 
The grayscale images can illustrate the presence of plaque, 
calci fi cation, and thrombus. The changes and density of the 
mosaic pattern of color  fl ow and spectral waveforms can be 
indicative of hemodynamically signi fi cant stenosis  [  15  ] . 

 The limited roles of duplex ultrasound in the evaluation of 
the arch vessels include:

   Ostial involvement of the arch vessels seen in patients • 
with vasculitis such as Takayasu’s arteritis.  
  Occlusions and stenosis of the ostial lesions in arch ves-• 
sels in patients with atherosclerosis.  
  Acute type A aortic dissection of the aorta, which may • 
involve the arch vessels.  
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  Brachiocephalic vein stenosis, which may be associated • 
with patients with multiple sclerosis. Color duplex ultra-
sound in these patients may aid in diagnosing ostial bra-
chiocephalic and jugular vein stenosis.    
 It is always imperative to image arch vessels bilaterally to 

study the  fl ow characteristics. The  fl ow dynamics of one arch 
artery may be in fl uenced by the status of the contralateral 
artery. Occlusion or severe stenosis of the common carotid 
artery of one side can result in compensatory increased  fl ow 
in the contralateral vessel  [  15  ] . The resistive index of such 
severely diseased common carotid arteries may decrease and 
aid in diagnosis  [  16  ] . Such a compensatory mechanism leads 
to overestimation of the carotid artery stenosis on the patent 
side. Thus imaging with the classic intra-arterial angiogram 
remains the gold standard technique for con fi rming the sever-
ity of stenosis in these patients. The images in this section will 
be accompanied by con fi rmatory angiograms.  

   Ostial and Proximal Common Carotid 
Artery Lesions 

 Traditionally, Doppler images are focused at prelesion, 
lesion, and postlesion to determine severity. However, in 
the ostial location, prestenotic and stenotic areas are 
dif fi cult to image, but the poststenotic images are helpful. 
A normal common carotid artery waveform should demon-
strate a low-resistance  fl ow pattern and an end-diastolic 

velocity above 0 cm/s. The spectral  fl ow pattern of the com-
mon carotid artery is usually a mixture of both internal 
carotid artery and external carotid artery characteristics. 
A normal waveform will be of a triphasic nature, a moder-
ate lesion will show a biphasic waveform, and a severe 
stenosis will show a monophasic pattern. Imaging of the 
common carotid artery with duplex ultrasound can give 
indirect clues to an occluded internal carotid artery. The 
common carotid artery  fl ow pattern will follow the attri-
butes of the internal carotid artery or external carotid artery 
(high-resistance or low-resistance pattern), depending on 
the patent vessel (Fig.  8.8a, b ).  

 There are no clear guideline-based criteria to de fi ne the 
severity of common carotid artery stenosis. A peak systolic 
velocity of >125 cm/s is suggestive of >50% stenosis in the 
common carotid artery (Fig.  8.9a, b )  [  17  ] . A focal-increased 
velocity in the common carotid artery with poststenotic tur-
bulence is probably indicative of severe ostial stenosis. 
B-mode imaging may show plaque and/or calci fi cation with 
spectral broadening. A signi fi cant lesion of the common 
carotid artery will result in an elevated velocity on the con-
tralateral side and elevation of the end-diastolic velocity. 
Such a common carotid artery lesion will reduce the  fl ow and 
velocity in the internal carotid artery and underestimates the 
severity of stenosis. Unilateral stenosis is usually caused by 
atherosclerosis, and when bilateral ostial common carotid 
artery lesions are seen, the differential diagnosis should 
include Takayasu’s arteritis. Bilateral common carotid arteries 

a b

  Fig. 8.8    ( a ) The left common carotid artery duplex showing the  pattern 
of the external carotid artery. This patient has an occluded left internal 
carotid artery and a patent left external carotid artery. ( b ) Angiogram 

showing left internal carotid artery total occlusion and a patent left 
external carotid artery       
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showing a low  fl ow signal may indicate severe aortic stenosis 
or a low myocardial function state.   

   Occluded Common Carotid Artery 

 An occluded common carotid artery lesion will result in a damp-
ened monophasic waveform with low velocity in the proximal 
common carotid artery and a slow rise to peak  systole. This is 
associated with poststenotic dilatation and poststenotic turbu-
lence in color  fl ow. Con fi rmation of such an ostial occlusion 
can be seen by imaging the internal carotid artery. The internal 
carotid artery duplex may show no  fl ow, minimal diastolic  fl ow, 
or reversal of  fl ow in ipsilateral common carotid arteries  [  18  ]    .  

   Ostial Left Subclavian Artery Stenosis 
and Occlusion 

 A >50% stenosis of the ostial left subclavian artery is consid-
ered to be hemodynamically signi fi cant stenosis. Such stenosis 
will demonstrate increased velocity, biphasic or monophasic 
waveforms, and poststenotic turbulence (Fig.  8.10a, b ). An 
ostial occlusion may demonstrate a low-velocity dampened 
monophasic waveform. The poststenotic occlusion is also 
accompanied by turbulence, and an additional gray scale may 
show thrombus. Further imaging of the vertebral artery in 
patients with severe left subclavian artery stenosis includes 
reversal of  fl ow in the vertebral artery  [  19  ] .   

a b

  Fig. 8.9    ( a ) Elevated velocity in the left common carotid artery. ( b ) Con fi rmatory angiogram shows ostial stenosis of the left common carotid artery       

a b

  Fig. 8.10    ( a ) Left subclavian artery in proximal segment shows increased velocity with aliasing. ( b ) Angiogram showing severe stenosis of the 
ostial left subclavian artery       
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   Innominate Artery Stenosis or Occlusion 

 Ostial innominate lesions are dif fi cult to image; however, 
indirect clues from duplex ultrasound are helpful. Severe 
innominate artery stenosis will result in low velocity and a 
dampened monophasic or a biphasic pattern in the subcla-
vian artery and common carotid artery (Fig.  8.11a–c ). The 
right vertebral artery also will show reversal of  fl ow.   

   Type A Dissection of the Aorta Involving 
the Ostium of the Arch Vessels 

 Acute aortic dissection can propagate to involve the ostium of 
the arch vessels, resulting in cerebral ischemia. CT and MR 
angiograms that are done to diagnose arch vessel involvement 
carry a very high speci fi city and sensitivity. However, color 
duplex ultrasonography may have a limited role in diagnosis 

a

b

c

  Fig. 8.11    ( a ) Right subclavian 
artery showing mosaic  fl ow 
pattern and biphasic wave pattern 
in a patient with severe 
innominate artery stenosis/
occlusion. ( b ) Angiogram 
showing occluded right 
innominate artery. ( c ) Right 
vertebral artery showing reversal 
of  fl ow       
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at bedside, especially in the emergency room. The color 
duplex ultrasound can show narrowing of the true lumen and 
dual  fl ow separation. Additional  fi ndings may include reduced 
 fl ow, dissection  fl ap, and possible thrombus.  

   Conclusions 

 The prevalence and clinical signi fi cance of arch branch 
disease will only be recognized through routine evalua-
tion. Unfortunately, suprasternal ultrasonic imaging of the 
aortic arch and brachiocephalic veins will probably not be 
a routine part of the standard carotid evaluation. The use of 
color duplex ultrasonography in the diagnosis of aortic 
arch vessels may be limited. However, combination of 
data from gray scale, duplex velocity, and spectral charac-
teristics can aid in the diagnosis of ostial lesions and steno-
sis of the arch vessels. It can also be useful in identifying 
an arch lesion that is suggested by  fl ow disturbances in the 
common carotid artery,  fl ow reversals in the vertebral 
artery, or asymmetrical brachial pressures. Identifying 
these lesions at the time of a cerebrovascular ultrasound 
examination can be especially important now that cathe-
ter-based intervention may be an easy next step. 
 Suprasternal imaging of the brachiocephalic veins may 
also be a valuable tool for an upper extremity venous 
examination, which tends to be limiting above the clavi-
cle. Ultrasonic imaging may even be useful in determin-
ing the placement of central venous catheters. 
 Used correctly, color Doppler is capable of greatly improv-
ing the scan time for a cerebrovascular examination and 
can be critical for the examination of the aortic arch 
branches and the quality of a dif fi cult examination. It is 
still an adjunctive component of the examination, and for 
the typical patient, color  fl ow imaging may not add to the 
 fi nal outcome.      
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   Introduction 

 The vertebrobasilar arterial system provides approximately 
20% of the total cerebral blood  fl ow, and after the carotid circu-
lation, it is a common location of acute ischemic strokes  [  1  ] . 
Our ability to diagnose and understand the mechanisms of the 
vertebrobasilar ischemia is less developed compared to the ante-
rior circulation vessels. Fewer validation studies are available 
for diagnostic criteria of lesions in the posterior circulation, and 
generally the accuracy parameters for vertebral ultrasound are 
less speci fi c than those of carotid examinations  [  2–  18  ] . 
Nevertheless, examination of the precerebral vertebral arteries 
(VA) is a required component of what is commonly referred to 
as carotid duplex examination, while insonation of the terminal 
vertebral arteries and the basilar artery is an integral part of a 
complete transcranial Doppler (TCD) testing (see Chap.   10    ). 
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 An ultrasound examination of the extracranial portions of 
the VA constitutes an inexpensive and widely available 
screening method to diagnose atherosclerotic disease and a 
variety of other  fi ndings and to further identify candidates 
for more expensive or invasive diagnostic evaluations. 
Extracranial ultrasound can differentiate normal from dis-
eased arteries, identify all categories of the stenosis, localize 
the disease process including occlusions, detect progression 
of the disease, identify the likely source of cerebral embo-
lism, and assess collateral circulation to maintain cerebral 
blood  fl ow. Furthermore, vertebral ultrasonography can help 
determine the pathogenic mechanism of an ischemic stroke 
in the emergency room and can lead to an early initiation of 
a mechanism-speci fi c stroke treatment or prevention. 

 Vertebral ultrasonography allows segmental assessment 
of the VA often obscured by transverse processes of the ver-
tebrae and deep location of the VA’s origin. Mastering cere-
brovascular ultrasound requires knowledge of anatomy, 
physiology of cardiovascular and nervous systems,  fl uid 
dynamics, and pathological changes in a variety of cerebro-
vascular disorders as well as basic ultrasound physics and 
instrumentation. 

 The aim of this chapter is to describe the methods of ver-
tebral ultrasonography, practical criteria for interpretation, 
and relevance of these  fi ndings to patient management. Rapid 
bedside evaluation by a skilled sonographer with a portable 
ultrasound unit is an excellent screening test that can provide 
an immediate impact on patient management at a lower cost 
and no time delays compared to other imaging methods.  

   Anatomy of the Vertebrobasilar 
Arterial System 

 For interpretation of a vascular ultrasound examination, it is 
necessary to think in three dimensions in terms of the vessel 
being investigated with respect to transducer position. It is 
helpful to imagine how this arterial segment would look on 
an angiogram  [  19  ] . Therefore, we strongly encourage those 
learning and interpreting ultrasound to be familiar with cere-
bral angiograms since angiography is the gold standard for 
assessment of accuracy of ultrasound testing. 

 The VA is divided into four segments, of which segments 
V0–V3 represent the extracranial portions, whereas V4 
forms the intracranial portion. Interestingly, approximately 
75% of the population have asymmetric vertebral arteries 
with one dominant VA, whereas in about 15% of the popula-
tion, one of the vertebral arteries is less than 2 mm in diam-
eter (hypoplastic VA)  [  20  ] . The V0 segment constitutes the 
origin of the VA, which usually takes off at right angles from 
both subclavian arteries (right VA may arise from the bra-
chiocephalic trunk). The V1 segment passes the pre- vertebrae 

tissue and enters the bony canal at the  fi fth or sixth cervical 
vertebrae. The V2 segment courses cranially through the 
transverse foramina of the cervical vertebrae and ends where 
the VA exits the axis (usually at the C1 level). From that 
point, the V3 segment extends to the entry into the spinal 
canal, from where the V4 segments run intracranially and 
join together to form the basilar artery. The basilar artery 
courses for about 3 cm or more before terminating in the 
posterior cerebral arteries, which make up the posterior por-
tion of the circle of Willis (Fig.  9.1 ).   

   Extracranial Duplex Ultrasound Examination 
Technique and Scanning Protocol 

 The extracranial duplex examination allows assessment of 
the VA mid-cervical portion (V2), the proximal VA and its 
origin (V0/V1), and the most distal portion accessible on the 
neck (V3). A linear transducer with 4–7-MHz frequency 
range is commonly used. To optimize the gray scale image 
on B-mode, set the dynamic range to 40–50 dB, and the 
time-gain compensation (TGC) as appropriate to the depth of 
the vertebral arteries. The B-mode image helps with the 
assessment of the diameter of the VA (which is usually about 
3–4 mm). It may also detect atherosclerotic plaque, intralu-
minal clots, or even a double lumen in case of an arterial 
dissection. However, these  fi ndings are less prevalent than in 
patients with carotid artery disease.  

   Imaging in the Longitudinal Plane 

 Patients should be placed in a supine position with the 
neck extended. To  fi nd the VA,  fi rst visualize the common 
carotid artery in a longitudinal projection on B-mode with 
transducer position anterior to the sternocleidomastoid 
muscle. Slide the probe posteriorly to image one or more 
levels of the V2 segment of the VA as it courses through 
the transverse processes of the vertebrae (“acoustic shad-
ows”) (Fig.  9.1 ). Con fi rm that the direction of  fl ow in the 
VA is the same as the common carotid artery. Then trace 
the V2 segment proximally and “heel-toe” the probe above 
the clavicle to image the pre-vertebrae portion and the ori-
gin of the VA as it arises from the SA. It is important to 
examine this part as V0/V1 is the most common site of 
atherosclerotic disease  [  21  ] . Finally, follow the V2 seg-
ment of the VA more distally trying to visualize the V3 seg-
ment as it surrounds the axis. However, direct assessment 
of the V3 segment may be technically dif fi cult, and the 
diagnosis of vertebral obstruction at this level is based on 
color- fl ow and Doppler  fi ndings proximal or distal to this 
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segment (Figs.  9.1  and  9.2 ). If color or power  fl ow images 
are dif fi cult to obtain, spectral interrogation of areas with 
typical B-mode appearance of surrounding bony structures 
should still be performed.   

   Color-Flow Ultrasound Evaluation 
of Flow Dynamics 

 Choose the appropriate color pulse repetition frequency 
(PRF) by setting the color velocity scale for the expected 
velocities in the vessel. For normal adult arteries, the peak 
systolic velocity range is usually between 40 and 50 cm/s. 
The zero baseline of the color bar is set at approximately two-
thirds of the range with the majority of frequencies allowed in 
the red direction (for  fl ow toward the brain). Adjust the scale 

further to avoid systolic aliasing (low PRF) or diastolic  fl ow 
gaps (high PRF or  fi ltering) in normal vessels. 

 Initially the color or power mode gain should be adjusted 
to an optimized level, with color displayed throughout the 
lumen of the vessel and no “bleeding” of color into the sur-
rounding tissue. This is the level at which all color images 
should be assessed. In situations where there is very low 
 fl ow, or questionable occlusion, an “over-gained” level 
may be advantageous to show any  fl ow that might be pres-
ent, e.g., total occlusion versus a near-occlusion or critical 
stenosis. 

 The size of the color box should cover the entire vessel 
diameter and at least 1–2 cm of its length. Large or wide 
color boxes will slow down frame rates and resolution of the 
imaging system. Align the box, i.e., select an appropriate 
color- fl ow angle correction, according to the vessel geome-
try and course.  

a b c

  Fig. 9.1    ( a ) Rotated contrast-enhanced 3D MR angiogram of cervical 
arteries. The  arrowheads  indicate the right VA. ( b ) Longitudinal plane 
of the VA (V0 through V3 segments) with superimposed color  fl ow. 
Note the acoustic shadow of the transverse process between the V2  segments 

( small arrow ). ( c ) Doppler spectra depict characteristic waveforms for 
each VA segment. Note the higher resistance and pulsatility in the VA 
origin due to proximity to the subclavian artery ( SA ) as opposed to the 
low-resistance waveforms in more distal VA segments       
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   Doppler Spectral Evaluation of Flow Dynamics 

 Display the longitudinal image of the VA. Use color- fl ow 
image as a guide for Doppler examination. Begin the exami-
nation using a Doppler sample volume size of 1.5 mm posi-
tioned in the middle of the vessel. The insonation angle 
should be parallel to the color blood  fl ow and lower than or 
equal to 60° in every segment. Adjust the Doppler spectral 
power and gain to optimize the quality of the signal return. 
Slowly sweep the sample volume throughout the different 
inter-vertebrae visualized segments. Identify regions of  fl ow 
disturbance or absence. Additionally, include Doppler spec-
tral waveforms proximal, within, and distal to all areas where 
 fl ow abnormalities were observed. Locate the origin or prox-
imal segment of the VA. Record  fl ow patterns paying careful 
attention to  fl ow direction. Follow accessible cervical seg-
ments of the VA. Change angulations of the color box and 
Doppler sample along with the course of the artery.  

   Following Data Should be Provided 

     1.    Highest peak systolic velocity in each VA segment  
    2.    Highest end-diastolic velocity in each VA segment  
    3.    Flow direction of each VA segment  
    4.    Documentation of the Doppler spectral waveform pattern 

from each VA segment  
    5.    Views demonstrating the presence and location of 

abnormalities      

   Tips to Improve Accuracy 

     1.    Consistently follow a standardized scanning protocol.  
    2.    Always perform a complete examination of each VA 

segment.  
    3.     Sample velocity signals throughout all arterial segments 

accessible.  

a b

  Fig. 9.2    Two case examples. ( a ) A high-resistance  fl ow in the  proximal 
VA indicates a severe obstruction distally in a patient with an atheroscle-
rotic VA occlusion. Note that there is no end-diastolic  fl ow on Doppler 

spectra ( arrows ). ( b ) Increased focal  fl ow velocity with a severe stenosis 
due to angiographically con fi rmed arterial dissection of the mid-cervical 
VA at C4 and C5 level. Note aliasing artifact on color- fl ow image       
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     4.    Use multiple scan planes.  
     5.      Take time to optimize the B-mode, color, and spectral 

Doppler information.  
     6.      Videotape or create a digital  fi le of the entire study 

including sound recordings.  
     7.     Always use the highest imaging frequencies to achieve 

higher resolution.  
     8.     Account for any clinical conditions or medications that 

might affect velocity.  
    9.    Integrate data from the right and left VA.  
    10.     Do not hesitate to admit uncertainty and list all causes 

for limited examinations.  
    11.     Expand Doppler examination to intracranial vessels 

when possible (see Chap.   10    ).      

   Clinical Indications and Diagnostic Criteria 
of Vertebral Artery Ultrasonography 

 In the following, we describe established clinical indications 
for VA ultrasonography in routine clinical practice, and 
speci fi c diagnostic criteria derived from previous studies and 
our own experience (Table  9.1 ).  

   Atherosclerotic Disease 

 Atherosclerotic disease of the extracranial vertebral arteries 
is increasingly recognized a cause of posterior circulation 
ischemia, and it occurs more often in the proximal than in the 

   Table 9.1    Diagnostic criteria for VA ultrasonography   

 Diagnostic criteria  B-mode image  Color- fl ow image  Doppler spectral display 

  ³ 50% stenosis  Structural lesions (e.g., vessel wall 
thickening/plaque) when able to 
directly visualize 

 Diastolic  fl ow signal void 
proximal to the lesion 

 Focal signi fi cant PSV increase (usually 
 ³ 100 cm/s) with PSR  ³ 2 

 Flow lumen narrowing when 
able to visualize 

 Bruit (turbulences), spectral narrowing (when 
traceable) 

 Aliasing artifacts (with proper 
PRF settings) 

 Indirect pre- and post-stenotic signs (abnormal 
pulsatility/waveforms) 

 Occlusion  Hypoechoic vessel lumen (acute/
subacute occlusion) 

 Flow signal void at occlusion 
site 

 Absent or minimal (including systolic/dicrotic 
notch small spikes) Doppler signals at 
occlusion site 

 Hyperechoic vessel lumen (chronic 
occlusion) 

 Diastolic  fl ow signal void 
proximal to the lesion 

 Indirect pre- and post-stenotic signs (abnormal 
pulsatility/waveforms) 

 Segmental 
occlusion 

 Hypoechoic vessel lumen (acute/
subacute occlusion) 

 Flow signal void at occlusion 
site 

 Antegrade low-resistance  fl ow pre- and 
post-lesion 

 Hyperechoic vessel lumen (chronic 
occlusion) 

 Diastolic  fl ow void gap 
proximal to the lesion 

 Delayed systolic upstroke distal to the lesion 

 Patent distal VA segment 
 Nondominant VA  Decreased vessel diameter  Undisturbed  fl ow signals 

corresponding to a relatively 
diminished lumen 

 Velocity lower than contralateral side by 20% 
or more a  
 Normal pulsatility (PI 0.6–1.1) a  

 Hypoplastic VA  Decreased vessel diameter relative to 
the other side. 

 Undisturbed  fl ow signals 
corresponding to a relatively 
diminished lumen 

 Low velocity (PSV < 40 cm/s) a  

 High pulsatility (PI  ³  1.2) a  

 Arterial dissection  Vessel wall irregularities (when directly 
visualized) 

 Flow signal void (with 
complete obstruction) 

 Absent or minimal (including systolic/dicrotic 
notch small spikes) Doppler signal at 
occlusion site 

 Intimal  fl ap (when directly visualized)  Bidirectional  fl ow within the 
vessel (double lumen) 

 Low-velocity/high-resistance  fl ow signal 
along the true lumen with extensive dissection 
and some residual  fl ow 

 Double lumen/intramural hematoma 
(when directly visualized) 

 Diastolic  fl ow gap proximal to 
the lesion (with hemodynami-
cally signi fi cant obstruction) 

 Focal signi fi cant PSV increase (usually 
 ³ 100 cm/s) with PSR  ³  2 

 Pseudoaneurysm (when directly 
visualized) 

 Bruits (turbulence), spectral narrowing at 
lesion site (if found) 
 Indirect pre- and post-stenotic signs (abnormal 
pulsatility/waveforms) 

 Subclavian steal  Normal appearance  Normal color- fl ow signal  Normal antegrade  fl ow 
 Alternating color- fl ow signal  Decreased velocity but no reversed  fl ow 
 Reversed color- fl ow signal  Systolic  fl ow reversal and antegrade  fl ow 

during diastole (alternating  fl ow) 
 Complete steal with  fl ow reversal during the 
entire cardiac cycle 

   a These criteria are arbitrarily used at our own vascular laboratory (not published)  

http://dx.doi.org/10.1007/978-1-4471-4005-4_10
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mid-cervical or distal segments. Compared with the carotid 
system, less well-established criteria for grading various 
degrees of atherosclerotic disease in the extracranial VA exist 
 [  2–  18  ] . 
 A normal peak systolic velocity is approximately between 40 
and 50 cm/s. However, because of relatively frequent ana-
tomic variations in the vertebral arteries, a wide range of 
velocities exist which can mislead to an incorrect interpreta-
tion of the  fi ndings. For example, a peak systolic velocity can 
be lower than 10 cm/s with both a nondominant/hypoplastic 
VA and a near-occlusive or post-stenoocclusive VA. 
Abnormal pulsatility and waveforms may provide a clue to 
the underlying mechanisms (e.g., increased  fl ow pulsatility 
in an hypoplastic VA or proximal to a near-occlusion, and 
decreased  fl ow pulsatility in a post-stenotic VA). A focal 
(1–2 cm) signi fi cant peak systolic velocity increase (usually 
 ³ 100 cm/s) in the mid-cervical VA can be considered as a 
direct sign of a signi fi cant stenosis with  ³ 50% diameter 
reduction (Fig.  9.2 ). However, the increased velocity should 
at least double the velocities found in other segments of the 
same VA (ratio between pre- or post-stenotic and stenotic 
segments of 1: ³ 2). In addition, a harmonic phenomenon 
indicating a severe stenosis or turbulent  fl ow is the musical 
murmur simulating a “seagull cry.” 

 Vertebral duplex provides not only information about the 
portion insonated directly but also indirect information about 
the proximal and distal vessel segments. A stenosis proximal 
to the site of insonation can be detected by a “tardus” or 
“parvus et tardus” Doppler signal seen distal to the stenosis. 
Parvus indicates a low amplitude, whereas tardus refers to a 
slow systolic acceleration. If no  fl ow in a VA can be visual-
ized, differentiation from a hypoplastic segment may be 
challenging. A high-resistance waveform without end-dia-
stolic  fl ow can usually be found with distal VA occlusions 
(Fig.  9.2 ). VA occlusions could be complete, elongated, or 
segmental. With the latter, VA  fl ow with good systolic accel-
eration and positive diastolic velocities can be found distal to 
the occlusion arising from muscular collaterals and further 
masking the VA lesion. Further diagnostic criteria for VA 
occlusion are presented in Table  9.1 .  

   Arterial Dissection 

 Arterial dissections are a frequent cause of stroke in 
the young, with a lower incidence for vertebral than for 
carotid arteries. The ultrasonographic  fi ndings vary from 
vessel wall irregularities on B-mode (rarely an intimal 
 fl ap can be seen) to increased peak systolic velocities sug-
gestive of severe stenoses or occlusions due to signi fi cant 
intramural hematoma (Fig.  9.2 ). Since the most frequent 
location is the V3 segment, which is dif fi cult to insonate, 
one has to look for indirect signs as pre-occlusive  fl ow 

(high-resistance pulsatile  fl ow without end-diastolic 
 fl ow proximal to hemodynamically signi fi cant dissec-
tions). Furthermore, TCD can help con fi rm the diagnosis 
through detecting post-stenoocclusive  fl ow patterns or 
intracranial emboli, which can be often found distal to 
the dissection. Further consideration should be given to 
whether the dissection is spontaneous or trauma-related 
 [  6,   12,   14,   16,   18  ] .  

   Subclavian Steal 

 Subclavian steal is a hemodynamic phenomenon of reversed 
 fl ow in one VA caused by a signi fi cant stenosis or occlu-
sion in the unilateral subclavian artery (SA) proximal to 
the origin of the VA  [  22–  26  ] . It indicates atherosclerotic 
disease, but hardly ever leads to cerebrovascular events. If 
symptoms suggestive of posterior circulation ischemia are 
present, the phenomenon is called “subclavian steal syn-
drome.” Several waveforms have been described indicating 
different grades of subclavian steal (Fig.  9.3 ): Latent steal 
can be demonstrated by the so-called bunny rabbit wave-
form (corresponding approximately to  ³ 50% SA stenosis) 
showing two systolic peaks with a sharp deceleration after 
the  fi rst peak and a more rounded second peak. A bidirec-
tional waveform with initial retrograde systolic  fl ow toward 
the arm and subsequent diastolic antegrade  fl ow toward the 
brain (alternating  fl ow signal) may indicate a hemodynamic 
signi fi cant lesion in the SA. A reversed waveform or  com-
plete  retrograde  fl ow is caused by an occlusion or near-
occlusion of the SA. Of note, another main  fi nding besides 
the above-described Doppler  fl ow abnormalities indicating 
steal is a difference in blood pressure between both arms of 
 ³ 20 mmHg.  

 If the steal waveforms are not present at  rest ,  fl ow rever-
sal can be augmented by the hyperemia cuff test: In fl ate a 
blood pressure cuff over the systolic pressure value on the 
ipsilateral arm and let the patient open and close the  fi st 
(maintain arterial compression for about 1–1.5 min). Then, 
de fl ate the cuff rapidly, which will cause hyperemia in the 
arm and unmask latent steal for a short period of time in the 
recipient VA, visualizing the above-described Doppler 
waveforms.   

   Indications to Expand the Extracranial 
Exam to TCD at Our Laboratory 

     1.    Complete TCD examination of the anterior and posterior 
intracranial arterial segments is performed at our labora-
tory routinely as part of vascular imaging work-up in all 
patients with stroke and TIA.  
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    2.    In patients with posterior circulation symptoms, TCD 
should particularly be performed to rule out intracranial 
vertebrobasilar stenoses.  

    3.    If a dissection is suspected, its possible extension to 
intracranial circulation should be assessed with TCD and 
other appropriate angiographic testing.  

    4.    Intracranial monitoring to detect microembolic signals distal 
to a VA stenosis or dissection should be performed particu-
larly in patients with recurrent or  fl uctuating symptoms.  

    5.    Intracranial assessment of collateral  fl ow distal to a hemo-
dynamic signi fi cant VA stenosis or occlusion. The basilar 
artery usually does not show  fl ow abnormalities with uni-
lateral VA lesions, but this may occur with bilateral VA 
lesions or a contralateral hypoplastic VA and a complete 
steal present at rest.  

    6.    High-pulsatility  fl ow (with absent diastolic  fl ow) in one of the 
extracranial vertebral arteries suggestive of a critical stenosis 
or occlusion in the intracranial vertebrobasilar circulation.  

    7.    Quanti fi cation of vertebrobasilar vasomotor reactivity 
with a signi fi cant extracranial VA stenosis (breath-holding 
index values are not yet validated for the posterior 
circulation).      

   Conclusion 

 We summarize broad and speci fi c clinical indications and 
expected outcomes of VA ultrasonography that should aid 
referring physicians, sonographers, interpreting physi-
cians, and third-party payers to understand the clinical 
value and potential impact of VA testing on diagnosis and 
management decision making (Table  9.2 ).       

a

b

  Fig. 9.3    Examples of subclavian steal waveforms in the mid-
 cervical VA. ( a ) Alternating  fl ow signal at rest with systolic  fl ow 
reversal (toward the arm) and remaining diastolic  fl ow toward 
the brain. ( b ) Hyperemia test with blood pressure cuff in fl ation 
unmasks latent subclavian steal. Left VA shows two systolic peaks 
with a sharp deceleration after the  fi rst peak and a more rounded 

second peak (“bunny rabbit” waveform,  small arrows ). In fl ating 
the blood pressure cuff ( big arrow ) alters the systolic complexes in 
the left VA (note improved shape of the waveform). Releasing the 
blood pressure cuff augments steal inducing systolic  fl ow reversal 
( red circle )       
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   The Principles of Transcranial Doppler 

 Transcranial Doppler (TCD) was  fi rst introduced by Rune 
Aaslid and colleagues in 1982 to noninvasively measure blood 
 fl ow velocities in the major branches of the Circle of Willis 
through the intact skull  [  1  ] . A 2-MHz frequency pulse wave 
ultrasonic beam penetrates the skull and allows returned echo 
signals to be detected. The frequency shift of the returned 

echoes is calculated using the Doppler equation  f  
D
  = 2  f  

o
   v  cos   q  /

( c  − cos   q  ), where  f  
D
  is Doppler shift,  f  

o
  is the emitting fre-

quency,  v  is the scatterer speed,   q   is the Doppler angle, and  c  
is the sound propagation speed. The average speed of sound in 
soft tissues is 1.540 m/s, and the Doppler angle for TCD 
examination is assumed to be 0° for all arteries (cos 0° = 1). 
Therefore, the Doppler equation is rearranged to calculate the 
velocity of moving blood in basal cerebral arteries:  v  (cm/s) = 77 
 f  
D
  (kHz)/ f  

o
  (MHz), where the 77 coef fi cient is valid for the 

frequency and velocity units shown in parentheses. 
 Transcranial Doppler allows the depth and the direction 

of  fl ow relative to the transducer position and the ultrasonic 
beam direction to be located. The depth of insonation is man-
ually adjusted: the deeper the vessel location, the slower is 
the pulse repetition frequency. The direction of  fl ow depends 
on the angle at which the ultrasonic beam intercepts an artery. 
The  fl ow moving toward the transducer (i.e., the angle of 
interception is less than 90°) will increase the frequency of 
the returned signal compared to the emitted frequency. The 
 fl ow intercepted at 90° will produce no detectable Doppler 
shift. And if the arterial  fl ow is directed away from the probe 
(i.e., the angle >90°), the frequency of the returned signal 
will be less than the emitted one. Therefore, the Doppler 
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shifts are coded as positive or negative and the direction of 
 fl ow is determined accordingly.  

   Power Motion (M-Mode) Doppler 

 As a recent technological improvement in TCD, power motion 
(M-mode) Doppler (PMD-TCD) utilizes 33 overlapping 
Doppler samples to display signal intensities in an M-mode 
format, i.e., color-coded directionality and intensity, simulta-
neously detectable over 6 cm of intracranial space at a given 
position of the transducer  [  2  ] . The brighter PMD colors re fl ect 
stronger intensities, and this “road map” can serve as a guide 
for more complete spectral analysis. This technology allows 
easier window  fi nding, better vessel/emboli tracking, and as 
such can facilitate learning diagnostic TCD and understand-
ing how to target relevant proximal arterial segments that 
could contain acute occlusions. Furthermore, PMD  fl ow pat-
terns, or signatures, may have their own diagnostic 
signi fi cance, and these  fl ow changes can be observed over 
large segments of intracranial vasculature in real time.  

   Transcranial Color Duplex 

 Transcranial color-coded duplex (TCCD) is performed with a 
phased array transducer using a carrier frequency of 2–3.5 
MHz and imaging frequency of 4 MHz. It offers a two- 
dimensional B-mode image that is able to visualize anatomic 
landmarks in the brain, and the spatial relationship of the ves-
sels can be used for identi fi cation of the arteries in the cerebral 
vasculature  [  3–  7  ] . TCCD is particularly useful in the detection 
of distal arterial lesions and tracing the course of tortuous ves-
sels. For example, arterial branches can be identi fi ed, the ter-
minal vertebral arteries can be differentiated (left and right), 
and the basilar artery (BA) can be better identi fi ed. Using color 
 fl ow imaging, regions of disturbed  fl ow, suggestive of focal 
stenoses or occlusions, and occasionally, arteriovenous mal-
formations  [  8  ]  or large aneurysms can be detected. At bedside, 
B-mode imaging is able to demonstrate the midline shift with 
the malignant middle cerebral artery (MCA) infarctions  [  9  ]  or 
hematoma growth with intracerebral hemorrhages. 

 However, fewer diagnostic criteria are available for the 
detection and grading of intracranial disease with TCCD, 
and although TCCD provides several ultrasound techniques, 
a single-channel spectral Doppler interrogation without 
angle correction (zero degree angles is also recommended 
for TCCD) remains the mainstay of diagnosis.  

   Examination Techniques 

 There are four “windows” for insonation: temporal, orbital, 
foraminal, and submandibular (Figs.  10.1  and  10.2 )  [  10  ] . The 
transtemporal approach allows insonation of the MCA,  anterior 

cerebral (ACA), posterior cerebral (PCA), and communicating 
arteries. The transorbital approach is used to insonate the oph-
thalmic artery (OA) and internal carotid artery (ICA) siphon 
 [  1,   2,   10–  12  ] . The transforaminal approach allows the distal 
vertebral artery (VA) and BA to be insonated through the fora-
men magnum. The submandibular approach is used to obtain 
ICA velocities as they enter the skull. To shorten the time nec-
essary to  fi nd the window and different arterial segments, the 
examination should begin with the maximum power and gate 
settings (i.e., power 100%, gate 15 mm; if using PMD-TCD, 
use the smallest gate 3 mm). Identify and store the highest 
velocity signals and any abnormal or unusual waveforms.   

   Transtemporal Insonation Steps 

     1.    Set the depth at 50 mm (midpoint of the M1 MCA). Place 
the probe above the zygomatic arch and aim it slightly 
upward and anterior to the contralateral ear/window. Find 
any  fl ow signal and avoid too anterior and too posterior 
angulations. Find a  fl ow signal directed toward the probe 
that resembles MCA  fl ow (low-resistance waveform). Store 
the highest velocity at this depth.  

    2.    Follow the  fl ow signal until it disappears at shallow (30–
40 mm) depths (M2 MCA branches). Store any abnormal 
signal (avoid sampling meningeal arteries at these depths). 
Return to the midpoint of the M1 MCA.  

    3.    Follow the M1 MCA stem to its origin at 60–70 mm 
(insonation of the terminal ICA is possible at this depth). 
Find the ICA bifurcation at approximately 65 mm and obtain 
both proximal M1 MCA and A1 ACA (away from the probe) 
signals. Store a bidirectional signal of the bifurcation.  

    4.    Follow the A1 ACA signal to 70–75 mm depths. Store the 
distal A1 ACA signal at 70 mm.  

    5.    Find the terminal ICA signal just inferior and sometimes 
slightly posterior to the bifurcation at 60–65 mm. Store 
any abnormal signal.  

    6.    Return to the ICA bifurcation and slowly turn the trans-
ducer posterior by 10–30° (usually there is a  fl ow gap 
between the bifurcation and PCA signals). Find PCA sig-
nals directed toward (P1) and away (P2) from the probe at 
a depth range of 55–75 mm. Store the PCA signals with 
the highest velocity.      

   Transorbital Insonation Steps 

     1.    Decrease power to the minimum (17 mW) or 10%. Set the 
depth at 50–52 mm and place the transducer over the eye-
lid and angle it slightly medially. Determine  fl ow pulsatil-
ity and direction in the distal OA (high pulsatility  fl ow 
toward the probe). Store the OA signals.  

    2.    Set the depth at 60–64 mm and  fi nd the ICA siphon  fl ow 
signals (usually located medially in the orbital window). 
Store bidirectional or unidirectional signals directed 
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toward (lower limb of the siphon) and/or away (upper 
limb of the siphon) from the probe.      

   Transforaminal Insonation Steps 

     1.    Use full power and set the depth at 75 mm (distal VA/
proximal BA). Place the transducer at midline 1 in. below 
the edge of the skull and aim it at the bridge of the nose. 
Identify a  fl ow signal directed away from the probe (i.e., 
 fi nd the window).  

    2.    Increasing the depth, follow the  fl ow directed away from 
the probe. Store the proximal BA signal arbitrarily 
assigned to the depth of 80 mm (mid-BA to 90 mm, distal 
BA to >100 mm). Bidirectional signals may be found at 
various depths resembling cerebellar arteries. Store the 
highest velocity signal obtained at the most distal BA.  

    3.    Set the depth at 60 mm and place the transducer about 1 
in. laterally to the midline and aim toward the bridge of 
the nose or slightly toward the contralateral eye. Find the 
VA  fl ow signal directed away from the probe and follow 

its intracranial course from 40 to 80 mm. Store the VA 
signal at 60 mm (or at the depth with the highest velocity). 
Repeat the examination on the contralateral side.      

   Submandibular Insonation Steps 

     1.    Set the depth at 50–60 mm, place the probe laterally under 
the jaw, and aim it upward and slightly medially. Find a 
low-resistance  fl ow directed away from the probe. Store 
the distal ICA signal at the depth that shows the highest 
velocity. This approach is reserved for patients with suba-
rachnoid hemorrhage (SAH) when vasospasm grading 
requires calculation of the Lindegaard index.     
 The TCD interpretation consists of the assessment of:

    1.    Mean  fl ow velocity changes (focal or global)  
    2.    Asymmetry of  fl ow parameters (side-to-side, segmental)  
    3.    Pulsatility (high or low resistance)  
    4.    Waveform/sound pattern recognition of  fl ow changes     

 A normal TCD examination may reveal a wide range of 
depths of insonation, velocity values, and waveforms.  

  Fig. 10.1    Three-dimensional CT angiogram shows locations of the 
acoustic windows for transcranial Doppler examination except transfo-
raminal approach. The transtemporal window for insonation may be 

found above the zygomatic arch at the ( 1 ) middle, ( 2 ) posterior, and ( 3 ) 
anterior probe positions. Normal spectral Doppler waveforms obtained 
through these acoustic windows are shown       
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   Criteria for Normal TCD Findings 

     1.    Good windows of insonation, all proximal arterial seg-
ments found.  

    2.    Directions of  fl ow and depths of insonation are given in 
Table  10.1 .   

    3.    The differences between  fl ow velocities and pulsatility 
indices in the homologous arterial segments are usually 
less than 30%: 15% is attributable to the difference in 
angle of insonation and another 15% to breathing cycles. 
Normal variations of up to 100% in  fl ow velocities 
between homologous segments such as PCA or VA can be 
attributed to a tortuous vessel course, anatomic variants of 
the circle of Willis, and subdominance/hypoplasia.  

    4.    A normal MCA mean  fl ow velocity (MFV) is in the range 
of 80–100 cm/s in adults free of anemia and does not 
exceed 170 cm/s in children with sickle cell disease.  

    5.    A normal velocity ratio: MCA  ³  ACA  ³  siphon 
 ³  PCA  ³  BA  ³  VA.  

    6.    A positive end-diastolic  fl ow velocity (EDV) of 25–50% 
of the peak systolic velocity (PSV) values and a low- 
resistance pulsatility index (PI) of 0.6–1.1 are present in 
all intracranial arteries while breathing room air. A normal 
high resistance  fl ow pattern (PI  ³ 1.2) is seen in the OAs 
only.  

    7.    Abnormal high-resistance  fl ow patterns can be seen in 
patent cerebral arteries with aging, chronic hypertension, 
increased cardiac output, and during hyperventilation.       

  Fig. 10.2    Transforaminal window is shown relative to a three- 
dimensional CT angiogram with  dotted lines  identifying terminal verte-
bral and basilar arteries course. Transducer positions ( midline  and 

 lateral ) are shown relative to the vessels that could be insonated through 
these approaches. Normal spectral Doppler waveforms obtained from 
the terminal vertebral and basilar arteries are shown       
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   Cerebrovascular Resistance and Hemodynamic 
Indices 

 Cerebrovascular resistance (CVR) is determined by several 
factors that impede cerebral blood  fl ow (CBF) and thus deter-
mine MFV: the vessel radius, length, and blood viscosity. The 
Hagen-Poiseuille law is often used to describe the impact of 
resistance on blood  fl ow. It states that the  fl ow of a  fl uid 
through a tube is directly proportional to the pressure differ-
ence that exists between two ends of a tube and to the fourth 
power of the vessel radius, and inversely proportional to the 
length of the tube and  fl uid viscosity. Thus, the diameter of a 
blood vessel, which is mostly accomplished by arterial- 
arteriolar constriction and dilatation, is the most signi fi cant 
contributor of all to the rate of blood  fl ow. Under normal condi-
tions, the brain is a low-resistance arterial system, and the ICA 
branches have considerably greater end-diastolic  fl ow than the 
external carotid artery branches. The resistance to  fl ow is 
described by the pulsatility and the resistance index (RI):

   PI (Gosling-King) =  PSV − EDV/MFV (normal values in the 
range of 0.6–1.1).  

  RI (Pourcelot) =  PSV − EDV/PSV (normal values are in the 
range of 0.49–0.63)  [  13  ] .    

 These indices quantitatively re fl ect CVR and depend largely 
on the strength of the signal recorded as well as the envelope 
and time averaging software. Therefore, “weak signals,” “poor” 
windows, incomplete examination, and individual variations 
may produce substantial drawbacks. Additional information 
can be gained by visual  fl ow pattern recognition. Pathologically 
increased pulsatility indices ( ³ 1.2) are seen with increased ICP 
and decreased cerebral perfusion pressure due to decreased 
EDV. Further increased PIs can be detected proximal to a severe 
arterial obstruction, in patients with chronic hypertension and 
during episodes of hypocapnia. Pathologically low pulsatility 
indices ( £ 0.5) are mainly seen in the arteries feeding arterio-
venous malformations since direct shunting of blood into the 

venous system results in abnormally low CVR  [  14  ] . Low PIs 
may also be seen distal to a severe extra- or intracranial stenosis 
indicating compensatory vasodilation and during hypoventila-
tion. Although these indices per se may not be suf fi cient to 
diagnose extra- or intracranial cerebrovascular diseases, they 
should be used in a battery of TCD parameters allowing inte-
grated assessment of intracranial circulation. 

 The hemispheric index (also known as the Lindegaard ratio) 
compares MCA MFV to the ipsilateral ICA and may help to dif-
ferentiate an MCA MFV increase due to vasospasm and/or 
hyperperfusion  [  15  ] . The M1 MCA vasospasm after SAH is usu-
ally associated with a Lindegaard ratio  ³ 3, while a severe M1 
MCA vasospasm has been shown to correlate with values  ³ 6. 

 Other factors that affect CBF and CVR include age, gen-
der, cardiac function, hematocrit,  fi brinogen, and vasodila-
tory or constricting medications  [  13  ] . 

 TCD measurement of  fl ow velocities, however, does not 
allow calculation of CBF in ml/min because of the variable 
and unknown arterial diameter and peripheral resistance 
 [  16  ] . However, the area under the waveform envelope, inten-
sity of the signal, and relative change in the mean  fl ow veloc-
ities determined with the same angle of insonation are usually 
proportional to regional CBF changes  [  17  ] . For example, 
MFV changes due to vasomotor reactivity with different 
vasodilatory stimuli re fl ect CBF changes assuming that the 
perfused territory remains constant during investigation  [  18  ] . 
The use of TCD for monitoring physiological responses to 
vasodilatory substances is based on the concept of cerebral 
vasomotor reactivity (VMR) in order to identify patients at a 
particular risk for cerebral ischemic events.  

   Speci fi c Clinical Indications and Diagnostic 
Criteria 

 The speci fi c established clinical indications for TCD in rou-
tine clinical practice include sickle cell disease, cerebral 
ischemia (stroke, transient ischemic attack; TIA), carotid 

 Artery  Depth (mm, adults)  Direction  Children a   Adults 

 M2 MCA  30–45  Bidirectional  <170 cm/s  <80 cm/s 
 M1 MCA  45–65  Toward  <170 cm/s  <80 cm/s 
 A1 ACA  62–75  Away  <150 cm/s  <80 cm/s 
 A2 ACA  45–65  Toward  N/A  <80 cm/s 
 ICA siphon  60–65  Bidirectional  <130 cm/s  <70 cm/s 
 OA  40–60  Toward  Variable  Variable 
 PCA  55–70  Bidirectional  <100 cm/s  <60 cm/s 
 BA  80–100+  Away  <100 cm/s  <60 cm/s 
 VA  45–80  Away  <80 cm/s  <50 cm/s 

   a MFVs are given for children with sickle cell disease  

 Table 10.1    Normal depth, 
direction, and mean  fl ow 
velocities at assumed 0° angle 
of insonation for the arteries 
of the circle of Willis  
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artery stenosis and occlusions, arterial vasospasm after SAH, 
cerebral circulatory arrest, and periprocedural or surgical 
monitoring. In the following, we provide a summary of vari-
ous diagnostic criteria previously published by other investi-
gators and generated by our vascular laboratory. 

   Sickle Cell Disease 

 TCD can identify children with the highest risk of  fi rst-ever 
stroke and those in need of blood transfusion  [  19,   20  ] . In a 
pivotal trial  [  20  ] , TCD detection of time-averaged maximum 
MFV of 200 cm/s on two separate examinations was used to 
determine the need for blood transfusion that resulted in 90% 
relative risk reduction of  fi rst-ever stroke. This trial demon-
strated that TCD can select patients for the most effective 
primary stroke prevention intervention to date that had pro-
found implications on management of children with sickle 
cell disease. Further observations con fi rmed that children 
initially selected by TCD for blood transfusion should stay 
on transfusion schedule to sustain the bene fi t in stroke risk 
reduction  [  21  ] . Moreover, recent data including long-term 
follow-up and  fi nal results from the Stroke Prevention Trial 
in Sickle Cell Anemia (STOP) indicated that persistent ele-
vation in TCD velocities indicates ongoing stroke risk  [  22  ] . 
The skill of TCD testing in children with sickle cell anemia 
is taught through standard tutorials with sonographers receiv-
ing specialized certi fi cates, and diagnostic criteria for inter-
preting physicians are well de fi ned  [  22,   23  ] .  

   Subarachnoid Hemorrhage 

 Arterial vasospasm following SAH becomes symptomatic in 
more than 25% of patients leading to a delayed ischemic 
de fi cit (DID)  [  24  ] . DID usually occurs when vasospasm 
results in a severe ( £ 1 mm) intracranial arterial narrowing 
producing  fl ow depletion with extremely high velocities 
 [  25  ] . It may affect the proximal stem and distal branches of 
intracranial arteries with the most common locations being:
    1.    MCA/TICA ± ACA  
    2.    Bilateral ACAs  
    3.    BA ± terminal VA  
    4.    Distal branches  [  26  ]      

 Numerous studies have shown the effectiveness of TCD 
in diagnosing cerebral arterial vasospasm both in anterior 
and posterior circulation following SAH  [  27–  35  ] . More 
speci fi cally, TCD can detect the development of vasospasm 
on days 2–5 following SAH, i.e., before it can become clini-
cally apparent, and this information can be used by intensiv-
ists to step up with hemodynamic management of these 
patients  [  36  ] . In addition, TCD can detect progression to the 
severe phase of vasospasm when development of the DID 

due to perfusion failure through the residual lumen is the 
greatest. The maximal sensitivity of TCD for detecting severe 
cerebral vasospasm is at day 8 after SAH onset, while its 
sensitivity for diagnosing DID is lower  [  36  ] . 

 Although quantitative criteria have been studied exten-
sively, grading arterial vasospasm severity remains dif fi cult, 
and the interpretation of TCD  fi ndings should be individual-
ized. Daily TCD examinations may detect considerable  fl ow 
velocity and pulsatility changes that may be attributed to 
early development of vasospasm and progression to a severe 
stage. However, TCD  fi ndings should be related to the patient 
clinical condition, medications, blood pressure, and time 
after day 0 (usually the onset of the worst headache of 
patient’s life) and ICP  fi ndings:
    1.    Proximal vasospasm in any intracranial artery results in a 

focal (or present along one or two branching segments) 
elevation of mean  fl ow velocities without a parallel veloc-
ity increase in the feeding extracranial arteries (intracra-
nial/extracranial vessel ratio  ³ 3).  

    2.    Distal vasospasm in any intracranial artery may produce a 
focal pulsatile  fl ow (PI  ³  1.2) indicating increased resis-
tance distal to the site of insonation. No MFV increase 
may be found since vasospasm is located distal to the site 
of insonation. Additional  fi ndings may include daily 
changes in velocities, ratios, and PIs during the  fi rst 2 
weeks but are particularly pronounced during the critical 
days 3–7 after the onset of SAH.     
 MCA vasospasm-speci fi c criteria are shown in Table  10.2 . 

The differential diagnosis includes hyperemia, combination 
of vasospasm and hyperemia in the same vessel (since most 
SAH patients routinely receive some part of hypertension-
hemodilution-hypervolemia therapy; HHH), residual vasos-
pasm, and hyperemia. Arterial vasospasm may also coexist 
with hydrocephalus, edema, and infarction.  

 Prognostically unfavorable signs include an early appear-
ance of MCA MFV  ³ 180 cm/s, a rapid (>20% or >65 cm/s) 
daily MFV increase during critical days 3–7, an MCA/ICA 
ratio  ³ 6, and the abrupt appearance of high-resistance PI  ³  
1.2 of  fl ow in two or more arteries indicating increased ICP 
and/or distal vasospasm  [  24  ] . 

 Grading vasospasm severity in the arteries other than MCA 
is dif fi cult. Sloan and colleagues showed that TCD is highly 
speci fi c (100%) for VA and BA vasospasm when mean  fl ow 
velocities are  ³ 80 and  ³ 95 cm/s, respectively, and suggested 
reporting vasospasm in these arteries as possible, probable, 
and de fi nite (Table  10.3 )  [  25,   35  ] . The key indicator of a 
signi fi cant vasospasm is a focal, asymmetric, and dispropor-
tionate velocity increase that may occur in an artery distant 
from the aneurysm site or blood clot collection on computed 
tomography. The differential diagnosis includes hyperemia 
and its combination with vasospasm in these arteries.  

 Soustiel et al. have shown that the ratio between the BA 
and the extracranial VA (termed Soustiel’s ratio) may 
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 contribute to an improved discrimination between BA vasos-
pasm and vertebrobasilar hyperemia and enhance the 
accuracy and reliability of TCD in the diagnosis of BA vasos-
pasm  [  31  ] . Sviri and colleagues independently validated the 
accuracy of Soustiel’s ratio, and, after showing that this ratio 
improved the sensitivity and speci fi city of TCD detection of 
BA vasospasm, they introduced new TCD grading criteria 
for BA vasospasm  [  32,   33  ] . 

 An ongoing individual correlation of angiography with 
same-day TCD  fi ndings may improve the accuracy of TCD 
to detect vasospasm onset. A focal and disproportionate to 
therapy increase in  fl ow velocities indicates the development 
of vasospasm. For example, an MCA MFV increase by 50 
cm/s may indicate a 20% diameter reduction of the vessel, 
and since  fl ow velocity is inversely proportionate to the ves-
sel radius, a 50% diameter reduction usually doubles the 
velocity on TCD  [  38  ] . Therefore, TCD may be more sensi-
tive to changes in intracranial artery diameter than angiogra-
phy particularly at the early phases of vasospasm development. 
Since TCD is a screening tool, the criteria should be adjusted 
to a higher sensitivity to detect any degree of vasospasm in 
order to institute components of the HHH therapy. At the 
same time, a higher speci fi city threshold should be used for 
severe vasospasm to minimize the number of false-negative 

angiograms, particularly if TCD is used to select patients for 
angioplasty. 

 Hyperemia is suspected with elevated velocities in the 
intracranial and often in the feeding extracranial vasculature. 
Hyperemia changes on TCD are common in patients with 
SAH receiving components of HHH therapy. The use of 
Lindegaard ratio  [  15  ]  and new  fl ow and area indices  [  39  ]  
may help to minimize false-positive TCD results and predict 
better the diameter of the residual lumen on angiography. 

 Other hyperperfusion syndromes may occur after carotid 
endarterectomy (CEA) or angioplasty (post-revasculariza-
tion hyperemia) usually characterized by a  ³ 30% increase in 
MCA MFV unilateral to the reconstructed carotid artery and 
low-pulsatility waveforms compared with the contralateral 
side, indicating decreased capacity of distal vasculature to 
regulate the reestablished  fl ow  [  40–  42  ] . Hyperemic reperfu-
sion may also develop with systemic thrombolytic therapy 
and intra-arterial revascularization procedures for acute isch-
emic stroke  [  43  ] .   

   Acute Cerebral Ischemia 

 An indication “ischemic stroke” or “transient ischemic 
attack” may necessitate not only a complete diagnostic TCD 
examination  [  44  ]  in order to detect the presence of steno-
occlusive disease and collaterals. It can be also extended to 
include VMR assessment, emboli detection, cardiac right-to-
left shunting (RLS) testing, as well as continuous real-time 
intracranial vessel monitoring. The reasons to perform TCD 
in patients with suspected or con fi rmed cerebral ischemia are 
multiple. First, carotid duplex alone can detect a signi fi cant 
(>50%) carotid stenosis or occlusion in only 15–20% of con-
secutive patients with stroke or TIA. Thus, the stroke mecha-
nism remains unexplained in the majority of these patients if 
only carotid duplex is performed for vascular imaging. 
Second, magnetic resonance angiography (MRA) of the head 
and neck is often performed, but it is prone to artifacts, often 
prompting additional contrast angiography or TCD testing. 

 Complete TCD examination evaluates up to 16 proximal 
intracranial arterial segments with the goal of detecting nor-
mal, stenosed, or occluded intracranial vessels  [  44  ] . The 
assessment of vessel patency has prognostic signi fi cance as 
patients with persisting occlusions have worse outcomes if 
reperfusion therapy is not instituted timely or is ineffective 
 [  45  ] . This information is also helpful to select patients for 
catheter angiography, intra-arterial rescue procedures, and 
potentially hemicraniectomy. 

 TCD evaluation also has diagnostic signi fi cance to iden-
tify stroke pathogenic mechanisms, i.e., large-vessel steno-
sis, or artery-to-artery embolism as opposed to a cardiac or 
paradoxical embolism source. Patients with intracranial dis-
ease are at high (10–15% annually) risk of stroke recurrence. 

   Table 10.2    TCD criteria for grading vasospasm in the proximal 
MCA   

 Mean  fl ow 
velocity (cm/s) 

 MCA/ICA MFV 
ratio  Interpretation 

 <120   £ 3  Hyperemia 

  ³ 120  3–4  Development of mild 
spasm + hyperemia 

  ³ 120  4–5  Moderate 
spasm + hyperemia 

  ³ 120  5–6  Moderate spasm 

  ³ 180  6  Moderate-to-severe spasm 

  ³ 200   ³ 6  Severe spasm 

 >200  4–6  Moderate 
spasm + hyperemia 

 >200  3–4  Hyperemia + mild (often 
residual) spasm 

 >200  <3  Hyperemia 

   Table 10.3    Sloan’s optimized criteria for grading vasospasm (VSP) in 
intracranial arteries   

 Artery/MFV  Possible VSP  Probable VSP  De fi nite VSP 

 ICA  >80  >110  >130 
 ACA  >90  >110  >120 
 PCA  >60  >80  >90 
 BA  >70  >90  >100 
 VA  >60  >80  >90 

  Modi fi ed from Alexandrov and Neumyer  [  37  ] . With permission from 
John Wiley & Sons, Inc.  
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The same TCD examination can detect collateral  fl ow and 
the hemodynamic signi fi cance of extracranial or intracranial 
steno-occlusive lesions  [  46–  54  ] . This information is helpful 
to identify a proximal arterial obstruction and to clarify 
carotid duplex or noninvasive angiographic  fi ndings includ-
ing MRA and CT angiography (CTA). Carotid duplex and 
MRA are known to produce falsely elevated estimates of the 
degree of carotid stenosis, and TCD, via collateral and down-
stream hemodynamic effects, can help clarify false-negative 
and false-positive diagnosis of severe ICA stenosis. A severe 
ICA stenosis should produce downstream  fl ow changes 
directly detectable by TCD, and if no delay in systolic  fl ow 
acceleration is seen or no collaterals are detected, these TCD 
 fi ndings likely indicate moderate proximal ICA stenosis 
 [  43,   46,   51  ] . On the other hand, if extracranial duplex scan-
ning does not reveal a severe ICA lesion (e.g., high carotid 
bifurcation), the presence of unilaterally delayed systolic 
 fl ow acceleration or intracranial collaterals would suggest 
the presence of a severe proximal ICA lesion. It is recom-
mended to perform TCD studies always in conjunction with 
ultrasound examination of the extracranial brain supplying 
arteries in patients with stroke or TIA  [  12  ] . 

 For intracranial steno-occlusive lesions, intracranial MRA 
often shows  fl ow gaps due to turbulence or reversal of  fl ow 
direction, thus overestimating the degree of stenosis. TCD 
 fi ndings of focal elevated velocities con fi rm the presence of 
an intracranial stenosis or collaterals when applicable, and 
validated diagnostic criteria are available  [  43,   55  ] . 

   Intracranial Atherosclerotic Disease 

 Intracranial atherosclerotic disease is now recognized as a 
serious risk factor with severe and multiple lesions carrying 
the highest risk of stroke recurrence. Recent emphasis on 
identi fi cation of  ³ 50% and  ³ 70% stenoses prompted reeval-
uation of the current criteria and development of new ones.  

   Middle Cerebral Artery Stenosis 

 Primary  fi ndings for any signi fi cant  ³ 50% MCA stenosis 
include a focal signi fi cant MFV or PSV increase ( ³ 100 or 
 ³ 140 cm/s, respectively) or interhemispheric MFV differ-
ence of 1:2 in adults free of cerebrovascular disease  [  48,   51, 
  56–  64  ] . A  ³ 70% MCA stenosis could produce higher veloci-
ties, and in our laboratory, we use a MFV cutoff >120 cm/s 
 [  65  ] . This velocity increase should be further associated with 
a ratio to a homologous segment of 1:3 or higher. If anemia, 
congestive heart failure, and other circulatory conditions 
associated with elevated or decreased velocities, a focal 
MFV difference  ³ 30% between neighboring or homologous 
arterial segments should be applied to see if the velocity 

increase reaches any signi fi cance. Adult patients with anemia 
or hyperthyroidism often have increased MCA mean  fl ow 
velocities. In children with sickle cell disease, MCA MFV 
 ³ 170 cm/s is considered abnormal  [  19  ] . 

 Additional  fi ndings may include turbulence (occasionally 
a low-frequency noise produced by nonharmonic co- vibrations 
of the vessel wall and musical murmurs due to harmonic co-
vibrations producing pure tones can be heard) or disturbed 
 fl ow distal to the stenosis or presence of characteristic  fl ow 
voids on PMD-TCD indicating a low-frequency bidirectional 
turbulent  fl ow during systole; an increased unilateral ACA 
MFV may indicate compensatory  fl ow diversion or A1 ACA 
or ICA bifurcation stenosis, and microembolic signals (MES) 
found in the distal MCA. 

 If MFVs are increased throughout the M1 MCA, the dif-
ferential diagnosis includes MCA stenosis, terminal ICA or 
siphon stenosis, hyperemia or compensatory  fl ow increase in 
the presence of contralateral ICA stenosis, ACA occlusion, 
and incorrect vessel identi fi cation. 

 A critical stenosis or obstruction with near-occlusive 
thrombus or embolus can either produce a focal velocity 
increase or a blunted MCA waveform with slow or delayed 
systolic acceleration, slow systolic  fl ow deceleration, low 
velocities, and lower MFVs in the MCA than ACA or any 
other intracranial artery  [  48,   51,   53  ] . Decreased or minimal 
 fl ow velocities with slow systolic acceleration can be found 
due to a tight elongated MCA stenosis or thrombus causing 
near-occlusion. These focal lesions should be differentiated 
from a proximal ICA obstruction that can also produce 
delayed systolic  fl ow acceleration in the MCA  [  30,   46–  54  ] . 

 To con fi rm the presence of a  fl ow-limiting lesion, arterial 
branches need to be evaluated. Note that an M1–M2 MCA 
near-occlusion is usually accompanied by  fl ow diversion to 
the ACA and/or compensatory  fl ow increase in the PCA, 
indicating transcortical collateralization  [  53,   66  ] .  

   Anterior Cerebral Artery Stenosis 

 Primary  fi ndings for any signi fi cant ACA stenosis include a 
focal signi fi cant mean  fl ow velocity increase (ACA > MCA) 
and/or a  ³ 30% difference between the proximal and distal 
ACA segments and/or interhemispheric ACA MFV differ-
ence of  ³ 30% (these are the original criteria, but in reality 
ACA MFV velocity should at least double the velocity of the 
reference vessel)  [  51,   63,   66  ] . Collateralization via the ante-
rior communicating artery (AComA) can be excluded by a 
normal contralateral ACA  fl ow direction. Usually an ACA 
stenosis can be detected at depth of 60–75 mm. The differen-
tial diagnosis includes anterior cross- fi lling due to a contral-
ateral proximal carotid artery obstruction  [  46–  49  ] . 

 Additional  fi ndings may include turbulence and a  fl ow 
diversion into the MCA and/or compensatory  fl ow increase 
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in the contralateral ACA. Decreased or minimal  fl ow veloci-
ties at the A1 ACA origin may indicate a suboptimal angle of 
insonation from the unilateral temporal window, an atretic or 
tortuous A1 ACA segment, or A1 ACA near-occlusion. Since 
the A2 ACA segment cannot be assessed directly by TCD, its 
obstruction can be suspected only if a high-resistance  fl ow is 
found in the distal dominant A1 ACA segment. 

 Common errors include incorrect vessel identi fi cation 
(terminal ICA versus ACA), velocity underestimation (sub-
optimal angle of insonation, poor window, weak signals) and 
inability to differentiate a collateral  fl ow from the stenosis.  

   Terminal Internal Carotid Artery and Siphon 
Stenosis 

 A terminal ICA (traceable through the temporal  window) 
and ICA siphon (traceable through the transorbital  window) 
 stenosis produces a focal signi fi cant MFV increase 
(ICA > MCA, and/or an ICA MFV  ³ 70 cm/s, and/or  ³ 30% 
difference between arterial segments)  [  43,   51,   63,   67  ] . 

 The differential diagnosis includes moderate proximal 
ICA stenosis and/or compensatory  fl ow increase with con-
tralateral signi fi cant ICA obstruction. Additional  fi ndings 
in the presence of an ICA stenosis may include turbu-
lence, blunted unilateral MCA, OA MFV increase, and/or 
 fl ow reversal with low pulsatility. The ICA siphon MFV 
may decrease due to siphon near-occlusion (a blunted 
siphon  signal) or distal obstruction (i.e., MCA occlusion or 
increased ICP). 

 Common errors include incorrect vessel identi fi cation 
such as MCA versus TICA via transtemporal approach or 
ACA versus ICA with deep transorbital insonation and con-
sequently collateralization of  fl ow via the anterior cross-
 fi lling misinterpreted as an arterial stenosis. In the absence of 
temporal windows, these  fi ndings may be the only yet con-
fusing indicators of a signi fi cant carotid artery lesion.  

   Posterior Cerebral Artery Stenosis 

 A focally signi fi cant PCA stenosis results in an MFV increase 
PCA > ACA or ICA and/or a PCA MFV  ³ 50 cm/s in adults 
 [  54,   63,   68–  70  ] . Additional  fi ndings may include turbulence 
and a compensatory  fl ow increase in the MCA. 

 The differential diagnosis includes collateral  fl ow via the 
posterior communicating artery (PComA) either toward 
the posterior circulation in case of BA occlusion or toward 
the anterior circulation in case of MCA, TICA, or tandem 
extracranial ICA/MCA occlusions and siphon obstruction. 
Of note, PComA is a tortuous vessel, and its  fl ow direction 
on TCD does not necessarily indicate where the lesion is that 
requires collateralization. Using TCCD, it may be possible 

to differentiate PCA stenosis from collateralization of  fl ow 
using PSV  [  71  ] . 

 Common sources of error include unreliable vessel 
identi fi cation and a top-of-the-basilar stenosis.  

   Basilar Artery Stenosis 

 Primary  fi ndings in the presence of a BA stenosis include a 
focal signi fi cant MFV increase BA > MCA or ACA or ICA, 
and/or an MFV BA  ³ 60 cm/s in adults, and/or a  ³ 30% differ-
ence between arterial segments  [  43,   54,   63  ] . The  fi ndings of a 
recent study indicate that a BA stenosis of  ³ 50% can be more 
reliably identi fi ed when BA MFV exceeds 80 cm/s  [  53,   64  ] . To 
detect  ³ 70% intracranial vertebrobasilar stenosis, we use MFV 
increase >110 cm/s and a stenotic/pre-stenotic ratio  ³ 3  [  65  ] . 

 The differential diagnosis includes a terminal VA stenosis 
if elevated velocities are found proximally, i.e., at a depth of 
70–80 mm. If elevated velocities are found throughout the 
entire BA course, the differential diagnosis includes a com-
pensatory  fl ow velocity increase, i.e., in case of a carotid 
artery obstruction. With the latter velocities are increased in 
at least one of the VAs. 

 Basilar artery near-occlusion produces a focal MFV 
decrease ( £ 30% difference between neighboring arterial seg-
ments and/or BA < VA) resulting in a blunted waveform  [  54  ] . 
The differential diagnosis includes a fusiform (dolichoec-
tatic) BA with or without thrombus since an enlarged vessel 
diameter may reduce  fl ow velocities. If the end-diastolic  fl ow 
is absent, the differential diagnosis includes BA occlusion or 
tortuosity with branch insonation at a suboptimal angle. 

 Additional  fi ndings may include turbulence and disturbed 
 fl ow signals distal to the stenosis, compensatory  fl ow increase 
in VAs and posterior cerebellar inferior arteries indicating 
cerebellar collateralization, and a collateral supply via 
PComA to PCA with a reversed  fl ow in the distal BA. 

 Common sources of error include a tortuous basilar (“not 
found” does not always mean obstructed), elongated BA 
obstruction, and distal BA lesions that were not reached by 
TCD or identi fi ed due to  fl ow presence to the superior cerebel-
lar arteries producing false-negative results. Application of 
ultrasound contrast and TCCD may help the detection of the 
distal BA segment, tortuosity, and distal branches  [  43,   54,   72,   73  ] . 
A collateral  fl ow from the posterior to the anterior circulation 
in the presence of carotid lesions may increase  fl ow velocity 
changes associated with mild stenosis and/or tortuosity. In the 
case of  fl ow collateralization, the dominant VA velocities are 
also increased  [  74  ] . Reversed  fl ow in the BA (low-resistance 
 fl ow toward the probe) is characteristic for a proximal BA 
occlusion with retrograde  fi lling of the distal BA through the 
PComA  [  54,   75  ] . The origin of the collateral  fl ow in the ante-
rior circulation can be con fi rmed with carotid artery tapping 
that can be transmitted to the reversed  fl ow.  
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   Intracranial Vertebral Artery Stenosis 

 Primary  fi ndings of an intracranial VA stenosis include a focal 
MFV increase VA > BA, and/or MFV VA  ³ 50 cm/s in adults, 
and/or a  ³ 30% difference between VAs or its neighboring 
segments  [  43,   63,   76  ] . Recent  fi ndings have indicated that a 
 ³ 50% VA stenosis can be more reliably identi fi ed when VA 
MFV exceeds 80 cm/s and when the stenotic-to-normal MFV 
ratio is  ³ 2  [  53,   64  ] . A  ³ 70% VA stenosis could produce higher 
velocities, and in our laboratory, we use a MFV cutoff >110 
cm/s and a stenotic-to-normal MFV ratio of  ³ 3  [  65  ] . 

 The differential diagnosis includes proximal BA or con-
tralateral terminal VA stenoses and a compensatory  fl ow 
increase in the presence of a contralateral VA occlusion or 
carotid lesion. 

 Additional  fi ndings may include turbulence or disturbed 
 fl ow signal distal to the stenosis; a compensatory elevated 
velocity in the contralateral VA, posterior cerebellar inferior 
arteries, or other cerebellar arteries (cerebellar collaterals); 
low BA  fl ow velocities (hemodynamically signi fi cant lesion, 
hypoplastic contralateral VA) and low-resistance  fl ow distal 
to stenoses (compensatory vasodilation); and the presence of 
distal MES in the BA or cerebellar collaterals. 

 Common sources of error include a compensatory  fl ow 
increase due to hypoplastic contralateral VA, low velocities 
in both VAs due to a suboptimal angle of insonation, extracra-
nial VA stenosis or occlusion with well-developed muscular 
collaterals, elongated VA stenosis/hypoplasia, and incorrect 
vessel identi fi cation, i.e., posterior cerebellar inferior artery 
(PICA).  

   Arterial Occlusion 

 The diagnosis of an acute intracranial arterial occlusion with 
TCD is dif fi cult. The operator must be experienced and the 
best results are usually obtained for M1 MCA, terminal ICA/
siphon, and BA. The main requirement for con fi dence in 
TCD  fi ndings is a good window of insonation (or the ability 
to use imaging or contrast agents) whereby other patent 
arteries should be identi fi ed through the same approach. To 
achieve better sensitivity to slow and weak  fl ow, a single-
gate spectral TCD system should be set at the maximum 
allowed power and a large sample volume (12–15 mm). A 
PMD-TCD system should be set at a depth range of pre-
sumed arterial occlusion and a small spectral TCD sample 
volume (3 mm) as it allows a higher power output compared 
with a large sample volume. 

 An acute lesion may represent a complete occlusion, subto-
tal stenosis or partial, yet hemodynamically signi fi cant  fl ow 
obstruction or near-wall thrombus with the only signs being 
marginal elevation of velocities and occasional distal micro-
emboli. Instead of relying on velocity measurements in detectable 

segments, the TCD examiner should pay attention to wave-
form patterns and signs of  fl ow diversion, collateralization, 
and embolization. Waveform morphology discloses more 
information about clot location, hemodynamic signi fi cance of 
obstruction, and resistance in the distal vasculature than veloc-
ity difference by itself. This approach leads to a greater yield 
of abnormal TCD  fi ndings that are highly predictive of the 
presence of a thrombus at invasive angiography  [  77–  79  ] . For 
example, if the affected MCA MFV is  £ 30% compared with 
the non-affected side and the waveform shows delayed sys-
tolic  fl ow acceleration, this could point to a proximal ICA 
obstruction and not necessarily an isolated MCA lesion. 
Further waveform analysis of the MCA is required to establish 
the presence of an additional lesion in the MCA. If diastolic 
 fl ow disappears at any depth along the MCA, this strongly 
suggests the presence of a tandem occlusion. The presence of 
a diastolic  fl ow at 45–65 mm could imply patency of small 
perforating arteries arising from the M1 MCA. Demchuk et al. 
developed the Thrombolysis in Brain Ischemia (TIBI)  fl ow 
grading system to predict success of intracranial clot lysis and 
short-term improvement after ischemic stroke (Fig.  10.3 )  [  79  ] . 
Based on previous studies and our own correlations with inva-
sive angiography, our group described detailed criteria for 
intracranial occlusions on TCD  [  57,   68,   78–  83  ] .   

   MCA Occlusion 

 For the diagnosis of an MCA occlusion, an abnormal wave-
form (TIBI  fl ow grades 0–3) has to be found at a depth of 
30–65 mm via the transtemporal approach. The presence of 
positive end-diastolic  fl ow (TIBI  fl ow grades 2–3) implies 
 fl ow to the nearest branching vessels to the depth at which 
these were located such as perforators, anterior temporal 
artery, or M2 MCA. 

 Additional  fi ndings are a  fl ow diversion and/or a com-
pensatory velocity increase in the unilateral ACA and/or 
PCA, no  fl ow signals in the ACA and ICA with PCA  fl ow 
identi fi ed (possible “T”-type terminal ICA occlusion), and a 
diastolic  fl ow and overall velocity decrease from the TICA 
to the distal MCA.  

   Intracranial Internal Carotid Artery Occlusion 

 With an intracranial or TICA occlusion, TCD  fi ndings are 
dependent on collateralization and the extent of occlusion 
into the MCA such as “T” or “L” types. If an extension into 
the MCA is present, TIBI  fl ow grades 0–2 are usually found 
with MCA velocities below 20 cm/s  [  84  ] . Additionally, there 
is either partial or complete anterior cross- fi lling with A1 
ACA reversal and retrograde  fi lling of the siphon. Besides 
abnormal TIBI waveforms at 60–70 mm and recruitment of 
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TIBI flow grade definitions
For credentialing purposes, interpret flow singals above the baseline. supporting flow information may be gained from the entire image.

For interpretation, assume all images are optimized (i.e. appropriate gain, power window, angle, sample volume, depth).

0.

1.

2.

3.

4.

5.

Absent

Minimal

Caution: Despite absent ED flow by visual interpretation, TCD equipment may erroneously report end
diastolic velocity figures due to noise artifacts. Do not rely on machine ED velocity mesurements to
determine the presence or absence of end diastolic flow.

A-systolic spikes of variable velocity and duration

A-

B-
C-

A-

B-
C-

B-absent diastolic flow during all cardiac cycles based on visual interpretation of periods of
no flow during end diastoli (ED). Reverberating flow is a type of minimal flow.

Blunted

Dampened

Stenotic

Normal

Caution: Dampened versus blunted signals can be differentiated by dampened having a clear peak systolic
complex (initially sharp systolic upstroke without flattening).

Caution: Dampened versus normal signals can be distinguished by dampened having a more abrupt down-slope
of late systoli and early diastoli and other signs of obstruction, i.e. flow diversion (flow velocity ACA > MCA − where
flow velocities below the baseline are greater than those above the baseline).

A-mean flow velocities of  ≥80 cm/s AND velocity difference of ≥30% compared to the
control side (please calcuate if close); if velocity difference is less than 30% look for
additional sighs of stenosis, i.e. turbulence, spectral narrowing

OR

A-

B-if both affected and comparison sides have MFV <80 cm/s due to low end-diastolic 
velocities, mean flow velocities ≥30% compared to the control side (please calculate
if close) AND signs of turbulence.

B-

Caution:With subtle velocity/PI difference, look for dampened waveforms to have a more pulsatile shape

flattened or delayed systolic flow acceleration of variable duration compared to control

normal systolic flow acceleration

positive end diastolic velocity

positive end diastolic velocity

a pulsatility index (PI) < 1.2.

decreased mean velocities by ≥30% compared to control (plese calculate if close). 

<30% mean velocity difference compared to control (please calculate if close)
similar waveform shapes compared to control

Caution: Hypertensive individuals may have symmetric, high resistance signals with PI ≥ 1.2 and low
end-diastolic velocities. 

Caution: Normal versus blunted signals can be differentiated by normal waveforms having initial sharp
systolic upstrokes even if the rest of the waveform shows slow deceleration (note slower heart rate).

Caution: Flow velocities are usually >20% lower than those in the comparison side.
Caution: With low velocities, blunted versus minimal signals may hard differentiate. Blunted is 
distinuished by the visual presence of end-diastolic flow.

+

Absent flow singnals are defined by the lack of regular pulsatile flow signals depite varying degree
of background noise

−

+

−

+

−

+

−

+

−

+

−

  Fig. 10.3    Detailed TIBI  fl ow grades de fi nitions (With permission from the Health Outcomes Institute, Inc.)       
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collaterals and contralateral compensatory velocity increases, 
ICA occlusions above the origin of the OA can also produce 
a high resistance or dampened ICA siphon signal transor-
bitally and velocity reduction and pulsatility increase in the 
proximal ICA on carotid duplex examination. The hallmark 
of an isolated distal ICA occlusion is the presence of pat-
ent proximal ICA on duplex and traceable MCA signals 
(often blunted) throughout MCA stem and the presence 
of  collateralization of  fl ow indicating a hemodynamically 
signi fi cant lesion in the ICA. 

 With a proximal ICA occlusion, the most common  fi ndings 
include a blunted MCA signal and reversed OA or absent 
orbital signals from the OA and ICA siphon. TCD cannot dif-
ferentiate complete ICA occlusion from hemodynamically 
signi fi cant proximal high-grade stenosis, and direct carotid 
examination should be used to answer this question. 

 Additional  fi ndings may include collateral  fl ow in the 
PComA and/or anterior cross- fi lling via AComA, compensa-
tory velocity increase in the contralateral ICA, blunted MCA 
waveform, and MES in the unilateral TICA/MCA.  

   Basilar Artery Occlusion 

 Abnormal waveforms suggestive of a BA occlusion can be 
found either at the distal end of the dominant VA or at 
80–100+ mm via the transforaminal approach. Additional 
 fi ndings may include a  fl ow velocity increase in one or both 
VAs or PICAs, indicating collateral  fl ow in the cerebellar 
arteries; a high-resistance  fl ow signal in one or both VAs, 
indicating proximal BA occlusion; a high-resistance  fl ow 
signal at the origin of the BA, indicating distal BA occlu-
sion; retrograde (low-resistance, increased velocity)  fl ow 
toward the probe at the top of the BA (proximal BA occlu-
sion collateralized via anterior circulation); functional 
PComA with  fl ow directed away from the probe via the 
transtemporal approach; and decreased velocities in the dis-
tal BA or an absent end-diastolic  fl ow indicating distal BA 
occlusion  [  43,   54  ] .  

   Intracranial Vertebral Artery Occlusion 

 The most accurate diagnosis with TCD can be made for a 
terminal VA occlusion  [  76  ] . However, the sensitivity of abnor-
mal  fl ow  fi ndings is low  [  84  ] , and a normal intracranial TCD 
examination cannot completely rule out the presence of a VA 
occlusion. 

 An occlusion of the intracranial VA may produce a high-
resistance (PI  ³  1.2)  fl ow in one of the VAs proximal to the 
obstruction and/or a blunted or minimal  fl ow signal including 
signals with a reverberating or oscillating pattern. However, 
the diagnosis of an intracranial VA occlusion is dif fi cult to 

establish using TCD alone, since it has to be differentiated from 
an atretic terminal VA segment that could be present distal to 
PICA origin, may present as a short and collateralized occluded 
segment, and an extracranial segmental VA occlusion may also 
be present. 

 Additional  fi ndings may include normal  fl ow signals 
directed toward the probe on the side of occlusion indicating 
collateralization of  fl ow from the other side and  fi lling of 
PICA as well as distal embolization in the PICA  [  54  ] .  

   Intracranial Collateral Pathways 

 The intracranial collateral channels are “dormant” under nor-
mal circulatory conditions. A collateral channel opens when a 
pressure gradient develops between the two anastomosing 
arterial systems. TCD can directly detect collateral pathways 
via AComA (anterior cross- fi lling), PComA, reversed OA, 
and reversed BA  [  43,   51,   54,   85–  88  ] . 

 Collateral  fl ow is directed from the donor to the recipient 
vessels. When present, a collateral  fl ow rarely implies an 
anatomic variant. Mostly, detection of a collateral channel 
implies the presence of a  fl ow-limiting lesion or an anatomic 
variant proximal to the recipient arterial system and the origin 
of the collateral channel. 

 The direction of  fl ow determines which arterial system is 
the donor (the source of  fl ow) and which is the recipient (the 
collateral  fl ow destination). TCD can provide information on 
whether any collateral channel is functioning and in which 
direction it is working. This information can be used to esti-
mate the level of the arterial obstruction and to re fi ne the 
extracranial duplex ultrasound or MRA  fi ndings. For exam-
ple, an extracranial hemodynamically signi fi cant ICA lesion 
can be accompanied by abnormal TCD  fi ndings. A battery of 
TCD parameters may be used to decide on the severity 
of ICA lesions, particularly when multiple lesions are found 
or the applicability of other tests is limited due to the pres-
ence of a distal ICA lesion  [  46–  50  ] .  

   Reversed Flow in the Ophthalmic Artery 

 A reversed  fl ow through the OA via the transorbital approach is 
primarily directed away from the probe and accompanied by a 
low PI (transorbital at 40–60 mm depth). The differential diagno-
sis includes siphon  fl ow and/or low velocity OA  fl ow signals. 

 Additional  fi ndings may include no substantial difference 
in MFVs detected in OA and siphon; high velocities in the 
ICA siphon, suggesting either a high-grade proximal ICA 
and/or siphon stenosis; and no  fl ow signals at depths  ³ 60 
mm, suggesting a proximal ICA occlusion. 

 If the reversed OA is the only abnormal  fi nding, this indi-
cates possible proximal ICA occlusion or severe stenosis. 
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Occasionally, this may be the only sign of an ICA dissection. 
If the reversed OA is found with a delayed systolic  fl ow 
acceleration in the ipsilateral MCA, there is a probable prox-
imal ICA occlusion or severe stenosis and collateralization 
capacities through the circle of Willis are likely suboptimal 
(i.e., atretic A1 ACA or absent PComA). If a reversed OA is 
found with at least one other collateral channel (i.e., partial 
anterior cross- fi lling or PComA), there is a de fi nite proximal 
ICA occlusion or a high-grade stenosis. 

 Common sources of error include shallow or deep OA 
insonation, vessel identi fi cation problems (vein, branching 
and anastomosing arteries in the orbit), ICA dissection with 
considerable residual  fl ow, terminal ICA occlusion distal to 
the OA origin, and retrograde  fi lling of the ICA siphon with 
a normal OA direction. Furthermore, a normal OA direction 
does not rule out a proximal ICA stenosis.  

   Anterior Communicating Artery and Anterior 
Cross-Filling 

 The collateral  fl ow through AComA cannot be reliably 
 distinguished from the neighboring A1 and A2 ACA seg-
ments due to the smaller AComA length and diameter com-
pared with a large sample volume with which TCD intercepts 
this area. Therefore, we report  fi ndings consistent with the 
anterior cross- fi lling via AComA as opposed to the velocity 
and direction of  fl ow in AComA itself. Sometimes, a high- 
velocity jet with bruit can be found at midline depth, highly 
suggestive of  fl ow interception through AComA. Even under 
these circumstances, other  fl ow  fi ndings pointing to collater-
alization of  fl ow should be found since focal velocity eleva-
tions can also be present with an arterial stenosis. 

 Anterior cross- fi lling may include elevated A1 ACA MFVs 
on the donor side presenting as ACA > MCA and/or donor 
ACA MFVs  ³ 1.2 times greater than contralateral ACA, pos-
sible stenotic-like  fl ow at depths 72–78 mm directed away 
from the donor side, and a normal or low MFV in A1 ACA of 
the recipient side with or without A1  fl ow reversal. 

 The differential diagnosis includes distal A1 ACA steno-
sis and compensatory  fl ow increase if one A1 segment is 
atretic. With the latter, the donor A1 segment supplies both 
A2 segments (may be present in normal individuals due to 
anatomic variations of the circle of Willis and also in patients 
with ICA or MCA obstructive lesions). If an elevated donor 
ACA velocity is found with stenotic  fl ow at midline depths, 
the differential includes distal A1 stenosis, ICA siphon 
stenosis, and anterior cross- fi lling via AComA. If an ele-
vated donor ACA MFV is found with a reversed contralat-
eral A1, this indicates probable proximal ICA stenosis. If an 
elevated donor ACA MFV is found with stenotic-like  fl ow 
at midline depths and a reversed contralateral A1 ACA, 
there is a de fi nite proximal ICA stenosis or occlusion. The 

identi fi cation of a reversed A1 segment depends on the skills 
of the operator. With retrograde  fi lling of the ICA siphon, 
the terminal ICA can have bidirectional  fl ow. Thus, the  fl ow 
away from the probe (i.e., toward the siphon) may be mis-
taken for a normal A1 ACA  fl ow direction. A clue to dif-
ferential diagnosis is that  fl ow velocities tend to be higher, 
the closer one insonates to the donor site.   

   Posterior Communicating Artery 

 PComA connects the posterior and anterior cerebral arterial 
systems and can be detected by TCD since it usually has a 
considerable length of >5 mm and a favorable angle of 
insonation. When functioning, it may be detected as a  fl ow 
signal consistently present at varying depths from 55 to 70 mm 
via the transtemporal approach. Under normal conditions, 
this area has no detectable  fl ow when the sonographer 
switches from the ICA bifurcation posteriorly to locate the 
PCA. The direction of  fl ow in PComA corresponds to col-
lateralization: anterior to posterior collateral  fl ow is directed 
away from the probe, whereas the posterior to anterior col-
lateral  fl ow is directed toward the probe. Flow direction, 
however, can be misleading due to the tortuosity of PComA. 
Without imaging, vessel identi fi cation is dif fi cult since the 
PComA and PCA are prone to anatomic variations. 

 The velocity range is similar to or higher than those 
detected in M1 MCA and ICA bifurcation (anterior to poste-
rior collateral  fl ow) or BA (posterior to anterior collateral 
 fl ow). A possible stenotic-like  fl ow may be present. Elevated 
velocities can also be found all the way to the top of the basi-
lar and in the P2 PCA segment. The differential diagnosis 
includes terminal ICA or PCA stenosis. 

 Of note, collateralization of  fl ow via PComA carries the 
systolic  fl ow acceleration signature from the donor site. The 
posterior to anterior circulation  fl ow could have a slight delay 
in systolic acceleration similar to that seen in the VAs, 
whereas anterior to posterior collaterals often have more ver-
tical upstroke similar to that in the ICAs. 

   Reversed Flow in the Basilar Artery 

 With advantages in transcranial imaging and also PMD-
TCD, it became possible to perform more detailed bedside 
studies of the distal BA in patients with acute posterior circu-
lation strokes. The  fi nding of a reversed BA arises from either 
functional PComA or cerebellar collaterals and could explain 
less devastating symptoms and better prognosis in some 
patients with a proximal BA occlusion  [  54,   75  ] . 

 A reversed  fl ow in the BA may be present with a low-
pulsatility  fl ow toward the probe (i.e., reversed basilar  fl ow 
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at 80–100 mm), an absent antegrade  fl ow signal in the BA 
via suboccipital insonation, and an anterior circulation 
 fl ow origin at the top of the BA demonstrated by vertical 
systolic  fl ow acceleration similar to that in the ICA and 
also a response to the common carotid tapping (perform 
carotid tapping only after a signi fi cant stenosis or hypo-
echoic plaque has been excluded by extracranial duplex 
examination).  

   Vasomotor Reactivity 

 Transcranial Doppler can include assessment of VMR. During 
this noninvasive test, voluntary breath holding increases the 
arterial level of carbon dioxide, and TCD is used to measure 
velocity response to this natural vasodilatory stimulus  [  89  ] . 
Vasomotor reactivity is represented by the breath-holding 
index (BHI), which is the ratio of the percent MFV increase 
during hypercapnia over the time of breath holding. Baseline 
mean  fl ow velocities are obtained (most reliably and reproduc-
ibly at the M1 MCA) during inhalation of room air followed 
by 30 s of breath holding. Subsequently, MFVs are recorded 
during a 4-s period. 

 The BHI has been validated against MRI and studied in 
patients with symptomatic and asymptomatic extracranial 
carotid artery disease  [  90–  94  ] . TCD VMR testing can 
identify high-risk patients for  fi rst-ever or recurrent stroke 
in the setting of extracranial internal carotid artery 
stenoses or occlusions  [  90–  94  ] . Interestingly, in patients 
with asymptomatic or symptomatic carotid artery occlu-
sions and impaired VMR in the absence of collateral path-
ways, the annual risk of ipsilateral stroke was shown to be 
32.7% compared to 0% in carotid artery occlusion patients 
with normal VMR and normal collaterals  [  91  ] . In addi-
tion, Silverstrini et al. reported that in patients with severe 
asymptomatic carotid artery stenosis, the annual ipsilat-
eral ischemic event risk was 4.1% in patients with normal 
and 13.9% in those with impaired VMR (de fi ned as a 
breath-holding index of  £ 0.69)  [  90  ] . This information is 
not available from carotid duplex ultrasound examination 
and may require additional contrast studies with CT per-
fusion, MR perfusion, or single-photon emission CT 
(SPECT) with acetazolamide (Diamox) that are costly and 
may lead to complications related to vasoactive acetazol-
amide effects that last longer than a brief hypercapnia 
with breath holding. 

 Findings of a diminished or exhausted vasomotor reactiv-
ity were established as a risk factor for stroke  [  95  ]  and can 
prompt the consideration of carotid endarterectomy (CEA) 
or stenting in patients with asymptomatic carotid stenosis or 
consideration of extra-intracranial bypass surgery in patients 
with recurrent hemodynamic strokes or TIAs that fail  medical 

therapy. In addition, a recent study showed that a decrease in 
cerebrovascular reactivity may be responsible for reduction 
in some cognitive abilities involving the function of the 
hemisphere ipsilateral to carotid stenosis  [  96  ] . Such  fi ndings 
may be of interest for providing a more comprehensive indi-
cation to surgical treatment in subgroups of subjects with 
asymptomatic carotid stenosis.  

   Cerebral Embolization 

 Patients with ischemic strokes, TIAs, or asymptomatic 
high-grade ICA stenosis can undergo TCD monitoring to 
detect, localize, and quantify cerebral embolization  [  97–  100  ] . 
This information is helpful to establish the diagnosis and 
change management strategy, if emboli are found pointing 
to artery-to-artery embolization or continuing emboliza-
tion despite treatment both in patients with symptom-
atic and asymptomatic extracranial or intracranial large 
artery disease  [  101  ] . The presence of emboli on TCD dis-
tal to a high-grade asymptomatic ICA stenosis identi fi es 
patients at higher risk of  fi rst-ever stroke that could justify 
carotid revascularization  [  100–  102  ] . It can also be used 
to monitor carotid and cardiac surgery, angioplasty/stent-
ing, and intra-arterial rescue procedures in acute stroke. 
Occasionally, the presence of emboli on TCD can be the 
only sign of a proximal arterial dissection, partially occlu-
sive thrombus, or unrecognized cardiac or paradoxical 
source of  embolism  [  66  ] . 

 Most microemboli signals (MES) detected by TCD are 
asymptomatic since the size of the particles producing them 
is usually comparable to or even smaller than the diameter of 
the brain capillaries  [  99  ] . However, the MES cumulative 
count is related to the incidence of neuropsychological de fi cit 
after cardiopulmonary bypass, stroke after CEA, and the 
signi fi cance of MES as a risk factor for stroke is emerging 
 [  97,   98,   103,   104  ] . 

 Strict standards should be followed when an examiner 
documents and reports MES on TCD  [  105  ] . The gold stan-
dard for MES identi fi cation still remains the on-line inter-
pretation of real-time, video-taped, or digitally stored  fl ow 
signals. The spectral recording should be obtained with 
minimal gain at a  fi xed angle of insonation with a small (<10 mm) 
sample volume. The probe should be maintained with a 
 fi xation device during at least 30 min of monitoring. The 
use of a two-channel simultaneous registration and a pro-
longed monitoring period may improve the yield of the pro-
cedure. Multi-gated or multiranged registration at different 
insonation depths may improve differentiation of embolic 
signals from artifacts. 

 According to the International Cerebral Hemodynamics 
Society de fi nition  [  106  ] , MES have the following characteristics 
(Fig.  10.4 ): 
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    1.    Random occurrence during the cardiac cycle  
    2.    Brief duration (usually <0.1 s)  
    3.    High intensity (>3 dB over background)  
    4.    Primarily unidirectional signals  
    5.    Audible component (chirp, pop)     

 There is an agreement that no current system of automated 
embolus detection has the required sensitivity and speci fi city 
for clinical use. Therefore, the interpreting physician has to 
review every stored signal, listen to the sound characteristics, 
determine the difference between the signal and background 
(dB), and attempt to determine the source of microemboli.  

   Detection of Cardiac Right-to-Left Shunt 

 Patients with ischemic stroke and TIA and suspected paradox-
ical embolism can undergo TCD “bubble” test to detect 

cardiac RLS  [  107  ] . TCD detection of RLS is less expensive 
than echocardiography and has been shown equivalent or even 
superior to both transthoracic (TTE) and transesophageal 
(TEE) echocardiography  [  108–  114  ] . Criteria have been devel-
oped and validated to quantify the degree of RLS using MES 
counts on spectral or PMD-TCD display  [  112  ] . Spencer et al. 
compared the diagnostic yield of single-channel TCD to PMD-
TCD for the detection of RLS. They documented signi fi cantly 
more microemboli detectable on PMD than on single-gate 
TCD (for Spencer’s logarithmic scale, see Table  10.4 )  [  112  ] . 
Moreover, the diagnostic capabilities of PMD and TEE for 
detecting PFO were comparable and corresponded to the ana-
tomical  fi ndings determined during cardiac catheterization.  

 The key advantage that TCD offers is that patients can do 
calibrated Valsalva maneuver, and the test can be repeated 
with different body positions  [  112,   114  ] . TCD has particular 
value to be performed in younger stroke and TIA patients 

  Fig. 10.4    Pretreatment minimal  fl ow signal ( a  – TIBI  fl ow grade I) 
and microemboli ( a – c ;  arrows  on Doppler spectra,  block arrow  on 
M-Mode) in a patient with a right middle cerebral artery ( MCA ) occlu-
sion, atrial  fi brillation (note microembolic signals in both  MCAs ), and 

an NIHSS score of 14 points. Right anterior cerebral artery ( ACA ) has 
 fl ow diversion ( d ) and complete recanalization of the right MCA 24 h 
after intravenous thrombolysis ( e )       
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with negative echocardiographic studies. Moreover, a recent 
report demonstrated the utility of TCD in diagnosing residual 
or secondary RLS following balloon occlusion of patent 
foramen ovale (prevalence 20%)  [  115  ] .  

   Increased Intracranial Pressure 

 The brain constitutes a low-resistance vascular system, and with 
normal or low ICP, this is re fl ected by a normal waveform on 
TCD. When ICP increases up to the diastolic pressure in the 
resistance vessels, EDV is being affected  fi rst as it decreases and 
 fl ow deceleration occurs more rapidly. These changes on TCD 
are often noted with ICP values of 20 mmHg or higher  [  116–
  121  ] . When ICP becomes greater than diastolic blood pressure, 
but less than systolic pressure, the result is either a triphasic 
waveform as seen in the peripheral arteries or a sharply peaked 
systolic signal and an absent end-diastolic component. A further 
increase in ICP may lead to cerebral circulatory arrest. 

 An increasing ICP usually presents on TCD as end- 
diastolic velocity decrease, PI increase ( ³ 1.2; for previously 
normotensive young patients), RI increase, shortening of the 
trans-systolic time, decrease in PSVs and MFVs, abolish-
ment of the end-diastolic  fl ow, appearance of reverberating 
or oscillating  fl ow signals, and disappearance of detectable 
blood  fl ow signals. 

 The following algorithm may help to differentiate among 
the mechanisms of increased resistance to  fl ow. 

 If PI  ³  1.2 and a positive end-diastolic  fl ow are present 
in:
    1.    All arteries: hyperventilation, increased cardiac output, 

hypertension, increased ICP  
    2.    Unilateral: compartmental ICP increase, stenosis distal to 

the site of insonation  
    3.    One artery: distal obstruction (spasm, stenosis, edema)     

 If PI  ³  2.0 and end-diastolic  fl ow are absent in:

    1.    All arteries: distal arterial occlusion, extremely high ICP, 
possible cerebral circulatory arrest  

    2.    Unilateral: compartmental ICP increase, distal occlusion  
    3.    One artery: distal obstruction (severe spasm, occlusion, 

edema)      

   Cerebral Circulatory Arrest 

 Progressive elevation of ICP due to brain edema or mass 
effect can lead to stepwise compression of small and large 
intracranial arteries, eventually resulting in cerebral circula-
tory arrest. A prolonged absence of brain perfusion can be 
detected using a reverberating (oscillating)  fl ow pattern, sys-
tolic spike, or absent  fl ow signals, and this process will lead 
to brain death  [  122–  130  ] . 
 TCD is a reliable tool to con fi rm cerebral circulatory arrest 
with accuracy parameters close to 100% at experienced cen-
ters  [  122–  129  ] . Based on previous published studies, reviews, 
and criteria  [  122–  129  ] , and our own clinical experience, we 
developed the following scanning protocol and algorithm if 
cerebral circulatory arrest is suspected:
    1.    Document arterial blood pressure at the time of TCD 

examination  
    2.    Assess both MCAs and BA  
    3.    If positive MCA or BA end-diastolic  fl ow is found = no 

cerebral circulatory arrest  
    4.    Absent end-diastolic  fl ow = uncertain cerebral circulatory 

arrest (too early or too late)  
    5.    Reversed minimal end-diastolic  fl ow = possible cerebral 

circulatory arrest (continue monitoring, document dia-
stolic blood pressure  ³ 50 mmHg)  

    6.    Reverberating  fl ow = probable cerebral circulatory arrest 
(con fi rm in both MCAs at depths of 50–60 mm and BA at 
80–90 mm, then monitor arrest for 30 min if TCD is used 
as a sole con fi rmatory test)     
 TCD cannot be used to diagnose brain death since this is 

a clinical diagnosis  [  114  ] . It can be used to con fi rm cerebral 
circulatory arrest in adults and children except in infants 
younger than 6 months old  [  105–  113  ] . TCD can be used to 
monitor progressive  fl ow toward cerebral circulatory arrest. 
Once a reverberating  fl ow signal is found, it should be moni-
tored for at least 30 min in both MCAs and BA to avoid 
false-positive  fi ndings. Also, avoid insonation of bifurca-
tions, i.e., MCA/ACA, since bidirectional reverberating sig-
nals may overlap, creating an illusion of positive EDV. 

 A transient cerebral circulatory arrest can occur in patients 
with SAH and head trauma due to A-waves of ICP or in other 
critically ill patients who cannot sustain their cardiac func-
tion and diastolic blood pressure drops below 50 mmHg. The 

   Table 10.4    Spencer’s logarithmic scale for the grading of cardiac 
right-to-left shunt during bilateral middle cerebral artery monitoring   

 Grade  No. of embolic tracks a  

 0  0 
 I  1–10 
 II  11–30 
 III  31–100 
 IV  100–300 
 V  >300 

  Modi fi ed from Alexandrov and Neumyer  [  37  ] . With permission from 
John Wiley & Sons, Inc. 
  a Originally performed on PMD-TCD during bilateral MCA 
monitoring  
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latter could lead to absent diastolic  fl ow or reverberating  fl ow 
signals that would be rapidly replaced by low-resistance  fl ow 
once blood pressure rises.  

   Subclavian Steal 

 The  fi ndings of a subclavian steal indicate the presence of a 
hemodynamically signi fi cant obstructive lesion (mostly athero-
sclerotic) in the subclavian artery  [  131–  135  ] . Occasionally, this 
steal phenomenon can produce symptoms related to transient 
hypoperfusion in the posterior circulation territory (then it is 
called subclavian steal syndrome). Latent subclavian steal can 
be demonstrated by showing two systolic peaks with a sharp 
deceleration after the  fi rst peak and a more rounded second peak 
(“bunny rabbit” waveform, likely indicating  ³ 50% subclavian 
artery stenosis). Reactive hyperemia provoked by a blood pres-
sure cuff (hyperemia-cuff test) can provoke a systolic  fl ow 
reversal in patients with latent subclavian steal. A blood pres-
sure cuff is in fl ated in the ipsilateral arm to supra-systolic val-
ues, and the patient is asked to perform physical exercise of that 
arm to increase metabolic demand and vasodilation. Upon sud-
den cuff release, a systolic  fl ow reversal (toward the arm) with 
low diastolic antegrade  fl ow (toward the brain) can be seen 
(alternating  fl ow signal). A complete reversal of  fl ow at rest is 
caused by a total occlusion or near-occlusion of the subclavian 
artery (for more details, see also the Chap.   9    ).  

   Reversed Robin Hood Syndrome 

 Early neurological deterioration is a relatively frequent unfa-
vorable course after ischemic stroke and can result in worse 
functional outcome  [  136–  138  ] . The underlying causes are 
mostly neurological including arterial reocclusion, edema pro-
gression, and signi fi cant hemorrhagic transformation. However, 
these long-recognized mechanisms do not account for all cases 
of neurological deterioration or symptom recurrence. 

 Another potential pathophysiologic mechanism that may 
have serious short-term and long-term consequences for 
patients with acute stroke could be CO 

2
  or other vasodilatory 

stimuli-induced intracranial arterial blood  fl ow steal  [  139,   140  ] . 
More speci fi cally, cerebral VMR is closely interrelated to the 
arterial level of carbon dioxide, and cerebral blood  fl ow 
changes have been documented on TCD during episodes of 
voluntary breath holding or inhalation of CO 

2
   [  89,   141  ] . 

Under ischemic conditions, the affected vessels are less 
responsive to vasodilatory stimuli like CO 

2
  since they are 

already maximally or nearly maximally dilated to compen-
sate for an arterial occlusion or are affected by acidosis  [  142  ] . 

Their vasomotor capacity is also less if compared to non-
affected vessels that dilate more and change pressure gradi-
ents unfavorably for the ischemic tissues. Thus, blood  fl ow 
diversion into non-affected brain tissue (along the path of 
least resistance) is expected to occur and may facilitate fur-
ther hypoperfusion through the ischemic penumbra. 

 Our group has recently shown that intracranial blood  fl ow 
steal is common in acute stroke patients with an acute proxi-
mal arterial occlusion and excessive daytime sleepiness 
(pointing to a possible association with sleep-disordered 
breathing) and may lead to neurological deterioration during 
hospitalization and a higher risk of recurrent stroke in the 
same arterial territory  [  139,   143  ] . 

 Intracranial blood  fl ow steal can be noninvasively detected 
in real time and quanti fi ed by TCD as paradoxical MFV 
reduction in the affected MCA during hypercapnia-induced 
and time corresponding MFV increase in the non-affected 
MCA with spontaneous or voluntary breath holding  [  139  ] . 

 The steal magnitude (SM, %) is quanti fi ed as the maxi-
mum negative percentage velocity reduction during breath 
holding: SM = [(MFV 

m
  − MFV 

b
 )/MFV 

b
 ] × 100, where 

MFV 
m
  = minimum and MFV 

b
  = baseline MFVs. 

 Arterial blood  fl ow steal is considered present when SM 
is negative, i.e., SM < 0 in the affected vessel. After steal is 
documented on TCD, reversed Robin Hood syndrome 
(RRHS) is suspected if new or recurrent neurological wors-
ening by  ³ 2 National Institutes of Health Stroke Scale 
(NIHSS) points is observed without concurrent changes in 
blood pressure or arterial patency. 

 In future, we hope to investigate this intracranial arterial 
steal phenomenon as the pathogenic link between sleep- 
disordered breathing and adverse short- and long-term out-
come in acute ischemic stroke patients and test noninvasive 
ventilatory correction as potential treatment to reverse this 
steal and augment brain perfusion  [  140,   144  ] .   

   Conclusion 

 In summary, TCD provides a noninvasive and inexpensive 
(relative to angiography) noninvasive vascular test that can 
be used in a variety of clinical situations to provide real-
time physiological information that is often unobtainable 
with other testing without increased patient risks (repeated 
radiation doses, contrast injections) and associated costs. 
  TCD also provides diagnostic and prognostic informa-
tion that determines patient management decisions across 
multiple cerebrovascular conditions and periprocedural/
surgical monitoring. Established broad and speci fi c clini-
cal indications for, and expected outcomes of, TCD are 
summarized in Table  10.5 . For the most general homody-
namic model, see the Spencer’s curve (Fig.  10.5 ).        
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   Table 10.5    Established clinical indications for, and expected outcomes of, TCD testing   

 Broad indication  Speci fi c indications  Expected outcomes 

 Sickle cell anemia  Children  Robust  fi rst-ever stroke risk reduction based on TCD criteria for the need 
of blood transfusion and continuing use of blood transfusions 

 Ischemic stroke or TIA  Patients with acute ischemic 
symptoms who had cranial 
CT or MRI 

 TCD can identify patients with proximal arterial obstructions in the 
anterior and posterior circulation, identifying patients amenable to 
reperfusion therapies (intravenous thrombolysis or rescue intra-arterial 
therapies) 

 Ischemic stroke or TIA  Patients with subacute ischemic 
symptoms who had cranial 
CT or MRI 

 TCD helps determine stroke pathogenic mechanism that in turn 
determines secondary stroke prevention treatment. TCD also helps to 
localize and grade intracranial atheromatous disease process, (anterior vs. 
posterior vessels, diffuse vs. local disease,  ³ 70% stenoses that indicate 
high risk of stroke recurrence) 

 Ischemic stroke or TIA  Symptomatic patient at any time 
window who underwent carotid 
duplex scanning 

 Carotid duplex ultrasound may explain only 15–25% of all ischemic 
events since the prevalence of  ³ 50% proximal ICA stenosis is low. TCD 
has the ability to further re fi ne stroke mechanism detection by determin-
ing the presence of intracranial steno-occlusive disease, embolization, 
shunting, and impaired vasomotor reactivity 

 Ischemic stroke or TIA  Patients with undetermined stroke 
mechanism, recurrent TIAs, artery 
to artery versus cardiac source of 
embolism, suspected arterial 
dissections 

 TCD is the gold standard test to detect, localize, and quantify cerebral 
embolism in real time. No other modality offers spatial and time 
resolution to detect microembolic activity, localize its source (artery vs. 
heart), and con fi rm vascular etiology of patient symptoms 

 Ischemic stroke or TIA  Patients with suspected paradoxical 
embolism with negative 
echocardiography 

 TCD is equal or superior in its sensitivity to the presence of any 
right-to-left shunt compared to echocardiography (Valsalva maneuver is 
best accomplished during TCD, extracardiac shunting can be detected 
with TCD but not TEE) 

 Ischemic stroke or TIA  Follow-up  TCD is an inexpensive noninvasive follow-up tool that can detect progression 
or regression in the severity of extra- and intracranial stenoses through direct 
velocity measurements, collaterals, and vasomotor reactivity assessment 

 Asymptomatic or 
symptomatic carotid 
artery stenosis or 
Occlusion 

 Patients who have the ICA stenosis 
or occlusion on carotid duplex or 
angiography 

 TCD can help identify patients at highest risk of  fi rst-ever or recurrent 
stroke in the setting of an ICA stenosis of variable degree or complete 
occlusion. TCD  fi ndings of artery-to-artery embolization and impaired 
vasomotor reactivity indicate 3–4-fold higher risk of stroke compared to 
patients with similar degree of ICA stenosis and normal TCD  fi ndings 

 Subarachnoid 
hemorrhage 

 Day 2–5  TCD can detect the development of vasospasm days before it can become 
clinically apparent, and this information can be used by intensivists to step 
up with hemodynamic management of these patients 

 Day 5–12  TCD can detect progression to the severe phase of spasm when development 
of the delayed ischemic de fi cit due to perfusion failure through the residual 
lumen is the greatest. This information can help planning interventions 

 Day 12 – end of ICU stay  TCD can document spasm resolution after treatment or intervention, 
sustainability of vessel patency, and infrequent cases of late or rebound 
vasospasm development at the end of the second or into the third week 
after subarachnoid hemorrhage 

 Suspected brain death  Increased intracranial pressure  TCD can rule out cerebral circulatory arrest if positive diastolic  fl ow is 
detected at any ICP values. TCD can con fi rm clinical diagnosis of brain 
death by demonstrating complete cerebral circulatory arrest in anterior 
and posterior circulation. TCD offers serial noninvasive assessments and 
can minimize the number of nuclear  fl ow studies needed to con fi rm the 
arrest of cerebral circulation 

 Periprocedural or surgical 
monitoring 

 Carotid endarterectomy or stenting  TCD can detect all major causes of perioperative complications, i.e., 
embolism, thrombosis, hypoperfusion, and hyperperfusion. TCD detects 
real-time  fl ow changes that precede the development of neurological 
de fi cits or changes on electroencephalography 

 Cardiovascular surgical 
monitoring 

 CABG, repairs of ascending aorta  TCD can detect cerebral embolization and hypoperfusion. TCD can help guide 
perfusion pump settings as well as cannulation and body positioning TCD can 
identify unsuspected causes of massive air embolization and guide surgeons to 
explore sites of possible arterial puncture 

  Adapted from Alexandrov et al.  [  12  ] . With permission from John Wiley & Sons, Inc.  
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  Fig. 10.5    The Spencer’s curve: This hemodynamic model is frequently 
used to interpret velocity  fi ndings in a variety of arterial lesions and cir-
culatory conditions  [  145  ] . Stenotic ranges from normal/mild to moderate/
severe and near-occlusive states ( A – B ) are shown with corresponding 
velocity and waveform  fi ndings. ( A ) With normal vessels or lesions less 
than 50% stenoses, normal waveforms and normal velocity ranges are 
expected as well as normal ranges of applicable ratios, i.e., target vessel 
to feeding vessel. ( B ) With moderate  ³ 50% stenoses and severe lesions, 
focal velocity increases are expected with applicable ratios exceeding 2 

or greater values. If abnormally high velocity is detected with hyperper-
fusion/hyperemia, this can be differentiated from a focal stenosis by a 
low ratio. Bruit ( white arrow ) can be present, but these do not necessar-
ily identify stenoses versus hyperemia. ( C ) With near-occlusive lesions, 
the velocity paradoxically drops (“the other side of the Spencer’s curve”). 
These lesions can be differentiated from normal vessels and mild disease 
by the presence of abnormal waveforms or disproportionately abnormal 
ratios (Adapted from Tsivgoulis et al.  [  145  ] . With permission from 
Lippincott Williams & Wilkins)       
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   Ultrasonic Characterization of Carotid Plaques 

 In the last years, the concepts of plaque vulnerability, com-
position of the plaque, and cerebrovascular events have been 
vastly studied. It is now clear that plaque morphology is one 
of the most important parameter to assess in order to forecast 
the behavior of a carotid atherosclerotic lesion  [  1  ] . 

 Ultrasonic characteristics of the plaque, divided in plaque 
echogenicity or echolucency, re fl ect plaque histology and 
therefore allow us to categorize different aspects of the plaque 

at higher risk of neurologic events, such as the presence of a 
hemorrhagic core, lipid content, and a thin  fi brous cap, and 
how these  fi ndings are distributed within the plaque  [  2–  5  ] . 

 The main problem associated with carotid duplex scan-
ning has always been its wide subjectivity: efforts have been 
pushed toward the creation of a standardized index that was 
effective and with high reproducibility so that different cen-
ters around the world would be able to detect the same plaque 
features  [  6  ] . The gray scale median (GSM) score has been 
proposed with the clear intent of identifying asymptomatic 
patients at high risk of stroke. In order to overcome the wide 
subjectivity of duplex scanning, B-mode image normaliza-
tion has been introduced  [  7  ] . 

 Several classi fi cations of plaques have been proposed. 
The Geroulakos classi fi cation has been adapted to incorpo-
rate the evolution made by the GSM index and therefore pro-
vide a visual and computerized classi fi cation of different 
plaques. Carotid plaque echolucency, where most of the pix-
els of the plaque have a GSM value lower than 25 (which 
means black), is associated with plaque vulnerability and a 
greater number of neurologic events  [  8–  10  ] . The assessment 
of plaque echolucency after image normalization is one of 
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the best parameters in order to detect asymptomatic patients 
at higher risk of stroke during an endovascular or surgical 
intervention, with the potential to identify the best tailored 
therapeutic strategy for each asymptomatic patient  [  1  ] .  

   GSM Analysis at the Vascular Surgery Unit, 
San Gerardo Hospital, University 
of Milano-Bicocca 

 GSM calculation requires three steps: (1) setup of the duplex 
scanner and image recording, (2) image normalization, and 
(3) image analysis  [  11  ] .
    1.    Training is required for ultrasonographers from the par-

ticipating centers on how to set up the duplex scanner for 
the collection of the images. 

 Every duplex scanner allows the collection of images 
with the characteristics required for the computer-assisted 
analysis of echogenicity. For GSM calculation, there are 
no unsuitable duplex scanners. 

 A 7-MHz linear array single- or multifrequency trans-
ducer should be used. 

 The dynamic range is the range in acoustic power (in 
decibels) between the faintest and the strongest signals 
that can be displayed on the screen. The decrease of the 
dynamic range increases the apparent contrast in the 
image. For GSM calculation, the maximum dynamic range 
should be used in order to have the greatest possible dis-
play of gray scale values (grayer and  fl atter image). 

 The frame rate, which means the number of scanning 
that the probe does to produce the images, must be posi-
tioned at the maximum level, ensuring good temporal 
resolution. 

 The persistence is the number of frames which are 
mathematically added to produce each image. Higher 
persistence tends to suppress noise, but it is always done 
at the expense of time resolution, and it may blur real 
targets. The persistence is displayed on the screen 
device as a series of numbers from 1 to 5, and the cor-
rect persistence should be 2 or 3 (medium to low 
level). 

 A linear postprocessing curve is used because image 
normalization is achieved with linear scaling (Fig.  11.1 ).  

 The overall gain should be increased until the plaque 
can be easily recognized, and noise appears within the 
lumen. It should then be decreased to obtain a lumen free 
of noise (black). 

 The time gain compensation (TGC) curve is adjusted 
(gently sloping) with the aim of obtaining images where 
the far and near walls of the artery produce the same echo-
genicity (Fig.  11.2 ). At the level of the arterial lumen, no 
gains of the TGC curve must be done. This is essential for 
normalization of carotid plaques with anterior and poste-
rior components. The consequence of this is that the ultra-
sound beam should be at 90° to the arterial wall, with a 
horizontal adventitia (Fig.  11.3 ).   

 The patient should be in a supine position. The carotid 
vessels are analyzed using different longitudinal views 
(medial, lateral, and posterolateral). The minimum depth 
should be used, so that the plaque occupies a large part of 
the image. Excessive magni fi cation is not required. 

 In case of acoustic shadow, the image can be analyzed 
only if >50% of the area depicts acoustic information. 
The GSM cannot be calculated in plaques without any 
ultrasound information due to acoustic shadowing. The 
bigger the section of plaque that can be visualized, more 
accurate is the information provided by GSM. 

 Before image recording, the following criteria should 
be ful fi lled:
   (a)      Blood: a noiseless vessel lumen in the vicinity of the 

plaque.  
   (b)     Adventitia: in the proximity of the plaque, it should 

be bright, thick, and horizontal (Fig.  11.4 ).   
   (c)      Plaque: well-de fi ned and with the maximum thickness.     

  The following images (in longitudinal projections) 
should be recorded:
   (a)     The B-mode (gray scale) image.  
   (b)      The color image: it may help in the delineation of the 

luminal margin of the plaque (especially with 
hypoechoic dark plaques).     

  Attention should be paid in order to have B-mode and 
color image in the same plane. 
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  Fig. 11.1    Postprocessing curves for GSM analysis       
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  Fig. 11.2    GSM analysis. The 
setup of the time gain 
compensation curve       

  Fig. 11.3    GSM analysis. The orientation of the adventitia in the common carotid artery       
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 Digital storage media (magneto-optical disk and com-
pact disk) are preferred to analogical video tape requiring 
video grabber card.  

    2.    Image normalization is performed using Adobe Photoshop. 
 In Adobe Photoshop, both the B-mode and the color 
image should be open. In the B-mode image, the color 
information should be discarded: from the “Image” menu, 
click on “Mode,” then “Gray scale” (Fig.  11.5 ).  

 Using the “Lasso” tool, drag the pointer to outline the 
plaque. Then, click on “Histogram” in the “Image” menu. 
The “median” value shown in the panel is the GSM. 

 Hypoechoic dark (echolucent) regions are associated 
with a GSM that tended to approach 0, whereas hyper-
echoic bright (echogenic) regions are associated with a 
GSM that tended to approach 255. 

 The GSM calculated in this manner is not standardized, 
and, consequently, the GSM is in fl uenced by duplex scanner 
settings. The lack of reproducibility of non-standardized 
GSM has been demonstrated by our group and by others: the 

GSM cutoff point for the identi fi cation of carotid plaques at 
increased risk of stroke was 50 in Milan and 32 in London. 

 Normalization (standardization) allows to compare 
images from different scanners by different ultrasonogra-
phers. Thanks to normalization, GSM is highly reproduc-
ible index of echogenicity. 

 Image normalization is a gray scale transformation 
using linear scaling: gray scale values of all pixels in 
image are adjusted according to two reference points, 
blood and adventitia. Blood and adventitia were selected 
because they are easily recognizable near the plaque and 
constitute the two distinct ends of gray scale (blood = dark, 
adventitia = bright). The process modi fi es the image such 
that in the resultant image the GSM of the blood is 0 and 
the GSM of the adventitia 190. 

 Several steps are required for image normalization. 
 Using the “Lasso” tool, drag the pointer to select an area 

in the blood that should be free of noise. To check this, in 
the “Image” menu, click on “Histogram.” The “median” 

  Fig. 11.4    GSM analysis. The identi fi cation of the adventitia suitable for image normalization.  Left red circle : good visualization of adventitia. 
 Right red circle : bad visualization of adventitia       

  Fig. 11.5    GSM analysis. The color information should be discharged.  Left red circle : RGB image; this kind of image should be discarded.  Right 
red circle : grey scale image; this is the optimal image for GSM analysis       
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value shown in the panel is the GSM. The GSM of the 
selected area in the blood should be 0 (Fig.  11.6 ). If not, the 
gain of duplex scanner is not set properly (see above).  

 Similarly, using the “Lasso” tool, the brightest part of 
the adventitia on the same arterial wall of the plaque should 
be selected (Fig.  11.7 ). It is important to note that: 

   Image magni fi cation should be performed before • 
adventitia outlining.  
  The selected area should not be too small (area, not a • 
point!).  

  The selected area should be horizontal.    • 
 The GSM of adventitia should then be obtained 

using the “Histogram” function (the GSM of the 
adventitia in Fig.  11.7  is 148). Unlike the GSM of 
blood, every GSM value measured in the adventitia 
is accepted. 

 To normalize the image, click on “Image” menu, then 
“Adjustments,” and  fi nally “Curves” (Fig.  11.8 ). The 
straight line shown in the panel represents the relationship 
between the gray scale of the input ( x -axis) image and that 

  Fig. 11.6    GSM analysis. The GSM calculation of the blood.  red arrow : selection of a blood sample with the “lasso” tool        

  Fig. 11.7    GSM analysis. The GSM calculation of the adventitia.  red arrow : selection of a sample of adventitia with the “lasso” tool       
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of the output ( y -axis). Each axis has a black and a white 
edge: this is the gray scale, ranging from 0 (completely 
black) to 255 (completely white).  

 The aim of normalization is to modify the subjectivity 
related to the echographic examination. This purpose can 
be achieved using the brightest (adventitia) and the faint-
est (blood) areas of the image: in particular conditions 
(the duplex scanner settings described above), these areas 
are independent of the type of duplex scanner and the 
ultrasonographer. Normalizing the image, the faintest 
point remains unchanged with a GSM value of 0 before 
and 0 after standardization (a proper gain adjustment is 
essential for this purpose). On the other hand, the GSM 
value of the brightest area (adventitia) drives all the nor-
malization process: the adventitial GSM value measured 
before (input value) is converted arbitrarily to a GSM 
value of 190 (output value). In the normalized image, the 
GSM value of blood and adventitia is 0 and 190, respec-
tively, independent of the type of duplex scanner and the 
ultrasonographer. 

 In Adobe Photoshop, the straight line shown in the 
panel should be modi fi ed so that the new line crosses a 
new point with the input value corresponding to measured 
adventitial GSM value and the output value correspond-
ing to 190 (Fig.  11.9 ). The image is now standardized 
(Fig.  11.10 ).    

    3.    In Adobe Photoshop, using the “Lasso” tool, the plaque 
should be outlined. In the “Histogram” panel, the follow-
ing measurements are obtained:
   (a)     GSM, de fi ned as the median of overall gray values of 

the pixels in the plaque (Fig.  11.11 ).   
   (b)     Standard deviation (SD). SD is a measure of disper-

sal, or variation, in a group of numbers. SD tells how 

tightly a set of values is clustered around the average 
of those same values.     
 If you need help to measure the GSM, please feel free 

to contact us at   alberto.froio@unimib.it          

   Clinical Trials on Carotid Plaque Echolucency 
and Clinical Endpoints 

 With the Imaging in Carotid Angioplasty and Risk of Stroke 
(ICAROS) study, an international multicenter registry that 
collected 418 CAS cases from 11 centers, we evaluated the 
relationship between the echogenicity of carotid plaque, as 
measured by GSM, and the risk of stroke during CAS in 
order to obtain a better selection of candidates for CAS  [  11, 
  12  ] . An echographic evaluation of carotid plaque with GSM 
measurement was made pre-procedurally. The onset of neu-
rological de fi cits during the procedure and the post-proce-
dural period (30 days) was recorded. The GSM value in 
complicated patients was signi fi cantly lower than in uncom-
plicated cases, both in the stroke ( p  < 0.005) and the stroke 
plus TIA ( p  < 0.005) subsets. A receiver operating character-
istic curve was used to choose the best GSM cutoff value: the 
most successful threshold was 25. The prevalence of a GSM 
value <25 (echolucent plaques) was high: 37% (155 of 418 
patients). Eleven (7.1%) of the 155 patients with GSM  £  25 
had a stroke compared to 4 (1.5%) of 263 patients with GSM 
> 25 ( p  = 0.005)  [  11  ] . 

 The Asymptomatic Carotid Stenosis and Risk of Stroke 
study (ACSRS) was an international multicenter study whose 
aim was to detect groups of patients with asymptomatic 
carotid stenosis associated with greater or lower risk of a 

  Fig. 11.8    GSM analysis. The “curve function” in Adobe Photoshop used for image normalization       
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  Fig. 11.9    GSM analysis. The shift of the curve for image normalization       

  Fig. 11.10     Left side : carotid plaque before image normalization.  Right side : carotid plaque after normalization       
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natural neurological event  [  13  ] . A total of 1,121 patients with 
50–99% asymptomatic ICA stenosis in relation to the bulb 
(European Carotid Surgery Trial [ECST] method) were fol-
lowed up for 6–96 months (mean, 48). Severity of stenosis; 
age; systolic blood pressure; increased serum creatinine; 
smoking history of more than 10 pack-years; history of con-
tralateral transient ischemic attacks (TIAs) or stroke; low 
gray scale median (GSM); increased plaque area; plaque 
types 1, 2, and 3; and the presence of discrete white areas 
(DWAs) without acoustic shadowing were associated with 
increased risk. Carotid stenosis, history of contralateral TIAs 
or stroke, GSM, plaque area, and DWAs were independent 
predictors of ipsilateral events. Combinations of these could 
stratify patients into different levels of risk for ipsilateral 
events: in the 923 patients with >70% stenosis, the predicted 
cumulative 5-year stroke rate was <5% in 495, 5–9.9% in 
202, 10–19.9% in 142, and >20% in 84 patients. 

 The prospective, observational, international multicenter 
Asymptomatic Carotid Emboli Study recruited subjects with 
severe asymptomatic carotid stenosis ( ³ 70%), analyzing 
carotid plaque features and embolic signals (ES)  [  14  ] . A total 
of 164 (37.7%) plaques were graded as echolucent. Plaque 
echolucency at baseline was associated with an increased 
risk of ipsilateral stroke alone (HR 6.43, 95% CI 1.36–30.44, 
 p  = 0.019). A combined variable of plaque echolucency and 
ES positivity at baseline was associated with a markedly 

increased risk of ipsilateral stroke alone (HR 10.61, 95% CI 
2.98–37.82,  p  = 0.0003). This association remained signi fi cant 
after controlling for risk factors, degree of carotid stenosis, 
and antiplatelet medication. The combination of ES detec-
tion and plaque morphology allows a greater prediction than 
either measure alone and identi fi es a high-risk group with an 
annual stroke risk of 8% and a low-risk group with a risk of 
<1% per annum. 

 Ishizu compared carotid ultrasonic imaging with bio-
markers such as high-sensitivity C-reactive protein (hs-
CRP) and oxidized low-density lipoprotein (LDL) stratifying 
cardiovascular risk  [  15  ] . Carotid plaque echolucency was 
quanti fi ed by measuring GSM. Univariate Cox regression 
analysis showed CRP and several ultrasonic parameters to 
be signi fi cant determinants for cardiovascular events. 
Multivariate Cox analysis determined CRP and plaque 
echolucency to be independent variables predicting cardio-
vascular events after adjustment for classic CAD risk fac-
tors. In Kaplan–Meier plots, patients with both high CRP 
( ³ 1.0 mg/L) and echolucent plaque (GSM  £  65) showed 
higher event rates than did patients with high CRP but with-
out echolucent plaque. 

 The Health Insurance Portability and Accountability Act–
compliant study correlated echogenicity and severity of ath-
erosclerotic carotid artery lesions at standard ultrasound with 
the degree of intraplaque neovascularization at contrast 

  Fig. 11.11    GSM calculation in the normalized image       
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material–enhanced (CE) ultrasound  [  16  ] . Echogenicity was 
inversely correlated with grade of intraplaque neovascular-
ization ( p  < 0.001). More echolucent lesions had a higher 
degree of neovascularization compared with more echogenic 
ones ( p  < 0.001). The degree of stenosis was signi fi cantly 
correlated with grade of intraplaque neovascularization 
( p  = 0.003). Intraplaque neovascularization in the carotid 
arteries detected with CE ultrasound was more pronounced 
in symptomatic patients with a history of cerebrovascular or 
cardiac events  [  17,   18  ] . 

 At the University of Copenhagen, the association between 
carotid plaque ultrasound echogenicity and the presence of 
in fl ammation depicted with positron emission tomography 
(PET) of plaques with the use of [18F]- fl uorodeoxyglucose 
(FDG) was evaluated  [  19  ] . There was a negative correlation 
between GSM and FDG maximum standardized uptake val-
ues (SUV). Whereas echo-rich plaques tended to show low 
FDG uptake, echolucent plaques ranged from high to low 
in fl ammatory activity, as depicted with PET. There was a 
positive correlation between CD68 expression and FDG 
uptake. Choi demonstrated that serum hs-CRP levels were 
found to be correlated with F-18 FDG target-to-background 
ratio (TBR) values of carotid arteries  [  20  ] . The higher the 
amount of in fl ammation in carotid plaques, the higher the 
risk of stroke: dense plaque in fl ammation (especially 
in fi ltration with macrophages) was the feature most strongly 
associated with both cap rupture and time since stroke 
( p  = 0.001)  [  21  ] . 

 These studies demonstrated the relationship between 
carotid plaque echolucency evaluated by GSM, hs-CRP, 
carotid plaque in fi ltration by macrophage, neovasculariza-
tion, plaque rupture, embolic load to the brain, and eventu-
ally risk of stroke.  

   Clinical Implications of Carotid Plaque Analysis 

 A 58-year-old man was referred by a cardiologist to the San 
Gerardo Vascular Surgery Department for the evaluation of a 
right internal carotid plaque, diagnosed 4 months earlier with 
a 60% degree of stenosis. The medical history was the 
following:

   Hypertension  • 
  Type 2 diabetes  • 
  Obesity  • 
  Dyslipidemia  • 
  Smoker  • 
  Myocardial infarction (1997), PTCA on right coronary • 
artery  
  Atrial  fi brillation on amiodarone (1999)  • 
  Acute pancreatitis treated by papillosphincterotomy • 
(2003)  

  Hospital admission for uncontrolled glycemia (2004), • 
successful therapy with glimepiride and metformin  
  Anxious state + depression on tri fl uoperazine + clomipramine  • 
  Gastric ulcer with bleeding, pantoprazole + aspirin (con-• 
traindication to warfarin)  
  Unstable angina, coronarography, trivessel disease with-• 
out surgical/endovascular indication (Jan 2007)  
  Coronary bypass (July 2009)  • 
  Acute heart failure with atrial  fi brillation and pericarditis • 
(Sep 2009), therapy with ramipril, amlodipine, furo-
semide, and nebivolol   
   What can we suggest to reduce the cardiovascular risk?
   A.    Weight loss program   
  B.    Smoking cessation advice  
   C.    Psychotherapy  
   D.    Physical activity program  
   E.    Hypocholesterolemic diet        
 The patient refused any diet, smoking-cessation, and psy-

chotherapeutic program.
   How often should a high-risk patient with a carotid degree 
of stenosis of 60% be evaluated by ultrasound?
   A.    Every month  
   B.    Every 3–4 months  
   C.    Every 9 months  
   D.    Every 12 months  
   E.    Every 18 months        
 The screening program should be very tight in patients 

with a severe cardiopathy refusing the cessation of 
smoking and a hypoglycemic and hypocholesterolemic 
program. 

 The ultrasound demonstrated an echolucent right internal 
carotid plaque, with increase of peak systolic velocity and a 
stenosis of 80–85% (Fig.  11.12 )  

 The patient was asymptomatic for ischemic neurological 
de fi cit.

   How should the patient be managed?
   A.     Medical therapy, increasing statin treatment in order 

to decrease LDL (<70 mg/dL), and a more aggressive 
antihypertensive and hypoglycemic approach.   

  B.     Medical therapy plus additional imaging (angioCT/
angioRM) of vasculature (aortic arch, carotid 
anatomy, and circle of Willis) and cerebral paren-
chyma in order to proceed with surgical/endovas-
cular treatment.        

 The angioCT demonstrated an 85% stenosis of the right 
internal carotid artery, the lack of abnormalities/diseases of 
the circle of Willis, a type I aortic arch without atheroscle-
rotic lesions, the lack of tortuosity of the common carotid 
artery, and the absence of ischemic lesions in the cerebral 
parenchyma (Fig.  11.13 ). 

   Which is the role of carotid plaque morphology at this point?
   A.    It does not in fl uence the choice to medical vs. invasive 

treatment.   



166 A. Froio et al.

  Fig. 11.12    Carotid duplex scan showing a severe carotid stenosis       

  Fig. 11.13    AngioCT of the neck showing a stenosis of the right internal carotid artery with a mild calci fi cation       
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  B.    It does not in fl uence the choice between endovascular 
and surgical treatment.  

   C.    It is a parameter that should be always evaluated before 
any carotid revascularization.        
 The angioCT demonstrated very accurately that the plaque 

was only mildly calci fi ed, with the potential to be treated 
with both surgical and endovascular approaches. The duplex 
scan demonstrated that the plaque was echolucent, an echo-
graphic feature related to an increased risk of stroke in case 
of medical therapy only. Moreover, the gray scale median 
(GSM) of the plaque, that is, a computer-assisted index of 
carotid plaque echogenicity, was 21, con fi rming an unstable 
plaque prone to embolize (Fig.  11.14 ).  

 According to the presence of multiple uncontrolled risk 
factors for atherosclerotic disease, the rapid growth of carotid 
stenosis, and the vulnerable morphology of the plaque, the 
decision was to treat the patient.

   Which factors should be included in the indication to sur-
gical vs. endovascular treatment?
   A.    Neurological status   
  B.    Degree of stenosis  
   C.    Medical comorbidities  
   D.    Vascular and local anatomical features  

   E.    Carotid plaque morphology  
   F.    All the previous answers are correct        
 The  fi nal situation was:

   A neurologically asymptomatic patient without cere-• 
bral ischemic lesions  
  A non-subocclusive disease  • 
  A severe ischemic heart disease treated by coronary • 
bypass complicated by a recent acute heart failure 
without controlling cardiovascular risk factors  
  Diabetes and dyslipidemia without optimal control of • 
serum glycemia and cholesterol  
  No excessive tortuosity/calci fi cation of aortic arch and • 
common carotid, no tandem lesions, and presence of a 
very short neck in an obese patient  
  An echolucent carotid plaque, prone to embolize, with • 
a limited amount of calci fi cation    

 The overall evaluation of these features indicated carotid 
stenting instead of endarterectomy. 

 One of the most important issues during carotid stenting 
is embolization to the brain, due to different reasons: cross-
ing of the lesion, angioplasty and stenting with the squeezing 
of the atherosclerotic core, and protrusion of the plaque 
through the stent struts.

  Fig. 11.14    GSM analysis of the carotid plaque, showing an echolucent lesion       
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   Concerning squeezing of the atherosclerotic core and pro-
trusion of the plaque through the stent struts: Do you think 
that speci fi c carotid plaque morphology (echolucent vs. 
echogenic) should be considered for the choice of a 
speci fi c stent design (open- vs. closed-cell design)?
   A.     I don’t think that carotid plaque echogenicity is useful 

for the choice of the type of stent.   
  B.     Carotid plaque echogenicity is useful for the choice of 

the stent: in case of echolucent plaques, stents with 
closed-cell design should be used.        

 In order to increase the coverage of an echolucent plaque, 
a stent with a closed-cell design was used. Actually the stent 
used in the patient was the self-expanding nitinol 7–10 × 40 mm 
Cristallo Ideale (Invatec), offering a hybrid solution with 
open cells in the distal and proximal parts to enhance 
 fl exibility and a closed-cell design in the middle to provide 
the appropriate scaffolding and to prevent plaque prolapse.

   Concerning c\rossing of the lesion: Do you think that 
speci fi c carotid plaque morphology (echolucent vs. echo-
genic) should be considered for the choice of a speci fi c 
brain protection device (BPD) (proximal vs. distal)?
   A.     I don’t think that carotid plaque echogenicity is useful 

for the choice of the type of BPD.   
  B.     Carotid plaque echogenicity is useful for the choice of 

the BPD: in case of echolucent plaques, proximal 
BPD with closed-cell design should be used.        

 Considering that carotid echolucent plaques have an increased 
risk of stroke during carotid stenting in case of crossing of a 
distal  fi lter through a soft carotid atheroma, a proximal brain 
protection device (MoMa, Invatec, with the 8 Fr con fi guration) 
was selected. 

 The procedure was performed without any complication. 
The patient was discharged 2 days after the procedure. 
Figure  11.15  shows the postoperative angioCT, performed 
3 months following the procedure.   

   Discussion 

 Carotid artery stenting is an alternative method to treat 
carotid stenosis and to prevent stroke. 

 Two recent randomized clinical trials comparing carotid 
artery stenting (CAS) vs. carotid endarterectomy (CEA) in 
symptomatic patients have been published. The EVA3S trial 
demonstrated that CAS has higher rates of death and stroke 
at 1 and 6 months compared to CEA (9.6% vs. 3.9% at 
1 month, 11.7% vs. 6.1% at 6 months, respectively)  [  22  ] . 
The SPACE study failed to prove non-inferiority of CAS 
compared with CEA for the periprocedural (30 days) com-
plication rate (6.84% vs. 6.34%)  [  23  ] . 

 The results of these studies are different from those of the 
SAPPHIRE  [  24  ] , which demonstrated that CAS with the use 
of an embolic protection device is not inferior to carotid 
endarterectomy. The SAPPHIRE included both asymptom-
atic and symptomatic patients, at high risk due to medical or 
anatomical factors. EVA3S and SPACE included only 
symptomatics. 

 What factor can explain such a big difference between the 
European and the US studies? In the SAPPHIRE, 27% of 
patients had received a previous CEA and 29% a previous 
angioplasty: recurrent stenosis may bias results in favor of 
stenting because redo endarterectomy is associated with an 
increased risk of nerve lesions and stroke, while CAS is less 
risky with restenotic lesions due to the presence of intimal 
hyperplasia, which is associated to a lower embolic load to 
the brain. On the other side, the EVA3S and SPACE trials 
excluded restenoses. This is a huge difference, considering 
that carotid plaque morphology and echogenicity of rest-
enoses ( fi brotic tissue) is completely different from those of 
primary lesions (lipidic and hemorrhagic tissue). Carotid 
plaque morphology could be one of the factors explaining 
the different results of the above-mentioned studies. 

 The ICAROS study analyzed the role of carotid plaque 
morphology (evaluated by GSM) as a predictor of stroke fol-
lowing CAS  [  11  ] . The GSM is a computer-assisted grading 
of the echogenicity of carotid plaques. It is a measure of the 
overall plaque echogenicity, which is a quantitative index of 
the echoes registered from the plaque. The GSM has two 
main advantages: it is easily and readily comparable and is 
calculated using a computer. The ICAROS study demon-
strated that the clinical impact of GSM relies on the ability to 
identify a wide number of patients (the prevalence of a GSM 
value less than 25 was 37% [155/418 Pts]) at higher risk of 

  Fig. 11.15    AngioCT 3 months after carotid stenting       
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stroke during CAS (7.1% vs. 1.5%,  p  < 0.005; OR 7.11) and 
to distinguish subsets of patients (with restenosis or with 
protected procedure) in which the rate of neurological com-
plications is different from the overall population. The logis-
tic regression model con fi rmed the role of GSM as a predictor 
of stroke in both NASCET/ACAS-eligible and -ineligible 
patients. As a consequence of this, the effectiveness of GSM 
can be evaluated both in low- (such as in CREST) and high-
risk (such as in SAPPHIRE, ARCHER) patients. 

 CAS is associated with new areas of cerebral ischemia, as 
detected by using diffusion-weighted MR imaging 
(DW-MRI). Not all DW-MRI lesions showed after few days 
following the procedure are irreversible ischemic lesions, 
around 40% of early DW-MRI lesions are de fi nite brain 
infarction on follow-up MRI. Moreover, there is a correla-
tion between the number of lesions in DWI as well as the 
volume of the lesions and the occurrence of brain infarction 
on follow-up MRI  [  25  ] . The impact of these silent lesions 
was demonstrated in several studies. The most impressive 
 fi nding is that the presence of silent brain infarcts at baseline 
more than doubled the risk of dementia  [  26  ] . Brain protec-
tion devices (BPDs) signi fi cantly reduced the death and 
stroke rates, as demonstrated in a review including 2,536 
CAS procedures. The limitation of BPDs is that they do not 
protect from silent cerebral ischemia; the rate of DW-MRI 
lesions in neuroprotected CAS ranges from 23% to 43% 
 [  27,   28  ] . As there is a signi fi cant correlation between micro-
embolic signal count measured by transcranial Doppler and 
new DWI lesions after carotid treatment, the reduction of 
embolic load to the brain during the CAS procedure is essen-
tial to reduce silent cerebral ischemia after the procedure. 
Once again, low GSM value plaques generated a higher 
number of embolic particles during CAS  [  11,   29  ] . The selec-
tion of patients with low embolic potential to the brain may 
reduce the incidence of cognitive function. 

 The European Society for Vascular Surgery published the 
guidelines for indications and techniques for invasive treat-
ment of carotid disease  [  30  ] . There are  fi ve criteria that 
should be evaluated prior to any surgical and endovascular 
treatment:
    1.    Neurological symptomatology  
    2.    Degree of carotid stenosis  
    3.    Medical comorbidities  
    4.    Vascular and local anatomical features  
    5.    Carotid plaque morphology     

 The last two parameters deserve particular attention. 
Complex bifurcation disease with long, multifocal lesions or 
an angulated internal carotid artery (ICA); extensive aortic or 
brachiocephalic trunk plaque; severe tortuosity or calci fi cation 
of the aortic arch vessel; or ring-like, heavy calci fi cations of 
the carotid bifurcation are considered contraindications to 
CAS. On the other hand, CAS is justi fi ed in patients with 

contralateral laryngeal nerve palsy and previous radical neck 
dissection or cervical irradiation and with prior CEA (rest-
enosis) because the rate of cranial nerve injuries following 
surgery is higher in this subset. Moreover, CAS can be 
offered to patients with high bifurcation or intracranial exten-
sion of a carotid lesion, where surgical access could be 
dif fi cult or in patients at high risk of cerebral ischemia dur-
ing carotid clamping (occlusion of the contralateral internal 
carotid artery and anomalies of the circle of Willis). 

 The Cardiovascular Health Study, the Tromso study, 
Liapis, and Gronholdt demonstrated in nearly 6,000 patients 
that carotid echolucent plaques were related to the develop-
ment of future neurologic events  [  8,   9,   31,   32  ] . In addition to 
the role of the GSM in the identi fi cation of patients at increased 
risk of stroke during CAS (ICAROS) and in natural history 
studies, several papers showed that echolucent carotid plaques 
with low GSM values have a higher risk of future coronary 
events in natural history studies  [  33,   34  ] , a higher risk of rest-
enosis development  [  35  ] , a higher incidence of a positive 
brain computed tomography for ischemic lesions, a condition 
related to neurological dysfunction and dementia  [  26  ] , and 
more rapid plaque progression  [  36  ] . According to these fac-
tors, we decided to treat the patient of the case report. 

 The stroke rate could not be in fl uenced by carotid plaque 
morphology if there is huge experience in carotid stenting 
(several hundreds of cases) or if proximal brain protection 
device is used that does not require the crossing of the lesion; 
however, the correct selection of a brain protection device 
may depend on GSM  [  37,   38  ] . Cremonesi enrolled only soft 
echolucent (GSM lower than 25) carotid lesions in a study of 
stenting under cerebral protection achieved by a proximal 
endovascular clamping device, avoiding to cross an emboli-
genic plaque. The 30-day all death and stroke rate was 2.4%. 
In 66.7% of patients, visible debris was collected during the 
procedure. This study demonstrated that the higher risk of 
stroke observed in the ICAROS study was the consequence 
of the crossing of an emboligenic carotid plaque with endo-
vascular devices (including a distal BPD). In conclusion, 
carotid plaque echolucency predicts the risk of stroke in 
carotid stenting according to the type of brain protection 
device and the learning curve  [  39  ] . 

 Carotid stent design has the potential to in fl uence neuro-
logical outcome. The use of closed- vs. open-cell stents is 
related to different carotid anatomies, neurological symp-
toms, and types of carotid plaque. A multicenter study ana-
lyzing 3,179 consecutive patients showed that the late-event 
rates varied from 1.2% to 3.4% for free cell areas <2.5 and 
>7.5 mm 2 , respectively, being the difference highly pro-
nounced among symptomatic patients  [  40,   41  ] . The SPACE 
trial demonstrated a lower rate of stroke in symptomatic 
patients treated with a closed-cell stent than in those who 
received an open-cell stent  [  42  ] . 
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 In our case report, the choice of a proximal brain protec-
tion device and a hybrid stent with a closed-cell design was 
made to reduce the risk of stroke during and after carotid 
stenting. 

 In conclusion, only an appropriate indication to treatment 
will optimize the treatment for patients with carotid stenoses 
 [  1  ] . The inclusion of carotid plaque morphology with the 
GSM calculation has the potential to reduce the risk of stroke 
during CAS and that of neurocognitive dysfunction months 
or years following the endovascular procedure.      
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   Introduction 

 The Asymptomatic Carotid Atherosclerosis Study (ACAS) 
 [  1  ]  was the  fi rst randomized controlled trial to show that sur-
gical treatment offered to asymptomatic patients with high-
grade carotid artery stenosis reduces the risk of subsequent 
stroke. Other randomized trials subsequently con fi rmed 
those  fi ndings. Although surgery for symptomatic carotid 
artery stenosis has become standard treatment for appro-
priate lesions, enthusiasm for the surgical management of 
asymptomatic carotid artery stenosis has also increased. 
This enthusiasm has resulted in a signi fi cant increase in 
the number of asymptomatic patients undergoing carotid 
revascularization procedures. According to a survey, carotid 
endarterectomy (CEA) for asymptomatic stenosis accounts 
for more than 90% of all carotid artery surgeries. The purpose 
of this chapter is to evaluate the effectiveness of screening for 
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carotid artery disease, which by de fi nition means identifying 
patients with asymptomatic carotid bifurcation disease. 

 Stroke is associated with serious morbidity and mortal-
ity. Eighty percent of strokes are ischemic, and 20% of these 
are due to large-artery stenosis  [  2  ] . Carotid artery duplex is 
highly sensitive and speci fi c to diagnose internal carotid artery 
stenosis. The threshold of peak systolic velocity of >130 cm/s 
is associated with sensitivity of 98% and speci fi city of 88% in 
identi fi cation of angiographic stenosis of >50%. For diagno-
sis of angiographic stenosis of >70%, a peak systolic velocity 
>200 cm/s has a sensitivity of 90% and a speci fi city of 94% 
 [  3  ] . Carotid artery duplex is the tool for screening asymptom-
atic people to detect internal carotid stenosis, but to justify 
its use, one should show that the identi fi cation and treatment 
of an asymptomatic carotid lesion reduces the incidence of 
stroke. Therefore, it is important to evaluate whether the 
prevalence, natural history, and current treatment options for 
asymptomatic carotid artery stenosis support a generalized 
screening program for the public. There have been no random-
ized controlled trials to answer this question. Consequently, 
one needs to determine how many asymptomatic people have 
to be screened and treated speci fi cally for the lesion found in 
order to avoid one stroke. 

 We reviewed the literature on carotid screening for general 
and high-risk populations and the cost-effectiveness of screen-
ing programs. This discussion has become more relevant due 
to increased public awareness, often resulting from free blood 
pressure and cholesterol checks offered by pharmacies around 
the country. Moreover, several agencies are offering screen-
ing duplex ultrasounds for detecting peripheral arterial dis-
ease, carotid artery stenosis, and abdominal aortic aneurysms. 
Most people who have these tests are older, and many are 
unaware of the importance of these tests and their  fi ndings. 
Therefore, it is crucial to determine if such screening pro-
grams are necessary and, if so, should be offered by accred-
ited vascular laboratories, which can educate the patients 
about the results and the importance of their  fi ndings.  

   Potential Burden of Stroke Resulting 
from Carotid Artery Stenosis 

 Stroke is the third leading cause of death and the most com-
mon cause of long-term disability in the United States  [  4  ] . 
Each year, about 700,000 people suffer a new or a recurrent 
stroke on average; every 45 s, someone in the United States 
has a stroke, and every 3 min, someone dies of a stroke. 
Stroke accounted for about 1 of every 15 deaths in the United 
States in 2003. Men’s stroke incidence rates are 1.25 times 
greater than women’s. Because women live longer than men, 
more women than men die of stroke every year. Women 
accounted for 61% of stroke deaths in the United States  [  4  ] . 

 Stroke is a life-changing event. Kelly-Hayes et al.  [  5  ]  
reviewed outcomes from the Framingham Study and found 
that 12% of those who survive a  fi rst stroke or TIA have 
another within the  fi rst year. Twenty-two percent of men 
and 25% of women who have a stroke die within a year. 
This percentage is higher for patients who are 65 and older. 
Approximately 50–70% of stroke survivors regain functional 
independence, but 15–30% are permanently disabled and 
20% require institutionalized care at 3 months after onset. 
The same data show that among patients who were at least 
65 years old, 50% had residual hemiparesis and 26% were 
institutionalized 6 months after their stroke. Therefore, in 
light of the devastating consequences of stroke, preven-
tion is desirable by health care professionals, organizations, 
and society in general. One approach is to offer appropri-
ate screening tests, assuming the causative lesion can be 
identi fi ed and subsequently treated.  

   Natural History of Asymptomatic Carotid 
Artery Stenosis 

 The occurrence of stroke and death resulting from asymp-
tomatic carotid artery stenosis is proportional to the preva-
lence and prognosis of untreated disease. Population-based 
studies using duplex scanning have shown that the preva-
lence of  ³ 50% carotid stenosis ranges between 2% and 8%, 
and those with asymptomatic carotid artery stenosis of 80% 
or more is between 1% and 2%  [  6–  10  ] . The cost- effectiveness 
of carotid screening depends upon the natural history of the 
asymptomatic carotid lesion. 

 The low incidence of asymptomatic carotid artery steno-
sis has implications for carotid artery screening programs. 
Positive predictive value of any screening modality will 
change with the prevalence of disease in the tested popula-
tion  [  11  ] . Assuming that duplex scanning for asymptomatic 
carotid artery stenosis has sensitivity and speci fi city of 95%, 
positive predictive value of duplex scanning for a carotid 
artery stenosis of more than 50% would be approximately 
50%, and the positive predictive value of duplex scanning for 
a carotid stenosis of more than 80% or greater would be 16% 
 [  12  ] . However, the actual sensitivity and speci fi city of carotid 
duplex is less than 95%, therefore resulting in lower positive 
predictive values, even when evaluated in a highly selected 
patient population  [  13  ] . Therefore, with low prevalence in 
general population, the positive predictive value of a screen-
ing study like carotid duplex is severely diminished. 

 Norris et al.  [  14  ]  performed a natural history study of 696 
patients and demonstrated that the annual risk of ipsilateral 
stroke was 2.5% for patients with asymptomatic carotid 
artery stenosis of more than 75%. Lesser degrees of stenosis 
were associated with a lower annual stroke rate (1.3%). 



17512 Role of Duplex Ultrasound in Carotid Screening

 The European Carotid Surgery Trial (ECST)  [  15  ]  showed 
that for patients with asymptomatic carotid artery stenosis of 
70% or more, the 3-year risk of ipsilateral stroke was 5.7% 
(annual risk of stroke 1.9%). For lesser degrees of asymp-
tomatic carotid artery stenosis, the 3-year risk of stroke was 
2.1% (annual risk of stroke 0.7%). 

 The ACAS study found that patients with an asymptom-
atic carotid artery stenosis  ³ 60% who were treated medically 
had an annual rate of 2.12%  [  1  ] . In the medical arm of the 
Veterans Administration trial  [  16  ] , the ipsilateral stroke rate 
was 9.4% at 47.9 months for patients with asymptomatic 
carotid artery stenosis of more than 50% (annual risk of 
stroke = 2.36%). 

 To summarize, the average annual risk of stroke from 
asymptomatic carotid artery stenosis of 50% or greater is 
approximately 2–3% per year. Taking into account the low 
prevalence of asymptomatic carotid artery stenosis in the gen-
eral public, an individual would have less than 0.16% risk per 
year of stroke or death from undetected asymptomatic carotid 
artery stenosis of 50% or greater, and a 0.06% risk from 
asymptomatic carotid artery stenosis of 80% or greater  [  17  ] . 

 Sleight et al.  [  18  ]  reviewed the long-term outcomes for 
patients enrolled in the medical management cohort of ECST. 
They excluded symptomatic patients and short-listed 219 
patients who have had serial carotid duplex ultrasounds. They 
strati fi ed patients based on their baseline carotid stenosis into 
three groups: 15–49% ( n  = 2), 50–79% ( n  = 110), and 80–99% 
( n  = 107). At the end of 4-year follow-up, 31 patients regressed 
to a lower group, 148 remained in the same group, and 37 
patients progressed by one group and 3 patients by two cate-
gories. These data showed that for patients undergoing medi-
cal management for asymptomatic carotid artery stenosis, the 
mean carotid stenosis does not change over 4 years. 

 Nehler et al.  [  19  ]  identi fi ed 263 patients with 434 asymp-
tomatic <60% internal carotid artery stenoses, observed them 
for 20 months, and performed duplex ultrasound every 
6 months. At the end of follow-up, 6.5% of patients (4% of 
carotid arteries) progressed without symptoms to >60%. 
None of the patients became symptomatic. Clinical risk fac-
tors associated with progression to >60% stenosis included 
elevated systolic blood pressure and decreased ankle- brachial 
index ( p  = 0.05). The life table-determined rate of freedom 
from progression to >60% stenosis was 94% at 4 years for 
asymptomatic internal carotid artery lesions that had initial 
peak systolic velocity less than 175 cm/s compared to 14% at 
3 years for lesions that had initial peak systolic velocities 
>175 cm/s. This study shows that patients who are at greatest 
risk of early progression of carotid atherosclerosis are those 
who have systolic velocities higher than 175 cm/s. 

 Rockman et al.  [  20  ]  retrospectively reviewed the records 
of 282 asymptomatic internal carotid arteries with moderate 
stenosis (50–79%). Seventeen percent of internal carotid 
arteries demonstrated progression over 5 years. Estimated 

cumulative rates for progression of stenosis at 1, 3, and 
5 years were 4.9%, 16.7%, and 26.5%, respectively. New 
ipsilateral strokes occurred in 3.8% and new ipsilateral tran-
sient ischemic attacks in 5.9% of patients. Arteries that pro-
gressed to >80% stenosis were more likely to have caused 
strokes than those that remained between 50% and 70% 
(10.4% vs. 2.1%,  p  < 0.02). Arteries that were unchanged, or 
stable, in the degree of stenosis were more likely to remain 
asymptomatic than those that progressed (92.7% vs. 62.5%, 
 p  < 0.001). The authors concluded that the only factor that 
appeared to predict increased risk for future stroke is pro-
gression of stenosis. 

 Mansour et al.  [  21  ]  reviewed outcomes in 344 patients 
(458 internal carotid arteries) with moderate carotid artery 
stenosis (50–79%). Life table analysis showed that the annual 
rate of ipsilateral neurologic events was 8.1% and the annual 
risk of stroke was 2.1%. Disease progression to 80–99% 
stenosis or occlusion occurred in 15.5% of arteries. The 
internal carotid arteries that showed evidence of disease pro-
gression had a signi fi cantly higher initial peak systolic veloc-
ity (251 vs. 190 cm/s,  p  < 0.0001) and end-diastolic velocity 
(74 vs. 52 cm/s,  p  < 0.0001). A greater amount of disease at 
baseline predicted progression. 

 Muluk et al.  [  22  ]  followed 1,701 carotid arteries in 1,004 
patients for a mean follow-up of 28 months and found that 
the risk of progression of internal carotid artery stenosis 
increased steadily over time. The four most important vari-
ables that affected the progression were baseline ipsilateral 
internal carotid artery (ICA) stenosis of >50% (RR 3.34), 
baseline ipsilateral external carotid artery stenosis of >50% 
(RR 1.51), baseline contralateral ICA stenosis of >50% (RR 
1.41), and systolic blood pressure >160 mmHg (RR 1.37). 
Ipsilateral neurologic ischemic events (strokes/TIAs) 
occurred in association with 14% of carotid arteries. 

 Garvey et al.  [  23  ]  performed prospective serial duplex 
scan surveillance of 1,470 carotid arteries in 905 asymptom-
atic patients during a 10-year period, with an average follow-
up interval of 29 months. They identi fi ed six signi fi cant 
predictors of progression: age, sex, systolic blood pressure, 
pulse pressure, total cholesterol, and HDL. Multivariate 
analysis showed that only pulse pressure and HDL remained 
as signi fi cant independent predictors of stenosis progression. 
The risk ratio of 10 mmHg rise in pulse pressure was 1.12, 
and the risk ratio of 10 mg/dl decrease in HDL was 1.20. 

 Shanik et al.  [  24  ]  reported stenosis progression in 259 
carotids over 96 months, with a mean follow-up of 48 months. 
Thirty- fi ve of 96 (36%) arteries with mild stenosis showed 
progression, 21 developed 50–79% stenosis, 12 progressed 
to greater than 80% stenosis, and two progressed to carotid 
occlusion. Only two of these patients had a stroke. 

 Ellis et al.  [  25  ]  reported overall progression of 3.4% in 
1,034 arteries with less than 50% stenosis at mean follow-up 
of 20 months. 
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 All of the studies mentioned in this section were per-
formed 10–22 years ago, which raises the question as to 
whether their observations are valid today, as the medical 
management of patients with atherosclerosis has changed 
dramatically. Proper platelet inhibition, more aggressive 
control of blood pressure, and the use of statins have sub-
stantially reduced neurologic events in both symptomatic 
and asymptomatic patients. 

 A number of important observations need to be recog-
nized. The  fi rst is that 97% of carotid etiology strokes occur 
in patients with symptomatic carotid disease  [  26  ] . If one can 
ensure that all individuals with a 60–99% asymptomatic 
carotid stenosis can be identi fi ed and treated with either CEA 
or carotid angioplasty and stenting with a procedural risk of 
2.3% (ACAS procedure risk), it will do little to reduce the 
overall burden of stroke  [  26  ] . 

 An important question to address when evaluating the issue 
of screening for carotid artery disease is whether the risk of 
stroke from asymptomatic disease is changing. The seminal 
studies (ACAS, ACST) reported results of medical treatment 
of patients nearly 20 years ago. Is it appropriate to equate 
 present-day cardiovascular risk to observations made 20 or 
more years ago? The answer is a decisive “no.” 

 Even in the ACAS and ACST studies, there was no rela-
tionship of the degree of asymptomatic carotid stenosis to 
subsequent stroke, and there was no bene fi t to women who 
underwent CEA versus medical treatment. An important 
issue that needs to be addressed when carotid screening is 
being considered is: Has the risk of stroke from carotid artery 
disease decreased in the last 15–20 years? McPhee et al.  [  27  ]  
reported that of 135,701 procedures performed to treat 
carotid artery disease, 92% were performed for asymptom-
atic disease. If one can assume the low procedure risk of 
2.3% stroke/death observed in ACAS, and the same risk of 
stroke in the medically treated patients, 115,730 unnecessary 
procedures were performed, and the cost to prevent one 
stroke in 5 years would be $369,685. Bunch and Kresowik 
 [  28  ]  performed a US multicenter audit of CEA for asymp-
tomatic disease and showed that the true risk of stroke and 
death from CEA in the USA was 3.8%; therefore, the cost of 
preventing one stroke or death over 5 years (in 2005 dollars) 
would be $428,510. This estimate is based upon the medical 
risk patients faced over 20 years ago. 

 There are robust data demonstrating that the medical 
treatment of asymptomatic carotid disease has improved and 
that the risk of stroke for an asymptomatic carotid lesion has 
progressively diminished. Although there are no data reported 
for changes of medical care during ACAS, there are consid-
erable data showing changes in medical care in ACST, which 
appear to have altered stroke risk for the asymptomatic 
carotid lesion during the study. At the initiation of ACST 
(1996), only 17% of patients were treated with statins. By 
the year 2000, 58% were on statins, and by 2008, 90% were 

on statins. The 5-year risk of ipsilateral stroke dropped from 
5.3% in the  fi rst 5 years of ACST to 3.6% in years 6–10. 

 It has been reported that diabetics treated with statins had 
a 46% relative risk reduction (RRR) of stroke  [  29  ] , and 
patients with high cardiovascular risk had a 25% RRR of 
stroke if treated with a statin  [  30  ] . The SPARCL investiga-
tors  [  31  ]  showed that in patients with stroke and TIAs ran-
domized to statins, there was a 16% RRR of any stroke 
( p  = 0.03) and a 35% risk reduction of a major cardiovascular 
event ( p  < 0.001). This study demonstrated that in the highest 
risk symptomatic patients, improved medical management 
reduces stroke. 

 The more contemporary Oxford Vascular Study  [  32  ]  and 
the SMART study  [  33  ]  reported annualized risks of ipsilat-
eral stroke from >50% asymptomatic carotid stenosis of 
0.34% and 0.7%, respectively. Therefore, with current ther-
apy, it will be dif fi cult to justify operative intervention for 
most patients with asymptomatic carotid disease. Since most 
screening programs are designed to identify candidates with 
disease who would be considered for CEA or angioplasty 
and stenting, if the proposed intervention would no longer be 
considered appropriate, the screening program could not be 
justi fi ed.  

   Rationale of Stroke Prevention Screening 

 The majority of strokes are ischemic strokes with sudden 
deprivation of blood  fl ow to an area of the brain. ICA athero-
sclerosis, the leading cause of ischemic stroke, can cause a 
stroke by either reducing the blood  fl ow to the brain or by 
embolizing atherosclerotic plaque or thrombus. Therefore, 
the best strategy seems to focus on prevention of stroke. In 
1994, the National Stroke Association (NSA) recommended 
screening all persons over 50 years of age for carotid artery 
disease, atrial  fi brillation, and hypertension. While this was 
an important statement, the recommended screening proto-
col included using a stethoscope to  fi nd cervical bruits for 
detection of carotid artery disease, palpating the pulse at the 
wrist to check for an irregular rhythm, and using a standard 
blood pressure reading for diagnosing hypertension  [  34  ] .  

   Risk Factors for Stroke 

 If risk factors for stroke can be de fi ned, we can offer carotid 
screening only to those people who are at a higher risk of 
developing stroke. Review of the literature suggests the fol-
lowing factors to be associated with a higher risk for devel-
oping stroke:
    1.     Transient Ischemic Attack  ( TIA ) 

 TIAs are associated with substantially high risk of stroke 
and death. Johnson et al. followed 1,707 patients who 
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 presented to emergency rooms with TIAs and found that 
10% developed stroke within 90 days of their TIA and 5% 
died within 2 days. They identi fi ed any TIA persisting 
longer than 10 min to be a predictor of stroke  [  35  ] .  

    2.     Smoking  
 The relative risk of stroke in heavy smokers (>40 ciga-
rettes a day) is twice that of light smokers (<10 cigarettes 
a day). Stroke risk decreases signi fi cantly after 2 years’ 
cessation of smoking and is at the level of nonsmokers by 
5 years after cessation  [  36  ] .  

    3.     Blood pressure  
 People with blood pressure less than 120/80 mmHg have 
about half the lifetime risk of stroke compared to those 
with hypertension  [  37  ] .  

    4.     Physical activity  
 A physicians’ health study showed that men who performed 
vigorous exercise had a lower stroke rate  [  38  ] . Harvard alumni 
study showed similar  fi ndings in males  [  39  ] . A nurses’ health 
study con fi rmed these  fi ndings for females  [  40  ] .  

    5.     Postmenopausal women  
 The Women’s Health Initiative, a primary prevention clin-
ical trial of 16,608 females, showed that combination of 
estrogen and progestin increased ischemic stroke risk by 
44%, with no effect on hemorrhagic stroke rate  [  41  ] .      

   How Can We Improve Positive Predictive 
Value of a Screening Test? 

 We can improve the positive predictive value of a screening 
test by performing the test on the subset of population that is 
statistically more likely to harbor the disease. Review of lit-
erature shows that the following three groups of patients may 
be at a higher risk for developing future strokes: 

   Role of Carotid Duplex in Patients Undergoing 
Coronary Artery Surgery 

 Atherosclerosis is a systemic disease and involves coronary, 
carotid, and lower extremity arteries. D’ Agostino et al.  [  42  ]  
collected data prospectively for 1,835 patients undergoing 
coronary artery surgery. Of these patients, 1,279 underwent 
screening carotid duplex examinations preoperatively. 2.5% 
of all patients developed an operative stroke. Multivariate 
analysis identi fi ed the following clinical predictors for post-
operative stroke: advanced age, female sex, prior stroke or 
transient ischemic attack, atherosclerotic disease involving 
ascending aorta, peripheral vascular disease, prior vascular 
operation, and smoking. The study suggested that preopera-
tive carotid duplex should be considered for patients with a 
history of neurologic events or peripheral vascular disease; 
however, the majority of strokes in their study were caused 

by embolic phenomenon from an atherosclerotic aorta or 
from the heart. Reed et al.  [  43  ]  noted that patients with a 
previous stroke are at a sixfold increased risk of post coro-
nary artery bypass grafting (CABG) stroke. Li et al.  [  44  ]  ret-
rospectively reviewed 4,325 patients who underwent CABG 
and/or valve replacement. Clinically de fi nite postoperative 
stroke incidence was 1.8%. Among stroke patients, only 
5.3% of strokes were attributed to ICA stenosis. Interestingly, 
for patients who had >70% ICA stenosis, the postoperative 
stroke rate was 15% if they underwent both CABG and CEA, 
while it was 0% if no CEA was done. This large study dem-
onstrates that (1) the postoperative stroke rate for CABG 
patients is extremely low; and (2) in patients diagnosed pre-
operatively with a high-grade ICA stenosis, combined treat-
ment (CABG plus CEA) is actually more harmful than not 
treating the ICA stenosis at all.  

   Role of Routine Carotid Duplex Screening 
in Patients with Lower Extremity Arterial 
Occlusive Disease 

 The real question is whether a high-prevalence population 
can be reliably identi fi ed. Marek et al.  [  45  ]  performed screen-
ing carotid duplex in 188 patients who presented with inter-
mittent claudication and no cerebrovascular symptoms. 
Twenty percent were found to have a stenosis of 50–79%, 
1.6% had stenosis of 80–99%, and 2.7% had evidence of 
carotid occlusion. The study concluded that the subset of 
patients aged >65 years, presence of carotid bruit, and ABI 
of <0.7 had a 45% incidence of >50% ICA stenosis 
(OR = 5.42). 

 Turnipseed et al.  [  46  ]  performed preoperative carotid 
duplex imaging in 330 patients who underwent coronary 
artery bypass (170) and peripheral vascular surgery (160). 
Patients with peripheral arterial disease had a higher inci-
dence of carotid bruits compared to those with coronary 
artery disease (44% vs. 16%). In those patients who had a 
carotid bruit, there was 54% incidence of signi fi cant carotid 
artery disease. Patients with PAD had a 52% incidence of 
signi fi cant carotid disease compared with 11.7% of patients 
who underwent coronary artery bypass. This was not a true 
screening study as 43% of the patients with PAD had symp-
toms suggestive of cerebrovascular disease. 

 Barnes et al.  [  47  ]  prospectively screened 449 asymptom-
atic patients with carotid duplex before coronary or periph-
eral arterial reconstruction. They noted that the prevalence of 
carotid artery disease was signi fi cantly higher in patients 
who had PAD (28%) than in those patients who had coronary 
artery heart disease (15%). Additionally, patients who had 
asymptomatic carotid artery disease had an increased risk of 
neurologic events (15%) compared with patients without 
carotid artery disease (0.8%) during a 2-year follow-up. 
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Moreover, there was an increased risk of perioperative and 
late death (10.6% and 9.2%, respectively) in patients who 
had asymptomatic carotid disease compared with patients 
who did not (0.3% and 0.8%, respectively,  p  < 0.001). 

 Ahn et al.  [  48  ]  reviewed the duplex scans of 78 patients who 
underwent carotid screening solely because of PAD and found 
that 14% had stenosis >50%, although they did not correlate 
the severity of the PAD to the presence of carotid stenoses. 
Their analysis showed that the risk factors of male sex, age > 
68 years, hypertension, and previous cardiovascular surgery 
strongly correlated with carotid stenosis. They concluded that 
routine carotid duplex screening is indicated in older patients 
(age > 68 years) who have peripheral vascular disease. 

 Fowl et al.  [  49  ]  screened two patient groups in a Veterans 
Hospital setting for the presence of asymptomatic carotid 
stenosis. The  fi rst group had 152 patients without any history 
of PAD, and the second group consisted of 116 patients with 
PAD. Duplex screening revealed a 6.5% incidence of >50% 
carotid stenosis in the  fi rst group compared with 12% for the 
patients in the second group ( p  = 0.058). They recommended 
carotid surveillance in asymptomatic patients who have mul-
tiple atherosclerotic risk factors. 

 Gentile et al.  [  50  ]  reviewed retrospective data on 225 
patients who underwent infrainguinal revascularization pro-
cedures with no previous carotid surgery and found that the 
presence of carotid bruit and the presence of rest pain were 
associated with >50% carotid stenosis. Among the subset of 
patients who had carotid bruit, 58% were found to have 
asymptomatic carotid stenosis of more than 50%. 

 Virgilio et al.  [  51  ]  prospectively screened patients with 
lower extremity atherosclerosis and found that 20% of 
asymptomatic male patients had a carotid stenosis of more 
than 50%. 

 Hennerici et al.  [  52  ]  screened 2,009 asymptomatic patients 
and divided them into three groups. The  fi rst group consisted 
of 375 patients who were examined before major vascular 
surgery (on aorta, iliac, or infrainguinal arteries), the second 
group had 264 patients with severe coronary artery disease, 
and the third group had 1,370 patients who had risk factors 
for atherosclerosis. The prevalence of asymptomatic carotid 
stenosis was 32.8% in the  fi rst group, 6.8% in the second 
group, and 5.9% in the third group ( p  < 0.001). These data 
suggest that patients undergoing major vascular surgery are 
at a much higher risk for harboring asymptomatic carotid 
artery stenosis as compared to those with coronary artery 
disease and those with risk factors for atherosclerosis.  

   Role of Ultrasound Follow-up for the 
Non-operated Carotid Artery After CEA 

 The rationale behind postoperative carotid imaging is two-
fold. First, recurrent stenosis may be identi fi ed, and, second, 

disease progression in the non-operated ICA may be moni-
tored regularly. Naylor et al.  [  53  ]  followed 219 patients after 
carotid endarterectomy and speci fi cally monitored their con-
tralateral (non-operated, asymptomatic) ICA. 151 patients 
had regular duplex ultrasounds in the postoperative period. 
Cumulative freedom from stroke in the non-operated hemi-
sphere was 99%, 96%, and 86% at 1, 5, and 10 years, respec-
tively, giving a mean incidence of stroke of 1% per annum. 
Only one stroke was preceded by a transient ischemic event, 
and no stroke was associated with >70% stenosis of ICA. 
Ten patients (7%) with initially mild or moderate disease of 
the non-operated ICA progressed to severe stenosis during 
follow-up; only three became symptomatic and, in each case, 
the onset of symptoms preceded recognition of disease pro-
gression. The long-term risk of stroke in the non-operated 
ICA territory was small. The authors concluded that none of 
the observed strokes could have been prevented by postop-
erative surveillance following CEA. 

 AbuRahma  [  54  ]  performed a similar study evaluating 
arteries contralateral to a CEA in 534 patients. Serial duplex 
ultrasound was performed at 1 month postoperatively and 
thereafter every 6 months. Overall, carotid artery stenosis 
progressed in 36% of patients at mean follow-up of 41 months. 
Progression of stenosis was noted in 3% of patients with 
baseline normal carotid arteries. Carotid artery stenosis pro-
gressed in 36% of patients with less than 50% stenosis versus 
47% of patients with 50–79% ICA stenosis. Late neurologic 
events referable to carotid artery stenosis were infrequent 
(6.7% in the entire series), including 2.4% strokes and 4.3% 
TIAs. Contralateral CEA was performed in 15% of patients. 
They concluded that duplex ultrasound should be performed 
every 6–12 months, if the stenosis is between 50% and 69%, 
and every 12–24 months if stenosis is less than 50%. 

 Ballotta  [  55  ]  followed asymptomatic contralateral ICAs 
of 599 patients who had undergone CEA for severe carotid 
disease. They performed duplex at 1 month and then every 
6 months for a mean follow-up of 4.1 years. Disease pro-
gressed in 34% of patients with mild stenosis (30–49%) ver-
sus 47.9% of patients with moderate stenosis (50–69%). The 
median time to progression was 29.8 months for mild and 
18.5 months for moderate stenosis. The rate of late neuro-
logic events referable to contralateral ICA was 3.2% for the 
entire series and 4.8% for patients with a 30% of greater ICA 
stenosis. The study suggested duplex surveillance every 
6 months in patients with >50% stenosis.   

   Cost-Effectiveness of Screening for Carotid 
Stenosis in Asymptomatic Patients 

 Lee et al.  [  56  ]  applied the cost-effectiveness analysis methods 
to the data from ACAS to determine cost- effectiveness 
of carotid screening. They assumed that the survival 
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 advantage offered by carotid endarterectomy for a 65-year-
old man would last for 30 years, an assumption which is 
not justi fi ed according to insurance company life tables. 
The lifetime marginal cost-effectiveness of screening rela-
tive to no screening was $120,000 per quality-adjusted life 
year, which would double if life expectancy was targeted 
at a more realistic 15 years. Sensitivity analysis showed 
that marginal cost-effectiveness decreased to $50,000 or 
less per quality-adjusted life year only if a free screening 
instrument with perfect test characteristics was used in a 
population in which there was 40% prevalence of carotid 
stenosis. Therefore, a program to identify candidates for 
endarterectomy by screening asymptomatic populations 
for carotid stenosis costs more per quality-adjusted life 
year than is usually considered acceptable. 

 Derdeyn et al.  [  57  ]  developed a computer model to simu-
late the cost-effectiveness of screening a cohort of 1,000 
men during a 20-year time period. Probabilities of stroke 
and death with surgical and medical management were 
obtained from published clinical trials. They showed that a 
one-time screening program of a population with a high 
prevalence (20%) of >60% stenosis costs $35,130 per incre-
mental quality of life gained. Annual screening costs 
$457,773 per year of quality life gained. They concluded 
that the cost-effectiveness of a one-time screening program 
for an asymptomatic population with a high prevalence of 
carotid stenosis may be cost-effective, but annual screening 
is detrimental. 

 Obuchowski et al.  [  58  ]  constructed a model of the natural 
history of carotid artery disease using literature-based esti-
mates of prevalence and incidence of carotid artery stenosis 
and associated morbidity and mortality. They found that 
carotid screening is effective only if rate of stenosis progres-
sion is >6% per year. However, if this rate is below 6%, 
screening is effective only if the prevalence rate in popula-
tion is >20%, and if the rate of progression is below 1%, 
screening is effective only if the prevalence of disease in the 
population is more than 30%. 

 Yin et al.  [  59  ]  performed a cost-effectiveness analysis 
with a Markov model with data from ACAS and other trials. 
They found that for 60-year-old patients with a 5% preva-
lence of 60–99% asymptomatic stenosis, duplex ultrasound 
screening increased average quality-adjusted life years 
(QALY; 11.485 vs. 11.473) and lifetime cost of care ($5,500 
vs. $5,012). Screening was cost-effective with the following 
conditions: disease prevalence was 4.5% or more, speci fi city 
of the duplex was 91% or more, stroke rate of patients who 
were medically treated was 3.3% or more, the relative risk 
reduction of surgery was 37% or more, the stroke rate associ-
ated with surgery was 160% or less than that of North 
American Symptomatic Carotid Endarterectomy Trial or 
ACAS perioperative complication rates, and the cost of ultra-
sound screening was $300 or less. 

 According to ACAS data, 5-year absolute risk reduction 
for stroke for asymptomatic patients was 5.8%. Hill et al.  [  17  ]  
calculated that 17 patients in ACAS would require carotid 
endarterectomy to prevent one stroke (number needed to treat). 
Given the prevalence of disease in population, the resulting 
number of patients required to screen to prevent one stroke 
from ipsilateral asymptomatic carotid stenosis of  ³ 80% would 
range from 850 to 1,700 (this  fi gure may be as high as 8,500 if 
one considers the positive predictive value of duplex scanning 
used to demonstrate the prevalence of ACAS). The cost 
ef fi cacy of such an approach would be dif fi cult to justify.  

   Scoring System to Identify High-Risk Patients 

 Qureshi et al.  [  60  ]  developed and validated a simple scoring 
system based on routinely available information to identify 
persons at high risk for asymptomatic carotid artery steno-
sis using data collected during a community health screen-
ing program at various sites in western New York. They 
studied 1,331 volunteers without previous stroke, transient 
ischemic attack, or carotid artery surgery. Their evaluation 
included personal interviews and duplex ultrasound. The 
main outcome was carotid stenosis of more than 60% by 
duplex criteria. They identi fi ed four variables which were 
signi fi cantly associated with asymptomatic carotid artery 
stenosis of more than 60%: age > 65 years (odds ratio: 4.1), 
current smoking (odds ratio: 2), coronary artery disease 
(odds ratio: 2.4), and hypercholesterolemia (odds ratio: 
1.9). They developed three risk groups (low, intermediate, 
and high) on the basis of total risk score assigned on the 
basis of strength association. The strati fi ed scheme was 
validated. The posttest probability for the high-risk group 
was 35%, for those at intermediate risk 20%, and 7% for 
the low-risk group.  

   Conclusions 

 Despite the increased interest related to patients with 
asymptomatic carotid artery stenosis, screening for carotid 
artery disease is dif fi cult to justify. The prevalence of 
asymptomatic carotid artery stenosis in the general public 
and the risk of subsequent ipsilateral stroke are low. The 
number of patients needed to screen in order to prevent 
one stroke is excessive. Focused screening in patients at 
high risk due to peripheral vascular disease, coronary 
artery disease, or contralateral CEA improves yield; how-
ever, there are no data demonstrating that such an approach 
reduces stroke. At present, there are no data supporting 
screening for asymptomatic carotid disease in individuals 
appropriately treated for cardiovascular risk reduction. It 
is unlikely that screening for carotid artery disease will 
improve patient care or be cost-effective.      
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   Introduction 

 Carotid restenosis is attributed to neointimal hyperplasia 
during the early postoperative period (within 24 months) 
after carotid artery revascularization or recurrent atheroscle-
rosis thereafter  [  1–  3  ] . The exact mechanisms involved in the 

development of neointimal hyperplastic lesions have yet to 
be de fi ned completely. Late restenosis lesions are indistin-
guishable from primary atherosclerosis.  

   Incidence 

   Carotid Endarterectomy 

 Over 150,000 carotid endarterectomies (CEA) are performed 
annually in the United States  [  4  ] . The Asymptomatic Carotid 
Atherosclerosis Study (ACAS) follow-up data demonstrated 
that carotid restenosis (CR) 3–18 months after operation, 
de fi ned as Doppler-determined diameter reductions of  ³ 60%, 
occurred in 7.6% of patients  [  5  ] . This early development of 
CR is probably secondary to myointimal hyperplasia. The 

  Abstract 

 Carotid artery stenting (CAS) has recently emerged as a less invasive alternative to carotid 
endarterectomy (CEA). Carotid stenting has been demonstrated to be technically feasible 
and safe in high-risk patients. It has been approved as an acceptable method for revascular-
ization in circumstances where CEA yields suboptimal results. While the  fi nal role of CAS 
in carotid revascularization is still in evolution, it is clear that stenting will continue to be 
performed in an increasing number of patients with carotid stenosis. Therefore, it is antici-
pated that there will be a corresponding increase in the number of in-stent restenosis cases. 
Considerable controversy exists regarding the clinical signi fi cance and appropriate diag-
nostic criteria for recurrent carotid stenosis after CAS. Placing a stent in the carotid artery 
alters its biomechanical properties and renders it less complaint. This in turn leads to eleva-
tions in velocities that do not necessarily re fl ect a stenosis. If the thresholds to de fi ne normal 
arteries are revised upward, then duplex ultrasonography has been found to be a very effec-
tive method of post-CAS surveillance. This chapter analyzes current information on this 
important clinical problem and presents evidence-based recommendations for the diagnosis 
of recurrent carotid stenosis after CAS.  
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incidence of CR 18–60 months after operation was 1.9%, 
potentially related to progression of atherosclerotic disease. 
With life table methods, the probability of developing CR 
( ³ 50%) 7 years after CEA was 32%  [  6,   7  ] .  

   Carotid Artery Stenting 

 Coronary stenting has been associated with lower rates of 
angiographic and clinical restenosis than angioplasty alone  [  8  ] . 
This salutary effect may be due to the stent’s ability to provide 
larger arterial lumens. Neointimal hyperplasia accompanies 
virtually every stent placement in the coronary, iliac, or carotid 
system  [  8  ] . Intimal hyperplastic recurrence has been observed 
after coronary stenting in 16–59% of cases and after iliac stent-
ing in 13–39%  [  9  ] . We used life table analysis to provide 
speci fi c information on in-stent restenosis (ISR) after CAS  [  10  ]  
(Fig.  13.1 ). Over a follow-up period of 1–74 months (mean 
18.8 ± 10), 22/122 patients demonstrated ISR  ³  40%. All 22 
ISR patients were asymptomatic on presentation and were 
diagnosed by duplex ultrasonography during routine follow-up. 
Although restenotic lesions ranged from 40% to 99%, only  fi ve 
patients demonstrated high-grade ISR ( ³ 80%), while the 
remaining fell in the lower ranges: 40–59%,  n  = 11, and 60–79%, 
 n  = 6. The projected 5-year recurrence rate for ISR  ³  80% was 
6.4%. Cumulative 4-year rate of ISR  ³  60% was 16.4% and of 
ISR  ³  40% was 42.7%. These observations were subsequently 
con fi rmed by others  [  11  ] . While ISR does not appear to occur 
at the high rates associated with bare metal stenting of the coro-
nary arteries, a substantial number of patients can be anticipated 
to progress to moderate- and high-grade ISR.    

   Natural History 

   Carotid Endarterectomy 

 The clinical signi fi cance of CR after CEA is still debated. 
Symptomatic CR clearly bene fi ts from repeat revasculariza-
tion. However, the risk of stroke or progression to total occlu-
sion  [  2,   7  ]  is known to be low in patients with asymptomatic 
CR. Therefore, some clinicians have proposed careful sur-
veillance alone for asymptomatic patients  [  12  ] . Conversely, 
most surgeons elect to reintervene on high-grade ( ³ 70%) 
asymptomatic lesions. The rationale for such an approach is 
that it is extremely dif fi cult to predict which preocclusive 
lesions will remain asymptomatic  [  13,   14  ] . We also subscribe 
to this view with respect to restenosis after CEA  [  15  ] .  

   Carotid Artery Stenting 

 There is limited information on what factors constitute 
risks for in-stent restenosis (ISR) after CAS. We therefore 

developed a novel protocol to assess and classify the mor-
phologic patterns of ISR after CAS  [  16  ]  into types I (focal 
 £  10 mm, end-stent lesions), II (focal  £  10 mm, intrastent), 
III (diffuse > 10 mm, intrastent), IV (diffuse > 10 mm, pro-
liferative, extending outside the stent), and V (total occlu-
sion) (Fig.  13.2 ). Eighty- fi ve ISR lesions developed after 255 
CAS procedures. Their percent distributions were 40, 25.9, 
12.9, 20, and 1.2 (types I through V, respectively). The accu-
racy of our US classi fi cation was con fi rmed by angiography 

  Fig. 13.1    Incidence of in-stent restenosis after carotid artery stenting 
(CAS). ( a ) Kaplan-Meier cumulative event rates for clinically signi fi cant 
ISR  ³  80% after CAS. ( b ) Kaplan-Meier cumulative event rates for ISR 
 ³  60% after CAS. ( c ) Kaplan-Meier cumulative event rates for ISR  ³  
40% after CAS.  Number of   patients at   the beginning   of each   time inter-
val   and standard   error are   indicated below   the X-axis   of each   graph .  
N  number at risk,  SE  standard error (Adapted from Lal et al.  [  10  ] . With 
permission from Elsevier)       
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( r  2  = 0.82). Thirteen lesions were  ³ 80% diameter reducing 
and required endovascular reintervention. On multivariate 
analysis, only the type of ISR (odds ratio, 5.1) and a history 
of diabetes (OR, 9.7) were independent predictors of high-
grade recurrent ISR and reintervention  [  16  ] . Furthermore, 
there was a signi fi cant increase in reintervention in associa-
tion with increasing levels of ISR classi fi cation (0%, 0%, 
27.3%, and 58.8% for types I–IV, respectively;   c   2  trend = 29.4, 
 p  = 0.001). Follow-up duplex US evaluations after CAS must 
therefore include an assessment of the morphologic pat-
tern of ISR. While additional prospective data is required 
to con fi rm these  fi ndings, it is likely that patients with type 
IV lesions will bene fi t from a more intensive duplex surveil-
lance program (perhaps every 6 months for life).    

   DUS Velocity Criteria 

   Carotid Endarterectomy 

 Duplex ultrasonography (DUS) is the standard technique to 
follow carotid stenosis patients treated with CEA or medical 
therapy alone. Duplex ultrasonography offers several advan-
tages in the follow-up of patients treated with carotid revas-
cularization. It is noninvasive, safe, free of complications, 
readily available in vascular laboratories around the country, 
and is associated with a large experience with primary and 
recurrent carotid stenosis of the native carotid artery. The 
utility of DUS scanning in the detection of native carotid 
artery disease is well documented and has led to the use of 
peak-systolic velocities (PSV), end-diastolic velocities 
(EDV) and PSV/EDV ratio, or internal carotid/common 
carotid artery PSV ratios (ICA/CCA ratios), alone or in com-
bination, to de fi ne normal and increasingly stenosed ICAs. 
Ultrasound velocities correlate with angiographic percent 
stenosis in the native carotid artery, and the appropriate 

threshold velocities signifying different degrees of stenoses 
have been intensively analyzed and identi fi ed  [  17–  19  ] .  

   Carotid Artery Stenting 

 Duplex ultrasound velocity criteria had not been well estab-
lished for patients undergoing CAS until very recently. Two 
studies initially reported altered blood  fl ow velocities after 
carotid stent placement. The authors proposed that these varia-
tions in velocity measurements adversely affected the accuracy 
of duplex ultrasonography (DUS) in CAS patients. They con-
cluded that DUS velocity measurements as an index of stenosis 
were not reliable after carotid stent placement  [  20,   21  ] . 

   Carotid Stenting Alters Compliance 
 In 2004, we reported that the placement of a stent altered the 
biomechanical properties of the carotid territory such that 
compliance was reduced  [  22  ]  (Fig.  13.3 ). Compliance is a 
material property measured by the relationship between 
strain (fractional deformation of wall) and stress (force per 
unit area of wall). In an artery, compliance is described by 
the change in volume of a segment of artery in relation to 
pulsatile change in blood pressure. Assuming a cylindrical 
conformation for the arterial segment, the volume may be 
calculated as   p r  2  l  ( r  = radius;  l  = length). Since length is usu-
ally constant, the relative diameter change per unit pressure 
has been used as an index of changes in compliance. We also 
found that the enhanced stiffness of the stent-arterial wall 
complex rendered the  fl ow-pressure relationship of the 
carotid artery closer to that observed in a rigid tube  [  23  ]  so 
that the energy normally applied to dilate the artery resulted 
in an increased velocity.   

   Stenting Increases Velocity Measurements 
 In this  fi rst report, we compared post-CAS ultrasound veloc-
ities with angiographically measured residual in-stent steno-
sis after 90 CAS procedures. Mean angiographic residual 
stenosis after CAS was 5.4%, while corresponding PSV on 
DUS was 120.4 cm/s; EDV, 41.4 cm/s; PSV/EDV ratio, 3.3; 
and ICA/CCA ratio, 1.6. Receiver operating characteristic 
(ROC) analysis demonstrated that a combined threshold PSV 
 ³  150 cm/s and ICA/CCA ratio  ³ 2.16 were optimal for 
detecting residual stenosis  ³ 20%. Based on these observa-
tions, we concluded that DUS was useful and accurate in 
identifying stenotic lesions in stented carotid arteries. 
However, revised velocity criteria would need to be devel-
oped to identify higher grades of ISR in this situation.  

   Velocity Thresholds for Restenosis 
 These observations were followed by at least four studies 
that addressed this hypothesis. Peterson et al.  [  24  ]  analyzed 
DUS velocity and angiographic measurements of stenosis in 
three patients with high-grade ISR and proposed new criteria 

Patterns of in-stent restenosis after cas

Type I: focal end-stent Type II: focal intra-stent

Type III: diffuse intra-stent Type IV: diffuse proliferative

Type V: total occlusion

  Fig. 13.2    Classi fi cation of the morphologic patterns of carotid in-stent 
restenosis. The classi fi cation is based on the length and geographic 
location of the neointimal hyperplastic lesion with respect to the stent. 
The  shaded area  represents the stent (Adapted from Lal et al.  [  16  ] . With 
permission from Elsevier)       
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de fi ning ISR  ³  70% (PSV > 170, EDV > 120, and velocity 
increase >50% over baseline). Stanziale et al.  [  25  ]  analyzed 
velocity/angiography observations obtained primarily from 
procedural angiography and selected angiography performed 
in patients with suspected high-grade ISR during follow-up. 
They proposed new criteria de fi ning ISR  ³  70% (PSV  ³ 350 
and ICA/CCA ratio  ³  4.75) and ISR  ³  50% (PSV > 225 and 
ICA/CCA ratio  ³  2.5). Chi et al.  [  26  ]  analyzed 13 pairs of 
DUS and angiogram observations in CAS patients with sus-
pected high-grade ISR. They offered alternate criteria to 
de fi ne ISR  ³  70% (PSV  ³  450, or ICA/CCA ratio  ³  4.3) and 
ISR  ³  50% (PSV  ³  240 or ICA/CCA ratio  ³  2.45). Chahwan 
et al.  [  27  ]  analyzed six pairs of observations from patients 
with high-grade ISR on follow-up along with procedural 
angiograms ( n  = 71). They concluded that a normal DUS 
after CAS is reliable in identifying a normal artery, but larger 

studies would be required to determine appropriate threshold 
criteria. These studies indicated that higher grades of rest-
enosis were also overestimated in the stented artery when 
velocity criteria for native arteries were utilized. However, 
procedural risks precluded routine angiographic follow-up, 
and comparisons could not be performed across the full 
spectrum of degrees of restenosis. This explained the wide 
variation in proposed threshold velocity criteria. 

 Our group  [  28  ]  later compared DUS velocity measure-
ments with luminal stenosis measured by either angiography 
or CT angiography (CTA) during follow-up of all our CAS 
patients ( n  = 310 observations). Patients were followed with 
annual DUS and CTA at their most recent follow-up visit. 
Patients with suspected high-grade ISR on US underwent 
diagnostic carotid angiography. The DUS protocol included 
peak-systolic (PSV) and end-diastolic velocity (EDV) mea-
surements in the native common carotid artery (CCA), proxi-
mal stent, mid stent, distal stent, and distal internal carotid 
artery (ICA). The accuracy of CTA versus CA was con fi rmed 
( r  2  = 0.88). Post-CAS PSV ( r  2  = 0.85) and ICA/CCA ratios 
( r  2  = 0.76) correlated most with the degree of restenosis. 
Receiver operator characteristic (ROC) analysis demonstrated 
the following optimal threshold criteria: residual stenosis 
 ³ 20% (PSV  ³  150 cm/s and ICA/CCA ratio  ³  2.15), ISR  ³  
50% (PSV  ³  220 cm/s and ICA/CCA ratio  ³  2.7), and ISR  ³  
80% (PSV  ³  340 cm/s and ICA/CCA ratio  ³  4.15) (Fig.  13.4 ). 
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  Fig. 13.3    Carotid artery stenting alters the biomechanical properties of the 
stent-arterial complex. Measurement of elastic modulus ( a ) and compli-
ance ( b ) of the native internal carotid artery versus stented internal carotid 
artery (Adapted from Lal et al.  [  22  ] . With permission from Elsevier)       
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  Fig. 13.4    Receiver operating characteristic ( ROC ) analysis to determine 
accuracy parameters of threshold velocities appropriate for the identi fi -
cation of high-grade in-stent restenosis (ISR)  ³ 80%. ROC curves were 
developed for PSV, ICA/CCA ratios, EDV, and PSV/EDV ratios for 
each threshold stenosis (Adapted from Lal et al.  [  28  ] . With permission 
from Elsevier)       
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We therefore proposed revised velocity criteria  [  28  ]  for identi-
fying restenosis in stented carotid arteries (Table  13.1 ). While 
our results can be used as guidelines, individual laboratories 
must develop threshold criteria that are accurate for their own 
environment. These proposed criteria can form the basis for 
additional prospective validation studies.      

   Surveillance Frequency 

   Carotid Endarterectomy 

 The ACAS data on recurrent stenosis  [  5  ]  emphasize the value 
of serial noninvasive testing after CEA, particularly during 
the  fi rst few years postoperatively. However, the recom-
mended frequency of noninvasive testing after CEA remains 
controversial  [  7,   29  ] . We generally recommend noninvasive 
duplex ultrasonography testing of patients at 6-month to 
12-month intervals during the  fi rst 3 years after CEA. 
Thereafter, follow-up testing should be based on the develop-
ment of cervical bruits and neurological symptoms, rather 
than routine screening. Importantly though, the heterogeneity 
of published results on restenosis and operative complications 
 [  29  ]  suggests that much better data are needed if we are to 
arrive at reliable recommendations on follow-up frequency.  

   Carotid Artery Stenting 

 We recommend that all patients undergoing CAS must be 
placed in a regular follow-up protocol. The majority of 

 restenoses  ³ 40% in our series of CAS procedures occurred 
within 18 months (13/22, 60%), and the majority of high-
grade restenoses  ³ 80% occurred within 15 months (3/5, 60%) 
of their intervention  [  10  ]  (Fig.  13.5 ). We therefore recommend 
more frequent follow-up duplex ultrasound evaluations early 
after CAS. In our own practice, we evaluate patients every 
6 months for the  fi rst 2 years and annually thereafter. We also 
recommend early registration of baseline velocity measure-
ments after CAS, preferably during the same admission, 
against which future results can be compared. B-mode imag-
ing of the arterial lumen and spectral waveform analysis must 
be used to supplement and enhance the accuracy of velocity 
criteria. Elevations in PSV and/or ICA/CCA ratios are indica-
tive of developing ISR which must then undergo angiographic 
evaluation when appropriate thresholds are reached.    

   DUS Testing Protocol After CAS 

 The technique of DUS testing after CAS is similar to that 
used for the diagnosis of native carotid occlusive disease 
with additional emphasis on B-mode imaging. Bilateral 
examination using a high-resolution linear array transducer 
should be performed in cross-sectional and longitudinal scan 
planes starting at the CCA, through the stented CCA/ICA 
and bifurcation, and into the distal native ICA. Ultrasound 
imaging of the native CCA should yield results similar to 
prestent  fi ndings. The stent may traverse the origin of the 
external carotid artery (ECA), but most often, patency and 
 fl ow through the stent interstices into the ECA are main-
tained. The stent is usually placed from the CCA into the 
proximal ICA. It should be imaged in multiple planes. Note 
should be made of apposition to surrounding plaque, expansion 

   Table 13.1    Suggested velocity criteria de fi ning stenoses in the stented 
carotid artery compared to criteria for the native carotid artery utilized 
at our institution   

  Stented carotid   artery  

 0–19%  PSV < 150 cm/s and ICA/CCA 
ratio < 2.15 

 20–49%  PSV 150–219 cm/s 
 50–79%  PSV 220–339 cm/s and ICA/CCA 

ratio  ³  2.7 
 80–99%  PSV  ³  340 cm/s and ICA/CCA 

ratio  ³  4.15 
  Native carotid   artery  
 0–19%  PSV < 130 cm/s 
 20–49%  PSV 130–189 cm/s 
 50–79%  PSV 190–249 cm/s and EDV < 

120 cm/s 
 80–99%  PSV  ³  250 cm/s and EDV  ³  

120 cm/s, or ICA/CCA ratio  ³  3.2 

  Adapted from Lal et al.  [  28  ] . With permission from Elsevier 
  PSV  peak-systolic velocity,  EDV  end-diastolic velocity,  ICA  internal 
carotid artery,  CCA  common carotid artery,  PSV  and  EDV  measure-
ments for stented carotid arteries are performed within the stented 
segments  
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  Fig. 13.5    Distribution of in-stent restenosis cases based on time of 
diagnosis from initial carotid artery stenting (CAS) procedure. Note 
that the majority of restenoses occurred within 18 months of the initial 
CAS procedure. The  dotted line  identi fi es the 18-month postprocedure 
mark.  ISR  in-stent restenosis (Adapted from Lal et al.  [  10  ] . With per-
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of the lumen, and luminal encroachment of neointimal hyper-
plasia. The morphology of any hyperplastic lesion should be 
mapped according to the classi fi cation mentioned previously. 
The luminal diameter should be measured at multiple loca-
tions. Color  fl ow and power Doppler modes are useful 
adjuncts for this purpose. The maximum PSV within the 
stent should be measured as well as the ratio of this value to 
the native CCA PSV. 

   Summary 

 We recommend the following approach to surveillance after 
CAS:
    1.    Patients should have a routine surveillance DUS at baseline 

and every 6 months for 2 years and then annually thereafter. 
The  fi rst follow-up DUS must occur as soon after the pro-
cedure as possible, preferably during the same admission.  

    2.    Stented patients with diabetes, aggressive patterns of ISR 
(type IV), prior treatment for ISR, or prior cervical radia-
tion or heavy calci fi cation should undergo DU surveil-
lance every 6 months.  

    3.    The DUS protocol should include at least the following 
assessments:
   (a)     Doppler measurement of peak-systolic and end- diastolic 

velocities in the native CCA; in the proximal, mid, and 
distal stent; and in the distal native ICA. Modi fi ed 
threshold velocity criteria should be used to interpret the 
signi fi cance of these velocity measurements.  

   (b)     B-mode imaging and spectral waveform analysis to 
supplement and enhance the accuracy of velocity cri-
teria to estimate and con fi rm luminal narrowing.  

   (c)     B-mode imaging to assess the morphologic pattern of 
ISR so that patients with type IV lesions can be placed 
on a more intensive monitoring program.  

   (d)     B-mode imaging to assess stent apposition to the 
carotid wall. Areas of poor apposition or underlying 
calcium may identify future locations for ISR and 
must be followed.               
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   Introduction 

 It has been over two decades since Aaslid  fi rst described the 
technique of middle cerebral artery range-gated Doppler 
interrogation via a low-frequency ultrasound transducer sta-
tioned just above the zygomatic arch  [  1  ] . Since that time, 
insonation techniques with probe  fi xation headgear have 
made continuous real-time imaging much easier, and advances 
in Doppler technology including “power Doppler” have 
improved signal clarity  [  2  ] . A detailed review of the physics 

  Abstract 

 Transcranial Doppler (TCD) provides visible and audible real-time feedback during carotid 
stent procedures as otherwise clinically silent small embolic particles re fl ect microembolic 
signals (MESs) during their egress from the extracranial carotid artery lesion through the 
middle cerebral artery en route to the ipsilateral hemisphere. During the formative years of 
carotid stenting, TCD was an important tool for many pioneers in the  fi eld as high-risk 
anatomic carotid access and lesion characteristics were being de fi ned. In addition, TCD 
helped us understand the  fl ow dynamics related to distal and proximal occlusive embolic 
protection platforms. Also, the disturbing storm of microembolic signals (MESs) at differ-
ent stages during distal  fi lter protection led to optimization of these system designs and 
procedural technique. One cannot argue the contribution TCD made to the art and science 
of carotid stenting through amplifying the embolization signal from the devastating clinical 
event of stroke seen in less than 10% of patients to the silent smaller microembolic signals 
ubiquitous to every procedure. While the MES data seems to have more of an academic 
value, the contemporary CAS program should have access to TCD and consider following 
peri-procedural MCA  fl ow patterns during stenting with proximal  fl ow reversal or  fl ow 
arrest protection systems. In addition, TCD provides signi fi cant insight into the physiology 
of reperfusion syndrome, and changes in MCA  fl ow velocities in patients at high risk for 
reperfusion syndrome in the early postprocedure time period may be helpful. The objective 
of this monograph is to expose the reader to some of the lessons learned from adjuvant 
transcranial Doppler during carotid stent-supported angioplasty while also providing insight 
into current clinically relevant applications.  
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and utility of transcranial Doppler (TCD) is eloquently pre-
sented by Dr. Alexandrov in the antecedent Chap.   10    . The 
objective of this monograph is to expose the reader to some of 
the lessons learned from adjuvant transcranial Doppler during 
carotid stent-supported angioplasty while also providing 
insight into current clinically relevant applications.  

   Background 

 Carotid endarterectomy (CEA) has been proven in large ran-
domized trials to reduce the risk of stroke or future neuro-
logic events in patients with symptomatic and asymptomatic 
extracranial cerebrovascular disease  [  3,   4  ] . The CEA tech-
niques have matured, and, currently, the risk of a peri-proce-
dural neurologic event is very low when the procedure is 
performed by experienced surgeons  [  5,   6  ] . The inherent risk 
of transcatheter interaction with the typical friable internal 
carotid artery lesion and resultant embolization of material 
to the brain was recognized as a limitation to carotid artery 
stenting early in the procedure maturation  [  7–  10  ] . The devel-
opment of cerebral protection devices including distal occlu-
sive balloons, distal  fi lter systems, and proximal occlusive 
systems rekindled enthusiasm about carotid artery stenting 
as an alternative to endarterectomy over the last decade 
 [  11–  20  ] . The culmination of all these developments led to a 
large NIH-funded and corporate-sponsored randomized trial 

comparing CEA to CAS (CREST – Carotid Revascularization 
Endarterectomy Versus Stenting Trial). The CREST trial 
 fi ndings suggested the risk of stroke was higher with stent-
ing, but this risk was counterbalanced by increased risk of 
myocardial infarction noted in the traditional surgical arm 
 [  21  ] . Our center has continued to follow the initial tenants 
that CAS should be reserved for the high-risk patients as 
de fi ned in previous randomized studies and series  [  22–  27  ] . 
Irrespective of how individual physicians interpret the 
CREST results, an increase in CAS procedures has followed 
and underscores the importance of better understanding the 
embolic risk of this procedure. Transcranial Doppler has 
given considerable insight to investigators, and early carotid 
stent pioneers used lessons from procedural TCD feedback 
to de fi ne embolic risks during different stages of the proce-
dure, optimize protection systems, and provide signi fi cant 
insight into the physiology of reperfusion syndrome.  

   Transcranial Doppler 
and Peri-procedural Setup 

 The patient is placed in the normal supine position on the 
angiographic table. The TCD headgear (Fig.  14.1a ) is placed 
in a position such that the lateral Doppler transducer  fi xation 
gaits can be aligned just above the zygomatic arch along the 
temporal window. This allows for the continuous sampling of 

a b

  Fig. 14.1    ( a ) This is a picture of the Spencer technologies headgear 
that is utilized for securing the transcranial Doppler probe for peri-
procedural imaging. The torque device in the front is for tightening the 
harness depending on the patient’s cranial circumference. The lateral 
devices allow for positioning of the transcranial Doppler in a position 

appropriate for ideal insonation of the middle cerebral system. ( b ) This 
is a CT angiogram of a patient who subsequently underwent carotid 
artery stenting. The “TCD” represents the positioning of the probe, and 
the square is the insonation window or area being monitored during 
carotid stenting       
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pulse wave Doppler signals from the middle cerebral distribu-
tion, as detailed in Fig.  14.1b . Fortunately, the headgear is 
radiolucent, except for the lateral brackets and tightening 
apparatus, as shown in Fig.  14.2a, b . Thus, digital subtraction 
intracerebral angiography can be performed without removal 
of the headgear. The patient is then prepped and draped in 
standard sterile fashion, and baseline TCD interrogation is 
performed (Fig.  14.3 ). Ideally, bilateral continuous pulse  fl ow 
Doppler insonation of the middle cerebral arteries is moni-
tored and digitally recorded throughout the procedure. It 
should be noted that anywhere from 9% to 16% of patients 
might not have an ideal window for accurate insonation of the 
middle cerebral artery  [  28,   29  ] . In the case of inadequate 
image of window, hand positioning of the probe and continu-
ous monitoring are utilized versus continued attempts at repo-
sitioning the probe at different stages in the procedure  [  28  ] .     

   Pre-procedural “Baseline” TCD Observations 

 The baseline TCD pattern may show blunting of the peak sys-
tolic wave in patients with severe extracranial disease  [  29  ] . 
More importantly, the TCD may give some insight into the 
collateral support via the circle of Willis  [  30–  32  ] . This infor-
mation will help the operator better understand the patient’s 
ability to tolerate cerebral protection systems that may arrest 
or even reverse ipsilateral internal carotid artery  fl ow. Niesen 
et al. reported the utilization of baseline ratio between the 

peak systolic velocities in the ipsilateral middle cerebral ves-
sel compared to the contralateral middle cerebral system as a 
reference for collateral support  [  33  ] . Also, the baseline intrac-
ranial  fl ow characteristics could be important in predicting 
patients who are at risk for post-procedural reperfusion syn-
drome and even intracranial hemorrhage. Mori et al. sug-
gested the possibility of utilizing further hemodynamic testing 
in patients who are at increased risk for intracranial hemor-
rhage prior to placing them on the table  [  34  ] . This may include 
utilization of carbon dioxide reactivity or VMR testing with 
Diamox prior to interaction with the lesion. More recently, a 
group out of Greece showed that pre-procedure exhausted 
cerebrovascular reactivity on ipsilateral TCD was an excel-
lent predictor of reperfusion syndrome  [  35  ] .  

   Peri-procedural TCD Observations 

 Transcranial Doppler allows us to continuously monitor two 
important parameters during carotid artery stenting. The  fi rst is 
related to insuring preserved middle cerebral  fl ow velocity and 
pulse volume. The utilization of a proximal or distal occlusive 
device for cerebral protection does result in interruption or 
reversal of  fl ow in the ipsilateral internal carotid artery  [  36  ] . 
During internal carotid artery  fl ow arrest or reversal, a dramatic 
drop in middle cerebral  fl ow velocity on TCD may precede the 
clinical hemispheric symptoms in patients with severe contral-
ateral disease or inadequate collateral support due to incomplete 

a b

  Fig. 14.2    ( a ) A non-subtracted image illustrating an artifact in the 
midline related to the ratchet device used to harness the transcranial 
Doppler. ( b ) During digital subtraction angiography, the artifact silhou-

ette persists, but one can still de fi ne the intracranial cerebral anatomy in 
the AP view without removing the transcranial Doppler harness       
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circle of Willis. This provides the operator with additional 
insight as to how balloon occlusion will be tolerated and whether 
the procedure will need to be staged. Currently, the most widely 
tested distal occlusion balloon protection system is the 
GuardWire (previously known as PercuSurge). This device is a 
low-pressure balloon and on a .014″ wire that can be navigated 
across the lesion and then in fl ated to occlude the internal carotid 
artery during transcatheter intervention  [  20  ] . Utilization of this 
type of distal balloon occlusion system has proven to be effec-
tive in reducing the risk of embolization. However, Nadim 
Al-Mubarak et al. have shown with TCD the release of particles 
during balloon de fl ation that is likely related to inadequate par-
ticle retrieval from the cul-de-sac around the balloon  [  37  ] . 

 Parodi has shown with TCD the ability to completely 
reverse  fl ow in the middle cerebral artery by transcatheter 
occlusion of the ipsilateral common and external carotid 
artery while at the same time creating negative pressure at the 
tip of the guiding sheath, as noted in Fig.  14.4   [  38  ] . This may 
have signi fi cant implications for optimizing cerebral protec-
tion during carotid stenting and ultimately could facilitate 
clot retrieval during transcatheter treatment of acute stroke.  

 It should be noted that TCD suggests that middle cerebral 
artery  fl ow is reduced by 10–30% when a distal  fi lter is 
opened due to  fi lter-induced  fl ow resistance  [  39  ] . In patients 
with an intact circle of Willis undergoing carotid stenting 
with a protection system that preserves  fl ow (i.e.,  fi lter), the 
sudden interruption of  fl ow to the ipsilateral middle cerebral 
artery could be an ominous  fi nding suggesting a large embolic 

event or spasm in the internal carotid artery proper. Also, 
 fi lter systems do have a threshold of particulate debris based 
on the  fi ltered design and size  [  40  ] . If the volume of embolic 
debris exceeds the  fi lter threshold, then occlusion can occur, 
and this may be heralded by changes on TCD. Similar changes 
can occur if there is spasm in the ipsilateral internal carotid 
artery system related to the distal protection  fi lter  [  27  ] . 

 The second variable that is monitored by TCD during 
carotid artery stenting is the occurrence of microemboli signals 
(MESs). The re fl ective properties of microembolic material as 
it passes through the middle cerebral artery are translated into 
sudden signal shifts that are depicted as high-velocity transient 
spikes on the continuous Doppler recording  [  41–  43  ] . These 
high-intensity signals may represent the egress of small parti-
cles or microembolic debris into the ipsilateral hemisphere 
 [  44  ] . It is dif fi cult to differentiate artifact from small air bubbles 
versus true embolic debris, and that is one of the limitations of 
this technology  [  45–  47  ] . Ex vitro studies by Coggia et al. and 
Ohki et al. have provided signi fi cant insight into when particles 
are released during different stages of the procedure  [  48,   49  ] . 
The peak embolic risk during angioplasty in the ex vitro model 
appears to be during balloon de fl ation  [  48  ] . Similar  fi ndings are 
seen in vivo with continuous TCD during carotid stenting at the 
time of balloon de fl ation  [  50,   51  ] . In our experience, MESs are 
seen during all stages of carotid stenting with or without pro-
tection even with navigation of a .014″ wire across the lesion 
(Fig.  14.5 ). Paradoxically, in a study of over 500 patients who 
underwent CAS with TCD, there was actually a higher number 

  Fig. 14.3    This illustrates the 
typical setup during transcranial 
Doppler monitoring in the 
angiographic suite. The patient is 
placed in a supine position, and 
the transcranial Doppler bracket 
is  fi xed to the head prior to 
baseline angiography       
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of MESs in the patients with  fi lters in comparison to those 
without protection, and the clinical signi fi cance of these 
 fi ndings have not been clearly de fi ned  [  52  ] .  

 In the context of academic applications, a new approach 
to TCD has been advocated by Garami et al. whereby dual 

measurements are recorded simultaneously during CAS to 
evaluate proximal versus distal protection devices  [  53  ] . One 
transducer is positioned in the traditional transcranial win-
dow, while another is used to sample  fl ow in the internal 
carotid via a submandibular window.  

Arteriotomy

Shunt

a

b

  Fig. 14.4    This was provided compliments of Dr. Juan Parodi from his 
original work evaluating transcranial Doppler evidence of intentional 
middle cerebral artery  fl ow reversal during carotid endarterectomy. 

TCD before ( a ) and after ( b ) arteriotomy and shunt insertion (Courtesy 
of Dr. Juan Parodi)       

Crossing with the wire

  Fig. 14.5    This shows small subtle microembolic signals ( MESs ) coincident with advancing the wire through the lesion. These MESs are shown 
as bright signals, the most prominent seen in the fourth complete Doppler pulse sequence       
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   Post-procedural TCD Observations 

 Some authors have followed TCD with serial interval studies 
during the  fi rst 12 h following carotid stenting  [  54,   55  ] . Our 
center feels that this may be particularly important in patients 
who are at increased risk for intracranial hemorrhage. The 

pre-procedural risk factors for reperfusion syndrome and/or 
intracranial hemorrhage include contralateral severe carotid 
disease or occlusion, baseline high-grade stenosis or “string 
sign” with slow- fl ow, hypertension during the carotid stent-
ing procedure, and baseline decrease of vasoreactivity  [  56  ] . 
Figure  14.6  details the TCD hemodynamic sequence of a 

Internal
carotid
subtotal
stenosis

56 year old with contralateral disease and “string sign” experiencing aphasia 2 to 3 times weekly

Baseline study with subtle HITS
noted during sheath placement

After stent
placement

a

b
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  Fig. 14.6    ( a ) Baseline angiography and follow-up angiography after 
carotid stenting in a patient with multiple risk factors for postproce-
dural intracranial hemorrhage. ( b ) Baseline low pulse volume middle 
cerebral artery Doppler on the patient illustrated in ( a ). ( c ) Immediate 
 fl ow after carotid stent placement in the patient presented by ( a ). Note 
that the  fl ow velocity has increased by approximately 30%. ( d ) This 

shows the  fl ow pattern in the same patient depicted in ( a ). This is 
20 min following stent placement, and note that the  fl ow velocity is now 
three times greater than the baseline velocity. ( e ) This illustrates the CT 
scan con fi rming a large intracranial hemorrhage depicted as ICH 12 h 
after stent placement         

Immediate flow after successful stent

Flow at 20 minutes after stent

c

d

e

Fig. 14.6 (continued)
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patient who developed typical reperfusion syndrome compli-
cated by intracranial hemorrhage during our early experience 
with unprotected carotid stenting 15 years ago.  

 Few studies have actually performed continuous TCD in 
the early postoperative after carotid stenting. However, it 
seems that MESs are common during the recovery period 
after carotid stenting as well  [  57  ] .  

   Signi fi cance of Microemboli During Carotid 
Artery Stenting 

 Microembolic signals detected during carotid endarterectomy 
have been associated with decrease in cognitive function  [  58  ] . 
Similarly, MESs with so-called embolic storms during differ-
ent stages of carotid stent procedures are associated with ipsi-
lateral defects on early follow-up diffusion-weighted MRI 
scan  [  59–  63  ] . Currently, there is very little data with regard to 
cognitive function in patients following protected carotid 
artery stenting, but this is a concern. Interestingly, in a small 
subgroup analysis of patients during the carotid and vertebral 
artery transluminal angioplasty study (CAVATAS), there were 
similar outcomes on neurologic testing in both the carotid 
endarterectomy and carotid stenting groups in spite of a 
higher number of MESs in the latter  [  64  ] . 

 The threshold or “safe” size for microemboli has not been 
clearly de fi ned. Early work suggests that any particles more 
than 50  m m in size will not circulate to the venous cerebral 
system and thus by de fi nition will cause some arteriolar 
occlusions  [  65  ] . Signi fi cant work on this front has been done 
to better understand the decrease in cognitive function that 
one sees after coronary artery bypass surgery. It appears that 
based on a postmortem study by Moody et al., the particles 
causing decreased cognitive function after a coronary artery 
bypass surgery are less than 70  m m in size  [  66  ] . This is par-
ticularly important to understand since most distal protection 
 fi lters have a pore size of 100–120  m m.  

   Differentiating Microemboli from Air Bubbles 

 The differentiation of air bubbles from true atheroemboli has 
been very dif fi cult. Several techniques have been described, 
including a de fi ned threshold of greater than 10 hits in a 
sequence  [  28  ] . Different mathematical sequences have also 
been de fi ned through the years; however, there currently is 
no ideal way to differentiate these in vivo  [  46–  49  ] . 

 There are certain stages of the procedure where contami-
nation from air artifact would be less likely. For example, 
crossing the lesion with the wire as noted in Fig.  14.5  should 
not be associated with air embolization and is likely true 
microemboli. Also, many centers have reported the highest 
numbers of emboli occur with pre-dilatation or post-dilatation 
as the balloon is de fl ated, and it is also unlikely there is 
signi fi cant trapped air or artifact during this time, as depicted 
in Fig.  14.7 . On the other hand, one typically sees scattered 
MESs during contrast injections, which is related to microbub-
bles in the contrast (Fig.  14.8 ).   

 Most of the carotid stents used today are self-expanding 
stents made of nickel titanium with an outer constraining 
sheath. There is always a high volume of MES involved with 
retracting the sheath housing of the self-expanding stent, and 
some authors have suggested that this is related to the shear 
force of a stent against the plaque  [  28  ] . However, we feel this 
is related to trapped air within the fabric of the stent and thus 
less likely of pathologic concern (Fig.  14.9 ).   

   Conclusions 

 Currently, TCD has not been declared mandatory for peri-
procedural adjuvant monitoring in patients undergoing 
carotid artery stenting based on consensus documents 
 [  67  ] . Many centers subscribe to the bias that the TCD is 
more of an academic tool best used to help understand the 
bene fi ts and failure modes of current protection systems. 
Peri-procedural TCD may be bene fi cial in patients who 
are at high risk for reperfusion syndrome as aggressive 

Balloon deflation without protection

  Fig. 14.7    Multiple MESs in a patient after balloon de fl ation in our early experience before cerebral protection was available       
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hemodynamic monitoring would follow concerning post-
procedure middle cerebral  fl ow pattern changes. However, 
the number of patients experiencing reperfusion syn-
drome is small, and, thus, level 1 data con fi rming bene fi t 
of TCD will likely never be available. 

 The burden of embolic load estimated by MESs may 
give additional insight into the long-term issues of 
decreased cerebral  fl ow reserve and/or worsening cogni-
tive function after carotid stenting, but linear relationships 
between embolic load and outcomes have not been 
con fi rmed. In our center, TCD has signi fi cantly contributed 
to our understanding of carotid stent procedures, and this 
feedback has allowed us to improve techniques and partici-
pate in the development of newer-generation protection 
systems. However, the addition of TCD to a carotid stent 
procedure adds signi fi cant time to the case and requires 
signi fi cant consumption of lab technician resources. 

 In summary, it seems today that TCD should be 
 considered in patients at high risk for reperfusion syn-
drome or those undergoing carotid stenting with internal 
carotid artery  fl ow arrest or  fl ow reversal. Only future 
studies will help us understand the importance of MESs 
in predicting future issues related to cognitive func-
tion. From an  academic perspective, ongoing studies 

 evaluating MES frequency with different stent designs 
and antiplatelet regimens will also advance the art and 
optimize patient outcomes.      
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  Abstract 

 The imaging modalities most often used to evaluate patients for cervical carotid stenosis are 
carotid duplex ultrasound, computed tomography angiography (CTA), magnetic resonance 
angiography (MRA), and digital subtraction angiography (DSA). 

 Duplex ultrasonography provides an accurate noninvasive tool to determine the degree 
of carotid stenosis and plaque morphology in most patients. It is usually the initial study in 
patients who present with a carotid bruit or carotid symptoms. This study is highly depen-
dent on technique. 

 Meanwhile, CTA has recently been regarded as a valuable test for carotid artery stenosis. 
It is possible to obtain three-dimensional images of the carotid arteries by CTA, although 
this requires a specialized workstation and dedicated personnel for data processing. CTA 
cannot be used to evaluate  fl ow dynamics and as such cannot be used for the diagnosis of 
subclavian steal or other  fl ow-based lesions. The test is easy to perform and associated with 
few risks. Arterial access is not required, and there is no associated risk of stroke. The 
image quality rivals that of DSA when the examination is performed on a high-quality heli-
cal scanner and reformatted to three-dimensional images by well-trained personnel. CTA 
can provide additional information about the conformation and composition of the plaque. 

 CTA is less susceptible than MRA to overestimating the severity of carotid stenosis. It is 
extremely fast and offers submillimeter spatial resolution, is less expensive than contrast-
enhanced MRA, and has the ability to visualize soft tissue, bone, and blood vessels at the 
same time. CTA can interrogate the arterial tree from the aortic arch to the circle of Willis. 

 MRA has the advantage of being noninvasive, does not require iodinated contrast or  ionizing 
radiation, and provides unlimited number of projections of the carotid lumen from a single 
acquisition. 
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 Contrast-enhanced MRA used MR technique to provide  fl ow-independent anatomic 
information. The technique is somewhat similar to CTA with  fi rst-pass MRA. Because 
these images are not dependent on  fl ow, they provide a more accurate assessment of steno-
sis and visualization of ulcerated plaques. 

 Additionally, information about the cerebral circulation can be obtained simultaneously, 
including patency of the carotid siphon and middle cerebral artery. MRA can also assess 
intrathoracic and intracranial lesions that are not amenable to duplex interrogation. Using 
dedicated protocols, MRA can also demonstrate speci fi c plaque components, e.g., calcium, 
lipid,  fi brocellular element, or thrombus within the plaques. The ability to use MRA as a 
diagnostic tool for carotid stenosis is sadly often dependent on local expertise and familiar-
ity with the test. 

 This chapter summarizes the role of each imaging modality in the diagnosis of carotid 
artery disease.  

  Keywords 

 CTA  •  MRA  •  Carotid disease  •  Diagnosis      

   Introduction 

 The two most important features of carotid bifurcation ather-
oma are the degree of diameter stenosis and the character of 
the carotid bifurcation plaque. There are clinical scenarios 
where the clinician requires information on the status of the 
vessels proximal or distal to the cervical carotid artery, in 
addition to information about the carotid bifurcation. These 
factors should be considered when choosing between vari-
ous carotid imaging studies. Some physicians may use mul-
tiple modalities when evaluating a patient with suspected 
cervical carotid stenosis. 

 In both the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET)  [  1,   2  ]  and the European 
Carotid Surgery Trial (ECST)  [  3  ] , a higher degree of stenosis 
in symptomatic patients was associated with a higher stroke 
risk. In the Asymptomatic Carotid Atherosclerosis Study 
(ACAS)  [  4  ] , there was no correlation between the severity of 
carotid stenosis and the incidence of stroke; however, there 
were too few strokes in this study to permit a subgroup anal-
ysis of the effect of the degree of stenosis on the ability to 
bene fi t from carotid endarterectomy. Angiographic data from 
the ECST study  [  5  ] , on contralateral asymptomatic carotid 
arteries, demonstrated a <2% annual stroke risk in patients 
with less than 70% asymptomatic stenosis. Asymptomatic 
lesions with greater degrees of stenosis had a greater risk of 
stroke: 9.8% for patients with 70–79% stenosis and 14.4% 
for those with 80–99% stenosis. These data suggest that the 
degree of stenosis is a marker of stroke risk in both symp-
tomatic and asymptomatic lesions. Pathological studies have 
demonstrated that more stenotic carotid plaques are more 
likely to have ulceration, intraplaque hemorrhage, and 
intraluminal thrombus formation, all of which are clearly 
related to cerebral embolization and stroke  [  6  ] . 

 Plaque morphology is an important feature in assessing 
future risk of neurologic events. This will be discussed in a 
separate chapter. 

   Selecting Imaging Modalities 
for Carotid Evaluation 

 The imaging modalities most often used to evaluate patients 
for cervical carotid stenosis are carotid duplex ultrasound, 
computed tomography angiography (CTA), magnetic 
resonance angiography (MRA), and digital subtraction 
angiography.  

   Carotid Duplex Ultrasound 

 Duplex ultrasonography provides an accurate noninvasive 
tool to determine the degree of carotid stenosis and plaque 
morphology in most patients. It is usually the initial study in 
patients who present with a carotid bruit or carotid symp-
toms. The study is highly dependent on technique and should 
be done in an accredited vascular laboratory (e.g., Intersocietal 
Commission for the Accreditation of Vascular Laboratories 
[ICAVL]), and the images should be reviewed by an experi-
enced physician. 

 Determining the degree of carotid artery stenosis is largely 
based on an analysis of the peak systolic velocity (PSV) and/
or the end-diastolic velocity (EDV) of the carotid artery. A 
panel of experts from several medical specialties met in 
October 2002 in San Francisco, California, under the aus-
pices of the Society of Radiologists in Ultrasound to reach a 
consensus regarding the use of Doppler ultrasound in the 
diagnosis of internal carotid artery (ICA) stenosis  [  7  ] . This 
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panel of experts recommended a cutoff PSV of the ICA of 
 ³ 125 and  ³ 230 cm/s for predicting angiographic >50% and 
>70% ICA stenoses, respectively. These recommended crite-
ria are based on an analysis of several published studies and 
the experience of the panelists rather than values validated 
against other imaging modalities. 

 AbuRahma et al.  [  8  ]  recently analyzed the carotid duplex 
ultrasound and angiography results of 376 carotid arteries in 
their institution. Using the consensus criteria, they demon-
strated a sensitivity of 93%, a speci fi city of 68%, and an 
overall accuracy of 85% for stenosis between 50% and 69%. 
A PSV of  ³ 230 cm/s for  ³ 70% stenosis had a sensitivity of 
99%, a speci fi city of 86%, and an overall accuracy of 95%. 
Receiver operator curves showed that the ICA PSV was 
signi fi cantly better than EDV or ICA/CCA ratio ( p  = 0.036) 
in detecting  ³ 70% stenosis and  ³ 50% stenosis. There was no 
improvement in accuracy by adding the EDV values and/or 
the ratios to the PSV values. 

 Velocity-based estimation of carotid artery stenosis may 
need to be adjusted in certain circumstances, e.g., higher 
velocities in the presence of contralateral carotid artery 
occlusion and higher velocities in women than in men 
 [  9,   10  ] . Extensive vascular calci fi cation, high carotid bifur-
cation, severe arterial tortuosity, and obesity may also reduce 
the accuracy of duplex ultrasound. Carotid stents will 
decrease compliance of the vessel wall and may increase 
velocity  [  11  ] . Duplex ultrasound may also fail to differenti-
ate between subtotal and total carotid occlusion. Intravenous 
administration of sonographic contrast agents may improve 
diagnostic accuracy  [  12,   13  ] , but the safety of these agents 
has been questioned. 

 Contrast ultrasound and power Doppler imaging can be 
used to differentiate between pre-occlusive stenosis and 
complete occlusion  [  14  ] . Duplex imaging of the carotid 
artery has two major limitations. These include quality 
dependence on the technician’s examination and limitations 
of visualization of the proximal carotid artery and intracra-
nial portions. Although the intracranial cerebral arteries can 
be assessed with transcranial Doppler, this technique is not 
as widely available at most institutions as other imaging 
modalities. Overall, each vascular laboratory should have in 
place an internal validation process of their own criteria for 
their internal use.  

   Computed Tomographic Angiography 

 Computed tomography angiography, CTA, has only recently 
been regarded as a valuable test for carotid artery stenosis. 
While use of CTA for carotid disease is not widespread, CTA 
is a powerful tool with broad applications. 

 Most CTA is performed via timing bolus technique. This 
requires approximately 120 cc of intravenous contrast via a 

20-gauge intravenous catheter. Motion and interference arti-
facts from dental amalgam are the primary source of error in 
data acquisition. Patient positioning with elevation of the 
jaw, a shoulder harness, and instructions to avoid swallowing 
can all be used to eliminate this source of error  [  15  ] . 

 While early studies show impressive results regarding CT 
imaging, analysis of the data is somewhat problematic. 
Carotid stenosis as evaluated by CTA is described as  area  
reduction of the carotid lumen. This is calculated digitally 
from images of the entire artery obtained from the scan. This 
is in distinction from the “gold standard,” digital subtraction 
angiography, in which  diameter  reduction is calculated from 
an estimate of true lumen size  [  16  ] . Given that NASCET and 
ACAS data are based on diameter reduction criteria, it is 
dif fi cult to interpret CTA data in this regard. 

 It is possible to obtain three-dimensional images of the 
carotid arteries by CTA though this requires a specialized 
workstation and dedicated personnel for data processing. 
Reformatting of the carotid bifurcation images requires spe-
cialized training, a dif fi cult resource to provide for a test that 
has yet to be widely used by vascular surgeons. 

 Other disadvantages of CTA include the inability to image 
the vascular structures of the brain simultaneously. Also, 
CTA cannot be used to evaluate  fl ow dynamics and as such 
cannot be used for diagnosis of subclavian steal or other 
 fl ow-based lesions. Other limitations of this technique 
include cost (compared to duplex ultrasound), contrast expo-
sure, as well as the added concern of radiation exposure. 
Additionally, a large calcium burden can limit the ability to 
distinguish contrast from calcium during post-processing 
imaging. 

 While there are several drawbacks to CTA, the advantages 
are many. The test is easy to perform and associated with few 
risks. Unlike DSA, arterial access is not required, and there is 
no associated risk of stroke. The image quality rivals that of 
DSA when the examination is performed on a high-quality 
helical scanner with  fi ne cuts and reformatted to three-dimen-
sional images by well-trained personnel (Figs.  15.1  and  15.2 ).   

 More importantly, CTA can provide additional informa-
tion about the conformation and composition of the plaque, 
information that may, in the future, be able to distinguish 
active, dangerous plaque from stable and more benign 
plaque. Certainly, CTA can “depict plaque morphology, with 
calci fi ed plaque easily distinguished from soft or lipid laden 
plaque”  [  15  ] . Whether these factors can predict plaque activ-
ity and be used to stratify those patients who are at increased 
risk for stroke is under investigation. Future research focus-
ing on this issue holds many promises and may direct opera-
tive therapy more precisely. 

 CTA is less susceptible than MRA to overestimating the 
severity of carotid stenosis. The rapid acquisition of spiral 
CT images allows excellent timing with contrast administra-
tion and provides quality images that can be viewed in 
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 multiple planes. CTA is extremely fast and offers submilli-
meter spatial resolution (0.3 vs. 0.8 mm for contrast-enhanced 
MRA), is less expensive than contrast-enhanced MRA, pro-
vides a faster processing time, and has the ability to visualize 
soft tissue, bone, and blood vessels at the same time. CTA 
can also demonstrate vascular anomalies, has the ability to 
quantify the extent of calci fi cation, and can interrogate the 
arterial tree from the aortic arch to the circle of Willis. 
Stenoses can be measured with electronic microcalipers 
based on NASCET or ECST methods  [  17  ] . 

 A meta-analysis of 28 studies analyzing the diagnostic 
accuracy of CTA in comparison to digital subtraction angiog-
raphy showed a pooled sensitivity of 85% and speci fi city of 
93% for CTA in detecting 70–99% carotid stenosis and a 
sensitivity and speci fi city for occlusion of 97% and 99% 
 [  18  ] . CTA was also highly accurate in identifying calci fi cation, 
but less reliable in describing carotid plaque morphology, 
speci fi cally the lipid component, or ulceration. CTA appears 
less reliable than carotid duplex ultrasound or MRA for 
assessing plaque morphology  [  19  ].   

   Magnetic Resonance Imaging (MRA/MRI) 

 MRA has the advantage of being noninvasive, does not 
require iodinated contrast or ionizing radiation, and pro-
vides unlimited number of projections of the carotid lumen 
from a single acquisition. Two techniques are used: time-
of- fl ight imaging (TOF), a  fl ow-dependent technique; and 
contrast-enhanced MRA (CE MRA), a  fi lling dependent 
technique, comparable to the technique of CTA. TOF is a 
widely used technique to establish the diagnosis of carotid 
stenosis. “This technique is optimized to minimize the sig-
nal from stationary tissue, thereby increasing relative sig-
nal from the fresh spins delivered to the volume by blood 
 fl ow from outside the imaging volume”  [  15  ] . There are two 
modes of TOF: two-dimensional and three-dimensional. 
Two-dimensional time of  fl ight is more sensitive to slower 
 fl ow, while 3D TOF depicts a wide range of  fl ow velocities 
and as such has greater accuracy than 2D for de fi ning inter-
nal and external carotid artery morphology  [  15  ] . Because 
this imaging is  fl ow dependent, there is some distortion of 

  Fig. 15.1    CTA showing 
minimal carotid disease at right 
and left bifurcation ( arrow )       
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the carotid anatomy with high-grade lesions or in lesions 
with turbulent  fl ow. “TOF spins may remain in imaging 
volume long enough to see numerous pulses and become 
saturated, thereby causing loss of signal within vessel 
lumen and inability to depict the vessel contiguous with the 
lesion”  [  15  ] . While this can lead to overestimation of the 
degree of stenosis and a high false-positive rate, in contrast, 
the false-negative rate is quite low. Demonstration of mini-
mal disease at the carotid bifurcation on MRA is a highly 
accurate diagnosis  [  20  ] . 

 Contrast-enhanced MRA (CE MRA) uses MR tech-
nique to provide  fl ow-independent anatomic information 
 [  15  ] . The technique is somewhat similar to CTA with 
 fi rst-pass MRA. Because these images are not depen-
dent on  fl ow, they provide a more accurate assessment 
of stenosis and visualization of ulcerated plaques. There 
may be some technical dif fi culty capturing the timing 
bolus; however, once this is overcome, the shorter imag-
ing time increases accuracy secondary to a decreased risk 
of motion artifact. 

 The ability to use MRA as a diagnostic tool for carotid 
stenosis is sadly often dependent on local expertise and 
familiarity with the test. In centers where the test is widely 

used, it can provide valuable additional data from that 
obtained at carotid duplex. MRA has no ionizing radiation or 
ionic contrast and as such is quite safe for most patients. 
Additionally, information about the cerebral circulation can 
be obtained simultaneously including patency of the carotid 
siphon and MCA. 

 MRA can also assess intrathoracic and intracranial 
lesions that are not amenable to duplex interrogation. MRA 
does not visualize the surrounding soft tissue structures, 
unless additional magnetic resonance imaging (MRI) is 
performed and calcium within the plaque is not de fi ned. It 
cannot be used in patients with implanted ferromagnetic 
devices (e.g., implantable de fi brillators, pacemakers) and is 
of limited use in uncooperative patients and those with 
claustrophobia. Gadolinium-based compounds used as a 
contrast agent for MRA have been associated with nephro-
genic systemic  fi brosis in patients with preexisting renal 
disorders  [  21  ] . Additionally, small carotid lumens and tor-
tuous vessels can be seen as occlusion or severe stenosis. 
Finally, the test is quite costly and as such is a less desirable 
test for screening. 

 MRA can display vessel anatomy as a rotating three-
dimensional angiogram that can be readily interpreted by those 

a b  Fig. 15.2    CTA showing 
( a ) severe left proximal internal 
carotid artery stenosis ( arrow ); 
( b ) same patient showing aortic 
arch vessels ( arrow )       
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who did not perform the study (Fig.  15.3 ). Severe or tight 
stenoses ( ³ 70%) are usually seen as a  fl ow gap (Fig.  15.4 ).   

 More advanced techniques are now being evaluated for 
visualization of the atherosclerotic plaque and vessel wall. 
These methods include standard CE MRA and TOF obtained 
with specialized surface carotid coils to increase the signal-
to-noise ratio. Additional techniques include 3D bright-blood 

MRA and 2D spin-echo and fast spin-echo methods. Data 
obtained from these techniques demonstrates good correla-
tion with ex vivo plaque morphology. However, the tests are 
time consuming and technology laden and, as yet, merely 
experimental  [  22,   23  ] . 

 The sensitivity and speci fi city for diagnosing 70–99% 
stenosis with time-of- fl ight (TOF) MRA are identical to 

a

d e

b c

  Fig. 15.3    ( a ) Conventional arteriogram of the carotid bifurcation. ( b ) 
Magnetic resonance angiogram of the carotid bifurcation [same patient 
as in ( a )]. As noted, the quality of this magnetic resonance angiogram 
is similar to the conventional angiogram seen in ( a ). ( c ) Magnetic 
 resonance angiogram showing the origin of both vertebral arteries 

(as indicated by the  arrows ). ( d ) Magnetic resonance angiogram of the 
carotid bifurcation showing a mild to moderate degree of stenosis of the 
proximal internal carotid artery. ( e ) Magnetic resonance angiogram of 
the carotid artery bifurcation showing moderate to severe stenosis of 
the internal carotid artery ( white arrow )       

 



20715 Computed Tomography Angiography and Magnetic Resonance Angiography of the Carotids

duplex ultrasound (88% and 84%, respectively); however, 
MRA is less accurate in diagnosing 50–69% stenosis but is 
quite accurate in diagnosing carotid occlusion  [  21,   24  ] . MRI 
can be used to analyze plaque morphology, speci fi cally the 
structure of the atherosclerotic plaque. It can identify the 
lipid-rich necrotic core and the  fi brous capsule with high 
sensitivity and speci fi city  [  25  ]  and can distinguish between 
intact thick, thin, or ruptured  fi brous cap  [  26  ] . Using dedi-
cated protocols, MR also can demonstrate speci fi c plaque 
components, e.g., calcium, lipid,  fi brocellular element, or 
thrombus within the plaques.  

   Catheter-Based Digital Subtraction 
Arteriography 

 Many authorities still consider carotid conventional digital 
angiography to be the gold standard against all other imaging 
modalities in patients with extracranial cerebrovascular dis-
ease. In one test, evaluation of the aortic arch and extracra-
nial and intracranial cerebrovascular system can be 
performed. Additionally, DSA is the only test that can 
de fi nitively diagnose lesions of  fl ow dynamics, such as sub-
clavian steal with clear demonstration of delayed and collat-
eral  fi lling. Flow-dependent lesions are not well demonstrated 
by CTA or MRA. 

 Measurement of carotid stenosis using this method 
is generally done using the NASCET method  [  1  ] . 

Conventional angiography is generally reserved for 
patients with con fl icting imaging studies prior to carotid 
endarterectomy or in patients considered for carotid stent-
ing. DSA provides high-quality imaging, which is accurate, 
objective, and easy to interpret. It can identify lesions from 
the aortic arch to the intracranial vessels. Major limitations 
of angiography that make it inappropriate as a screening 
modality include its cost and associated risks, speci fi cally 
of stroke  [  27–  29  ] . Although the stroke risk has been quoted 
as high as 1% in the NASCET trial, in practice, the stroke/
TIA risk from carotid angiography is closer to 0.5%  [  30  ] . 
Additionally, the risk of femoral sheath hematoma, while 
low with a 5-French sheath required for diagnostic angiog-
raphy, is still 0.1–0.5%  [  31  ] . Additionally, in compari-
son to MRA where there is no ionic contrast or ionizing 
radiation, DSA holds some risk of renal insuf fi ciency and 
 ionizing radiation. 

 Finally, DSA provides accurate information regarding the 
lumen of the carotid artery but fails to provide any informa-
tion about plaque composition, the vessel wall, or surround-
ing cervical structures. 

 Overall, DSA is most useful in patients when less inva-
sive imaging studies produce con fl icting results. When 
duplex is equivocal, DSA is preferred over CT and MR in 
evaluating patients with renal dysfunction (by minimizing 
contrast load), obesity, or indwelling ferromagnetic mate-
rial, which render CTA or MRA technically inadequate 
or dif fi cult.  

a b c

  Fig. 15.4    ( a ) Conventional arteriogram showing severe to tight steno-
sis of the proximal internal carotid artery ( curved white arrow ) with 
associated ulceration ( black arrow ). ( b ) Three-dimensional TOF mag-
netic resonance angiogram of the same patient showing the same tight 

stenosis with ulceration ( arrow ). ( c ) Carotid magnetic resonance angio-
gram showing severe to tight stenosis of the internal carotid artery with-
out ulceration as indicated by  fl ow gap       
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   Comparison of CDUS/MRA/CTA/DSA 

 The UK Health Technology Assessment (HTA) concluded 
that although contrast-enhanced MRA was the most accurate 
imaging modality overall, it was limited by inaccessibility, 
unavailability, and delays. They concluded that color duplex 
ultrasound remained the preferred imaging modality for 
identifying patients with 70–99% stenosis  [  32  ] . As such, 
CDUS is the preferred imaging modality for identi fi cation of 
asymptomatic stenosis. 

 This recommendation was based on several factors, 
including low cost, a much higher number of strokes likely to 
be prevented in the long term by the rapid availability of 
carotid duplex ultrasound in contrast to other imaging, and 
good sensitivity of imaging in detecting signi fi cant stenosis. 
However, the HTA highlighted the concern of the accuracy of 
duplex ultrasound in diagnosing 50–69%, which carries a 
sensitivity of only 36%, with a speci fi city of 91%  [  32  ] . The 
utility of CDUS will depend on the clinical presentation of 
the patient. In neurologically symptomatic patients, a diagno-
sis of stenosis between 50% and 69% by CDUS is suf fi cient 
to proceed with surgery based on its speci fi city. However, the 
low sensitivity of CDUS in this setting would mandate 
another imaging study if the CDUS was negative. In neuro-
logically asymptomatic patients, a moderate stenosis 
(50–69%) diagnosed by CDUS should be con fi rmed by 
another imaging study before intervention is undertaken.   

   Recommendations for Selection of Carotid 
Imaging Modalities 

     1.    Color carotid duplex ultrasound in an accredited vascular 
laboratory is the initial diagnostic testing of choice for 
evaluating the severity of stenosis in both symptomatic and 
asymptomatic patients. Under these conditions, unequivo-
cal identi fi cation of stenosis of 50–99% in neurologically 
symptomatic patients or 70–99% in asymptomatic patients 
is suf fi cient to make a decision regarding intervention.  

    2.    Color CDUS in an accredited vascular laboratory is the 
imaging modality of choice to screen asymptomatic pop-
ulations at high risk.  

    3.    When CDUS is nondiagnostic, or suggests stenosis of 
intermediate severity (50–69%) in an asymptomatic 
patient, additional imaging with MRA, CTA, or DSA is 
required prior to embarking on any intervention.  

    4.    When evaluation of the vessels proximal or distal to the cer-
vical carotid arteries is needed for diagnosis or to plan ther-
apy, imaging in addition to CDUS (either CTA, MRA, or 
catheter angiography) is indicated. CTA is preferable to 
MRI/MRA for delineating calcium. When there is discor-
dance between two minimally invasive imaging  studies 
(CDUS, MRA, CTA), DSA is indicated to resolve con fl icting 

results. DSA is generally reserved for situations where there 
is inconclusive evidence of stenosis on less invasive studies 
or when carotid artery stenting (CAS) is planned.  

    5.    A postoperative duplex ultrasound, within 30 days, is rec-
ommended to assess the status of the endarterectomized 
vessel. In patients with 50% or greater stenosis on this 
study, further follow-up imaging to assess progression or 
resolution is indicated. In patients with a normal duplex 
and primary closure of the endarterectomy site, ongoing 
imaging is recommended to identify recurrent stenosis. In 
patients with a normal duplex ultrasound after patch or 
eversion endarterectomy, further imaging of the endart-
erectomized vessel may be indicated if the patient has 
multiple risk factors for progression of atherosclerosis.  

    6.    Imaging after CAS or CEA is indicated to follow contral-
ateral disease progression in patients with contralateral 
stenosis greater than or equal to 50%. In patients with 
multiple risk factors for vascular disease, follow-up 
duplex may be indicated with lesser degrees of stenosis. 
The likelihood of disease progression is related to the ini-
tial severity of stenosis.     
 Other indications for alternate carotid imaging are as 

follows:
    1.     Internal carotid pseudo - occlusion : A staccato Doppler 

 fl ow signal with a minimal or absent diastolic  fl ow com-
ponent by duplex ultrasound evaluation is highly sugges-
tive of near or total occlusion of the internal carotid artery 
in its extracranial course or distally in the siphon region. 
This should be further con fi rmed with conventional or 
magnetic resonance arteriography in patients who are 
being considered for intervention. In this instance, addi-
tional imaging is necessary to determine if a patent ICA 
string lumen is present with antegrade  fl ow into the distal 
extracranial and intracranial internal carotid artery or if 
signi fi cant siphon disease is present. Establishing distal 
internal carotid patency is essential for successful inter-
vention on the stenotic plaque.  

    2.     Unstable carotid plaque : Although velocity criteria for 
high-grade stenosis form a reliable basis for operative inter-
vention, plaque structural morphology remains an impor-
tant consideration in patients presenting with retinal or 
hemispheric events. The presence of plaque echolucency 
by Duplex ultrasound as determined quantitatively by Gray 
Scale Median score analysis appears to correlate with struc-
tural features which connote plaque instability and predis-
position to ischemic events  [  33  ] . Hence, a moderate 
non-hemodynamically signi fi cant highly echolucent inter-
nal carotid plaque should be considered a culprit lesion in 
the absence of other sources of thromboembolism (cardiac, 
arch, or intracranial disease). Additional imaging is advised 
to con fi rm surface irregularity or ulceration. Selective 
multiplanar arteriographic views of the suspicious lesion 
provide optimum image resolution for such determinations. 
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Other imaging techniques continue to evolve for the assess-
ment of plaque structural components that underlie plaque 
instability. These include spiral CT and MRI for the delin-
eation of such features as calci fi cation, necrosis, intraplaque 
hemorrhage, and  fi brous cap integrity.  

    3.     Carotid bifurcation thrombus : Free- fl oating thrombus 
involving the carotid bifurcation visualized by duplex ultra-
sound in a patient with a referable acute ischemic event is 
an alarming  fi nding. Characteristically, this unusual event 
is encountered in relatively younger individuals with no 
apparent evidence of atherosclerotic plaque formation at 
the carotid bifurcation. Concurrent with a thorough investi-
gation of the embolic source, the presence of carotid throm-
bus should be con fi rmed prior to intervention by either 
serial duplex evaluation or arteriography as some thrombi 
will lyse or fragment with anticoagulation.  

    4.     Vertebrobasilar insuf fi ciency : Patients with symptomatic 
posterior fossa ischemia who have demonstrable  fl ow 
reversal in the vertebral artery or evidence of vertebral 
stenosis and occlusion by duplex should undergo a com-
prehensive assessment of the vertebrobasilar anatomy and 
the integrity of the circle of Willis.  

    5.     Recurrent carotid stenosis : In most instances, early recur-
rent carotid stenosis is asymptomatic by virtue of the 
benign natural history of the underlying intimal hyper-
plastic response. Recurrent stenosis discovered after 
many years of carotid intervention is typically related to 
de novo atherogenesis. Additionally, with the advent of 
carotid stent/angioplasty for primary treatment of ICA 
stenoses, the accurate classi fi cation of the degree of 
 in-stent  restenosis by duplex ultrasound is not yet fully 

validated. Arteriographic evaluation of the carotid bifur-
cation is essential to de fi ne precisely the nature of the 
recurrent stenosis and to identify those patients at risk 
from the presence of a recurrent lesion.  

    6.     Intracranial pathology : Patients with history or symp-
toms, which indicate intracranial cerebral pathology such 
as aneurysms and arteriovenous malformations, are best 
investigated with CT, MR, or arteriography.  

    7.     Fibromuscular dysplasia and associated arteridities : 
Atypical diffuse or tandem stenoses involving the common 
and internal carotid arteries may represent non-atherosclerotic 
occlusive disease. These conditions typically involve longer 
segments of the carotid and other arterial beds such as the 
renal arteries and aortic arch branches. Precise delineation of 
the extent of disease via additional imaging techniques is 
critical if intervention is contemplated.  

    8.     Carotid body tumors : While carotid ultrasound is an 
excellent diagnostic test for the presence of carotid body 
tumors (Fig.  15.5 ), additional diagnostic studies are 
helpful to guide operative strategy and may be used for 
preoperative intervention. CT angiography is a useful 
adjunct to carotid duplex for de fi ning, preoperatively, the 
Shamblin classi fi cation of the tumor, a useful tool for risk 
strati fi cation. MRA can also depict tumor vascularization 
though not as accurately as digital subtraction angiography 
 [  35  ] , which, while not essential for preoperative planning, 
can be helpful to delineate feeding arteries accurately for 
large tumors. Additionally, for very large tumors, some 
surgeons may prefer preoperative embolization performed 
at the time of angiography, though the clinical bene fi ts of 
this are not de fi nitively con fi rmed in the literature.      

  Fig. 15.5    CDU of a carotid body tumor. B-mode ultrasound demonstrat-
ing the tumor outlined in  red . ( a ) CDU demonstrating color speckling, 
 indicated by the  asterisks  ( b ) (ICA) internal carotid artery. (CBT) carotid 

body tumor (Reprinted from Schwarze et al.  [  34  ] . With permission from 
Elsevier)        
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 Extracranial cerebrovascular duplex ultrasonography is an 
excellent diagnostic modality when performed and interpreted 
in a skilled vascular laboratory. The use of alternative imaging 
modalities in these speci fi c clinical scenarios provides hemo-
dynamic and morphologic information that compliments the 
duplex  fi ndings for optimal surgical decision making.      
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   Introduction 

 It is incumbent on the vascular specialist to verify technical 
adequacy following carotid intervention by open endarterec-
tomy or endovascular stent-angioplasty procedure. Despite 
careful technique, disease extent and plaque morphology can 
lead to residual repair site abnormalities which often cannot 
be recognized by visual inspection and pulse palpation  [  1–  4  ] . 
Even when angiographic monitoring is utilized, minor ana-
tomic defects can be dismissed as “not signi fi cant.” A repair 
site defect can result in perioperative stroke by particle 
embolization or repair site thrombosis, but it also can reduce 
procedure durability by producing a hemodynamic state con-
ducive to development of initial hyperplasia, i.e., recurrent 
stenosis  [  5–  7  ] . Since the ef fi cacy of carotid interventions is 
dependent on a low (3%) neurologic event rate, assessment 
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of all carotid reconstructions is essential as a quality assur-
ance measure  [  2,   4–  6  ] . 

 Arteriography is the accepted technique for assessment of 
carotid repairs especially stent-angioplasty. Documentation 
of <30% residual stenosis and no visualized lumen defect are 
accepted criteria for technical adequacy. Digital subtraction 
angiography provides accurate anatomic con fi rmation of 
repair site patency and intracranial artery perfusion, but the 
technique is invasive, requires contrast injection, and may 
not detect subtle abnormalities such as focal platelet aggre-
gation within the repair site which can produce stroke and 
internal carotid artery (ICA) thrombosis. The application of 
duplex ultrasound for carotid endarterectomy assessment 
and intravascular ultrasound (IVUS) monitoring during 
carotid stent-angioplasty may be superior to angiographic 
assessment because these diagnostic techniques provide a 
higher resolution of vessel imaging, and with duplex ultra-
sound, hemodynamic assessment of imaged abnormalities is 
provided which aids in the decision for immediate repair or 
observation  [  4–  11  ] . Intraoperative duplex scanning also pro-
vides a baseline study for subsequent surveillance testing for 
the detection of recurrent carotid stenosis. The intraoperative 
documentation of a “normal” carotid endarterectomy repair 
by duplex scanning is associated with a low (<1%) periop-
erative stroke rate and low (<5%) incidence of recurrent 
stenosis (Table  16.1 )  [  2–  6,   8  ] . The application of IVUS mon-
itoring has been adopted by several vascular groups includ-
ing ours because ultrasound imaging provides useful 
information on plaque morphology, for stent sizing, and after 
stent deployment and balloon dilation veri fi cation of ade-
quate stent expansion. A normal stent-angioplasty site based 
on IVUS imaging predicts absence of residual stenosis by 
duplex ultrasound and is associated with a 1-year restenosis 
rate of <10%  [  2,   4,   6  ] .  

 While the goal of intraoperative assessment is the detec-
tion of repair site lesions, a secondary bene fi t is recognition 
of abnormal repair site hemodynamics with the potential to 

cause recurrent stenosis. Outcome analysis of carotid endar-
terectomy sites with altered blood  fl ow characteristics such 
as moderate elevation (150–200 cm/s) in peak systolic veloc-
ity (PSV) or residual plague producing <30% lumen stenosis 
has been shown to reduce the functional patency by develop-
ment of intimal hyperplasia. The natural history of recurrent 
stenosis is more benign than an atherosclerotic plaque, but 
progressive intimal hyperplasia can lead to internal carotid 
occlusion. Most vascular surgeons recommend repair of 
asymptomatic recurrent stenosis with duplex  fi ndings of a 
>80% diameter reduction (DR) stenosis  [  2–  4  ] . Treatment is 
typically by stent-angioplasty. Similarly, the development of 
in-stent stenosis is most commonly the result of intimal 
hyperplasia and, if progressive to a high-grade stenosis, can 
cause stent occlusion. Following both endarterectomy and 
stent-angioplasty, the likelihood of recurrent stenosis has 
been shown to be associated with the presence of residual 
stenosis  [  1,   2,   4  ] .  

   Carotid Endarterectomy Duplex Scan 
Protocol and Test Interpretation 

 Intraoperative duplex scanning of carotid repairs is per-
formed after restoration of ICA blood  fl ow using a “hockey 
stick” linear array 10–15-MHz ultrasound transducer 
enclosed in a sterile plastic sheath (Fig.  16.1 ). Acoustic cou-
pling for vessel imaging is achieved by ultrasound gel in the 
sheath and saline in the incision. Imaging is accomplished by 
placing the transducer over the artery and then slowly mov-
ing it along the repair beginning in the common carotid artery 
and proceeding distally to the ICA. If a prosthetic (bovine, 
polyester) patch was used for vessel closure, lumen imaging 
is still possible, but use of a polytetra fl uoroethylene (PTFE) 
patch hampers imaging due to air trapped in the PTFE mate-
rial. Vessel imaging and velocity spectra recordings can be 
carried by orienting the transducer foot pad along the non-
patched vessel circumference. With the assistance of a vas-
cular technologist to optimize instrument setting for imaging 
and pulsed Doppler spectral analysis, the exam time is less 
than 10 min including archiving images for the patient medi-
cal record.  

 Duplex scanning should begin at the proximal common 
carotid artery (CCA) to verify normal proximal endarterec-
tomy end point. The site of proximal clamp occlusion should 
be imaged since traumatic wall dissection could have 
occurred. Scanning then proceeds from proximal to distal to 
con fi rm a widely patent lumen and normal velocity spectra 
(Fig.  16.2 ). Special attention should be paid to endarterec-
tomy end points where residual plaque >2 mm in thickness is 

   Table 16.1    Clinical reports recommending routine intraoperative 
duplex ultrasound evaluation of carotid endarterectomy repairs based on 
number of unsuspected lesions identi fi ed, low (<1%) operative stroke 
rate, and excellent procedure durability (ICA occlusion, restenosis)   

 Investigator 
 No. of 
CEAs  % Revised 

 No. of ICA 
occlusions 

 Restenosis at 
2–3 year 

 Baker et al.  [  3  ]   316  3  3 (1%)  3% 
 Papanicolaou 
et al.  [  4  ]  

 86  11  2 (2%)  0 

 Panneton et al.  [  5  ]   155  9  0  2% 
 Bandyk et al.  [  2  ]   390  8  1 (0.3%)  2% 
 Ascher et al.  [  6  ]   650  3  0  2% 
 Schanzer et al.  [  10  ]   407  8  0  2% 



21316 Intraoperative Ultrasound Assessment of Carotid Endarterectomy and Stent-Angioplasty

  Fig. 16.1    A “hockey stick” 
linear array (10–15-MHz) 
transducer suitable for intraop-
erative carotid repair site 
imaging. The small footprint 
transducer is enclosed in a 
sterile plastic sheath for 
scanning within the neck 
incision directly on the carotid 
endarterectomy site       

Inspect carotid repair
and confirm normal pulse

Interpretation criteria

Normal:

Normal:

Normal:

Normal:
Abnormal:

Abnormal: absent or weak pulse, narrow repair segment

Abnormal:

Abnormal:

Interpretation

CCA Assessment

CEA assessment

ICA assessment

Diagnostic category

Scan proximal CCA

Scan endarterectomy
segment

Scan distal ICA

no stenosis or ICA Kink present,
strong CCA and ICA pulse present

widely patent lumen, no lumen thrombus
or residual plaque. PSV < 150 cm/s

platelet aggregates, mobile plque

patent ICA with PSV < 150 cm/s, homogenous color
flow during pulse cycle, diastolic flow present

patent ICA with PSV < 150 cm/s,

− Lumen reduction with PSV > 150 cm/s Vr > 2
− Mobile plque at endarterectomy end-point
− Focal artery wall dissection
− Diastolic to systolic Vr > 0.5 suspect hyperperfusion syndrome

ICA stenosis with PSV > 150 cm/s; if PSV > 300 cm/s
suspect platelet-aggregation

Normal: < 2mm proximal plaque shelf thickness,no plague
dissection, PSV < 150 cm/s, diastolic flow present
< 50% X-sectional area reduction by residual plague

  Fig. 16.2    The duplex ultrasound imaging protocol and interpretation criteria after carotid endarterectomy       

 

 



214 P.A. Armstrong et al.

abnormal and should be repaired. The normal endarterec-
tomy site should be free of lumen defects, no suture stricture, 
and PSV should be <150 cm/s (Figs.  16.3  and  16.4 ). The cri-
teria for an “abnormal” duplex scan depend on the site (CCA, 
ICA) imaged and the severity of the anatomic defect and 
associated hemodynamic changes indicating stenosis. Using 

transverse imaging, the diameter of the proximal ICA (bulb 
segment) should demonstrate homogenous color  fl ow, and 
the diameter can be measured which should be <1 cm as 
larger diameter patched segments are prone to aneurysmal 
dilation and mural thrombus formation (Fig.  16.5 ). The 
external carotid artery (ECA) is imaged to verify patency and 

  Fig. 16.3    Duplex ultrasound 
image of common carotid artery 
endarterectomy end point 
showing mild residual plaque but 
normal velocity spectra (minimal 
spectral broadening, peak 
systolic velocity <150 cm/s)       

  Fig. 16.4    Duplex ultrasound 
image of vein patch 
 endarterectomy site with normal 
color Doppler imaging and 
velocity spectra (mild spectral 
broadening, peak systolic velocity 
<150 cm/s)       
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  Fig. 16.5    Transverse duplex 
scan image of reconstructed 
carotid bulb showing 
 homogenous color  fl ow, widely 
patent lumen, and a measured 
diameter of 0.78 cm       

presence of distal plaque  dissection since the endarterectomy 
of this vessel is accomplished using an eversion technique 
for plaque removal. Most surgeons will reexplore the ECA if 
occlusion or a focal high-grade stenosis is identi fi ed. The 
ICA should be scanned as far distal as possible especially if 
a shunt was inserted. When an anatomic defect (plaque edge, 
ICA suture narrowing, artery kink) is imaged, walking the 
sample volume through the region allows assessment of 
changes in PSV. Decision for repair is based on the altered 
hemodynamics produced by the imaged abnormality with 
lesions producing focal elevations of PSV > 150 cm/s con-
sidered for repair (Fig.  16.6 ). Spasm of the ICA is identi fi ed 
by a narrow lumen on color or power Doppler and moderate 
elevations of PSV in the range of 150–200 cm/s. The  fi nding 
of lumen thrombus and PSV > 300 cm/s usually indicates 
platelet aggregation has developed, and reexploration is 
mandatory. Many vascular surgeons will perform angiogra-
phy when the duplex imaging is abnormal to con fi rm an ana-
tomic defect prior to proceeding with endarterectomy site 
reexploration.      

 On occasion, increased PSV  ³  125–150 cm/s with mini-
mal spectral broadening and normal artery imaging can be 
the result of vasospasm or compensatory collateral  fl ow due 
to contralateral ICA occlusion. The presence of high dia-
stolic  fl ow in the ICA, i.e., more than 50% of the PSV, may 
indicate hyperperfusion syndrome with loss of normal intrac-
ranial arterial autoregulation. Appropriate therapy for this 

condition may include meticulous blood pressure control, 
steroids, and antiseizure drug administration. 

 The prevalence of endarterectomy site repair based on duplex 
testing is approximately 5% for CCA and ICA defects 
(Table  16.1 ), and additional 3–5% if correction of ECA steno-
sis/occlusion is included. If the endarterectomy site has normal 
duplex imaging and velocity spectra  fi ndings, the likelihood 
repair site thrombosis is extremely low (<1%), as is the detec-
tion of >50% DR stenosis within 3 months of the procedure. 
A 2011 report from the Vascular Study Group of New England 
indicated only one-half of vascular surgeons routinely image 
carotid repairs with duplex ultrasound being the preferred tech-
nique  [  7  ] . Routine imaging was not associated with a reduction 
in operative strokes, but the incidence of restenosis was 
signi fi cantly less.  

   Carotid Stent-Angioplasty IVUS Scanning 
Protocol and Test Interpretation 

 The high-resolution (0.1 mm) vessel imaging achieved by the 
20-MHz IVUS catheter imaging system has been shown to 
improve clinical outcomes when used to assess the technical 
result of peripheral angioplasty procedures  [  12  ] . IVUS imaging 
is used in combination with digital  fl uoroscopy to monitor the 
carotid artery stent-angioplasty procedure, speci fi cally to select 
the diameter stent/balloon to deploy, and to interrogate the 
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region of stent-angioplasty for residual stenosis. The goal of 
IVUS imaging is to con fi rm vessel patency, full stent deploy-
ment with an expanded lumen in the region of the atheroscle-
rotic plaque, and no lumen anatomic abnormality  [  11–  13  ] . 

 The IVUS catheter is delivered to the extracranial carotid 
bifurcation over a 0.014″ Guidewire platform after a cerebral 
protection device is deployed in the distal ICA. The IVUS 
Eagle Eye® Platinum catheter (Volcano Corporation, San 
Diego, CA) provides both B-mode real-time imaging and a 
360° color map imaging for con fi rmation of blood  fl ow. 
These features allow con fi rmation of lumen patency and ana-
tomic imaging to the stent and artery wall (Fig.  16.7 ). During 
a carotid stent-angioplasty procedure, IVUS imaging is used 
to aid the interventionist in estimating disease extent (steno-
sis length), selecting appropriate proximal and distal stent 

landing zones in normal or minimally diseased artery, and 
providing accurate vessel diameter measurements of the ICA 
and CCA for appropriate stent selection (Fig.  16.8 ). Following 
stent-angioplasty, reinsertion of the IVUS catheter pullback 
imaging alerts the interventionist to abnormalities of stent 
expansion, which if judged to be inadequate allows immedi-
ate endovascular treatment. The application of IVUS imag-
ing during the stent-angioplasty procedure provides unique 
anatomic information for arterial repair using less contrast 
administration and angiogram runs without increasing mor-
bidity or sacri fi cing technical accuracy.   

 The technical success of carotid stent-angioplasty is gen-
erally determined by multiplanar digital subtraction angiog-
raphy with the goal to achieve <30% residual stenosis relative 
to the normal distal ICA diameter. Our vascular group 

  Fig. 16.6    Abnormal duplex 
scan of carotid endarterectomy 
site after polyester patch 
angioplasty. Residual plaque 
( arrow ) is present on anterior 
wall which narrows the ICA 
lumen producing elevated peak 
systolic velocity >300 cm/s with 
severe spectral broadening. 
Meets criteria for immediate 
reexploration       

 



21716 Intraoperative Ultrasound Assessment of Carotid Endarterectomy and Stent-Angioplasty

  Fig. 16.7    Intravascular ultrasound (IVUS) image of a stent deployed in the internal carotid artery. Pullback of IVUS catheter identi fi ed mild stent 
deformation compared to distal and proximal stented segments. Color  fl ow indicates widely patent stent without lumen debris       

adopted IVUS as a quality control assessment of “adequate” 
stent deployment and balloon angioplasty in treatment of 
internal carotid artery atherosclerotic occlusive disease, 
analogous to the use of intraoperative duplex testing during 
carotid endarterectomy  [  2,   10  ] . Following stent-angioplasty, 
real-time B-mode IVUS imaging is performed by position-
ing the IVUS catheter distal to stent in the normal ICA and 
slowly withdrawing the catheter through the stent visualiz-
ing changes in lumen diameter. This maneuver allows 
identi fi cation of regions of poor stent expansion with associ-
ated reduction in X-sectional area (Fig.  16.9 ). The degree of 
stent deformation may not be readily apparent by angiogra-
phy. When IVUS con fi rms improper stent expansion, de fi ned 
by an irregular or elliptical stent shape with a residual 
X-sectional area reduction of >30% compared to the distal 
stent, additional balloon angioplasty is performed typically 
upsizing the angioplasty balloon 0.5–1.0 mm from the previ-
ous size or performing a more prolonged (10 s) balloon 
angioplasty to expand the carotid bifurcation. Incomplete 
circular stent expansion after balloon angioplasty is typically 
caused by calci fi ed carotid bifurcation plaque.  

 Our vascular group analyzed the anatomic and clinical 
outcomes of carotid stent-angioplasty with and without 
IVUS monitoring  [  11  ] . Retrospective review of a carotid 
stent registry data identi fi ed 220 consecutive CAS procedures 

(215 patients) performed with either digital C-arm 
 fl uoroscopy alone ( n  = 110) or in conjunction with IVUS sys-
tem ( n  = 110). All carotid interventions were conducted with 
a cerebral protection device. The two groups were compara-
ble for CAS indication, ICA stenosis severity, and athero-
sclerotic risk factors. All patients were enrolled in an 
outpatient surveillance program, which included clinical 
assessment for neurologic events, veri fi cation of antiplatelet 
therapy, and bilateral carotid duplex testing with interpreta-
tion according to previously published velocity spectra crite-
ria for CAS procedures  [  14  ] . Duplex ultrasound testing was 
performed in the PACU, at approximately 1 month, every 
6 months for 2 years, and then annually if <50% DR stenosis 
was present. An abnormal duplex  fi nding of in-stent stenosis 
in the 50–75% DR category was based on color  fl ow imaging 
of a stenosis, a peak systolic velocity (PSV) > 150 cm/s, and 
in-stent stenosis velocity ratio >2. The  fi nding    of a >75% DR 
in-stent stenosis (PSV > 300 cm/s in conjunction with EDV 
> 125 cm/s) prompted cerebral angiography and reinterven-
tion, if a >75% DR lesion, was con fi rmed. 

 No safety issues were encountered using IVUS catheter 
imaging prior to and following stent-angioplasty, and mean 
procedure times were similar with angio-alone CAS proce-
dures. IVUS imaging altered procedural conduct by a lower 
( p  < 0.05) volume contrast agent injected due to fewer angiogram 
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1−view angiogram to confirm
ICA lesion location, severity,
and Suitability for stent-agioplasty

Place CCA
sheath platform

Passage to 0.014`
guidewire across ICA
stenosis and deploy
cerebral protection
device in distall ICA

Step1

Step2

Step3

Step4

Deploy stent and
Perform balloon
angioplasty PTA

Retrieval cerebral
protection device2−view (ant., lat.) angiogram of

intracerebral arteries
Image stent-angioplasty site if

IVUS imaging abnormal

− ICA and CCA dia. Measurement
− Plaque morphology assessment
− Image stent landing zones

IVUS Imaging of carotid bifurcation

− Assess lumen expansion

− Identify stent deformity

− Confim color flow patency

IVUS Imaging of stent-angioplasty

  Fig. 16.8    University of South 
Florida carotid stent-angio-
plasty procedure steps using 
 angiography and IVUS 
imaging to assess technical 
success       

Calcified plaque IVUS imaging
Stent − Angioplasty and
6 mm dia balloon dilation

Stent

0 Stent

3.2mm
6.5mm

  Fig. 16.9    Angiographic    images of a calci fi ed ICA plaque ( arrow ) 
prior to and following stent-angioplasty. IVUS imaging shows circular 
stent  deployment in distal ICA, but elliptical stent deformation at the 

plaque ( arrows ) with X-sectional area reduction. Additional 6-mm 
diameter balloon  angioplasty was performed with improvement in 
lumen diameter       
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runs for stent sizing and veri fi cation of adequate stent deploy-
ment and the use of larger diameter angioplasty balloons (typi-
cally 6-mm diameter) for  fi nal stent-angioplasty based on 
assessment of residual in-stent lumen diameter and stent defor-
mation by the atherosclerotic plaque. IVUS assessment 
identi fi ed more residual stent abnormalities requiring addi-
tional endovascular treatment ( n  = 12, 11%) versus performing 
CAS using angiogram assessment alone ( n  = 2, 1.8%). Duplex 
testing after carotid stenting demonstrated a low incidence of 
>50% residual (PSV > 150 cm/s) in IVUS monitored groups 
(7% vs. 18%;  p  < 0.01). This difference persisted during patient 
surveillance with a higher lower freedom from >50% DR in-
stent stenosis at 36 months in the angio + IVUS group (94%) 
than in angio-alone group (78%) indicating a more durable 
carotid intervention. Four (3.6%) angio-alone CAS sites devel-
oped >75% asymptomatic restenosis and underwent repeat bal-
loon angioplasty with one later developing an asymptomatic 
thrombosis. In the angio + IVUS group, two neurologic events 
(1 stroke, 1 reperfusion injury) occurred within 30 days, while 
in the angio-alone treatment group, two patients who under-
went CAS of symptomatic ICA stenosis developed a new neu-
rologic event >30 days after the procedure (1 stroke, 1 TIA). 

 This experience using IVUS to assess the technical ade-
quacy of CAS indicates the diseased carotid artery bifurcation 
can be safely imaged, and the detailed anatomic information 
afforded by this diagnostic technique is useful for the evalua-
tion of suitable stent landing zones, selection of an appropriate 
stent size and angioplasty balloon, and con fi rmation that appro-
priate artery wall dilation with stent-wall apposition has been 
achieved and a severe residual stent deformity is not present. 
The addition of IVUS imaging to CAS procedure did not 
increase procedure time or produce an adverse event. We 
believe the information provided by IVUS resulted in more fre-
quent intraprocedural reinterventions and the use of larger 
diameter angioplasty balloons and contributed to improved 
long-term outcomes documented by duplex surveillance with 
less severe in-stent stenosis (based on maximum PSV values) 
and reinterventions in the angio + IVUS treatment group. This 
experience supports our previous recommendation regarding 
duplex interpretation criteria for grading carotid stent stenosis 
in that a PSV > 150 cm/s is an abnormal threshold value and 
correlates with a functional residual stenosis associated with an 
increased likelihood of progressive in-stent stenosis  [  14,   15  ] .  

   Summary 

 The application of intraprocedural ultrasound to con fi rm 
technical adequacy of open and endovascular interventions is 
an appropriate quality measure associated with excellent 
patient and procedure outcomes. The time and expense 
 associated with routine assessment is rewarded by improve-
ment in technical precision of the carotid repair and does not 

add to procedure morbidity. Ultrasound assessment does 
require skills in duplex scanning and ultrasound image inter-
pretation, but vascular surgeons treating carotid occlusive dis-
ease have the necessary expertise interpretation but need to 
acquire hands-on training in intraoperative duplex scanning 
to have con fi dence in the testing accuracy. Data indicate that 
vascular surgeons who routinely perform completion imaging 
studies have lower procedure morbidity and restenosis rates.      
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   Introduction 

 Atherosclerosis disease starts 20–30 years before the occur-
rence of clinical events. This vascular disease is a long and 
silently evolving disease, hardly reversible when clinical 
events occur. New imaging biomarkers are very useful, help-
ing to early characterize the population at intermediate risk 

  Abstract 

 Atherosclerosis prevention and its progression has become an important goal in medicine. 
Atherosclerotic disease is a long and silently evolving disease and hardly reversible when 
clinical events occur. New biomarkers are useful if they can help in the early characteriza-
tion of a population that is at intermediate risk in order to detect vascular risk phenotypes 
and improve their management. Ultrasonography of the carotid arteries is safe, inexpensive, 
and easy to perform, and it is a reliable and accurate method to detect early signs of increased 
thickness of the arterial wall or plaque occurrence. Intima media thickness of the carotid 
artery (CIMT) and plaque are recognized biomarkers which can improve our knowledge 
and practice in the  fi eld of cardiovascular disease evaluation and prevention. 

 From 1986 to nowadays, thousands of publications have demonstrated the potential of 
CIMT to anticipate coronary and stroke disease and to provide signals on cardiovascular 
risk factors by their signi fi cant association to hypertension, cholesterol, diabetes, and 
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 If some recommendations are now published by American and European societies, and 
standardization of the method is ready for use in clinical practice, we need more data on 
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and re fi ne vascular risk phenotypes to improve management. 
Among x-ray, magnetic resonance, and ultrasound methods, 
intima media thickness (IMT) is indicated as one of the  fi rst 
modalities, as it is ethically acceptable, safe, reliable, and 
relatively inexpensive. These requirements are met by high-
resolution B-mode imaging, which allow accurate measure-
ments of this structure, with respect of the recommendations 
on image acquisition and appropriate methodology of the 
measurement. IMT is made of the two internal layers of 
the arterial wall: intima and media. The validation between 
the IMT measured on histologic specimens and ultrasound 
pattern was  fi rst described and validated in 1986 by Paolo 
Pignoli  [  1  ]  and con fi rmed by later studies. 

   De fi nition 

 One of the  fi rst main advances in IMT methodology was pro-
vided by the  fi rst international consensus organized during 
the 13th and 15th European Stroke Conferences, Mannheim, 
Germany, Carotid Intima Media Consensus (2004–2006)  [  2  ] , 
followed in 2008 by the Consensus Statement of the American 
Society of Echocardiography  [  3  ] , which strengthened the rec-
ommendations provided on IMT de fi nition and measure. 

  Intima media thickness  is de fi ned as “a double-line pattern 
visualized by echotomography on both walls of the CCAs in 
a longitudinal image.” It is formed by two parallel lines, 
which consist of the leading edges of two anatomical bound-
aries: the lumen-intima and media-adventitia interfaces. 
 Plaque  is a focal structure encroaching into the arterial lumen 
of at least 0.5 mm or 50% of the surrounding IMT value or 
demonstrates a thickness >1.5 mm as measured from the 
media-adventitia interface to the intima-lumen interface  [  2  ] . 

 IMT measurement should be performed preferably on the 
far wall of the common carotid artery, 5–10 mm below the 
carotid bifurcation in a region free of plaque (Fig.  17.1 ). 
Near wall can also be measured; however, its correlation to 
anatomy was poor due to artifacts coming from the  fi rst wall-
lumen interface.   

   Criteria to Evaluate a New Risk Marker 

 The AHA published the principles to speci fi cally address 
criteria for evaluation of new risk markers  [  4  ] . To be consid-
ered as useful for risk prediction, it should:

   Have an independent statistical association with risk after • 
accounting for readily available and inexpensive risk 
markers. This association should be based on studies 
including large numbers of outcome events.  
  Include calibration, discrimination, and reclassi fi cation • 
index of the predictive model. Calibration addresses the 
prediction of the proportion of cases that will experience 

disease. It should display observed versus expected event 
rates across quartiles of predicted risk for models that do 
and do not include the new risk marker.    
 Discrimination addresses the ability to discriminate between 

the patients who are at higher risk compared with lower risk. 
The calculation of this parameter is performed by the C index, 
which is comparable to the area under the ROC curve. 

 Reclassi fi cation index evaluates the number of subjects 
reclassi fi ed into other risk categories based on models that 
include the new risk marker. 

 These principles allow a better understanding of the abil-
ity of a new biomarker to be included as a potential diagnos-
tic test for clinical evaluation.  

   IMT and Atherosclerosis 

 Baseline IMT is signi fi cantly correlated to plaque occurrence 
at the bifurcation. The prospective studies conducted in gen-
eral populations  [  5  ] , aiming at evaluating the plaque occur-
rence according to the baseline tertile of IMT, have shown 
that the rate of occurrence of new plaques was greater when 
the baseline IMT was in a higher tertile  [  6  ] . This is true in 
both sexes and shows that high IMT may predict evolving 
atherosclerosis. The correlation between IMT and asymp-
tomatic coronary disease has also been demonstrated in cor-
onary angiographic studies.  

   Predictive Value on Cardiovascular Events 

 All studies evaluating the predictive value of IMT on myo-
cardial infarction and stroke occurrence have shown that 
IMT was an independent and signi fi cant factor for myocar-
dial infarction and stroke prediction. In the meta-analysis 
gathering 37,197 subjects, Lorenz et al.  [  7  ]  found an overall 
estimate of the relative risk of myocardial infarction of 1.26 
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3

Bifurcation and origin of ICA CCA

  Fig. 17.1    IMT measurement methodology . CCA ,  ICA ,  ECA  common, 
internal, and external carotid artery       
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(95% CI, 1.21–1.30) per one standard deviation of common 
carotid artery IMT difference and 1.15 (95% CI, 1.12–1.17) 
per 0.10-mm common carotid artery IMT difference (CIMT). 
For stroke, the relative risks of stroke were 1.32 (95% CI, 
1.27–1.38) per one standard deviation common carotid artery 
IMT difference and 1.18 (95% CI, 1.16–1.21) per 0.10-mm 
common carotid artery IMT difference. However, age distri-
bution, site, and type of measurement were quite heteroge-
neous in these studies. The Cardiovascular Health Study has 
shown comparable results on an asymptomatic population of 
65-year-old individuals with a mean follow-up of 6.2 years 
by comparing the rate of cardiovascular events between the 
 fi fth and the  fi rst quintile of IMT measured at baseline. 

 They concluded that carotid IMT was a strong predictor 
of future vascular events. The relative risk per IMT differ-
ence is slightly higher for the end point stroke than for myo-
cardial infarction. In future IMT studies, ultrasound protocols 
should be aligned with published studies. Data for younger 
individuals are limited and more studies are required.  

   IMT and Cardiovascular Risk Assessment 

 Age is the major component of Framingham Risk Score 
(FRS) and CIMT, but CIMT may add information on genet-
ics; protective factors; time exposure to risk factors such as 
blood pressure, lipids, and smoking; and unknown risk fac-
tors. It  fi nally provides individual vascular phenotype.   

   ACC/AHA Recommendations Provided 
in 2010 Guidelines for Cardiovascular 
Risk Assessment 

 Coronary calcium scoring was evaluated as class IIa for 
intermediate risk (10–20% – 10-year risk) and class IIb for 
low to intermediate (6–20% – 10-year risk). Measurement of 
IMT class IIa for intermediate risk (10–20% – 10-year risk) 
(level B),  fl ow mediated dilatation on brachial artery and 
arterial stiffness as class III (no bene fi t)  [  8  ] . 

 Current risk evaluation is based on risk factors in NCEP-
ATP III  [  9  ] , including hypertension, low HDL, age (men 
> 45 years; women > 55 years), and family history of prema-
ture coronary health disease ( fi rst degree: <55 years male; 
<65 years female). Population having less than two risk fac-
tors is considered at low risk and over two risk factors as 
intermediate to high risk. 

 Khot et al.  [  10  ]  published the prevalence of conventional 
risk factors in a population of 87,869 patients with coronary 
heart disease. They found a cumulated prevalence of 62.4% 
for the subjects with 0 or 1 risk factor, con fi rming that conven-
tional score evaluation needed to be improved by complemen-
tary and independent markers of cardiovascular risk in 

asymptomatic populations. Some studies failed to demonstrate 
the added value of IMT on top of the Framingham or European 
score; however, they may have had a too low power explained 
by the low occurrence of clinical events in the general popula-
tion and, hence, the noise created by “normal” population and 
by long-term design necessary for atherosclerosis studies. 

 In a recent study reported by Nambi et al.  [  11  ] , the popu-
lation of ARIC study, including 13,145 individuals followed 
for approximately 15 years, for incident hard coronary events 
and revascularization was analyzed. CIMT measurements, 
which included both IMT and carotid plaque, were incre-
mental to traditional risk factors for prediction of incident 
cardiovascular events. In particular, among intermediate-risk 
patients (10–20%, 10-year estimated risk group), the addi-
tion of carotid IMT and plaque information led to clinical net 
reclassi fi cation improvement of approximately 9.9%. 

 Another study investigated the impact of subclinical 
cardiovascular disease derived from echocardiography 
and carotid ultrasonography on traditional coronary risk 
strati fi cation using the FRS in a community-based, multi-
ethnic population  [  12  ] . Ultrasonography was performed on 
1,445 subjects (aged > 39 years; 40% men; 53% Hispanic, 
20% white, 24% black) from the Northern Manhattan Study. 
Subclinical cardiovascular disease was de fi ned as the pres-
ence of left ventricular hypertrophy and/or carotid plaque 
greater than the gender-speci fi c 75th percentile of the left 
ventricular mass index and maximal carotid plaque thickness 
distribution. The prevalence of subclinical cardiovascular dis-
ease was examined in each FRS category (low, intermediate, 
and high risk). In subjects with low or intermediate FRSs, 
35% had subclinical cardiovascular disease (low FRS 29%, 
intermediate FRS 42%). In the intermediate FRS category, 
subclinical cardiovascular disease was signi fi cantly more 
prevalent in women than in men (53% vs. 32%,  p  < 0.0001) 
and in black and white subjects than in Hispanics (59% and 
46% vs. 33%,  p  < 0.0001 and  p  = 0.040, respectively). In that 
study, the ultrasound assessment of subclinical cardiovascu-
lar disease may have helped to reclassify one-third of sub-
jects with low or intermediate FRS into higher risk groups. 
In the intermediate FRS category, FRS appears to underesti-
mate the coronary risk more in women than in men and more 
in whites, and especially in blacks, than in Hispanics. 

 Plaque is an obvious stage of established atherosclerosis, 
and all the studies which addressed concomitantly IMT and 
plaque have shown that having a plaque was more powerful 
for cardiovascular prediction than IMT alone. 

 For that reason, there is no need to measure IMT if a 
plaque is present on the carotid tree. 

 Having the methodology for CIMT measuring is not 
suf fi cient as far as we cannot provide to an individual his 
own cardiovascular risk pro fi le. This requires reference val-
ues that depend on the age, ethnicity, sex, and country. These 
tables are already published with recent methodology in 
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some countries  [  13–  16  ]  but are lacking in a large number of 
developed countries. These data are needed to provide the 
75th or 80th percentile in a “normal” population without any 
risk factors. Some authors propose to derive vascular age 
from tables of chronological age in the same population  [  17  ]  
and to recalculate the Framingham score with the vascular 
age; however, even though this seems an attractive process, 
data are lacking on prospective studies aimed at demonstrat-
ing its value with clinical outcomes.  

   Conclusion 

 We are certainly entering into a new era where physicians 
will combine traditional risk factors with biological or 
structural biomarkers to improve cardiovascular risk 
assessment in individuals. More prospective studies are 
needed to re fi ne this approach and to improve our efforts 
on targeting individuals with silent atherosclerosis disease 
to provide them with the most accurate medical care.      
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  CI    Con fi dence intervals   
  ECST    European carotid surgery trial   
  ECT    External carotid artery   
  EDV    End diastolic velocity   
  ICA    Internal carotid artery   
  NASCET     North american symptomatic carotid Endart-

erectomy Trial   
  PSV    Peak systolic velocity         

 This chapter discusses some of the errors that can occur in 
performing a Doppler ultrasound study to evaluate the sever-
ity of extracranial carotid artery disease. Most of the errors 
seem to be attributable to the technologist. However, it is 
important to note that errors may be due to the inherent vari-
ability of the measurements; patient factors such as move-
ment, obesity, or abnormal arteries (e.g., tortuous vessels); 
administrative factors such as inadequate training and educa-
tion of the technologists or reading physicians; and inferior 
ultrasound equipment or machines that have not been 
con fi gured appropriately for the examination. 

   Variability of Measurements by Technologists 
and Between Technologists 

 Trained vascular laboratory technologists are required to 
make several subjective decisions when performing a carotid 
ultrasound study and consequently errors may occur, and 
there may be variability in measurements between technolo-
gists. Using a  fl ow model, we observed that adjustment of 
Doppler angle, sample volume placement, and Doppler gain 
were the most signi fi cant sources of error and variability in 
the measurement of peak systolic velocity (PSV)  [  1  ] . 
Figure  18.1  illustrates the variability of PSV measurements 

  Abstract 

 This chapter covers the errors than can be made in the ultrasound evaluation of carotid 
artery disease and suggests approaches to minimize them. The following are discussed: 
inter-technologist variability, inconsistent de fi nition of percent stenosis or application of 
diagnostic criteria, incorrect angle of insonation, clinical situations affecting peak systolic 
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by three trained ICAVL technologists in this controlled situ-
ation. Measurements vary from ±15% from the mean value.  

 In a clinical study, the interobserver variability of mea-
surements of PSV from the internal carotid artery (ICA) by 
three experienced ICAVL-accredited vascular laboratory 
technologists was quite large  [  2  ] . For individual patients, 
variability of PSV measurements ranged from −25% to 
+35% of the average value. When we compared the three 
technologists, no systematic overestimation or underestima-
tion of the ICA PSV was found. Although individual PSV 
measurements varied signi fi cantly, nonetheless, we noted 
that the severity of carotid stenosis can be reproducibly cat-
egorized into ranges (i.e., <50%, 50–70%, >70%).  

   Variability of Diagnostic Velocity Criteria 

 Numerous studies have evaluated the ultrasound criteria for 
diagnosing the severity of carotid stenosis. There is variabil-
ity between laboratories related to the method for de fi ning 
the percentage stenosis, different machines, and differences 
in technique. The following is not meant to be a comprehen-

sive review but rather a summary of a few key articles that 
address the variability in diagnostic criteria. They all de fi ned 
percentage angiographic diameter stenosis using the 
NASCET criteria. 

 A consensus group was organized by the Society of 
Radiologists in Ultrasound and made the following recommen-
dations 1  for the ultrasound diagnosis of carotid artery disease 
 [  3  ] . They determined that a PSV of  ³ 125–230 cm/s was consis-
tent with  ³ 50–69% stenosis, and that a PSV > 230 cm/s was 
consistent with the diagnosis of  ³ 70–99% stenosis. Other 
parameters were considered to be helpful in certain situations 
where PSV may be inaccurate (e.g., the presence of contralat-
eral high-grade stenosis or occlusion, discrepancy between 
visual assessment of the carotid plaque and the ICA PSV, low 
cardiac output, or hyperdynamic cardiac state). An EDV of 
 ³ 40 cm/s and an ICA/CCA PSV ratio of  ³ 2 were consistent 
with 50–69% stenosis, and an EDV of  ³ 100 cm/s and a ratio of 
 ³ 4 were consistent with 70–99% stenosis. 

 AbuRahma et al.  [  4  ]  evaluated the accuracy of the consen-
sus criteria and noted that an angiographic stenosis of 50–69% 
was detected with a sensitivity of 93%, speci fi city of 68%, 
and overall accuracy of 85% for a PSV of 125–230 cm/s. For 

   1     First, all internal carotid artery (ICA) examinations should be 
 performed with grayscale, color Doppler, and spectral Doppler US. 
Second, the degree of stenosis determined at grayscale and Doppler 
US should be strati fi ed into the categories of normal (no stenosis), 
less than 50% stenosis, 50 to 69% stenosis,  ³ 70% stenosis to near 
occlusion, near occlusion, and total occlusion. Third, ICA peak sys-
tolic velocity (PSV) and the presence of plaque on grayscale and/or 
color Doppler images are primarily used in the diagnosis and grading 
of ICA stenosis. Two additional parameters (the ICA-to-common 
carotid artery PSV ratio and ICA end diastolic velocity) may also be 
used when clinical or technical factors raise concern that ICA PSV 
may not be representative of the extent of disease. Fourth, ICA should 
be diagnosed as normal when ICA PSV is less than 125 cm/second 

and no plaque or intimal thickening is visible, less than 50% stenosis 
when ICA PSV is less than 125 cm/second and plaque or intimal 
thickening is visible, 50 to 69% stenosis when ICA PSV is 125 to 230 
cm/second and plaque is visible,  ³ 70% stenosis to near occlusion 
when ICA PSV is more than 230 cm/second and visible plaque and 
lumen narrowing are seen, near occlusion when there is a markedly 
narrowed lumen on color Doppler US, and total occlusion when there 
is no detectable patent lumen on grayscale US and no  fl ow on spec-
tral, power, and color Doppler US. Fifth, the  fi nal report should dis-
cuss velocity measurements and grayscale and color Doppler  fi ndings. 
Study limitations should be noted when they exist. The conclusion 
should state an estimated degree of ICA stenosis as re fl ected in these 
categories  [  3  ] .    
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  Fig. 18.1    Variability of measurements of PSV by three 
ICAVL-accredited technologists from an in vitro  fl ow model       
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detecting a  ³ 70% stenosis, a PSV of >230 cm/s had a sensi-
tivity of 99%, speci fi city of 86%, and overall accuracy of 
95%. For detecting any grade of stenosis, ICA PSV was 
signi fi cantly better than end diastolic velocity (EDV) or ICA/
CCA ratio. Adding the EDV values or the ratios to the PSV 
values did not improve accuracy. The accuracy of detecting a 
50–69% stenosis was improved by using an ICA PSV of 
140–230 cm/s rather than 125–230 cm/s. 

 Braun et al. also noted that when the consensus criteria 
were used in their patient population, the accuracy was simi-
lar to the consensus panel report. A cutoff of 230 cm/s was 
very accurate; however, a PSV  ³  240 cm/s was slightly more 
accurate in their laboratory  [  5  ] . They agreed that other 
parameters (EDV, ICA/CCA PSV ratio, and ICA/CCA EDV 
ratio) only needed to be used in borderline situations. 

 Shaalan et al. concluded that a >50% stenosis was opti-
mally detected with a PSV  ³  155 cm/s and an ICA/CCA ratio 
of  ³ 2.0. For  ³ 80% stenosis, a PSV of  ³ 370 cm/s, an EDV of 
 ³ 140 cm/s, and an ICA/CCA ratio of  ³ 6 were equally reli-
able in the diagnosis  [  5,   6  ] . 

 In a meta-analysis  [  7  ] , an angiographic stenosis of  ³ 50% 
was identi fi ed with a peak systolic velocity  ³ 130 cm/s [sen-
sitivity of 98% (95% con fi dence intervals [CI] of 97–100%) 
and speci fi city of 88% (95% CI, 76–100%)]. For the diagno-
sis of angiographic stenosis of  ³ 70%, a peak systolic veloc-
ity  ³ 200 cm/s has a sensitivity of 90% (95% CI, 84–94%) 
and a speci fi city of 94% (95% CI, 88–97%). 

 These diagnostic criteria provide an excellent guide to 
individual laboratories; however, in general, it is best prac-
tice to have an ongoing quality assurance program to verify 
the accuracy of the velocity criteria in your patient popula-
tion and with your machines and ultrasound techniques.  

   Clinical Situations Affecting 
PSV Measurements 

   Contralateral Stenosis 

 Flow velocity can be increased because of a contralateral 
carotid stenosis; hence, velocity criteria may overestimate 
the severity of stenosis. This is particularly problematic when 
the contralateral artery is severely stenosed or occluded. 
Heijenbrok-Kal et al. normally use a PSV threshold of 
230 cm/s for the diagnosis of 70–99%  [  8  ] . However, they 
found that accuracy was improved by using separate PSV 
velocities for ipsilateral and contralateral carotid arteries. 
Speci fi cally, for diagnosing a 70–99% stenosis, the optimal 
PSV threshold for the ipsilateral artery was 280 cm/s, and for 
the contralateral artery, 370 cm/s. Severe contralateral carotid 
stenosis is a common cause of a false-positive test, i.e., 
reporting an ipsilateral carotid stenosis as severe when it is in 
fact less severe.  

   Error After Previous Endarterectomy, 
Patch, or Stent 

 Patients who have previously had a carotid endarterectomy 
with or without patch angioplasty or a carotid stent may 
develop a recurrent stenosis. Current velocity criteria overes-
timate the severity of these stenoses after carotid endarterec-
tomy with patch closure  [  9  ]  or after carotid stenting  [  10,   11  ] . 
Higher velocity criteria need to be adopted.  

   Very Severe Carotid Stenosis Versus 
Complete Occlusion 

 Peak systolic velocity increases as the severity of the stenosis 
increases. However, when the stenosis severity is very severe 
(95–99%), the velocity begins to fall. Preocclusive lesions 
are associated with only “trickle  fl ow,” and the velocity may 
be <40 cm/s  [  12  ] . 

 A total occlusion is diagnosed when there is no detectable 
patent lumen on gray scale US and no  fl ow on spectral, 
power, and color Doppler US  [  3  ] . Note that it can be very 
dif fi cult to be certain if an artery is occluded or very severely 
stenosed with trickle  fl ow even if all ultrasound modalities 
are used. Since the distinction can have major therapeutic 
implications, if the results of the ultrasound are uncertain, it 
is best to report that the artery is either very severely stenosed 
(trickle  fl ow) or completely occluded.  

   Gender 

 PSV velocity in women averages 10% higher than in men 
 [  13  ] . They showed that the optimal PSV for  ³ 60% stenosis 
was 160 cm/s for men and 180 cm/s for women, and for  ³ 70% 
stenosis was 185 cm/s for men and 202 cm/s for women. 
Although gender is not often considered in interpreting a 
carotid Doppler examination, this study indicates that gender 
potentially has important implications for patient care.  

   Cardiac Output 

 PSV may be lower if the cardiac output is low or higher in 
hyperdynamic situations.   

   Failure to De fi ne Percentage Severity 
of Stenosis 

 There is disagreement on the de fi nition of a percentage 
stenosis. Grading of the severity of a carotid stenosis is com-
plex for several reasons. Although most express the severity 
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of a stenosis as a percentage diameter reduction, some still 
consider the percentage area stenosis as most appropriate 
because the change in cross-sectional area in fact determines 
the increase in velocity. 

 In de fi ning a stenosis based on diameter reduction, the 
numerator is the diameter at the site of the maximum carotid 
stenosis. The denominator has been de fi ned differently in the 
two major randomized carotid surgery studies. The North 
American Symptomatic Carotid Endarterectomy Trial 
(NASCET) de fi nition uses the diameter of the normal distal 
internal carotid artery as the denominator, whereas the 
European Carotid Surgery Trial (ECST) uses the estimated 
diameter of the bulb. Table  18.1  shows a comparison of per-
centage diameter stenosis calculated by the NASCET and 
ECST de fi nitions.  

 In an audit of vascular laboratories in the United Kingdom, 
Walker and Naylor noted that 26% used the NASCET mea-
surement method, 31% used the ECST method, and 43% did 
not know  [  14  ] . To overcome confusion caused by two grad-
ing systems, the NASCET de fi nition is suggested.  

   Angle of Insonation Incorrect 

 One drawback of Doppler-based blood velocity measure-
ments is that the operator must manually specify the angle 
between the Doppler ultrasound beam and the artery. Using 
Doppler ultrasound, velocity is calculated from the follow-
ing: (1) the frequency shift (i.e., the difference between the 
frequency transmitted by the ultrasound machine and the 
returned frequency which may be higher or lower if it is 
re fl ected by moving red blood cells), (2) the speed of the 
ultrasound in tissue, and (3) the angle between the ultrasound 
beam and the path of the red blood cells. 

 The technologist subjectively aligns the cursor of the sam-
ple volume in the center of the artery and parallel to the walls 
of the artery and at an angle of 60°. Although angles between 
45 and 60° are considered satisfactory, the most consistent 
results are obtained with an angle of 60° – see below. In mea-
suring the velocity, the largest source of error results from 
errors in accurately aligning the cursor of the sample volume. 

   Technologist Incorrectly Aligns Cursor 

 It is quite easy to make a small error in aligning the cursor to 
be parallel to the artery walls and hence make an error in the 
measurement of the Doppler angle. Figure  18.2  shows 
the errors in the measurement of velocity based on errors in 
the beam/artery angle. Clearly, even quite small errors in 
angle measurement can result in signi fi cant errors in velocity 
measurement and consequently on evaluation of the severity 
of a stenosis. Figure  18.3  shows the PSV measurements that 
would be recorded if the probe/vessel angle is in error. Note 
that relatively small errors in the angle result in signi fi cant 
PSV measurements and errors in the interpretation of the 
severity of stenosis.    

   Error from Different Angles 45–60 

 Beach et al. noted that angle-corrected Doppler velocity 
measurements were higher when higher Doppler examina-
tion angles were used  [  15  ] . Tola and Yurdakul compared the 
velocity measurement obtained at 60° and 45° insonation 
angles  [  16  ] . Even though the measurements were corrected 
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   Table 18.1    Comparison of NASCET and ECST measurements of 
 percentage diameter stenosis   

 NASCET (%)  ECST (%) 

 30  65 
 40  70 
 50  75 
 60  80 
 70  85 
 80  91 
 90  97 

  Based on data from Donnan et al.  [  26  ]   
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for the probe/vessel angle, measurements at 45° were about 
24% lower than at 60°. 

 Transducers use multiple elements to form the beam, and 
consequently there are multiple angles to the  fl ow axis. The 
angle of the middle part of the beam is used to calculate 
velocity. However, because of the multiple angles, there are 
a range of velocities (some lower and some higher than the 
calculated velocity). This geometric spectral broadening may 
result in an overestimation of the velocity. 

 To minimize this error, most recommend using a consistent 
angle of insonation, usually 60°. Although a smaller angle, for 
example, 45°, will result in smaller errors in velocity estimation, 
most use 60°. Most critically, it is important to use a consistent 
angle and validate the results in each vascular laboratory.  

   Actual Flow Vector Is Not Parallel to Walls 

 In calculating velocity, the angle is that between the ultra-
sound beam and the axis of  fl ow. However, this cannot be 
determined in a clinical situation, and consequently the sam-
ple volume is positioned so that it is parallel to the side walls 
of the artery on the assumption that the  fl ow direction is par-
allel to the walls. However, it is important to note that the 
 fl ow may not be parallel to the walls in certain circumstances, 
for example, in a tortuous, kinked, or coiled artery or beyond 
an asymmetrical stenosis. In these cases, it may be impossi-
ble to measure an accurate PSV.  

   Beam and Sample Volume Positioned Close 
to the Ends of the Transducer 

 The most consistent measurements of PSV will be obtained 
with the beam and sample volume positioned in the center 
of the transducer rather than at the ends of the transducer. 

Multiple elements from the transducer are used to produce 
the beam, and the angle of insonation is calculated 
from the center of the beam. When the beam is positioned 
near the end of the transducer, fewer elements may be used 
to produce the beam than when the beam is positioned in 
the center of the image. With more active elements, the 
angle of some of the elements will be signi fi cantly greater 
than the mean angle used to calculate the PSV, and the 
measured velocity will be higher than obtained when fewer 
elements are used near the edge of the transducer. Using a 
consistent beam position along the transducer minimizes 
these errors.   

   Sample Volume Is Positioned Incorrectly 

   Peak Velocity Not at Stenosis 

 Positioning the Doppler sample volume in the throat of a 
stenosis is important in order to obtain accurate and repro-
ducible measurements of PSV that can quantify the severity 
of the stenosis. We showed that the  fl ow  fi eld is complex at 
and beyond a stenosis  [  17  ] . The peak frequency is maximum 
within the throat of the stenosis and returns to the prestenotic 
value within  fi ve tube diameters distal to the stenosis. Hence, 
reproducible peak velocity measurements are obtained only 
if the Doppler sample volume is positioned at or very near 
the throat of the stenosis. Figure  18.4  shows that the PSV is 
maximum in the throat of the stenosis and quickly falls distal 
to the stenosis. Figure  18.5  illustrates these observations in a 
clinical example.   

 The most reproducible recordings are made with the 
sample volume in the center of the vessel; however, if the 
stenosis is asymmetrical, the sample volume may need to 
be positioned off the center axis where the  fl ow velocity is 
maximum.   
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   Confusing ICA and ECA 

 The ICA and the external carotid artery (ECA) are distin-
guished based on the following factors. 

   Anatomical Location 

 The common carotid artery normally divides at the level of 
the hyoid bone, but the bifurcation may be higher or lower. 
The ICA is somewhat dilated at its origin (i.e., carotid bulb 
or sinus). It lies posterior to and lateral to the ECA. It does 
not have branches except in very rare cases. The ECA takes 
a more super fi cial and slightly curved course, passes upward 
and forward, and then inclines backward into the space 
behind the neck of the mandible. 

 On ultrasound, if the transducer is directed medially, the 
internal carotid artery is identi fi ed deep to the sternomastoid 
muscle, the jugular vein, and the external carotid artery.  

   Branches 

 The ECA has branches, whereas the ICA does not have 
branches except in very rare cases (see below).  

   Temporal Artery Tap 

 Although it is not a perfectly reliable test, if the temporal 
artery (a branch of the ECA) is tapped at the level of the 
zygomatic arch just anterior to the external ear and Doppler 
recordings are made from the ICA and ECA arteries, 
 fl uctuating signals corresponding to the taps are seen in the 
ECA Doppler recordings (Fig.  18.6 ), whereas the taps are 
less prominent or absent in the ICA  [  18  ] . When the oscilla-
tions are recorded only in one of the branches, it clearly 
identi fi es the ECA.   

   Doppler Recordings 

 In normal cases, the ICA Doppler recordings show signi fi cant 
 fl ow during diastole by comparison to the ECA which has 
higher resistance and has low  fl ow velocity during diastole. 
When the ICA is stenosed or occluded, the ECA can provide 
collateral  fl ow to the brain, and the morphology of the ECA 
recording can re fl ect low resistance  fl ow and be confused 
with the morphology of the ICA waveform. Because the 
ECA has low  fl ow during diastole, color Doppler recordings 
show a  fl icker or no  fl ow in the ECA during diastole.  

The peak velocity falls a
few diameters
downstream from site of
maximum stenosis

For peak velocity –
Recording must be
made at the site of
maximum stenosis

  Fig. 18.4    Diagram illustrating that 
the maximum PSV is measured in 
the throat of the stenosis, and distal 
to the stenosis, the PSV returns to 
normal within about  fi ve vessel 
diameters       

  Fig. 18.5    Clinical example 
illustrating that ( a ) the PSV is 
maximum at the stenosis and is 
lower beyond the stenosis ( b  and  c )       
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   Congenital Abnormalities 

 Carotid ultrasound studies may be dif fi cult to interpret if 
there are abnormalities of the ICA including tortuosity, 
kinking, coiling, hypoplasia, aplasia, aberrant location, 
and anomalous branches that originate from the ICA such 
as the ascending pharyngeal or occipital arteries  [  19–  21  ] . 
Very rarely, the common carotid artery may continue as 
the internal or external carotid without dividing, or the 
common carotid may be absent and the internal and/or 
external carotid arteries may originate from the aortic 
arch.   

   Vessel Calci fi cation and Shadowing 
Obscures Lesions 

 Acoustic shadowing causes diagnostic problems because it 
may be impossible to obtain an appropriate Doppler signal 
and record the maximum PSV from the site of the maximum 
stenosis (Fig.  18.7 ). Furthermore, shadowing prevents accu-
rate qualitative evaluation of the morphology of a stenosis 
from the B-scan.  

   Mirror Image Artifacts 

 Artifacts have been described that lead to diagnostic prob-
lems in evaluating the morphology of stenoses and plaques 
from the B-scan image. Mirror image artifacts are present 

when a tissue structure is reproduced at an incorrect location 
in the B-scan image. See Fig.  18.8 .  

 The mechanism results when a structure has a strongly 
re fl ective interface. The ultrasound signal is re fl ected 
back toward the transducer from a tissue interface when 
there is a difference in the acoustic impedance between 
the two tissues. In the B-scan image or color  fl ow image, 
an artifact can occur when the strongly re fl ecting surface 
is further re fl ected by other strongly re fl ecting surfaces 
(e.g., at the skin/gel interface or another strongly 
re fl ective tissue interface) and is then reproduced at an 
incorrect location in the B-scan image. The repeated 
image is always deeper than the real image and is less 
distinct. 

  Fig. 18.6    Temporal artery tap. 
Fluctuating signals are recorded 
from the ECA when the temporal 
artery is tapped       

  Fig. 18.7    Acoustic shadowing obscures the severe stenosis and 
 prevents recording of the PSV at the site of the maximum stenosis       
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 During carotid ultrasound evaluation, Arning et al. noted 
that mirror image artifacts were detectable in 2.5% of 
stenosed vessels and could result in misinterpretation of the 
plaque morphology  [  22  ] . Mirror image artifacts were detect-
able in stenosed vessels when there were strongly re fl ecting 
plaques on the vessel wall distant to the transducer head that 
were insonated obliquely. The artifacts were noted in regions 
that were hypoechoic or anechoic on B-mode scans. The arti-
fact appeared in both the longitudinal and the transverse pro-
jections and also occurred in the power Doppler and in pulsed 
Doppler modes. 

 Mirror image artifacts can mimic ulceration in plaques or 
simulate  fl ow when the artery is actually occluded. However, 
with experience, most of these artifacts can be recognized 
and should not affect diagnostic accuracy.  

   Refraction 

 Refraction occurs when an ultrasound beam passes through a 
boundary between two tissues that have different propaga-
tion speeds. This may result in misregistration of both the 
image and the Doppler sample volume.  

   Errors Due to Automated Measurement 

 It is usually convenient to use automated measurements to re -
cord PSV and other velocities. Although manual  measurement 

may be more time-consuming, nonetheless, to prevent errors, 
manual measurement is important if the Doppler signal is 
weak or background noise is high (i.e., a poor signal to noise 
ratio) or if Doppler signals from other vessels overlap the 
carotid signal.   

   Failure to Obtain Two Views of Stenosis 

 Carotid stenoses are often asymmetrical. Consequently, to 
evaluate the severity of a stenosis from the B-scan image, it 
is important to evaluate the stenoses with both longitudinal 
and transverse images. Figure  18.9  illustrates the diameter of 
a stenosis that can be measured from different longitudinal 
views of a stenosis. It stresses the importance of obtaining 
transverse views as well to con fi rm the severity of stenosis as 
assessed on the B-scan image.   

   Patient Factors 

 In some patients, it is extremely dif fi cult to obtain 
 satisfactory recordings. If the patient is uncooperative and 
moves about during the study, satisfactory recordings may 
be impossible to obtain. The carotid arteries may be tortu-
ous (Fig.  18.10 ), calci fi ed, or congenitally abnormal. In an 
obese patient, resolution can be improved with a lower 
probe frequency.   

47%

39% 80%

  Fig. 18.9    For this 75% area stenosis, the three lines indicate the per-
centage diameter stenosis that would be measured from different longi-
tudinal views: 39%, 47%, and 80%         Fig. 18.8    Mirror image artifacts. A strongly re fl ective layer in the 

back wall is reproduced several times deep to the original layer       
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   Other Diseases That May Be Confused 
with Atherosclerosis 

 Non-atherosclerotic acquired carotid artery lesions include 
trauma, false aneurysm, embolism, carotid body tumors, 
aneurysm,  fi bromuscular dysplasia, Takayasu’s arteritis, and 
arteriovenous  fi stula. The following sections discuss some of 
these pathologies that may cause confusion with the more 
common carotid atherosclerotic occlusive disease. 

   Dissection 

 Internal carotid artery dissection is an increasingly recog-
nized cause of cerebrovascular events. The diagnosis is 

usually established based on characteristic clinical symp-
toms (e.g., pain, focal cerebral symptoms, and Horner’s syn-
drome) and angiographic  fi ndings. However, in patients with 
ischemic cerebral symptoms, ultrasound is quite accurate in 
the hands of experienced laboratories  [  23  ] . The image may 
show a diffusely narrowed lumen, tapering of the artery, 
thickened wall perhaps with evidence of  fl ow in the dissec-
tion channel or a  fl ap, and absence of atherosclerosis. If the 
lesion cannot be visualized in the neck, Doppler recordings 
showing low-frequency alternating  fl ow direction recordings 
may indicate that there is severe distal disease in the distal 
ICA  [  24  ] .  

   Fibromuscular Dysplasia 

 Fibromuscular dysplasia typically affects the medium and 
larger arteries including the renal and internal carotid arteries 
of young and middle-aged women. Patients may present with 
a transient ischemic attack or stroke. Fibromuscular dyspla-
sia may be the basis for stenosis (including a string sign) or 
dissection and may result in aneurysmal dilatation.  

   Takayasu’s Disease 

 Takayasu’s arteritis is an in fl ammation of the aorta and its 
major branches that may result in arterial narrowing or rarely 
aneurysm formation. MR angiography or CT angiography is 
required to evaluate the intrathoracic arteries. Ultrasound can 
detect arterial wall thickening, stenosis, or aneurysm forma-
tion in the carotid and subclavian arteries and may be helpful 
in detecting minor arterial wall thickening at an early stage 
(Fig.  18.11 ). It is useful for distinguishing Takayasu’s dis-
ease from atherosclerotic disease  [  25  ] .    

   Conclusion 

 This chapter reviewed the causes of errors in the 
ultrasound evaluation of the severity of carotid artery 

  Fig. 18.10    Tortuous ICA. Measurement of the correction probe/vessel 
angle may be problematic or impossible       

a b

  Fig. 18.11    Takayasu’s arteritis 
showing thickening of the wall 
and narrowing of the lumen. 
( a ) Longitudinal view. 
( b ) Transverse view       
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disease. Errors may be related to the technologist’s 
technique, patient factors, equipment problems, and/or 
failure to follow appropriate administrative protocols. 
In minimizing errors in interpretation, it is important to 
remember that the certainty of the ultrasound diagnosis 
is increased if data from all modalities is included (i.e., 
velocity measurements, color Doppler, and B-scan). If 
all measurements from all three modalities agree, then 
the likelihood of a correct diagnosis increases. If there 
is no agreement between the different ultrasound meth-
ods, then the accuracy of diagnosis is low and the report 
should re fl ect this uncertainty.      
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 Various noninvasive tests for the evaluation of cerebrovascular 
insuf fi ciency have been described in previous chapters. Most 
forms of noninvasive testing pose less stress and less expense 
to the patient than angiography. While early forms of nonin-
vasive testing depended on the presence of severe disease, 
the current techniques, especially carotid artery imaging, 
demonstrate the opposite characteristic. Carotid imaging is 
able to detect minimal disease that is not  hemodynamically 
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signi fi cant; in fact, overestimation of the degree of stenosis 
in these cases has been a consistent problem. Nevertheless, 
any test intended for screening must have a high degree of 
sensitivity to be used appropriately in the initial assessment 
of disease. Noninvasive assessment, therefore, combines low 
risk, low cost, and high sensitivity. 

 Although we agree that patients should be evaluated by 
careful history and physical examination, our policy tends to 
rely on noninvasive vascular testing as an initial step in the 
diagnosis of carotid artery disease. The results of noninvasive 
tests may also help in obtaining optimal angiograms. An exam-
ple is the patient with noninvasive evidence of severe stenosis 
who has no signi fi cant stenosis demonstrated in standard views 
of the carotid artery bifurcation. The results of the noninvasive 
tests indicate the need for additional projections, and if the 
bifurcation region does not show the expected lesion, there is a 
strong indication for obtaining adequate siphon views. 

 Prior to the advent of digital techniques, standard angio-
grams were routinely used in the evaluation of patients with 
cerebral ischemic attacks in order to determine whether vascu-
lar reconstructive surgery was indicated. Standard angiography 
was of limited clinical value, particularly as a means of diag-
nostic screening in asymptomatic patients, because of prohibi-
tive costs, poor patient acceptance, and the risk of arterial 
catheterization. As a result, noninvasive vascular tests became 
established as the preferred means of diagnostic screening in 
asymptomatic patients because they provided an objective 
method of determining the hemodynamic signi fi cance of 
carotid disease in a safe and relatively cost-ef fi cient manner. 

 Recent studies have questioned the role of arteriography 
as the “gold standard” in the evaluation of carotid artery 
occlusive disease  [  1–  5  ] . Contrast arteriography has also been 
noted to have a 1–4% incidence of neurologic complications 
with about a 1% incidence of stroke reported in the 
Asymptomatic Carotid Atherosclerosis Study (ACAS)  [  6  ] . 
Other complications of arteriography that were reported 
include complications at the arterial puncture site (5%) and 
contrast-induced renal dysfunctions in 1–5%. With this in 
mind, it would be bene fi cial and cost-effective if these 
patients could be safely evaluated without invasive arteriog-
raphy. Color duplex ultrasonography of the carotid arteries, 
computed tomography angiography, and magnetic resonance 
angiography are noninvasive/minimally invasive modalities 
that can detect and grade carotid artery stenosis. The role of 
each modality in the diagnosis of carotid artery disease is 
discussed in detail in Chap.   15    . 

   Asymptomatic Carotid Bruit 

 Carotid bruits may be helpful in detecting carotid artery 
stenosis. Carotid bruits must be differentiated from venous 
hums which are found in one-fourth of young adults or 

cardiac murmurs  [  7  ] . The venous hum typically increases in 
quality with the neck turned away from the auscultated side 
and often disappears with Valsalva maneuver or when patient 
lies down. Meanwhile, there is no de fi nitive way to differen-
tiate a radiated cardiac murmur or bruit originating from 
intrathoracic vessels from a cervical carotid bruit; however, 
cardiac murmurs are more frequently bilateral and more 
audible in the chest and lower neck than in the mid to upper 
neck  [  8,   9  ] . Patients on dialysis can also have cervical bruits 
that radiate into the neck secondary to arteriovenous  fi stula 
placement  [  10  ] . 

 Fell et al.  [  11  ]  reported on 100 patients with 165 asymp-
tomatic carotid bruits. Duplex scanning showed a normal 
internal carotid artery in 12 cases (7%), <50% stenosis in 83 
(50%),  ³ 50% stenosis in 61 (37%), and occlusion in 9 (6%). 
Thus, although the majority of neck bruits were associated 
with some degree of carotid stenosis, only 43% had  ³ 50% 
stenosis, which may justify further workup in selected 
patients. 

 Once a neck bruit is determined to be carotid in origin, the 
next stage is to determine whether this bruit is asymptomatic 
or symptomatic. This can be determined by the presence or 
absence of TIA symptoms or stroke as indicated earlier. It 
should be noted that symptoms referable to the contralateral 
carotid artery, even in the absence of bruit on that side, may 
prompt evaluation of patient for symptomatic carotid steno-
sis on the contralateral side. Carotid bruit may also be absent 
in patients with severe carotid stenosis in 20–35% of patients 
 [  12  ] . To be noted, a previously audible bruit may disappear if 
carotid stenosis progresses to severe/tight stenosis or occlu-
sion. Carotid bruits can also originate from the external 
carotid artery or in patients with an occluded internal carotid 
artery because of increased blood  fl ow in the external carotid 
artery. 

 Several studies have analyzed the signi fi cance of carotid 
bruits. In a subset analysis of the NASCET trial in which the 
presence of carotid bruits was compared with angiographic 
imaging of the carotid system, the presence of focal ipsilat-
eral carotid bruits had a sensitivity of 63% and a speci fi city 
of 61% for high-grade carotid stenosis (70–99%), and the 
absence of a bruit did not signi fi cantly change the probability 
of signi fi cant stenosis in this group of patients (pretest 52%, 
posttest 40%)  [  13  ] . Ratchford et al. found in a diverse group 
of patients that the sensitivity of bruit auscultation was low at 
56% with a speci fi city of 98% and a PPV of 25% and a NPV 
of 99%  [  14  ] . They concluded that prevalence of carotid bruits 
is low in the general population. Also, if bruit is heard in an 
asymptomatic patient, 25% will have a >60% stenosis; how-
ever, the ability to predict plaque by ultrasound was 89%. 

 The absolute risk of stroke is generally increased in the 
presence of carotid bruit. In population-based studies, the 
annual risk of stroke was 2.1% (95% con fi dence interval 
[CI], 0.6–8.5) for persons who had a carotid bruit versus 
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0.86% (95% CI, 0.8–0.9) for those who did not  [  15–  17  ] . This 
represents an absolute risk increase for stroke of 1.24% a 
year and a relative risk for stroke of 2.4. The presence of a 
carotid bruit remained an independently signi fi cant variable, 
with a relative risk of 2.0, even after adjustment for various 
risk factors, including hypertension, age, and sex  [  15  ] . 

 Carotid bruits have also been shown in meta-analysis to 
be a useful indicator of systemic atherosclerosis and a prog-
nostic indicator of myocardial infarction and death  [  18  ] . MI 
and death occurred twice as often in patients with versus 
patients without carotid bruits  [  18  ] . 

 With these facts in mind, and given the low absolute risk of 
stroke in patients with asymptomatic carotid bruits, and the 
low prevalence of surgically relevant signi fi cant carotid steno-
sis in these patients with a relatively small absolute bene fi t of 
CEA, most clinicians pursue further investigations only in 
patients who carry a high risk of carotid stenosis and stroke 
and who also carry a low operative risk for CEA  [  19,   20  ] . 
Further evaluation in these patients should only be done if the 
patients prefer to undergo carotid intervention, whether CEA 
or stenting, otherwise no further evaluation is indicated. 

 As indicated earlier, the ACAS study concluded that 
patients with  ³ 60% stenoses who were treated medically had 
a higher stroke rate over a 5-year period in comparison to 
patients who underwent a CEA. Figure  19.1  summarizes a 
practical approach in patients with asymptomatic carotid 
bruits or nonhemispheric symptoms. After the initial step of 
carotid DUS, if <60% stenosis was detected, it is recom-
mended that the test be repeated in 6–12 months.  

 If stenosis of  ³ 60–99% was detected and the patient is a 
good risk, a magnetic resonance angiogram/CTA can be 
done to complement the  fi ndings of the ultrasound, and if 

con fi rmed, a CEA is recommended for patients at high risk 
for stroke. If the magnetic resonance angiogram/CTA was 
not conclusive or contradicted the ultrasound  fi ndings, then 
angiography may be considered in centers with a minimal 
stroke risk rate from angiography. However, in patients with 
a good quality carotid DUS, an endarterectomy may be con-
sidered based on ultrasound  fi ndings only. Several authori-
ties would not recommend CEA in asymptomatic patients 
unless carotid stenosis exceeds 70–80%. In patients who had 
a good quality ultrasound showing total occlusion, no further 
follow-up is needed. However, if the quality of the ultrasound 
was limited, a magnetic resonance image/CTA is recom-
mended to con fi rm occlusion. 

 Another indication for studying asymptomatic patients is 
to screen patients with advanced coronary artery disease or 
peripheral vascular diseases. Due to the diffuse nature of ath-
erosclerosis, many of these patients have occult carotid bifur-
cation lesions with a resulting increased risk of stroke. This 
type of screening is carried out most often in patients who are 
being considered for cardiac or major peripheral arterial oper-
ations in order to detect carotid stenoses that may substan-
tially increase the risk of intraoperative and postoperative 
stroke. Carotid screening is covered in depth in Chap.   12    .  

   Patients with Atypical or Nonhemispheric 
Symptoms 

 Patients with atypical or nonhemispheric symptoms often 
do not have a clear indication for angiography. Some of 
these patients’ symptoms include dizziness, blackouts, 
bilateral visual disturbances, or bilateral motor or sensory 
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  Fig. 19.1    Management protocol for 
patients with asymptomatic carotid 
bruit or nonhemispheric symptoms. 
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(cerebrovascular disease). For 
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in 12 months.  MRA  magnetic 
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de fi cits. Since a variety of nonvascular causes, such as 
orthostatic hypotension, cardiac arrhythmias, and medica-
tions, may be responsible for these symptoms, noninvasive 
carotid testing is important in identifying these patients 
with hemodynamically signi fi cant carotid stenosis. Our 
management protocol for this group of patients is outlined 
in Fig.  19.1 .  

   Patients with Focal Neurologic De fi cits 
(Transient Ischemic Attacks or Strokes) 

 A major proportion of transient ischemic attacks (TIAs) or 
permanent focal neurologic de fi cits in hemispheric distri-
bution or with amaurosis fugax is caused by embolization 
from ulcerations and atheromatous plaques. Therefore, the 
purpose of carotid screening in patients with hemispheric 
neurologic symptoms is to identify lesions that could be the 
source of cerebral emboli or could reduce cerebral hemi-
spheric blood  fl ow. In the North American Symptomatic 
Carotid Endarterectomy Trial (NASCET) study  [  21  ] , 
carotid endarterectomy was highly bene fi cial for patients 
with recent hemispheric TIAs or mild strokes and >70–
99% and 50–69% stenoses of the ipsilateral  internal carotid 

artery. Based on these results, patients with symptoms of 
severe stenoses of the carotid artery should be treated by 
CEA unless their medical condition makes the risk of sur-
gery prohibitive. Our management protocol for this group 
of patients is outlined in Fig.  19.2 . As noted in Fig.  19.2 , 
the initial step is to obtain a color DUS, and if the study 
is diagnostic and shows <50% stenosis, the patient is 
treated medically (e.g., antiplatelet therapy, statins, and 
risk modi fi cations and repeat color DUS in 12 months). 
If the stenosis is  ³ 50%, the ultrasound is of good quality, 
and the patient has classical focal hemispheric symptoms, 
a CEA can be done based on the carotid DUS  fi ndings 
alone; or MRA/CTA can be done to complement the ultra-
sound  fi ndings, and if the diagnosis is con fi rmed, surgery 
may be considered without angiography. Angiography 
is reserved for patients with a marginal quality DUS or 
magnetic resonance angiogram or in patients with contra-
dictory magnetic resonance angiogram and DUS results. 
If the DUS shows total occlusion and the ultrasound was 
of good quality, no further workup is usually necessary. 
For patients with a DUS that is not diagnostic, magnetic 
resonance angiogram/CTA is done, and if it is diagnos-
tic and the severity of stenosis is established, surgery can 
be done accordingly. If the MRA/CTA is not diagnostic, 
 angiography is recommended.   
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   Speci fi c Duplex Criteria for Speci fi c 
Clinical Situations 

 In choosing our criteria for peak systolic velocity and end 
diastolic velocity, we chose the values that gave the highest 
overall accuracy. However, which criteria to use should 
depend on the “outcome” desired by the clinician. Although 
some surgeons have advocated CEA based on duplex criteria 
alone  [  5,   22,   23  ] , the decision to proceed with an arteriogram 
is based on the duplex  fi ndings in the majority of patients. 
The mortality and morbidity of arteriography vary from 
institution to institution, but can be signi fi cant  [  6,   24  ] . We 
propose that vascular laboratories at institutions with 
signi fi cant mortality and morbidity in relation to carotid arte-
riography use duplex criteria with 95% or greater PPV and 
the best overall accuracy in order to minimize the number of 
patients undergoing unnecessary arteriography (Table  19.1 ). 
These criteria can also be utilized when CEA is performed 
without preoperative arteriography. In those institutions 
where arteriography does not signi fi cantly add to the mortal-
ity and morbidity of the overall treatment of carotid disease, 
we suggest using the criteria described in Table  19.2 . These 
criteria have the highest negative predictive value to ensure 
that only a minimum number of patients with equal to or 
greater than 60% or 70% stenoses are missed.   

 A duplex classi fi cation was proposed by us which would 
consist of lesions <30% stenosis,  ³ 30–49% stenosis,  ³ 50–
59% stenosis,  ³ 60–69% stenosis, and  ³ 70% stenosis. This 
new duplex classi fi cation would  fi t into the existing trials 
[NASCET, ACAS, and Veteran’s Administration Cooperative 
Study (VA)], and may be of bene fi t as new conclusions are 
released  [  25  ] . By reporting results using these criteria, the 

clinician will be better able to make decisions regarding the 
need for CEA or arteriogram based on the risks and bene fi ts 
for individual patients. With the added risks of arteriography, 
decisions to operate would be better based on duplex  fi ndings 
alone. Having PPVs of 90–97% and accuracies of 87–93% 
can eliminate many unnecessary arteriograms. For those vas-
cular laboratories who may be using the consensus duplex 
criteria, speci fi c velocities can be used accordingly, as indi-
cated in Chap.   7    . 

 It is important to note that the data obtained by individual 
vascular laboratories will vary as a result of differences in 
equipment, abilities, and consistencies of vascular techni-
cians and reader interpretations  [  25  ] . Therefore, each labora-
tory must adapt a method that employs the equipment they 
use and validate their method when using proposed new 
duplex criteria.  

   Intraoperative Duplex Ultrasound Assessment 
of Carotid Endarterectomy 

 Intraoperative use of the B-mode ultrasound imaging system 
for completion evaluation of the CEA has been advocated by 
Sigel et al.  [  26  ]  The development of smaller scanning heads 
and probes together with techniques of sterilization has made 
this application feasible. The ultrasound examination can be 
performed quickly and, unlike angiography, requires no 
delay for  fi lm processing. Nor is it necessary to inject con-
trast material. Angiography is also associated with the risks 
of subintimal injections, thromboembolic complications, and 
allergic reactions. 

   Table 19.1    Selected optimal criteria with best PPV ( ³ 95%) and over-
all accuracy in detecting  ³ 60–99% and 70–99% ICA stenosis   

 PPV 
(%) 

 Overall 
accuracy 
(%) 

 Sensitivity 
(%) 

 Speci fi city 
(%) 

 NPV 
(%) 

  Best PPV for  ³  60% ICA stenosis  

 ICA PSV  ³  220 cm/s  96  82  64  98  76 

 ICA EDV  ³  80 cm/s  96  87  79  97  84 

 ICA/CCA PSV 
ratio  ³  4.25 

 96  71  41  99  65 

 ICA PSV and EDV 
150 and 65*    

 96  90  82  97  86 

  Best PPV for  ³    70% ICA stenosis  

 ICA PSV  ³  300 cm/s  97  80  48  99  76 

 ICA EDV  ³  
110 cm/s* 

 100  91  75  100  87 

 ICA/CCA PSV  ³  
none 

 –  –  –  –  – 

 ICA PSV and EDV 
150, 110* 

 100  91  75  100  87 

    * These values have the best PPV and overall accuracy  

   Table 19.2    Selected optimal criteria with best NPV ( ³ 95%) and over-
all accuracy in detecting  ³ 60–99% and 70–99% ICA stenosis   

 NPV 
(%) 

 Overall 
accuracy 
(%) 

 Sensitivity 
(%) 

 Speci fi city 
(%) 

 PPV 
(%) 

  Best NPV for  ³  60% ICA stenosis  

 ICA PSV  ³  135 cm/
s a  

 99  80  99  64  71 

 ICA EDV – none  –  –  –  –  – 
 ICA/CCA PSV 
ratio  ³  1.62 

 95  71  97  47  62 

 ICA PSV and EDV 
– none 

 –  –  –  –  – 

  Best NPV for  ³  70% ICA stenosis  
 ICA PSV >150 cm/s a   99  80  99  69  65 

 ICA EDV  ³  60 cm/s  96  83  94  77  71 

 ICA/CCA PSV  ³  
none 

 –  –  –  –  – 

 ICA PSV and EDV 
– none 

 –  –  –  –  – 

   a These values have the best NPV and overall accuracy  

http://dx.doi.org/10.1007/978-1-4471-4005-4_7
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 Despite careful operative techniques, certain vascular 
defects can be missed, for example, intimal  fl aps, luminal 
thrombus/platelet aggregation, and stricture, that occur in the 
course of carotid repair (Fig.  19.3 ). These defects can escape 
visual inspection and palpation of the repair. If these defects 
are left undetected, they can result in stroke secondary to 
thrombus formation, platelet aggregation, or arterial throm-
bosis, or they may result in postoperative recurrent carotid 
stenoses. Blaisdell et al. reported the fallibility of clinical 
assessment by routine completion angiography, which 
revealed unsuspected defects in 25% of cases  [  27  ] . A num-
ber of investigators have subsequently con fi rmed the obser-
vations of Blaisdell et al. by using angiography, alone or in 
combination with various ultrasound techniques, such as 
continuous-wave Doppler examination, pulse Doppler spec-
tral analysis, or duplex ultrasonography. Intraoperative mon-
itoring has consistently documented severe defects in the 
internal carotid artery (ICA) or the common carotid artery 
(CCA) that warranted immediate correction in approximately 
2–10% of all repairs  [  28–  34  ] . Although the percentage of 
patients with residual repair defects in whom a postoperative 

stroke would develop if the defects were left untreated is not 
known, prudent surgical practice dictates that detection and 
revision of these defects should be done at the primary oper-
ation, since the sequelae of an ICA thrombosis are frequently 
catastrophic.  

 Baker et al.  [  30  ]  reported that recurrent stenoses (>75%) 
developed in 17% of patients with abnormal unrepaired 
CEAs by intraoperative imaging compared with 4.3% in nor-
mal CEAs ( p  < 0.001). This suggests that abnormalities 
detected by intraoperative DUS, if not corrected, may con-
tribute to recurrent carotid stenosis after CEA. Kinney et al. 
 [  31  ]  showed the importance of intraoperative scanning in a 
prospective study of 461 CEAs. They correlated the results 
of intraoperative assessment by clinical inspection, ultra-
sound, or arteriography with an end point of stroke. The CEA 
site was assessed by ultrasound and arteriography in 268 
cases, by ultrasound and Doppler spectral analysis alone in 
142 cases, and with clinical inspection in only 51 cases. 
Based on intraoperative assessment, 26 endarterectomies 
(6%) were revised at the time of the surgery. Perioperative 
morbidity was similar in cases with normal, mildly abnor-
mal, or no ultrasound. There were 12 temporary (3%) and six 
permanent (1%) neurologic de fi cits and six deaths (four 
strokes and two cardiac events). Based on life-table analysis, 
the incidence of >50% ICA stenosis or occlusions was 
increased ( p  < 0.007) in patients with residual  fl ow abnor-
mality or no study. However, patients with normal intraop-
erative studies had a signi fi cantly lower rate of late ipsilateral 
stroke compared with the other patients ( p  = 0.04). The inci-
dence of stroke was increased ( p  = 0.00016) in patients with 
ICA restenosis or occlusion (3 of 35) compared with patients 
without recurrent stenosis (3 of 426) during a mean follow-
up of 30 months. It was concluded that a normal intraopera-
tive duplex scan may prevent recurrent stenosis as well as 
stroke after CEA in the long term. 

 Most authorities rely on imaging or Doppler  fl ow detec-
tion technique to exclude technical defects. The diagnostic 
signal analysis is highly sensitive and speci fi c (>90%), par-
ticularly if pulse Doppler analysis is performed. This tech-
nique is simple, widely available, and relatively inexpensive. 
Although abnormalities of the Doppler  fl ow signal are read-
ily apparent by audible interpretation, quantitative spectral 
analysis is preferable. With  fl ow- and pressure-reducing 
lesions, a spectral broadening is present throughout the pulse 
cycle, and a peak systolic velocity (PSV) exceeding 150 cm/s 
is noted. Visual inspection of velocity spectra and calcula-
tion of PSV can be obtained by a high-frequency pulse 
Doppler probe or duplex scanning, which permits 
classi fi cation of  fl ow patterns into three categories: normal 
 fl ow, mild to moderate  fl ow disturbance, and severe  fl ow dis-
turbance  [  28  ] . When a signi fi cant residual  fl ow abnormality 
is identi fi ed, angiography is usually recommended to delin-
eate the abnormality before reexploration of the repair. 

  Fig. 19.3    The application of Doppler probe to detect defects of a 
repaired internal carotid artery (intimal  fl ap)       
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 Recently, intraoperative duplex ultrasonography has been 
advocated because of its ability to provide both anatomic and 
hemodynamic information  [  32–  35  ] . Improvements in linear 
ray scan head design and electronic signal processing, includ-
ing color-coded velocity display, have made duplex scanning 
feasible in the operating room and an ideal modality for 
intraoperative assessment of CEA. Duplex scanning has an 
advantage over Doppler  fl ow analysis alone, in that the struc-
ture of the anatomic defects associated with severe  fl ow dis-
turbance can usually be determined. B-mode imaging is 
sensitive in detecting small intimal defects in  fl aps; however, 
most authorities have not repaired these minor lesions, and 
the outcome of the procedure has not been adversely 
in fl uenced  [  34  ] . 

 A comparison of intraoperative and early postoperative 
duplex  fi ndings after CEA indicated that a majority of these 
abnormalities identi fi ed by duplex scanning within 
3–6 months of CEA represent residual rather than recurrent 
stenoses  [  33  ] . 

 Recently, Ascher et al.  [  36  ]  reported on the value of intra-
operative carotid artery duplex scanning in a modern series of 
650 consecutive primary endarterectomy procedures (April 
2000–April 2003). Major technical defects at intraoperative 
duplex scanning (>30% luminal ICA stenosis, free- fl oating 
clot, dissection, arterial disruption with pseudoaneurysm) 
were repaired. CCA residual disease was reported as wall 
thickness and percent stenosis (16–67%; mean 32% ± 8%) in 
all cases. Postoperative 30-day TIA, stroke, and death rates 
were analyzed. There were no clinically detectable postoper-
ative thromboembolic events in this series. All 15 major 
defects (2.3%) identi fi ed with duplex scanning were success-
fully revised. These included seven intimal  fl aps, four free-
 fl oating clots, two ICA stenoses, one ICA pseudoaneurysm, 
and one retrograde CCA dissection. Diameter reduction 
ranged from 40% to 90% (mean, 67 ± 16%), and peak systolic 
velocity ranged from 69 to 497 cm/s (mean, 250 ± 121 cm/s). 
Thirty-one patients (5%) with the highest residual wall thick-
ness (>3 mm) in the CCA and 19 (3%) with the highest CCA 
residual diameter reduction (>50%) did not have postopera-
tive stroke or TIA. Overall postoperative stroke and mortality 
rates were 0.3% and 0.5%, respectively; combined stroke and 
mortality rate was 0.8%. One stroke was caused by hyperper-
fusion, and the other occurred as an extension of a previous 
cerebral infarct. It was concluded that intraoperative duplex 
scanning had a major role in these improved results because 
it enabled detection of clinically unsuspected signi fi cant 
lesions. Residual disease in the CCA does not seem to be a 
harbinger of stroke or TIA. 

 Color duplex scanning with a 7.5- to 10-MHz linear ray 
transducer has been used for intraoperative studies. 

 These studies are conducted with the transducer covered 
by a sterile disposable plastic sleeve that contains acoustic 
gel (Fig.  19.4 ). The probe is generally positioned in the cer-

vical incision directly over the exposed carotid repair. A ster-
ile solution is instilled into the incision for acoustic coupling. 
As the surgeon scans the arterial repair, the technologist 
adjusts the instrument to optimize the Doppler angle, sample 
volume, color-coded image, and recorded velocity spectra. 
Vessel walls are imaged at 90°, but blood  fl ow patterns 
should be evaluated at Doppler angles of <60°.  

 For CEAs with primary closure, the entire CEA segment 
should be examined with duplex ultrasound. The point in the 
CCA at which the lesion is transected should be examined. 
Normally, this should leave a distinct shelf, which can be 
appreciated on B-mode imaging. This can be easily visual-
ized in both transverse and longitudinal views. The velocity 
data proximal to, in, and distal to the endarterectomy site 
should also be done in longitudinal view, and sampling of the 
PSVs in the endarterectomy site should be obtained. 
Similarly, scanning of the proximal ICA in the bulb and 
beyond it should be done, and attention should be called to 
the point of the transaction of the plaque or the end of the 
plaque distally. The external carotid artery should also be 
examined for the  fi rst few centimeters, looking for residual 
plaques or areas of thrombus. In patients who have CEAs 
closed with a patch, either polytetra fl uoroethylene (PTFE) or 

  Fig. 19.4    Transducer covered by sterile disposal plastic sleeve that 
contains acoustic gel       
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Dacron, it is impossible to scan through the patch itself 
because of the air within the wall of the patch. However, it is 
possible to scan along the side of the artery, either posterior 
or anterior to the patch, which may yield the necessary infor-
mation (Figs.  19.5  and  19.6 ).   

 The limitations of this technique are largely related to 
lack of experience, correct measurement of duplex derived 
 fl ow velocities, recognition of abnormal  fl ow patterns, and 
transducer size. Intraoperative duplex imaging has the fol-
lowing advantages over angiography: comparable or higher 
accuracy, safety, ease of repeated use after reexploration, and 
low cost. Color duplex scanning is also sensitive to varia-
tions in anatomy and minor vascular defects that may alter 
blood  fl ow streamlines. Certain  fl ow patterns produced by 
carotid patch angioplasty should be noted and should not be 
regarded as abnormal. Some authorities have reported vascu-
lar defects in as many as one-third of their repairs, but only 
one-third of these appear to justify reexploration. Further 
details can be seen in Chap.   16    .  

   Intraoperative Monitoring of Carotid 
Endarterectomy with Transcranial 
Doppler Sonography 

 Transcranial Doppler (TCD) sonography has the advantage 
of allowing monitoring of both hemodynamic and embolic 
events, primarily in the middle cerebral artery distribution 
during CEA. One of the common uses of TCD is intraopera-
tive monitoring to determine whether shunting is necessary 
and whether the shunt is malfunctioning  [  37  ] . TCD can be a 
useful indicator that early carotid clamping is necessary if 
multiple emboli were detected  [  37  ] . TCD can also be helpful 
in patients where shunts are not being used since a TCD sig-
nal will give an idea of the  fl ow through the middle cerebral 
artery. The middle cerebral artery cannot be insonated in 
5–15% of patients, most commonly because of the lack of a 

window for Doppler signal penetration of the skull. Severe 
cerebral ischemia is considered present in the  fi rst minute 
after carotid occlusion if the middle cerebral artery velocity 
decreases to 15% of the baseline or lower and mild ischemia 
if it drops to 15–40% of the baseline. An adequate perfusion 
is present if the velocity is >40% of the baseline  [  38  ] . 
Following insertion of the shunt or upon declamping, a brisk 
recovery in middle cerebral artery velocity should be seen, 
usually >80%. Absolute mean velocities of 15 cm/s or even 
30 cm/s have been alternatively suggested. A middle cere-
bral artery velocity of 30 cm/s has correlated roughly with a 
carotid artery stump blood pressure of 50 mmHg. Some 
authorities reported that TCD detects critically low  fl ow that 
results in neurologic de fi cits, even in the absence of electro-
encephalographic changes. The converse is also true: a pro-
nounced drop in mean velocity has been observed in 
conjunction with a normal EEG and no resultant cerebral 
infarction, the cortex surviving from the other cerebral and 
leptomeningeal vessels. 

 In a recent study, Ackerstaff et al.  [  39  ]  concluded that in 
CEA, TCD-detected microemboli during dissection and 
wound closure,  ³ 90% middle cerebral artery velocity 
decrease at cross clamping, and  ³ 100% pulsatility index 
increase at clamp release are associated with operative stroke. 
In combination with the presence of preoperative cerebral 
symptoms and  ³ 70% ipsilateral ICA stenosis, these four 
TCD monitoring variables can reasonably discriminate 
between patients with and without operative stroke. This 
supports the use of TCD as a potential intraoperative moni-
toring modality to alter the surgical technique by enhancing 
a decrease of the risk of stroke during or immediately after 
the operation. 

 TCD can also be used in the postoperative period to detect 
early thrombosis of the carotid artery, continued emboliza-
tion, or the hyperperfusion syndrome. Another useful indica-
tion for TCD monitoring is in the early postoperative period 
since more than one-half of patients develop emboli in the 
 fi rst 3 h after carotid endarterectomy  [  40  ] , and a majority of 
these will stop without further treatment; however, if the 
TCD indicates an increasing number of these emboli, treat-
ment may be necessary (e.g., dextran infusion). TCD can 
also be useful in postoperative monitoring by measuring the 
middle cerebral artery velocities. If these velocities decrease, 
it may indicate compromising of the carotid endarterectomy 
site, meanwhile increasing velocities may be indicative of 
hyperperfusion syndrome. Presently, there is no level 1 evi-
dence that TCD is essential in the routine practice of carotid 
artery surgery. 

 It has been reported that markedly increased mean veloc-
ity (150% of the baseline) may herald an intracranial hemor-
rhage. The use of TCD monitoring during CEA has led some 
surgeons to modify their operative techniques based on hear-
ing a distressing frequency of emboli while operating with 

  Fig. 19.5    Probe scanning position for carotid endarterectomy closed 
with a patch. It is impossible to scan through PTFE patch, but operator 
can scan along the side of artery, either posterior or anterior to the patch       

 

http://dx.doi.org/10.1007/978-1-4471-4005-4_16


24319 Clinical Implications of the Vascular Laboratory in the Diagnosis of Cerebrovascular Insuf fi ciency

  Fig. 19.6    Intraoperative duplex ultrasound of carotid endarterectomy: 
( a ) common carotid artery in gray scale. Note the shelf of the proximal 
end of carotid endarterectomy, ( b ) common carotid artery bifurcation in 

 gray scale , ( c ) internal carotid artery in  gray scale , ( d ) common carotid 
artery with color  fl ow, ( e ) internal carotid artery with patch with color 
 fl ow, ( f ) distal internal carotid artery with color  fl ow       
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the continuously audible TCD. Further details on TCD are 
discussed in Chap.   10    .  

   Patients Who Develop a Neurologic De fi cit 
After Leaving the Operating Room 

 If patients wake up well after CEA and then develop a neu-
rologic de fi cit, emergent reexploration is indicated. If the 
de fi cit proves to be a TIA as symptoms resolve prior to the 
return to the operating room, heparin anticoagulation fol-
lowed by duplex scan is preferred. A thrombosed ICA may 
be treated operatively or medically (anticoagulation), partic-
ularly in patients with dense de fi cits. A patent carotid with-
out apparent pathology is immediately followed by brain 
CT/CTA to identify intracranial hemorrhage or other pathol-
ogy and assess the intracranial vasculature. If negative, oral 
anticoagulation is started. Thromboembolism of inaccessible 
intracranial vasculature has been treated with selective cath-
eterization and lytic therapy, although this is still considered 
investigational. Blood clots found at the endarterectomy site 
are treated by emergency reexploration.  

   Post-carotid Endarterectomy Surveillance 

 Restenosis is a known entity that occurs after CEA and may 
vary between 12% and 36%, but the frequency of restenosis 
varies depending on the diagnostic method used and the fre-
quency of follow-up examinations  [  41–  52  ] . Several studies 
have reported on the value of postoperative carotid duplex 
surveillance, but no consensus has been reached  [  41–  51  ] . The 
advantages that have been cited are detection of signi fi cant 
restenosis prior to the onset of neurologic events, which aids 
in the prevention of potential strokes, and follow-up on the 
contralateral carotid artery to document the development of 
surgically correctable stenosis. Opponents of routine postop-
erative carotid duplex surveillance claim that restenosis is 
benign in nature; therefore, a large number of strokes may not 
be prevented by surveillance  [  44,   45,   47,   48,   51  ] . 

 Despite the high rate of restenosis, symptoms attributed to 
restenoses are rare; therefore, several authorities have sug-
gested that routine surveillance of patients after CEA is not 
ef fi cacious  [  43,   45,   48  ] . 

 Several factors were associated with restenosis: continued 
smoking, small internal carotid artery diameter, operative 
defect detected at intraoperative assessment, and primary 
closure after CEA. Moore et al.  [  53  ]  prospectively deter-
mined the incidence of restenosis using Doppler ultrasound 
follow-up to 5 years in ACAS patients who underwent CEA. 
The aggregate incidence of residual and recurrent carotid 
stenosis for all time intervals was 13%. Early restenosis 
(<2 years) in this group of patients was found in 8% and late 

restenosis in 2%. Of the 136 patients who were felt to have 
restenosis, only 8 (5.9%) underwent reoperation, only one of 
whom was for symptoms. There was also no correlation 
between late stroke and recurrent stenosis. Similarly, Cao 
et al.  [  54  ]  randomized 1,353 who underwent CEA using the 
eversion technique (678) or standard CEA (primary closure 
in 419 and patch closure in 256). The life-table estimate of 
the cumulative risk of restenosis at 4 years was 4% in the 
eversion CEA group and 9% in the standard CEA group. 
Almost all of these patients (98%) were asymptomatic. 

 Mattos et al.  [  45  ]  described their experience with postop-
erative carotid duplex surveillance and found an equal stroke-
free survival at 5 years between patients with and without 
>50% restenosis. In addition, only one of 380 patients suf-
fered a stroke in their study, suggesting a benign clinical 
signi fi cance of recurrent carotid artery stenosis. Mackey 
et al. claim a low rate of clinically signi fi cant restenosis  [  44  ] . 
Their retrospective series of 258 patients (348 arteries) show 
a potential 4% incidence of late strokes, but this included all 
patients who underwent repeat CEA for asymptomatic rest-
enosis. They also noted that the majority of restenoses (53%) 
remained asymptomatic and did not progress to occlusion 
throughout follow-up. Of 10 documented late occlusions, 
eight did not result in stroke. Eight patients with operable 
restenosis had TIAs and underwent reoperation. They found 
that even patients with 75–99% restenosis most often 
remained asymptomatic (37%) or had TIAs (32%). Only two 
(11%) of 19 patients with 75–99% restenosis had an unher-
alded stroke. They felt that postoperative carotid duplex sur-
veillance was not justi fi ed due to the low incidence of 
symptomatic restenosis. 

 In spite of these  fi ndings, investigators have been reluc-
tant to advise that postoperative carotid duplex surveillance 
be abandoned because the cost-effectiveness of this surveil-
lance has not been formally investigated. Others have 
reported that high-grade stenosis (>75%), whether caused by 
myointimal hyperplasia of the CEA site or progressive ath-
erosclerosis of the contralateral carotid artery, is associated 
with an increased risk of late stroke  [  31,   51  ] . 

 Ouriel et al. reported an 11% incidence of restenotic 
lesions greater than 80%. Although the incidence of symp-
toms with restenotic lesions was low (12%), the onset of 
symptoms at the time of occlusion was signi fi cant  [  46  ] . 
Forty-two percent of patients became symptomatic at the 
time of occlusion, with 33% resulting in a stroke. This led to 
the observation that critical restenoses are precursors to 
stroke, even if asymptomatic, and, therefore, the detection of 
>80% restenosis allows future stroke prevention if operative 
intervention is undertaken  [  46  ] . Mattos et al. also described 
the outcome for >80% restenosis. In their group, one of three 
patients with >80% restenosis suffered a stroke, one had a 
TIA, and one remained asymptomatic. This suggests a more 
serious course once restenosis reaches >80%  [  45  ] . 
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 So far, a consensus has not yet been reached in the surgi-
cal literature regarding the usefulness, cost-effectiveness, or 
timing of postoperative carotid duplex surveillance.  

   Timing of Postoperative Carotid 
Duplex Surveillance 

 Several authors have recommended an initial surveillance 
duplex on the operative carotid system within the  fi rst 
6 months  [  42,   45–  47,   51  ]  to detect residual stenosis from the 
operative procedure or early restenosis  [  46  ] . For example, 
Roth et al.  [  51  ]  recently recommended an initial DUS to 
ensure a technically successful CEA, with subsequent post-
operative carotid duplex surveillance at 1–2 years, as long as 
restenosis and contralateral stenoses remain <50%. More fre-
quent follow-up (every 6 months) is warranted if >50% steno-
sis is noted, or with the onset of symptomatic disease  [  51  ] . 

 Several studies have reported that the majority of rest-
enoses occurs during the  fi rst 1–2 years after CEA. Mattos 
et al.  [  42  ]  noted that 70% of restenoses were detected within 
1 year after the CEA, and 96% developed within 15 months. 
Thomas et al.  [  41  ]  reported that 70% of restenoses in their 
study occurred within 1 year of the CEA. Similar observa-
tions were noted by us previously  [  49  ] . 

 Ricco et al.  [  55  ]  reported on the need for follow-up duplex 
scan 1 year after CEA was performed with prosthetic patch-
ing and intraoperative completion arteriography. A total of 
605 CEA procedures with prosthetic patch closure and intra-
operative completion arteriography were performed in 540 
patients. All patients underwent duplex scan at 4 days and 
then yearly after the procedure. Intraoperative completion 
arteriography showed abnormalities in 114 cases, including 
17 involving the ICA and 73 involving the external carotid 
artery. Successful revision was achieved in all cases and 
con fi rmed by repeat arteriography. Postoperative duplex 
scans at 4 days detected three abnormalities involving the 
ICA (0.5%), including asymptomatic occlusion in one case 
and residual stenosis >50% in two cases. Ninety-eight per-
cent of patients were stenosis-free at 1 year. Actuarial stroke-
free survival was 98.3% at 3 years. Diameter reduction of the 
contralateral carotid artery progressed over 70% within 
1 year after CEA in 22.9% of patients with contralateral 
carotid stenosis over 50% at the time of the initial interven-
tion. The  fi ndings of this study indicate that duplex scan 
follow-up 1 year after CEA with intraoperative completion 
arteriography is unnecessary unless postoperative duplex 
scan demonstrates residual stenosis of the ICA. However, 
duplex scan at 1 year is bene fi cial for patients presenting 
with contralateral carotid artery disease with diameter reduc-
tion >50% at the time of CEA. 

 Lovelace et al.  [  56  ]  conducted a study on optimizing 
duplex follow-up in patients with an asymptomatic ICA 

stenosis of <60%. All patients who underwent initial carotid 
duplex examination for any indication since January 1, 1995, 
with at least one patent, asymptomatic, previously nonoper-
ated ICA with <60% stenosis; with 6 months or greater 
follow-up; and with one or more repeat duplex examinations 
were entered into the study. On the basis of the initial duplex 
examination, ICAs were classi fi ed into two groups: those 
with a PSV <175 cm/s and those with a PSV of 175 cm/s or 
more. Follow-up duplex examinations were performed at 
varying intervals to detect progression from <60% to 
60–99%. A total of 407 patients (640 asymptomatic ICAs 
with <60% stenosis) underwent serial duplex scans (mean 
follow-up, 22 months). Three ICAs (0.5%) became symp-
tomatic and progressed to 60–99% ICA stenosis at a mean of 
21 months, whereas four other ICAs occluded without stroke 
during follow-up. Progression to 60–99% stenosis without 
symptoms was detected in 46 ICAs (7%) (mean, 18 months). 
Of the 633 patent asymptomatic arteries, 548 ICAs (87%) 
had initial PSVs <175 cm/s and 85 ICAs (13%) had initial 
PSVs of 175 cm/s or more. Asymptomatic progression to 
60–99% ICA stenosis occurred in 22 (26%) of 85 ICAs with 
initial PSVs of 175 cm/s or more, whereas 24 (4%) of 548 
ICAs with initial PSVs <175 cm/s progressed ( p  < 0.0001). 
The Kaplan–Meier method showed freedom from progres-
sion at 6 months, 12 months, and 24 months was 95%, 83%, 
and 70%, respectively, for ICAs with initial PSVs of 175 cm/s 
or more versus 100%, 99%, and 95%, respectively, for ICAs 
with initial PSVs <175 cm/s ( p  < 0.0001). 

 They concluded that patients with <60% ICA stenosis and 
PSVs of 175 cm/s or more on initial duplex examination are 
signi fi cantly more likely to progress asymptomatically to 
60–99% ICA stenosis, and progression is suf fi ciently fre-
quent to warrant follow-up duplex studies at 6-month inter-
vals. Patients with <60% ICA stenosis and initial PSVs 
<175 cm/s may have follow-up duplex examinations safely 
deferred for 2 years.  

   Cost-Effectiveness of Postoperative Carotid 
Duplex Surveillance 

 There have been reports that postoperative carotid duplex sur-
veillance is not cost-effective since there is such a low inci-
dence of symptomatic restenosis. Patel et al. evaluated the 
cost-effectiveness of postoperative carotid duplex surveillance 
 [  50  ] . They concluded that postoperative carotid duplex sur-
veillance after CEA has an unfavorable cost-effectiveness 
ratio. In the process of their analysis, they identi fi ed a subset 
of patients in which postoperative carotid duplex surveillance 
may be cost-effective. These included patients in whom the 
rate of progression to >80% stenosis exceeded 6% per year. In 
their analysis, they felt that some groups of patients could 
potentially have a rate of disease progression that approaches 



246 A.F. AbuRahma

or exceeds the level at which postoperative carotid duplex sur-
veillance becomes cost-effective. Some of these include 
patients with multiple risk factors, for example, smoking, 
hypertension, hyperlipidemia, diabetes mellitus, coronary 
artery disease, female gender, and young age. In addition, they 
concluded that with postoperative carotid duplex surveillance, 
the rate of carotid artery occlusion could be reduced by 15% 
per year. Our evaluation of the cost of postoperative carotid 
duplex surveillance agrees with these conclusions. Three hun-
dred and ninety-nine CEAs were randomized into 135 with 
primary closure, 134 with PTFE patch closures, and 130 with 
vein patch closures and followed for a mean of 47 months. 
Postoperative carotid duplex surveillance was done at 1, 6, and 
12 months and every year thereafter (a mean of 4.0 studies/
artery). A Kaplan–Meier analysis was used to estimate the rate 
of  ³ 80% restenosis over time and the time frame of progres-
sion from <50% to 50–79% and  ³ 80% stenosis. 

 Greater than or equal to 80% restenosis developed in 24 
(21%) with primary closure and 9 (4%) with patching. A 
Kaplan–Meier estimate of freedom from 50% to 79% rest-
enosis at 1, 2, 3, 4, and 5 years was 92%, 83%, 72%, 72%, 
and 63% for primary closure and 99%, 98%, 97%, 97%, and 
95% for patching. A Kaplan–Meier estimate of freedom 
from  ³ 80% restenosis at 1, 2, 3, 4, and 5 years was 92%, 
83%, 80%, 76%, and 68% for primary closure and 100%, 
99%, 98%, 98%, and 91% for patching ( p  < 0.01). 

 Out of 56 arteries with 20–50% restenosis, 2/28 patch clo-
sures and 10/28 primary closures progressed to 50–<80% 
restenosis ( p  = 0.02) and 0/28 patch closures and 6/28 pri-
mary closures progressed to  ³ 80% ( p  = 0.03). In primary clo-
sures, the median time to progression from <50% to 50–79%, 
<50% to  ³ 80%, and 50–79% to  ³ 80% was 42, 46, and 
7 months, respectively. Of the 24 arteries with  ³ 80% resteno-
sis in primary closures, 10 were symptomatic. Thus, assum-
ing that symptomatic restenosis would have undergone 
duplex examinations anyway, there were 14 asymptomatic 
arteries (12%) that could have been detected only by postop-
erative carotid duplex surveillance (estimated cost of 
$139,200) and would have been candidates for redo CEA. Of 
the nine arteries with patch closures (three PTFE and six vein 
patch closures) with  ³ 80% restenosis, six asymptomatic 
arteries (four vein patch closure and two PTFE, 3%) could 
have been detected by postoperative carotid duplex surveil-
lance. In patients with a normal duplex at the  fi rst 6 months, 
only 4/222 (2%) patched arteries (two asymptomatic) devel-
oped  ³ 80% restenosis versus 5/13 (38%) in patients with 
abnormal duplex examinations ( p  < 0.001). 

 Assuming a 5% stroke rate for the 14 repeat CEAs for 
asymptomatic  ³ 80% restenosis in the primary closure group 
in our series  [  57  ] , 0.7 strokes would be associated with the 
14 repeat CEAs and approximately 4.7 strokes would have 
been prevented through surgical intervention prior to occlu-
sion (assuming a similar outcome of  ³ 80% restenosis as 

described by Mattos et al.  [  45  ] ). There was a net reduction of 
four strokes in patients with primary closure and an approxi-
mate cost of $56,150 per stroke prevented. 

 Also, assuming a similar outcome of >80% restenosis as 
described by Ouriel et al.  [  46  ]  and if one-half of these >80% 
restenosis would progress to total occlusion (seven patients), 
and assuming one-third of patients with total occlusion 
would suffer a stroke, then approximately 2.3 strokes would 
be prevented by doing the 14 redo CEAs. Since 0.7 strokes 
would result from repeating 14 CEAs  [  57  ] , the net effect 
would be prevention of 1.6 strokes at a cost of $224,600, i.e., 
$140,250 per stroke prevented. This analysis does not take 
into consideration the value of duplex screening of the con-
tralateral nonoperated side. 

 The justi fi cation for this cost is unclear without a de fi nite 
estimate of the economic burden for caring for these stroke 
victims. Considering the low incidence of >80% restenosis in 
patients with patch angioplasty closure, the cost-effectiveness 
of postoperative carotid duplex surveillance appears to be 
unfavorable and, therefore, should be limited to a single DUS 
to detect residual stenosis. Subsequent follow-up should be 
dictated by the results found on the initial scan and the onset 
of neurologic symptoms. 

 Our randomized prospective studies con fi rm that carotid 
restenosis is a known entity that follows a percentage of 
patients who undergo carotid surgery. In the past, the clinical 
signi fi cance of carotid restenosis has led some investigators 
to conclude that postoperative carotid duplex surveillance is 
not warranted. We showed that based on the incidence of 
>80% restenosis, postoperative carotid duplex surveillance 
may be bene fi cial in patients with primary closure with 
examinations at 6 months and at 1–2-year intervals for sev-
eral years. For patients with patching, a 6-month postopera-
tive duplex examination, if normal, is adequate.  

   Duplex Ultrasound Surveillance 
of Carotid Stents 

 Kupinski et al.  [  58  ]  conducted a study to evaluate the DUS 
characteristics of carotid stents including comparing hemo-
dynamic to B-mode and color- fl ow imaging data in 40 carotid 
stents placed in the common or internal carotid arteries of 37 
patients. DUS examinations included PSV and end diastolic 
velocity (EDV) taken proximal to the stent (prestent), at the 
proximal, mid, and distal regions of the stent, and distal to 
the stent (poststent). The stents were evaluated at 1 day and 
3, 6, and 12 months post procedure and yearly thereafter. The 
average follow-up interval was 6 ± 1 month. In 31 patent ICA 
stents, the PSV proximally within the stent was 92 ± 6 cm/s 
with an EDV of 24 ± 2 cm/s. The mid stent PSV was 
86 ± 5 cm/s with an EDV of 24 ± 2 cm/s. The distal stent PSV 
was 90 ± 4 with an EDV of 26 ± 2 cm/s. Proximal to the 
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stent, the PSV was 70 ± 3 cm/s with an EDV of 17 ± 1 cm/s. 
Distal to the stent, the PSV was 77 ± 4 cm/s with an EDV of 
25 ± 2 cm/s. There were no defects observed on B-mode 
image and no areas of color turbulence. Three stents devel-
oped stenotic areas with PSVs of 251, 383, and 512 cm/s. 
The EDV was 50, 131, and 365 cm/s, respectively. Poststenotic 
turbulence was present in each of these stents. An elevated 
PSV of >125 cm/s was found in 32% of the stents (9 of 28) 
without evidence of stenosis on B-mode image of post-
stenotic turbulence. These data demonstrate that velocities 
within stented carotid arteries can be elevated above estab-
lished ranges for normal. They concluded that velocity crite-
ria may need to be adjusted when applied to stented carotid 
arteries. It has been suggested that focal velocity increase at 
the point of maximal narrowing >150 cm/s and a prestenotic 
(or prestent) to stenotic segment PSV ratio of l:  ³ 2 are sug-
gestive of signi fi cant in-stent restenosis  [  59  ] .  

   Determination of Progression 
of Carotid Stenosis 

 It has now become clear that it is possible to determine major 
progression of disease in two different categories with duplex 
scanning technology. Progression of disease from a mild form 
(20–50% diameter reduction) to a severe form (50–99% diam-
eter reduction) can be accurately detected based on signi fi cant 
changes in peak frequency  [  60  ] . In addition, in severe stenosis, 
it is possible to identify the development of extreme degrees of 
stenosis (>80% diameter reduction) by the changes in the ratio 
between peak systolic and end diastolic velocities. The ability 
to identify such disease progression without invasive arterio-
graphic studies will contribute to our understanding of the 
natural history of the disease process. 

 Carotid screening after CEA for the sake of detecting con-
tralateral disease progression has been of much more value. 
Several studies have reported on the progression of contralat-
eral stenosis after CEA  [  61–  65  ] . Contralateral carotid steno-
sis progression was more frequent than ipsilateral recurrent 
stenosis during the long-term follow-up in these studies. 
Several studies have also identi fi ed that the risk of contralat-
eral carotid artery stenosis progression is dependent on the 
existing disease at the time of the initial CEA  [  63–  65  ] . The 
risk of progression for moderate stenosis at the initial surveil-
lance to severe stenosis can be as high as  fi ve times  [  64  ] .  

   Natural History of Carotid Artery Stenosis, 
Contralateral to Carotid Endarterectomy 

 A few nonrandomized studies have reported on the natural 
history of carotid artery stenosis contralateral to CEA. We 
analyzed the natural history of carotid artery stenosis 

 contralateral to CEA from two randomized prospective trials 
 [  49,   66  ] . 

 The contralateral carotid arteries of 534 patients who par-
ticipated in two randomized trials comparing CEA with pri-
mary closure versus patching were followed clinically and 
had DUSs at 1 month and every 6 months. Carotid artery 
stenoses were classi fi ed into <50%,  ³ 50–<80%,  ³ 80–99%, 
and occlusion. Late contralateral CEAs were done for 
signi fi cant carotid artery stenoses. Progression of carotid 
artery stenosis was de fi ned as progress to a higher category 
of stenosis. 

 Out of 534 patients, 61 had initial contralateral CEAs, 
within 30 days of the ipsilateral CEA, and 53 had contralat-
eral occlusions. Overall, 109/420 (26%) progressed at a 
mean follow-up of 41 months (range: 1–116 months). 
Progression of contralateral carotid artery stenosis was 
noted in 5/162 (3%) patients who had baseline normal carot-
ids; 56/157 (36%) patients with <50% carotid artery steno-
sis progressed versus 45/95 (47%) patients with 50–<80% 
carotid artery stenosis ( p  = 0.003). The median time for pro-
gression was 24 months for <50% carotid artery stenosis 
and 12 months for  ³ 50–<80% carotid artery stenosis 
( p  = 0.035). Freedom from progression for patients with 
baseline <50% and  ³ 50–<80% carotid artery stenosis at 1, 
2, 3, 4, and 5 years was 95%, 78%, 69%, 61%, and 48% and 
75%, 61%, 51%, 43%, and 33%, respectively ( p  = 0.003). 
Freedom from progression in patients with baseline normal 
carotid arteries at 1, 2, 3, 4, and 5 years was 99%, 98%, 
96%, 96%, and 94%. Late neurologic events referable to the 
contralateral carotid artery were infrequent in the whole 
series (28/420, 6.7%) and included 10 strokes (2.4%) and 18 
TIAs (4.3%) (28/258, 10.9% in patients with contralateral 
carotid artery stenosis); however, late contralateral CEAs 
were done in 62 patients (62/420, 15%, in the whole series, 
62/258, 24%, in patients with contralateral carotid artery 
stenosis). The survival rates were 96%, 92%, 90%, 87%, 
and 82% at 1, 2, 3, 4, and 5 years. 

 We concluded that progression of contralateral carotid 
artery stenosis was noted in a signi fi cant number of patients 
with baseline contralateral carotid artery stenosis. Serial 
carotid DUSs every 6–12 months for patients with  ³ 50–
<80% carotid artery stenosis and every 12–24 months for 
 £ 50% carotid artery stenosis are adequate.  

   Carotid Endarterectomy Based 
on Carotid Duplex Ultrasonography 
Without Angiography 

 In many centers, carotid evaluation by angiography is no lon-
ger done routinely, even when planning for surgery, to elimi-
nate the risk of neurologic events during angiography. The 
risk of stroke from angiography is around 1%  [  6  ] . 
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 Although standard conventional angiography is still gener-
ally considered to be the de fi nitive diagnostic test for carotid 
artery stenosis, there has been an increasing interest in perform-
ing CEA based on clinical evaluation and duplex scanning only 
 [  22,   67–  75  ] . It has been estimated that up to 95% of CEA pro-
cedures are currently undertaken on the basis of carotid duplex 
ultrasound alone  [  76  ] , again, with no evidence that reliance on 
this policy compromised patient safety or operability. This is 
generally done to minimize cost and to expedite surgery on 
these patients, therefore optimizing the long-term bene fi t con-
ferred by CEA, speci fi cally for symptomatic patients. However, 
for clinicians who advocate this policy or who follow this pol-
icy, they must keep in mind the following considerations: carotid 
duplex must be done in an accredited vascular laboratory and 
interpreted by highly quali fi ed physicians in this  fi eld; the 
method of estimating carotid stenosis must also be de fi ned, for 
example, the NASCET method, and clinicians must also be 
aware of duplex ultrasound  fi ndings that may suggest an in fl ow 
or out fl ow disease, which if present, other imaging must be 
added prior to intervention. This has been stimulated by 
improvement in the accuracy and reliability of color carotid 
duplex scanning, along with the increasing demands to mini-
mize both the risk of carotid angiography and the cost of medi-
cal care. CEAs are generally indicated for high-grade stenoses 
of asymptomatic patients and in moderate to severe stenoses in 
patients with hemispheric neurologic events. These stenoses can 
usually be accurately detected by duplex scanning. 

 Dawson et al.  [  72  ]  reviewed arteriograms and duplex scans in 
83 patients and found that in 87% the clinical presentation and 
duplex  fi ndings were adequate for patient management. They 
concluded that arteriography was necessary in 13% that (1) 
showed an unusual or atypical pattern of disease, (2) had techni-
cally inadequate duplex scans, or (3) had an internal carotid 
artery stenosis of <50%. This group  [  67  ]  completed a subsequent 
prospective evaluation of 94 cases that showed that arteriography 
affected clinical management in only one case (1%). Dawson 
et al.  [  67  ]  indicated that while speci fi c indications for CEA with-
out angiography remain controversial, the results of angiography 
rarely alter the clinical treatment plan when a technically ade-
quate duplex scan shows an 80–99% stenosis in asymptomatic 
patients or an ipsilateral 50–99% stenosis in patients with hemi-
spheric neurologic symptoms  [  67  ] . 

 The duplex and arteriogram results of 85 patients were pro-
spectively evaluated by Moore et al. with a panel of neurolo-
gists, neurosurgeons, and vascular surgeons  [  3  ] . The duplex 
scan results were prospectively compared with arteriography. 
One hundred and  fi fty-nine of 170 carotid arteries were cor-
rectly characterized (94%); hemodynamically signi fi cant 
stenoses were correctly characterized in 100%. Thirty-two 
CEAs were performed by these authors in 29 patients without 
angiography. All duplex-predicted lesions were con fi rmed at 
surgery, and there were no perioperative strokes. 

 If arteriography is not done, there is a potential to miss 
signi fi cant lesions in the carotid siphon or an intracranial 

aneurysm or tumor as the cause of TIAs. However, it is 
unlikely that carotid siphon disease will produce signi fi cant 
symptoms  [  77,   78  ]  and, therefore, does not impact the deci-
sion to perform CEA. Intracranial aneurysms occur in 
approximately 1–2% of patients undergoing arteriography 
 [  79  ] , but most are small and unlikely to be affected by CEA 
 [  79  ] . With the advances in imaging techniques, the concern 
for occult brain tumors has become less relevant. These limi-
tations can be overcome by using carotid MRA/CTA. 

 In addition, associated costs are signi fi cant, with some 
institutions reporting charges for cerebrovascular arteriogra-
phy as high as $5,000–$6,000. Strandness  [  80  ]  has suggested 
that wider use of duplex scanning as the sole preoperative test 
could result in substantial savings. For instance, if 150,000 
CEAs are done annually, with an average cost of angiography 
of $3,000, the total cost of angiography alone would be $750 
million dollars (not counting the costs of an estimated 7,500 
TIAs, 1,500 strokes, and 100 deaths). If these same patients 
had duplex scanning alone, the total costs would be approxi-
mately $37 million; this represents a savings annually in the 
United States alone of $712 million  [  80  ] . We have already 
begun to see a shift in the testing that is done for a preopera-
tive diagnosis. A report from the University of Vermont stated 
that 87% of their last 130 CEAs were performed without arte-
riography, with acceptable rates of stroke and death  [  81  ] . 

 CEA should not be attempted without MRA/CTA arte-
riography unless the following criteria are met:  [  67  ] 
    1.    The distal ICA is free of signi fi cant disease (disease is 

localized to the carotid bifurcation).  
    2.    The CCA is free of signi fi cant disease.  
    3.    Vascular anomalies, kinks, or loops are not present.  
    4.    The duplex scan is technically adequate.  
    5.    Vascular laboratory duplex accuracy is known.     

 Some potential pitfalls include patients with nonhemi-
spheric symptoms, recurrent stenosis, or ICA stenosis of 
<50%  [  67,   72,   81  ] . 

 However, as experience grows, indications may be 
expanded. 

 Therefore, MRA/CTA/conventional angiography are most 
likely to be useful when the duplex scan is not diagnostic, in 
patients with atypical lesions that appear to extend beyond 
the carotid bifurcation, and for stenoses of <50% in patients 
with classical hemispheric neurologic symptoms.  

   Ultrasonic Carotid Plaque Morphology 
and Carotid Plaque Hemorrhage: Clinical 
Implications 

 The lack of neurologic symptoms in many patients with 
signi fi cant carotid stenosis has perplexed many scientists. It 
has been proposed that the character of the plaque may be as 
important as or more important than signi fi cant stenosis in 
producing neurologic events. 
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 We  [  82  ]  examined the importance of ultrasonic plaque 
morphology and its correlation to the presence of intraplaque 
hemorrhage and its clinical implications. We studied 152 
carotid plaques associated with  ³ 50% ICA stenoses in 135 
patients who had CEAs and characterized them ultrasono-
graphically into irregular/ulcerative, smooth, heterogeneous, 
homogeneous, or not de fi ned. Heterogeneous plaques were 
de fi ned as a mixture of hyperechoic, isoechoic, and hypoechoic 
plaques. In contrast, homogeneous plaques were de fi ned as 
consisting of only one of the three types of echogenic plaques. 
An isoechoic plaque was de fi ned as having the echogenicity of 
a normal intima-media complex. A hyperechoic plaque was 
brighter than an isoechoic plaque, and a hypoechoic plaque 
was not as bright as an isoechoic plaque. An irregular plaque 
was de fi ned as a plaque that lacks a smooth surface with or 
without an intimal layer. A smooth plaque was de fi ned as a 
plaque without surface irregularities or ulcerations. All plaques 
were examined pathologically for the presence of intraplaque 
hemorrhage. The ultrasonic morphology of the plaques 
included 63 with surface irregularity (41%), 48 smooth (32%), 
59 heterogeneous (39%), 52 homogeneous (34%), and 41 
(27%) not de fi ned. Intraplaque hemorrhage was present in 57 
out of 63 (90%) irregular plaques and 53 out of 59 (90%) het-
erogeneous plaques, in contrast to 13 out of 48 (27%) smooth 
plaques and 17 out of 52 (33%) homogeneous plaques 
( p  < 0.001). Fifty-three out of 63 (84%) irregular plaques and 
47 out of 59 (80%) heterogeneous plaques had TIAs/stroke 
symptoms, in contrast to 9 out of 48 (19%) for smooth plaques 
and 15 out of 52 (29%) for homogeneous plaques ( p  < 0.001). 
Fifty-four percent of the irregular plaques and 57% of the het-
erogeneous plaques had ipsilateral cerebral infarcts, in con-
trast to 12% of the smooth plaques ( p  < 0.001) and 14% of the 
homogeneous plaques ( p  < 0.001). We concluded that irregular 
and/or heterogeneous carotid plaques are more often associ-
ated with intraplaque hemorrhage, neurologic events, and 
cerebral infarcts. Therefore, ultrasonic plaque morphology 
may be helpful in selecting patients for CEA. 

 In another study, we  [  83  ]  analyzed the natural history of 
60–<70% asymptomatic carotid stenosis according to ultra-
sonic plaque morphology and its implication on treatment. 

 Patients with 60–<70% asymptomatic carotid stenosis 
during a 2-year period entered into a protocol of carotid 
duplex surveillance/clinical examination every 6 months. 
Their ultrasonic plaque morphology was classi fi ed as hetero-
geneous (Group A, 162) or homogeneous (Group B, 229). 
CEA was done if the lesion progressed to  ³ 70% stenosis or 
became symptomatic. 

 Three hundred and eighty-two patients (391 arteries) were 
followed at a mean follow-up of 37 months. The clinical/demo-
graphic characteristics were similar for both groups. The inci-
dence of future ipsilateral strokes was signi fi cantly higher in 
Group A than in Group B: 13.6% versus 3.1% ( p  = 0.0001, odds 
ratio 5). Similarly, the incidence of all neurologic events (stroke/
TIAs) was higher in Group A than in Group B: 27.8% versus 

6.6% ( p  = 0.0001, odds ratio of 5.5). Progression to  ³ 70% steno-
sis was also higher in Group A than in Group B: 25.3% versus 
6.1% ( p  = 0.0001, odds ratio 5.2). Forty-four (27.2%) late CEAs 
were done in Group A (16 for stroke, 21 for TIAs, and seven for 
 ³ 70% asymptomatic carotid stenosis) versus 13 (5.7%) for 
Group B ( fi ve for stroke, seven for TIAs, and one for  ³ 70% 
asymptomatic carotid stenosis  p  = 0.0001, odds ratio 6.2). 

 We concluded that patients with 60–<70% asymptomatic 
carotid stenosis with heterogeneous plaquing were associated 
with a higher incidence of late stroke, TIAs, and progression to 
 ³ 70% stenosis than patients with homogeneous plaquing. 
Prophylactic CEA for 60–<70% asymptomatic carotid stenosis 
may be justi fi ed if associated with heterogeneous plaquing. 

 In another study  [  84  ]  of the correlation of ultrasonic 
carotid plaque morphology and the degree of carotid steno-
sis, 2460 carotid arteries were examined using color DUS 
during a 1-year period. Carotid stenoses were classi fi ed into 
<50%, 50–<60%, 60–<70%, and >70–99%. 

 Heterogeneous plaques were noted in 138 of 794 arteries 
with <50% stenosis, 191/564 with 50–<60% stenosis, 301/487 
with 60–<70% stenosis, and 496/615 with 70–99% stenosis. 
The higher the degree of stenosis, the more likely it is to be 
associated with heterogeneous plaques. Heterogeneous 
plaques were present in 59% of  ³ 50% stenoses versus 17% 
for <50% stenoses, 72% of  ³ 60% stenoses versus 24% for 
<60% stenoses, and 80% of  ³ 70% stenoses versus 34% for 
<70% stenoses ( p  < 0.0001 and odds ratios of 6.9, 8.1, and 
8.0, respectively). Heterogeneous plaques were associated 
with a higher incidence of symptoms than homogeneous 
plaques in all grades of stenoses: 68% versus 16% for <50% 
stenosis, 76% versus 21% for 50–<60%, 79% versus 23% for 
60–<70%, and 86% versus 31% for  ³ 70–99% ( p  < 0.0001 and 
odds ratios of 8.9, 11.9, 12.6, and 13.7, respectively). 
Heterogenosity of plaques was more positively correlated to 
symptoms than any degree of stenosis (regardless of plaque 
structure). Eighty percent of all heterogeneous plaques were 
symptomatic versus 58% for all  ³ 50% stenoses,68% for all 
 ³ 60% stenoses, and 75% for all  ³ 70% stenoses ( p  < 0.0001, 
 p  < 0.0001, and  p  = 0.02, respectively). 

 We concluded that the higher the degree of carotid steno-
sis, the more likely it is to be associated with ultrasonic 
heterogeneous plaquing and cerebrovascular symptoms. 
Heterogenosity of the plaque was more positively correlated 
to symptoms than to any degree of stenosis. These  fi ndings 
suggest that plaque heterogenosity should be considered in 
selecting patients for CEA  [  84  ] . 

 Differentiating unstable from stable plaques by ultrasound 
has been hampered by the subjectiveness of interpreting such 
images  [  85–  88  ] . 

 Biasi et al.  [  87  ]  conducted a study to con fi rm that plaque 
echogenicity evaluated by computer analysis, as suggested by 
preliminary studies, can identify plaques associated with a high 
incidence of strokes. A series of 96 patients with carotid stenosis 
in the range of 50–99% were studied  retrospectively (41 with 
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TIAs and 55 asymptomatic). Carotid plaque echogenicity was 
evaluated using a computerized measurement of the median 
grayscale value (GSM). All patients had a CT brain scan to 
determine the presence of infarction in the carotid territory. 

 The incidence of ipsilateral brain CT infarctions was 32% 
for symptomatic plaques and 16% for asymptomatic plaques 
( p  = 0.076). It was 25% for >70% stenosis and 20% for <70% 
stenosis ( p  = 0.52). It was 40% in those with a GSM of <50 
and 9% for plaques with a GSM of >50 ( p  < 0.001) with a 
relative risk of 4.6 (95% CI, 1.8–11.6). 

 It was concluded that a computer analysis of plaque echo-
genicity was better than the degree of stenosis in identifying 
plaques associated with an increased incidence of CT brain 
scan infarction and consequently useful for identifying indi-
viduals at high risk of stroke. 

 Kern et al.  [  86  ]  investigated the value of real-time compound 
ultrasound imaging for the characterization of atherosclerotic 
plaques in the ICA. Thirty-two patients (22 men, 10 women; 
mean age, 75 years) with plaques of the ICA as identi fi ed by 
high-resolution B-mode scanning were investigated with real-
time compound ultrasound imaging with the use of a 5- to 
12-MHz dynamic range linear transducer on a duplex scanner. 
Two independent observers rated plaque morphology accord-
ing to a standardized protocol. The majority of plaques were 
classi fi ed as predominantly echogenic and as plaques of irregu-
lar surface, whereas ulcerated plaques were rarely observed. 
The interobserver agreement for plaque surface characteriza-
tion was good for both compound ultrasound (kappa = 0.72) 
and conventional B-mode ultrasound (kappa = 0.65). For the 
determination of plaque echogenicity, the reproducibility of 
compound ultrasound [kappa(w) = 0.83] was even higher than 
that of conventional B-mode ultrasound [kappa(w) = 0.74]. 
According to a semiquantitative analysis, real-time compound 
ultrasound was rated superior in the categories plaque texture 
resolution, plaque surface de fi nition, and vessel wall demarca-
tion. Furthermore, there was a signi fi cant reduction of acoustic 
shadowing and reverberations. 

 They concluded that real-time compound ultrasound was 
a suitable technique for the characterization of atheroscle-
rotic plaques, showing good general agreement with high-
resolution B-mode imaging. This advanced technique allows 
reduction of ultrasound artifacts and improves the assess-
ment of plaque texture and surface for enhanced evaluation 
of carotid plaque morphology. This subject will be covered 
in depth elsewhere in this volume (Chap.   11    ).  

   Carotid Duplex Ultrasound for Intima-
Media Thickness 

 Poli et al.  [  88  ]  reported on a study of ultrasonographic 
measurement of the CCA wall thickness in hypercho-
lesterolemic patients, and they concluded that there was 

a  correlation between the thickness of the carotid artery 
and the presence of cardiovascular risk factors. The mea-
surement consists of determining the distance between the 
leading edge of the lumen-to-wall interface of the artery 
and the interface between the media and the adventitia 
on the artery wall. The combined width of this region is 
de fi ned as intima-media thickness (IMT). It is believed 
that patients with larger IMTs had a greater number of car-
diovascular risk factors than patients with thinner IMTs. 
O’Leary et al.  [  89  ]  reported for the Cardiovascular Health 
Study Collaborative Research Group that thickening of 
the carotid wall was a marker for atherosclerosis in the 
elderly. This study clearly shows the strong cross-sectional 
relationships between risk factors and the thickness of the 
wall of both the ICA and the CCA. CCA wall thickening 
is a diffuse process, whereas ICA wall thickness is a sono-
graphic measurement of carotid plaque thickness and cho-
lesterol deposition. Therefore, an increased internal carotid 
IMT corresponds to an increased degree of carotid artery 
stenosis, and the measurement of the ICA wall thickness 
correlates with the extent of subjectively graded percent-
age of stenosis  [  90  ] . 

 O’Leary et al.  [  91  ]  showed a clear-cut scaling effect as 
well as excess risk with increasing thickening of the ICA and 
the CCA, as well as for a combined score adding measure-
ment from the common and ICAs. IMT is felt to be a marker 
for future myocardial infarction as well as for stroke. Further 
details and more updates on this subject are discussed in 
Chap.   17    .  

   Carotid Duplex Ultrasound After Neck Trauma 

 DUS can be used in evaluating vascular injuries of the neck. 
Although carotid trauma is not strictly a disease of the 
carotid bifurcation, developments in this area parallel the 
changes seen in surgery for atherosclerotic disease. Carotid 
duplex following cervical trauma was prospectively evalu-
ated by Fry et al.  [  92  ]  Fifteen patients had duplex scan and 
arteriography, and 11 of these had a region of interest in 
zone II and four in zone III. One injury was diagnosed by 
duplex scan in this group and this was con fi rmed by arte-
riography; both studies were normal in the remaining 14 
patients. On the next 85 patients, Fry et al. then performed 
duplex scan only, with arteriography reserved only for an 
abnormal duplex result. In this group, 62 patients had 
potential injuries in zone II and the remainder in zone III. 
Seven arterial injuries were identi fi ed by duplex scan and 
con fi rmed by arteriography. The remaining 76 patients had 
normal duplex scans and no sequelae up to 3 weeks post 
discharge. It was concluded that DUS is a valuable tool in 
evaluating carotid injury.  

http://dx.doi.org/10.1007/978-1-4471-4005-4_11
http://dx.doi.org/10.1007/978-1-4471-4005-4_17
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   Carotid Duplex Ultrasound for Internal 
Carotid Artery Dissection 

 ICA dissection has been reported more often recently than was 
previously suspected. This disease can appear spontaneously or 
may follow traumatic events accompanied by the fully devel-
oped picture of focal ischemia with facial and neck pain and 
Horner’s syndrome (ptosis, miosis, and anhydrosis). It can also 
appear with very few symptoms or may even be completely 
asymptomatic. Using a color  fl ow DUS, the diagnosis can be 
made when the  fl ow signal is carefully followed over the entire 
neck region. In the longitudinal section, forward and backward 
signal components in blue/red color coding are generally seen 
next to one another in the proximal ICA. Distally, an area free 
of  fl ow signals marks the proximal end of the dissection. 
Corresponding Doppler signals characterize partial recanaliza-
tion with systolic forward and backward signal components, but 
with diastolic forward  fl ow preservation  [  93–  95  ] . On angiogra-
phy, proximally there is a threadlike occlusion/subtotal stenosis 
of the ICA without a connection to the intracranial vasculature 
(Fig.  19.7 ). Monthly follow-up assessments are important, since 
the majority of the cases spontaneously recanalize.   

   Role of Duplex Ultrasound in Vertebrobasilar 
Insuf fi ciency 

 During the 1970s and 1980s, there was limited clinical expe-
rience in regard to vertebrobasilar insuf fi ciency, due in part 
to the dif fi culty in noninvasive study of vertebral artery  fl ow. 
Furthermore, documented alterations in the vertebral  fl ow 
may have little bearing on the clinical situation. Keller et al. 
studied vertebral artery  fl ow using directional Doppler ultra-
sound in 90 patients, 40 of whom underwent subsequent 
arteriography  [  96  ] . The probe was positioned in the dorsal 
oropharynx after appropriate topical anesthesia, and the fol-
lowing four determinations were made: (1) the  fl ow direction 
in each vertebral artery, (2) the related amplitude of both sig-
nals, (3) cessation of the  fl ow in either vertebral artery during 
any part of the cardiac cycle, and (4) response of the verte-
bral  fl ow to ipsilateral CCA compression. Under normal cir-
cumstances, the vertebral  fl ow was always craniad and of 
equal amplitude in both vessels. It never reached zero during 
any phase diastole, and it did not change with CCA compres-
sion. Alteration of any of these normal observations was 
diagnostic of vertebral artery occlusive disease with a 
speci fi city of 82%. Kaneda et al.  [  97  ]  simpli fi ed the previous 
technique by positioning the probe just below the mastoid 
process directed toward the contralateral eye. He reported a 
diagnostic accuracy of 92%. Others have found the mastoid 
approach unreliable, since spatial relationships between the 
probe and the vessel axis were poorly de fi ned and more 
intervening structures were present. 

 Recent studies have shown that with adequate skill and 
patience on the operator’s part, the innominate, subclavian, 
cervical, and prevertebral segment of the vertebral artery can 
be displayed with real-time duplex ultrasound. Duplex scan-
ning appears to be the most successful and accurate tech-
nique to diagnose atherosclerotic lesions of the vertebral 
arteries in the neck region. With this technique, the cervical 
segment of the vertebral artery can be visualized and the 
direction of the  fl ow can be determined, whether antegrade 
or retrograde, which may be suggestive of subclavian steal. It 
has been reported that a reliable investigation of the prever-
tebral segment and the ori fi ce of the vertebral artery is pos-
sible in more than 80% of cases. Some studies  [  97–  99  ]  claim 
more rapid identi fi cation and a higher success rate if color 
 fl ow imaging is used. For detecting stenoses of  ³ 50% of the 
arch branches and at the site of the origin of the vertebral 
artery, duplex scanning has a high sensitivity, speci fi city, and 
overall accuracy. However, this technique still has several 
disadvantages, including the fact that satisfactory displays of 
the origin of the vertebral artery cannot be achieved in all 
patients. In addition, it is obvious that in those arteries in 
which the examination is successfully completed, only a lim-
ited spectrum of disease involvement can be identi fi ed. 
Accuracy of ultrasonic examination of the intradural  segment 

  Fig. 19.7    Carotid arteriogram showing internal carotid artery  dissection 
of the higher cervical portion, as indicated by the ( black arrow )       
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of the vertebral artery can be improved by the use of simul-
taneous B-mode and color  fl ow imaging. Further details on 
this subject are covered in Chap.   9    .  

   Color Duplex Ultrasound in the Diagnosis 
of Temporal Arteritis 

 Temporal arteritis is sometimes diagnosed clinically, but a 
temporal artery biopsy is usually recommended to con fi rm 
the diagnosis  [  100  ] . The American College of Rheumatology 
requires three of the following  fi ve criteria to be met to estab-
lish the diagnosis: age  ³ 50 years, new onset of localized 
headache, temporal artery tenderness or decreased pulse, 
erythrocyte sedimentation rate  ³ 50 mm/h, and histologic 
 fi ndings. Schmidt et al.  [  100  ]  examined the usefulness of 
color duplex ultrasonography in patients suspected of having 
temporal arteritis. In their prospective study, all patients seen 
in the departments of rheumatology and ophthalmology from 
January 1994 to October 1996 who had clinically suspected 
active temporal arteritis or polymyalgia rheumatica were 
examined by duplex ultrasonography. They examined both 
common super fi cial temporal arteries and the frontal and 
parietal rami as completely as possible in longitudinal and 
transverse planes to see if they were perfused, if there was a 
halo around the lumen, and (using simultaneous pulsed-wave 
Doppler ultrasonography) if there was a stenosis. Stenosis 
was considered to be present if blood  fl ow velocity was more 
than twice the rate recorded in the area before the stenosis, 
perhaps with waveforms demonstrating turbulence and 
reduced velocity behind the area of stenosis. Two ultrasound 
studies were performed and read before the biopsies. Based 
on standard criteria, the  fi nal diagnoses were temporal arteri-
tis in 30 patients, 21 with biopsy-con fi rmed disease, polymy-
algia rheumatica in 37, and negative histologic  fi ndings and 
a diagnosis other than temporal arteritis or polymyalgia 
rheumatica in 15. They also studied 30 control patients 
matched for age and sex to the patients with arteritis. 

 Schmidt et al.  [  100  ]  found that in 22 (73%) of the 30 
patients with temporal arteritis, ultrasonography showed a 
dark halo around the lumen of the temporal arteries. The 
halos disappeared after a mean of 16 days (range: 7–56) of 
treatment with corticosteroids. Twenty-four patients (80%) 
had stenoses or occlusions of temporal artery segments, and 
28 patients (93%) had stenoses, occlusions, or a halo. No 
halos were identi fi ed in the 82 patients without temporal 
arteritis; 6 (7%) had stenoses or occlusions. For each of the 
three types of abnormalities identi fi ed by ultrasonography, 
the interrater agreement was  ³ 95%. 

 They concluded that there are characteristic signs of tem-
poral arteritis that can be visualized by color duplex ultra-
sonography. The most speci fi c sign is a dark halo, which may 
be due to edema of the artery wall. In patients with typical 
clinical signs and a halo on ultrasonography, it may be pos-
sible to make a diagnosis of temporal arteritis and begin 

treatment without performing a temporal artery biopsy. This 
subject will be covered in depth in another chapter in this 
volume.  

   Overall Accuracy of Noninvasive 
Vascular Testing 

 As noted, various noninvasive vascular tests have been uti-
lized for the diagnosis of extracranial carotid artery disease 
with varying degrees of overall accuracy. A review of these 
con fl icting results reveals problems in study design and anal-
ysis: for example, lack of a prospective blinded approach, 
differences in criteria or standards indicative of carotid steno-
sis, failure to compare carotid noninvasive tests against stan-
dards, an assumption that the percentage of carotid stenosis 
on angiography correlates with hemodynamic alterations 
produced by the lesion, differences in the prevalence of 
carotid stenosis in the particular population examined, 
incomplete angiography, and lack of criteria for abnormal 
test results, skill of technicians, and the inherent accuracy of 
the test. Although angiography has been the standard against 
which most noninvasive tests have been measured, it is far 
from ideal for comparison with physiologic tests designed to 
detect altered hemodynamics. Furthermore, any signi fi cant 
stenosis in the carotid artery from its origin at the aorta up to 
and including the ophthalmic artery can result in abnormal 
test results in the indirect methods of testing. In addition, 
long-standing collateral pathways that compensate effec-
tively for the hemodynamic effects of the stenotic lesion can 
produce a normal result in an indirect carotid test. Direct 
methods do not detect lesions in the upper part of the internal 
carotid artery, where such lesions can also produce an abnor-
mal result with an indirect test. In an unbranched artery, 
blood  fl ow is determined by the cross-sectional area of its 
narrowest portion and by the pressure gradient across it. 
Accordingly, the extent of stenosis caused by a carotid bifur-
cation plaque should be calculated by comparing the narrow-
est diameter of its diseased lumen with the diameter of the 
undiseased distal internal carotid artery. Although the term 
“critical stenosis” is generally used to compare the results of 
noninvasive testing, the exact value necessary to cause a 
measurable decrease in pressure or alteration in arterial blood 
 fl ow remains controversial. DeWeese et al.  [  101  ]  reported 
that lesions that narrowed the lumen less than 47% and left a 
residual lumen larger than 3 mm in diameter never caused 
measurable pressure drops, whereas stenoses greater than 
63% of the luminal diameter with residual lumens smaller 
than 1 mm in diameter always did. Therefore, if systolic 
pressure distal to an arterial stenosis is measured, lesions that 
reduce the diameter 50% or more, thus reducing the cross-
sectional area by 75% or more, are generally detected. 
However, if alterations in blood  fl ow are measured, diameter 
reductions in excess of 67% (more than 90% of the cross-
sectional area) are necessary for abnormal test results  [  102  ] . 
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Clinically, a stenosis greater than 75% of the diameter or 
94% of the area is necessary to cause symptomatic reduction 
of cerebral blood  fl ow  [  103  ] . Since various reports have used 
diameter reductions from 40% to 75% as their standard of 
comparison, some variations in the reported results can be 
explained on this basis. 

 In addition to problems in study design, many of the 
carotid noninvasive studies report their results in terms of 
diagnostic accuracy. Since diagnostic accuracy may vary 
with the prevalence of disease in the population, it is 
impossible to compare different series if this term is used. 
By contrast, if results of carotid noninvasive studies are 
expressed in terms of sensitivity, i.e., the ability to detect 
the presence of the disease (true-positive rate) and 
speci fi city, i.e., the ability to detect the absence of disease 
(true-negative rate), these terms should be independent of 
disease prevalence and allow comparison of one series 
with another. The following terms are generally used in 
comparing the accuracy of various noninvasive vascular 
tests. (1) Sensitivity is calculated by dividing the number 
of true-positive tests detected noninvasively by the total 
number of true-positive tests detected by angiography. (2) 
Speci fi city is calculated by dividing the true-negative tests 
detected noninvasively by the total true-negative tests 
detected by angiography. (3) The false-positive rate is 

calculated by dividing the number of false-positive tests 
detected noninvasively by the total number of noninvasive 
positive tests. (4) The false-negative rate is calculated by 
dividing the number of false-negative tests detected nonin-
vasively by the total number of negative noninvasive tests. 
(5) The positive predictive value is the percentage of non-
invasive test results that accurately predicts abnormality, 
in other words, the percentage of positive noninvasive tests 
that correctly predicted disease as supported by “gold stan-
dard” arteriography. It is calculated by the number of true-
positive noninvasive testing divided by the number of all 
positive noninvasive studies (i.e., true plus false-positives). 
(6) Negative predictive value is de fi ned as the percentage 
of noninvasive test results that accurately predicts normal-
ity, in other words, the percentage of negative noninvasive 
studies that correctly predicted the absence of disease as 
supported by “gold standard” arteriography. It is calcu-
lated by dividing the number of true-negative noninvasive 
tests by the number of all negative noninvasive studies 
(i.e., true plus false-negatives). (7) The overall accuracy is 
de fi ned as the sum of the true-positive and the true-nega-
tive values compared with the total number of tests per-
formed. Figures  19.8 ,  19.9 , and  19.10  are simpli fi ed 
methods of calculating sensitivity, speci fi city, positive pre-
dictive values, negative predictive values, and overall 
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accuracy. Although speci fi city and sensitivity possess cer-
tain advantages, they are limited to  fi xed threshold criteria 
that are taken as positive for the noninvasive carotid screen-
ing test. Expressing the result of a screening test as a 
receiver operator-characteristic curve avoids the limita-
tions of  fi xed threshold criteria  [  103  ] . This curve plots the 
dynamic relationship between sensitivity and speci fi city 
and allows the examiner to increase or decrease the sensi-
tivity of the tests by varying the threshold criterion for a 
positive result of that particular test.         
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  Abstract 

 The overall prevalence of peripheral arterial disease (PAD) based on objective data has been 
evaluated in several epidemiological studies and is in the range of 3–10%, which increases 
to 15–20% in people over the age of 70 years. The prevalence of asymptomatic PAD of the 
lower extremity can only be estimated using noninvasive vascular testing in the general 
population with the ankle-brachial index (ABI) being the most widely used testing. 

 A number of risk factors for the development of atherosclerosis have been reasonably 
well established. These factors include hypertension, hypercholesterolemia, cigarette smoking, 
obesity, diabetes mellitus, stress, sedentary lifestyle, and family history. 

 Intermittent claudication as a symptom of peripheral arterial disease can be caused by 
 fl ow-limiting stenosis, which is almost secondary to atherosclerosis. 

 After the initial diagnosis of chronic lower extremity ischemia is made, it is important to stage 
the severity of the process accurately. This is crucial because it is the stage of the disease and the 
natural history of each stage that ultimately determine which therapy is most appropriate. 

 A variety of noninvasive tests are available for assessment of the lower extremity vascular 
system. 

 Perhaps the most useful bedside noninvasive test available to the clinician is the ABI. 
The most commonly used noninvasive testing used to con fi rm the disease, assess severity, 
and to help its localization are segmental Doppler pressure, pulse volume recordings, and 
duplex ultrasound. 

 Other important imaging modalities for determining the management strategies include 
MRA, CTA, and catheter-based angiography. 

 This chapter will review the basic anatomy, pathophysiology, clinical presentations, 
various noninvasive tests, and imaging for the diagnosis of peripheral arterial disease (PAD) 
of the lower extremities. It will also highlight the management outlines.  
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   Vascular Anatomy of the Lower Extremity 

 At its most distal aspect, the aorta branches to form paired 
common iliac arteries. These continue retroperitoneally to the 
pelvic brim, at which the common iliac vessels branch to 
form paired internal and external iliac arteries. The internal 
iliac (or hypogastric) arteries provide blood supply to the pel-
vic structures, while the external iliac courses inferior to the 
inguinal ligament to become the common femoral artery. 
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 The common femoral artery then bifurcates early in its 
course to form the profunda femoris artery, which supplies 
the thigh musculature, and the super fi cial femoral artery, 
which continues inferiorly to become the popliteal artery at 
its point of entry into the adductor canal. 

 The popliteal artery then continues below the knee, where 
the anterior tibial artery branches, piercing the interosseous 
membrane to supply the anterior compartment of the lower 
leg. The tibioperoneal trunk then continues brie fl y, where the 
posterior tibial artery branches to course in a plane deep to 
the soleus muscle. The vessel then continues inferiorly as the 
peroneal artery. The posterior tibial artery is divided into lat-
eral and medial plantar arteries below the medial malleolus 
to supply the sole of the foot. 

 Ultimately, the anterior tibial artery continues onto the 
dorsum of the foot, where it becomes the dorsalis pedis 
artery. Here, it anastomoses with branches of the posterior 
tibial and peroneal arteries to form the plantar arch  [  1  ] . On 
the dorsum of the foot, the dorsalis pedis artery forms two 
branches: the dorsal metatarsal and the deep plantar arteries. 
The deep plantar artery penetrates into the sole of the foot 
and joins the lateral plantar artery (branch of the posterior 
tibial artery) to form the plantar arch. 

 The arterial anatomy relevant to the lower extremity cir-
culation is demonstrated in Fig.  20.1 .  

   Collateral Circulation of the Lower Extremity 

 In the event of chronic obstruction of major arterial vessels, 
collateral pathways exist that allow preservation of suf fi cient 
distal blood  fl ow to maintain viability of the tissues distally. 
The degree of adequacy of these pathways determines what 
degree of functional disability results. 

 With obstruction at the level of the distal aorta and com-
mon iliac arteries, a variety of pathways for collateral circu-
lation exist (Fig.  20.2 ). Communications may exist between 
the lumbar and circum fl ex iliac or hypogastric arteries. Other 
communications may exist between the gluteal branches of 
the hypogastric arteries and recurrent branches of the com-
mon femoral or profunda femoris arteries. Visceral–parietal 
communications may also exist at this level between the 
inferior mesenteric and internal iliac vessels via hemor-
rhoidal branches at the level of the rectum.  

 More distally, with obstruction of the common femoral 
artery, collateral circulation around the hip is provided via com-
munication of the inferior epigastric and deep circum fl ex 
branches of the external iliac arteries with the internal pudendal 
and obturator branches of the internal iliac arteries (Fig.  20.2b ). 

 With chronic obstruction of the super fi cial femoral artery, 
collateral circulation to the popliteal artery is provided by com-
munications with the profunda femoris artery via the geniculate 

arteries as well as descending branches of the lateral femoral 
circum fl ex arteries. With popliteal occlusion, it is these genicu-
late arteries that are responsible for the  fi lling of the more distal 
tibial vessels as well (Fig.  20.2b ). More distally, branches of the 
peroneal, anterior tibial, and posterior tibial arteries all provide 
collateral supply to the plantar arch vessels  [  1,   2  ] .  

   Normal Structure of the Arterial Wall 

 The intima, the innermost layer, consists of a layer of endothe-
lium that lines the luminal surface and overlies one or more 
layers of smooth muscle. These are then covered by a layer of 
connective tissue known as the internal elastic lamina. 

 Just beyond the internal elastic lamina begins the media, 
which is bounded by the internal and external elastic lamina. 
The media is composed of smooth muscle cells arranged in 
layers and lying in a matrix of proteoglycan substance. 
Collagen and elastin  fi bers are also present within this layer. 
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  Fig. 20.1    A normal right arterial tree (except for occlusion of the right 
common iliac artery) beginning with the common iliac artery down to the 
pedal branches. The  left side  shows occlusion of the left common iliac artery, 
stenosis of the left external iliac artery, and occlusion of the left super fi cial 
femoral artery, popliteal artery, and diseased tibioperoneal trunk       
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 The adventitia is the outermost layer of the arterial wall 
and the layer responsible for the majority of the vessel’s 
strength. It is composed of connective tissue,  fi broblasts, 
capillaries, neural  fi bers, and occasional leukocytes. In large 
vessels, a microvasculature known as the vasa vasorum is 
present within the adventitial layer, serving to nourish the 
adventitia and outermost layers of the media  [  3  ] .   

   Incidence/Prevalence of Peripheral 
Arterial Disease 

 The overall prevalence of peripheral arterial disease (PAD) 
based on objective data has been evaluated in several epide-
miological studies and is in the range of 3–10%, which 
increases to 15–20% in people over the age of 70 years  [  4  ] . 
The prevalence of asymptomatic PAD of the lower extrem-
ity can only be estimated using noninvasive vascular testing 
in the general population with the ankle-brachial index 
(ABI) being the most widely used testing. A resting ABI of 
 £ 0.9 is generally caused by hemodynamically signi fi cant 
arterial stenosis and most often is used as a hemodynamic 
de fi nition of PAD. This de fi nition in symptomatic individu-
als (ABI  £  0.9) is 95% sensitive in detecting PAD con fi rmed 
by angiography and 100% speci fi c in identifying healthy 
individuals  [  4  ] . The PARTNERS (PAD Awareness, Risk, 
and Treatment: New Resources for Survival) study, which 
screened 6,979 patients for PAD using an ABI of  £ 0.9 or a 
prior history of lower extremity revascularization, reported 
the presence of 29% of PAD in the total population  [  5  ] . 
Classic vascular claudication was present in 5.5% of the 
newly diagnosed patients with PAD, and 12.6% of patients 
with a prior diagnosis of PAD had claudication. The National 
Health and Nutritional Examination Survey recently 
reported on an unselected population of 2,174 individuals 
aged  ³ 40 years  [  6  ] . The prevalence of PAD ranged from 
2.5% in the age group of 50–59 years to 14.5% in individu-
als >70 years. 

 The prevalence of symptomatic PAD, i.e., intermittent 
claudication, would appear to increase from about 3% in 
patients aged 40 to 6% in patients aged 60 years. Several 
large population studies have analyzed the prevalence of 
intermittent claudication as noted in Fig.  20.3 . As noted in 
this  fi gure, the prevalence in patients between 30 and 
34 years is less than 1%, which increases to approximately 
7% for patients between 70 and 74 years. It has also been 
reported that in relatively younger age groups, claudication 
is more common in men, but at an older age, there is little 
difference between men and women. It has also been 
reported that black ethnicity increases the risk of PAD by 
over twofold, which cannot be explained by a higher level of 
other risk factors for PAD  [  4  ] .  

   Risk Factors 

 Through epidemiologic data, a number of risk factors for the 
development of atherosclerosis have been reasonably well 
established. These factors include hypertension, hypercho-
lesterolemia, cigarette smoking, obesity, diabetes mellitus, 
stress, sedentary lifestyle, and family history. 

Common iliac artery
Deep circumflex iliac artery

Lateral femoral
circumflex artery

LR

Middle geniculate
artery

Ascending genicu-
late artery (inferior)

External iliac artery
Common femoral artery

Deep femoral artery

Superior mesenteric
artery
Inferior mesenteric artery

Popiteal artery

Anterior tibial artery

Posterior tibial artery

Dorsalis pedis artery

Plantar arch

Peroneal artery

Lumbar artery

Medial femoral
circumflex artery

Internal iliac
artery

Descending
geniculate

artery(superior)

Superficial
femoral

artery

a

b

  Fig. 20.2    ( a ) Collateral circulation of the left lower extremity second-
ary to occlusion of the major arterial segments as noted in Fig.  20.1 . ( b ) 
Arteriogram showing complete occlusion of the left common iliac artery 
( arrow ). Note the collateral circulation around the obstruction. This also 
shows extensive disease of both right and left external iliac arteries       
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   Age 
 As noted in Fig.  20.3 , there is a striking increase in both 
the incidence and prevalence of PAD with increasing 
age  [  4  ] . 

 Merino et al. analyzed the incidence and risk factors of 
PAD in a prospective cohort of 700 adult elderly men fol-
lowed for 5 years and concluded that 12% of adult men aged 
between 55 and 74 years developed PAD. Besides subjects 
with a history of cardiovascular disease, men older than aged 
70 years and heavy smoker constituted a high-risk group for 
PAD and, therefore, the object of directed efforts of primary 
prevention  [  7  ] .  

   Gender 
 The prevalence of PAD is slightly higher in men than in 
women, particularly in the younger age group. The ratio 
of men to women in patients with intermittent claudica-
tion ranges between 1:1 and 2:1. This ratio increases in 
some studies to at least 3:1 in individuals with a severe 
stage of PAD  [  4  ] .  

   Smoking 
 Intermittent claudication is three times more common 
among smokers than nonsmokers. It has also been suggested 
that the association between PAD and smoking is even 
stronger than between coronary artery disease and smoking. 
A diagnosis of PAD is made approximately a decade earlier 
in smokers than in nonsmokers, and the severity of PAD 
tended to increase with the number of cigarettes smoked. 
Smoking cessation is also associated with a decline in the 
incidence of intermittent claudication, as reported by the 
Edinburgh Artery Study  [  8  ] , which concluded that the rela-
tive risk of intermittent claudication was 3.7 in smokers 
compared with 3.0 in previous smokers (who quit smoking 
for less than 5 years).  

   Diabetes Mellitus 
 Intermittent claudication is twice as common among diabetic 
patients as among nondiabetics. It has also been estimated 
that for every 1% increase in hemoglobin A1c, there is a cor-
responding 26% increased risk of PAD  [  9  ] . Insulin resistance 
plays a major role in clustering of cardiometabolic risk fac-
tors, which include hypertension, dyslipidemia, hyperglyce-
mia, and obesity. Insulin resistance is also a risk factor for 
PAD in patients without diabetes, raising the risk 40–50% 
 [  10  ] . PAD in patients with diabetes mellitus is also more 
aggressive, compared to nondiabetics with early large vessel 
involvement combined with distal small vessel disease and 
neuropathy. Major amputation is also 5–10 times higher in 
diabetics than in nondiabetics. Based on these  fi ndings, a 
consensus statement from the American Diabetes Association 
recommended PAD screening with an ABI every 5 years in 
diabetic patients  [  11  ] . There is strong evidence that better 
control of blood sugar delays the onset of microvascular dia-
betic retinopathy and nephropathy; however, the effect of 
such control in progression of macrovascular disease remains 
controversial  [  12  ] .  

   Dyslipidemia 
 A fasting cholesterol level greater than 270 mg/dL was 
associated with a doubling of the incidence of intermittent 
claudication, based on the Framingham study. However, 
the ratio of total to high-density lipoprotein cholesterol 
was the best predictor of occurrence of PAD. Although 
some studies have shown that total cholesterol is a power-
ful independent risk factor for PAD, others have failed to 
con fi rm this association  [  4  ] . An association between hyper-
triglyceridemia and PAD has also been noted and has been 
shown to be associated with progression/complications of 
PAD. Lipoprotein (a) is also a signi fi cant independent risk 
factor for PAD.  
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   Hypertension 
 Hypertension is associated with all forms of cardiovas-
cular disorders, e.g., PAD. However, it should be noted 
that the relative risk of developing PAD is less for hyper-
tension than for diabetes or smoking (Fig.  20.4 ). The 
role of hypertension in the development of peripheral 
arterial disease has been controversial, with the Framing-
ham and the Finnish studies arriving at opposite conclu-
sions. Hypertension may have both a cause and effect 
relation to peripheral arterial disease. Aggressive blood 
pressure control in newly diagnosed hypertensive patients 
occasionally decreases perfusion suf fi ciently to unmask 
and recognize hemodynamically signi fi cant stenotic 
lesions.   

   Hyperhomocysteinemia 
 The prevalence of hyperhomocysteinemia is higher in 
patients with PAD, compared with 1% in the general popula-
tion. Hyperhomocysteinemia is detected in about 30% of 
young patients with PAD, and it is believed to be an indepen-
dent risk factor for atherosclerosis. It has also been felt to be 
a stronger risk factor for PAD than for CAD  [  4  ] .  

   In fl ammatory Markers/C-reactive Protein 
 Recent studies have shown that C-reactive protein (CRP) is 
higher in asymptomatic subjects who developed PAD in the 
subsequent 5 years, compared to an age-matched control 
group who remained asymptomatic. The risk of developing 
PAD in the highest quartile of baseline CRP was more than 
twice that in the lower quartile  [  13  ] .  

   Chronic Renal Insuf fi ciency 
 PAD has been associated with chronic renal insuf fi ciency. In 
the Heart and Estrogen/Progestin Replacement Study (HERS), 
chronic renal insuf fi ciency was independently associated with 
future PAD events in postmenopausal women  [  14  ] .  

   Hypercoagulable States 
 Hyperviscosity and raised hematocrit have been noticed in 
patients with PAD, which may be a consequence of smoking. 
Increased plasma  fi brinogen levels have also been associated 
with PAD in some studies  [  4  ] .  

   Race 
 PAD, as de fi ned as an ABI of  £ 0.9, was more common in non-
Hispanic blacks (7.8%) than in whites (4.4%), based on the 
National Health and Nutrition Examination Survey in the 
United States. This was also con fi rmed by the GENOA 
(Genetic Epidemiology Network of Arteriopathy) study  [  15  ] . 

 Finally, a family history has not been found to be a 
signi fi cant independent risk factor in the development of 
peripheral arterial disease, in contrast to patients with coro-
nary artery disease. Figure  20.4  demonstrates the approximate 
range of odds ratio for risk factors for symptomatic PAD. 

 Alzamora et al. reported on the PAD study (PERART/
ARTPER) and the prevalence and risk factors in the general 
population. They performed a cross-sectional, multicenter, 
population-based study in 3,786 individuals aged over 
49 years, randomly selected in 28 primary care centers in 
Barcelona, Spain. Patients were diagnosed as having PAD if 
their ABI was <0.9. The prevalence of PAD was 7.6% (10.2% 
for males and 5.3% for females). A multivariate analysis 
showed the following risk factors: male sex (odds ratio [OR] 
1.62), age (OR 2.00 per 10 years), inability to perform physi-
cal activity (OR 1.77 for mild limitation to OR 7.08 for breath-
less performing any activity), smoking (OR 2.19) for former 
smokers and (OR 3.83) for current smokers, hypertension (OR 
1.85), diabetes (OR 2.01), previous cardiovascular disease 
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  Fig. 20.4    Approximate range of odds ratios for risk factors for symp-
tomatic peripheral arterial disease (Reprinted from Norgren et al.  [  4  ] . 
With permission from Elsevier)       
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(OR 2.19), hypercholesterolemia (OR 1.55), and hypertriglyc-
eridemia (OR 1.55). Body mass index  ³ 25 kg/m 2  (OR 0.57) 
and walking more than 7 h/week (OR 0.67) were found as 
protector factors. They concluded that the prevalence of PAD 
is low, higher in males, and increases with age in both sexes. 
In addition to previously described risk factors, they found a 
protector effect in physical exercise and overweight  [  16  ] .   

   Association of Peripheral Arterial 
Disease, Coronary Artery Disease, 
and Cerebrovascular Disease 

 Pooling evidence from available studies such as the 
TransAtlantic Intersociety Consensus (TASC) concluded that 
approximately 60% of patients with peripheral arterial dis-
ease have signi fi cant coronary artery disease, cerebrovascular 
disease, or both, whereas about 40% of those with coronary 
artery or cerebrovascular disease also have peripheral arterial 
disease  [  17  ] . Murabito et al.  [  18  ]  reported that the diagnosis 
of concomitant coronary artery disease can be established 
with a clinical history, physical examination, and EKG in 
40–60% of all patients with intermittent claudication.   

   Atherosclerosis 

   Pathophysiology 

 Intermittent claudication as a symptom of peripheral arterial 
disease can be caused by  fl ow-limiting stenosis, which is 
almost secondary to atherosclerosis. Whether or not a stenotic 
lesion is  fl ow limiting depends on both  fl ow velocities and the 
degree of stenosis  [  19  ] . Flow velocity at rest has been esti-
mated to be as low as 20 cm/s in the femoral artery. A diam-
eter reduction of >90% would be required for a stenotic lesion 
at these rates to be considered hemodynamically signi fi cant. 
However, the metabolic requirements in the distal tissue of an 
exercising or active individual are higher, and the femoral 
artery velocities may increase up to 150 cm/s, and at this 
velocity level, a stenosis of 50% can cause signi fi cant pres-
sure and  fl ow gradient, leading to inadequate oxygen deliv-
ery. In general, patients with mild intermittent claudication 
typically have a single segment disease, which is often associ-
ated with well-developed collateral circulation, in contrast to 
patients with severe claudication or critical limb ischemia, 
which is associated with multilevel disease. 

 The hemodynamic abnormalities of peripheral arterial 
occlusive disease re fl ected in ankle-brachial index (ABI) 
measurements or direct measurement of calf blood  fl ow do 
not necessarily correlate with walking performance or 
severity of the claudication symptoms  [  20  ] . Biochemical 
changes and microcirculatory changes induced by the cycle 

of ischemia and reperfusion have been suggested as evi-
dence of this observation. This may lead to skeletal muscle 
injury due to distal axonal degeneration, which, in turn, 
may cause muscle atrophy, further compromising exercise 
tolerance. This injury may be mediated at the cellular level 
through increased oxidative stress, generation of oxygen-
free radicals, and lipid peroxidation that occurs during 
reperfusion of ischemic tissue. Several studies have demon-
strated the accumulation of several metabolic intermedi-
ates, such as acylcarnitines, impaired synthesis of 
phosphocreatinine, and supranormal levels of adenosine 
diphosphates  [  21  ] . Patients with advanced chronic periph-
eral arterial disease have an abundance of these antimeta-
bolic compounds, which signify well-established metabolic 
myopathy. Increased acylcarnitine accumulation has been 
noted to correlate well with decreased treadmill exercise 
performance  [  22  ] . 

 The basic underlying disease process affecting the arterial 
wall, and the one responsible for the clinical manifestations 
of lower extremity peripheral arterial disease, is atheroscle-
rosis. Simply put, atherosclerosis is a disease of medium to 
large arterial vessels that causes luminal narrowing, throm-
bosis, and occlusion resulting in ischemia of the end organ 
involved. The process of atherosclerosis is extremely com-
plex and is the subject of continuous investigation within the 
medical and surgical community. In addition to lower extrem-
ity vascular disease, atherosclerosis is known to produce 
many other clinical events of importance including, but not 
limited to, myocardial infarction, stroke, mesenteric vascular 
insuf fi ciency, and aortic aneurysm formation  [  23  ] . 

 Atherosclerosis is primarily a disease of the intima char-
acterized by the proliferation of smooth muscle cells and the 
accumulation of lipid material. The earliest lesion appears to 
be that of the fatty streak. In this lesion, lipid accumulates 
within the vessel wall, either extracellularly or intracellu-
larly, within macrophages known as foam cells. This lesion 
often forms quite early in the course of the disease and may 
even be found in the arterial system of young children  [  24  ] . 

 The  fi brous plaque, the next phase of atherogenesis, is 
characterized histologically by a thick  fi brous luminal cap 
composed of smooth muscle cells and connective tissue. 
This plaque typically overlies a core composed of necrotic 
debris and lipid material (the atheroma). Continued prolif-
eration of smooth muscle cells and accumulation of lipid 
material result in the luminal narrowing characteristic of the 
disease  [  25  ] . 

 In some cases, although it is unclear why, the plaque 
may develop features of luminal ulceration and wall 
calci fi cation or hemorrhage. These changes result in what 
is known as the complicated lesion of atherosclerosis. The 
nature of this lesion is far more unstable and is the source 
for the arterioarterial thromboembolic events observed in 
these patients  [  26  ] .  
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   Theories of Atherosclerosis 

 The extreme complexity of the atherosclerotic process has 
resulted in the formulation of several theories to explain its 
pathogenesis. These theories are based on attempts to account 
for one or more aspects of the disease and are therefore not 
mutually exclusive. In general, three theories have emerged 
as the most reasonable: the response to injury hypothesis, the 
lipid hypothesis, and the monoclonal (or mutagenic cellular 
transformation) hypothesis. 

   The Response to Injury Hypothesis 
 The response to injury hypothesis is based on the marked 
similarity of atherosclerotic lesions to those occurring after 
experimental injury. The hypothesis states that some form of 
arterial injury (via the aforementioned risk factors) results in 
focal disruption of the endothelium, thus allowing interac-
tion between the blood elements and the arterial walls. This 
then allows interaction of leukocytes and platelets with the 
disrupted surface. Platelet degranulation results, as does 
migration of macrophages into the injured intimal layer. One 
substance released from the platelet—platelet-derived growth 
factor (PDGF)—is thought to induce the smooth muscle pro-
liferation characteristic of the process  [  27,   28  ] . This hypoth-
esis may explain the marked tendency for atherosclerosis to 
develop in regions of increased turbulence such as that 
observed at major arterial bifurcations.  

   The Monoclonal Hypothesis: 
Smooth Muscle Proliferation 
 The monoclonal hypothesis states that the smooth muscle 
proliferation characteristic of the plaque is similar to a benign 
neoplasm arising from a single progenitor cell from the 
monocyte–macrophage lineage. Evidence for this is provided 
by the observance of a monotypic enzyme pattern in the 
plaques of heterozygotic individuals, as opposed to the 
bimorphic pattern seen in the undiseased arterial wall  [  29  ] . 
The aforementioned risk factors function as theoretical 
mutagens. 

 This hypothesis considers events that cause smooth mus-
cle proliferation as critical in atherogenesis. Actions of other 
growth factors may either stimulate or inhibit cell prolifera-
tion, depending on the circumstances, as well as on mac-
rophage-derived cytokine activity, such as the  fi nding of 
transforming growth factor- b  receptors in human atheroscle-
rosis  [  30  ]  provides evidence for an acquired resistance to 
apoptosis. Resistance to apoptosis may lead to proliferation 
of a resistant cell subset associated with progression of 
stenotic lesions. 

 This theory once again focuses on the smooth muscle pro-
liferation but fails to account for the other features of the 
lesion. In summary, obviously no one theory provides an 
adequate explanation for all the pathologic changes observed 

in atherogenesis. This subject remains a focus of continual 
investigation worldwide, and it is hoped that with improved 
understanding of the atherogenic process, better preventive 
strategies might be developed.  

   Lipid Hypothesis 
 The relatively simple lipid hypothesis states that the lipids 
within the atherosclerotic lesion are derived from circulating 
lipoproteins in the bloodstream. Support for this theory has 
been provided by the Association of Atherosclerosis with 
elevated levels of LDL  [  31  ] . This hypothesis, however, fails 
to account for other features of the lesion, including smooth 
muscle proliferation and thrombotic events.  

   Vascular Hemodynamic/Atherosclerosis 
 Vascular hemodynamics are described in Chap.   5    . 
Atherosclerotic occlusive disease primarily affects circula-
tory  fl ow through energy losses at  fi xed arterial stenoses. 
The reasons for this arise from knowledge of the physical 
properties of blood as a  fl uid. As blood  fl ow enters an area 
of stenosis, its velocity increases across the stenosis to 
maintain constant  fl ow. Energy is then lost with the change 
in velocity at both the entry to and exit from the stenotic 
area. The greater the degree of stenosis, the more severe the 
change in velocity and thus the greater the energy loss. In 
general,  fl ow studies have demonstrated that signi fi cant 
changes in  fl ow and velocity do not occur until the degree 
of stenosis approaches 50%, which in turn corresponds to 
an area reduction of approximately 75%. This is termed 
critical stenosis. 

 It is important to remember, however, that resistances in 
series are additive; thus, multiple subcritical stenoses in 
series can produce signi fi cant hemodynamic changes and 
result in marked impairment of distal  fl ow  [  32,   33  ] .    

   Clinical Manifestations of PAD 

 The clinical manifestations of lower extremity atherosclerotic 
occlusive disease occur along a well-de fi ned spectrum of 
severity, ranging from intermittent claudication to the obser-
vation of trophic changes suggesting impending limb loss. 

 Claudication is de fi ned as pain (or discomfort) produced 
with brisk use of an extremity and relieved with rest. We 
have also observed that the location of the discomfort is typi-
cally experienced one joint distal to the stenotic area. For 
example, disease involving the super fi cial femoral artery 
manifests itself via calf claudication. Blood  fl ow is adequate 
in the resting state; thus, pain occurs only when the increased 
metabolic demand created by exercising muscle exceeds the 
supply available due to the degree of  fi xed arterial obstruc-
tion  [  34  ] . Aside from diminished distal pulses, signi fi cant 
physical  fi ndings are usually absent at this stage. 
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 The differential diagnosis of intermittent claudication 
should include other conditions, which may be neurologic 
or musculoskeletal in origin. Calf claudication can be caused 
by venous claudication, chronic compartment syndrome, 
Baker’s cyst, and nerve root compression. The tight bursting 
pain of compartment syndrome is generally typical, and 
venous claudication is relieved by leg elevation. Hip or but-
tock claudication should be differentiated from pain related 
to hip arthritis and spinal cord compression. The persistent 
aching pain caused by variable amounts of exercise and 
associated symptoms in other joints may distinguish arthri-
tis from claudication. Patients with spinal cord compression 
frequently present with a history of back pain and have 
symptoms on standing but require a change in position as 
well as rest to obtain relief. Foot claudication should be 
distinguished from other causes related to arthritis or 
in fl ammatory processes. 

 Ischemic rest pain develops when the degree of circula-
tory impairment progresses to the point at which the blood 
supply is inadequate to meet the metabolic demand of the 
muscle even in the resting state. Frequently, the pain increases 
during periods of lower extremity elevation (lying in a bed) 
and is relieved with dependency. Physical  fi ndings at this 
stage typically include decreased skin temperature and 
delayed capillary re fi ll, as well as Buerger’s signs (depen-
dent rubor and pallor on elevation). 

 Trophic changes represent the most severe manifestations 
of chronically impaired lower extremity circulation. In this 
stage of the disease, the lower extremity displays actual 
changes related to ischemia that are visible to the naked eye. 
These changes range from subtle signs such as dependent 
rubor, atrophy of skin and muscle, and loss of hair or nail 
substance to frank ulceration, cyanosis, and gangrene. The 
presence of trophic changes is suggestive of impending limb 
loss and necessitates urgent intervention for limb salvage to 
be possible  [  35  ] . 

   Natural History and Staging 

 Several studies over the past 40 years have concluded that 
approximately 75% of all patients with claudication experi-
ence symptom stabilization or improvement over their life-
time without the need for any intervention  [  36,   37  ] . This 
clinical improvement or stabilization holds true, despite arte-
riographic evidence for disease progression in most of these 
patients. In 25% of claudicant patients, symptoms worsened, 
particularly during the  fi rst year, in approximately 8%, and 
subsequently at the rate of 2–3% per year. It has been esti-
mated that around 5% of these patients will undergo an inter-
vention within 5 years of their initial diagnosis. Several large 
studies estimate that 2–4% of these patients will require a 
major amputation  [  38,   39  ] . Diabetes and smoking are the 

most signi fi cant primary risk factors for disease progression 
and higher intervention and amputation rates. Dormandy and 
Murray  [  39  ]  concluded that an ABI of 0.5 on initial diagno-
sis was the most signi fi cant predictor for peripheral arterial 
disease deterioration requiring intervention. They also 
observed that men were at higher risk for disease progression 
than women. Other studies have con fi rmed that the presence 
of peripheral arterial disease signi fi cantly increased the risk 
of myocardial infarction, stroke, ischemia of splanchnic 
organs, and the risk of cardiovascular death. Criqui et al.  [  40  ]  
noted a relative risk of 3.3 for total mortality and a relative 
risk of 5.8 for coronary artery disease mortality in men with 
peripheral arterial disease over a 10-year study. They also 
noted a twofold higher relative risk of a total, coronary, and 
cardiovascular mortality in symptomatic versus asymptom-
atic peripheral artery disease patients. It has been estimated 
that the average life expectancy of patients with intermittent 
claudication was decreased by about 10 years  [  36  ] . A review 
of over 20 studies by TASC places the 5-, 10-, and 15-year 
mortality rates for patients with intermittent claudication at 
30%, 50%, and 70%, respectively  [  17  ] . 

 Determination of the ABI has proven to be a powerful 
clinical tool. An ABI of <0.5 has been associated with more 
severe coronary artery disease and increased mortality  [  41  ] . 
It has been demonstrated that patients with an ABI of <0.3 
had a signi fi cantly lower survival rate than those with a range 
of 0.31–0.9  [  41  ] . 

 Sheikh et al. reported on the usefulness of postexercise 
ABI to predict all-cause mortality. They conducted an obser-
vational study of consecutive patients referred for ABI 
measurement before and after  fi xed-grade treadmill or symp-
tom-limited exercise component to a noninvasive vascular 
laboratory during a 10-year period. The patients were classi fi ed 
into two groups: Group 1 included patients with an ABI of 
 ³ 0.85 before and after exercise, and group 2 included patients 
with a normal ABI at rest but <0.85 after exercise. A total of 
6,292 patients were analyzed. The 10-year mortality rate for 
groups 1 and 2 was 33% and 41%, respectively. An abnormal 
postexercise ABI result independently predicted mortality (a 
hazard ratio of 1.3,  p  = 0.008). Additional independent predic-
tors of mortality were age, male gender, hypertension, and 
diabetes. After the exclusion of patients with a history of car-
diovascular events, the predictive value of an abnormal 
postexercise ABI remained statistically signi fi cant (a hazard 
ratio of 1.67,  p  < 0.0001). They concluded that the postexer-
cise ABI was a powerful independent predictor of all-cause 
mortality and provides additional risk certi fi cation beyond 
resting ABI  [  42  ] . 

 Aboyans et al. assessed the general prognosis of patients 
with PAD according to the disease location in 400 patients. 
Aortoiliac disease (proximal PAD) and infrailiac disease 
(distal PAD) were noted in 211 (53%) and 344 (86%) cases, 
respectively. Male sex and smoking were prevalent in 
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proximal PAD, whereas an older age, hypertension, diabetes, 
and renal failure were more prevalent in distal PAD ( p  < 0.05). 
At a mean follow-up of 32 months, the event-free survival 
curves differed according to the PAD localization ( p  < 0.03). 
Adjusted for sex, age, cardiovascular disease history, cardio-
vascular disease risk factors, critical leg ischemia status, and 
treatment, proximal PAD was signi fi cantly associated with a 
worse prognosis (primary outcome hazard 3.28; death haz-
ard ratio 3.18;  p  < 0.002) versus distal PAD. This was the  fi rst 
study to report a poorer general prognosis for patients with 
proximal aortoiliac disease compared to those with more dis-
tal disease  [  43  ] . 

 After the initial diagnosis of chronic lower extremity isch-
emia is made, it is important to stage the severity of the pro-
cess accurately. This is crucial because it is the stage of the 
disease and the natural history of each stage that ultimately 
determine which therapy is most appropriate. 

 The most common staging system used by vascular 
surgeons today is that devised by the Society of Vascular 
Surgery and the International Society of Cardiovascular 
Surgery (SVS/ISCVS). Rutherford et al.  [  44  ]  de fi ned clau-
dication categories 0–3 as asymptomatic, mild, moderate, 
and severe (Table  20.1 ). Categories 4–6 encompass ischemic 
rest pain and minor and major tissue loss of patients with 
critical limb ischemia. Rutherford’s classi fi cation is pres-
ently the recommended standard when describing clinical 
assessment and progress  [  17  ] . The other classi fi cation that is 
used by our medical colleagues is the Fontaine classi fi cation. 
In this classi fi cation, the stages of the disease are catego-
rized into class I–IV (I corresponds to 0 in Rutherford’s 
classi fi cation and IV corresponds to stage III in Rutherford’s 
classi fi cation).  

   Stage 0 (Asymptomatic) 
 In stage 0, the patient is symptom-free. The natural history of 
stage 0 disease is such that few patients will progress to limb 
loss over a period of 5 years. For this reason, the only treat-
ment recommended for this stage involves risk factor 
modi fi cation such as cessation of smoking, reduction of 
serum lipids, and improved control of diabetes mellitus. 
Close observation is also important since any progression to 

a more advanced stage necessitates a change in the treatment 
strategy.  

   Stage I (Claudication) 
 Stage I has been further subdivided into two groups based on 
the claudication distance. Stage IA disease is de fi ned as clau-
dication occurring at a distance of greater than half a block, 
whereas stage IB disease is de fi ned as claudication occurring 
at a distance of less than half a block. 

 The natural history of patients with claudication is such 
that very few patients will progress to limb loss. The 
actual percentages in the literature vary somewhat, but the 
5-year limb loss rate seems to average approximately 5% 
 [  34,   45  ] . 

 Because of the relatively benign natural history of stage 
I disease (grade I category), the cornerstone of therapy 
remains aggressive medical management, particularly for 
patients with stage IA disease. Stage IB (categories 2 and 3) 
disease may be considered a relative indication for invasive 
intervention if medical therapy fails or if the degree of dis-
ability is intolerable for the patient. Once again, progres-
sion to a more advanced stage necessitates a change in the 
treatment plan.  

   Stage II (Ischemic Rest Pain) 
 Stage II is generally viewed as the earliest phase of limb-
threatening ischemia. The natural history at this stage carries 
a far worse prognosis. Patients with stage II disease are far 
more likely to have progression of their disease process and 
ultimately to suffer limb loss  [  46  ] . For this reason, invasive 
intervention is indicated at this stage.  

   Stage III (Trophic Changes) 
 The presence of trophic changes indicates the most severe 
underlying circulatory impairment, as evidenced by actual 
tissue loss or gangrenous changes. Untreated, most patients 
will progress to gangrene and limb loss. For this reason, an 
aggressive interventional approach is indicated to limit addi-
tional tissue loss and allow limb salvage  [  46  ] . 

 It should be noted that progression of patients with PAD 
from asymptomatic to claudication to rest pain to gangrene 
or limb loss is generally unpredictable. It has been shown 
that more than one-half of patients having a below-knee 
major amputation for ischemic disease had no prior symp-
toms of leg ischemia as recent as 6 months previously  [  47  ] . 
The incidence of major amputations, according to large pop-
ulation studies, varies from 120 to 500 per million per year, 
and the ratio of below-knee to above-knee amputation in 
large surveys is around 1:1. It has also been reported that 
approximately 60% of below-knee amputations heal by pri-
mary intention, while 15% heal after secondary procedures, 
and 15% will need above knee amputation, while 10% die in 
the perioperative period.    

   Table 20.1    Classi fi cation of peripheral arterial disease: Rutherford 
categories   

 Grade  Category  Clinical description 

 0  0  Asymptomatic 
 I  1  Mild claudication 
 I  2  Moderate claudication 
 I  3  Severe claudication 
 II  4  Ischemic rest pain 
 III  5  Minor tissue loss 
 III  6  Major tissue loss 
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   Diagnostic Investigation 

   History and Physical Examination 

 As with any condition, evaluation begins with a comprehen-
sive history and physical examination prior to any objective 
testing. 

 The initial history should be directed toward the occur-
rence of pain in the lower extremities. As de fi ned previously, 
claudication typically manifests itself as pain that occurs 
with brisk use of an extremity (via walking) and is relieved 
consistently by several minutes of rest. The location and 
character of the pain should be reproducible, as should be the 
claudication distance. Rest pain should also be inquired 
about and, once again, may be most prominent at night when 
the legs are elevated. Any history of ulceration, loss of hair, 
nail substance, or skin/muscle atrophy should be sought. The 
presence of impotence, frequently present in aortoiliac dis-
ease, should be carefully documented. 

 Because of the systemic nature of atherosclerosis, the 
possibility of multivessel involvement exists and should be 
considered in all patients. A careful history should be elic-
ited regarding symptoms of coronary disease (angina or 
myocardial infarction), cerebrovascular disease (transient 
ischemic attacks or prior strokes), or previous vascular 
procedures. 

 Physical examination begins with a comprehensive head-
to-toe assessment. When attention is directed toward the 
lower extremities, thorough visual inspection should reveal 
evidence of any trophic changes. It is important to look 
between the toes as well to avoid missing subtle areas of skin 
loss. Skin temperature and capillary re fi ll should be assessed 
and may be diminished with more advanced disease. Pulses 
should be palpated at all levels and their strength documented 
as follows: +2 (normal), +1 (diminished), 0 (no palpable 
pulse). Others classify pulses as 3+, 2+, 1+, and 0. 

 If the pulse is nonpalpable, a Doppler probe should be 
used to determine the presence or absence of  fl ow in the ves-
sel and its  fl ow characteristics (monophasic versus biphasic).  

   Noninvasive Tests 

 A variety of noninvasive tests are available for assessment of 
the lower extremity vascular system. These are discussed in 
detail in subsequent chapters. 

 Perhaps the most useful bedside noninvasive test avail-
able to the clinician is the ABI. This test may be performed 
with only a sphygmomanometer and a Doppler probe. To 
perform the test, Doppler systolic pressure measurements are 
taken at the level of the ankle (use the higher of posterior 
tibial or dorsalis pedis artery pressure) and compared with 
those in the brachial artery as follows:

         

 A ratio of less than 0.9–1 is abnormal. Generally, patients 
with claudication have indices of 0.5–0.8, whereas those with 
rest pain have indices of 0.5 or less. When trophic changes are 
present, the ABI is frequently less than 0.3  [  48  ] . 

 In general, noninvasive testing should precede the order-
ing of any more invasive evaluations.  

   Overview of Noninvasive Testing in PAD 

 Noninvasive vascular tests help the physician to evaluate the 
presence or absence of signi fi cant arterial occlusive disease, 
severity of disease, location of disease, and, in the presence 
of multisegmental disease, which arterial segment is mostly 
affected. 

 General indications for obtaining noninvasive assessment of 
the peripheral arterial system include absence of normal pulses, 
suboptimal examiner reliability or experience, a clinical his-
tory or examination potentially consistent with peripheral arte-
rial occlusive disease, and a planned vascular procedure. 

 Several noninvasive diagnostic techniques have been used 
in the diagnosis of peripheral arterial disease: continuous-
wave (CW) Doppler ultrasound, pulsed Doppler ultrasound, 
B-mode ultrasound, and various plethysmographic tech-
niques, including pulse volume recording, thermography, 
electromagnetic  fl owmeter, radionuclide angiography, and 
the use of radioisotopes. The most commonly used methods 
for diagnosis of peripheral vascular disease of the lower 
extremity at present are segmental Doppler pressures (with 
or without Doppler wave analysis) using CW Doppler, pulse 
volume recording, and Duplex ultrasonography  [  49–  53  ] . 
These three commonly used methods will be described in 
detail in the next chapters. 

   Doppler Ultrasound 
 The use of ultrasound in the range of 1–10 MHz for medical 
diagnosis has become widespread since its introduction by 
Satomura in 1959  [  54  ] . Current instruments either use the 
Doppler effect to detect  fl ow velocity or rely on tissue 
re fl ectance of transmitted sound waves (B-mode ultrasound) 
to produce acoustic images of blood vessels or a combination 
of both Doppler and B-mode imaging (duplex ultrasound). 

 Although Satomura [  54  ]  was credited for developing the 
 fi rst Doppler  fl ow detector in 1959, its clinical application 
was pioneered by Strandness et al .  in 1966  [  55  ] . Since then, 
the instrumentation has been further improved and re fi ned. 
The principle of this device depends on the observation 
made by the Austrian physicist, Christian Doppler (1803–
1853), who demonstrated that the frequency of light or sound 
emitted by a source moving toward the observer is higher 

Ankle pressure (mmHg)
ABI = 

Brachial pressure (mmHg)
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(shorter wavelength) than the transmitted frequency and 
lower (longer wave length) when the source is moving away 
from the observer, e.g., the pitch of the train whistle sounds 
higher as the train approaches and lower as the train moves 
away. The Doppler effect can be stated as

        

where     V    = average  fl ow velocity,  C  = velocity of sound in 
tissue,  D  f  = Doppler frequency shift,  f  

o
  = transmitting fre-

quency of ultrasound beam, and   q   = angle of the incident 
sound beam to the blood vessel being examined. Since trans-
mitting frequency, angle of incidence, and sound velocity in 
tissue can be kept constant, frequency shift ( D  f ) becomes 
proportional to the velocity of blood  fl ow. 

 There are two types of Doppler ultrasound detectors: CW 
Doppler ultrasound and pulsed Doppler ultrasound. Both 
instruments work on the principle of the Doppler effect. This 
is described in detail in Chap.   4    . 

  Instrumentation : Many types of Doppler instruments are 
commercially available, varying from small, portable, 
pocket-sized models to more sophisticated instruments. The 
CW detectors emit an ultrasound beam without interrup-
tion. Such devices are not range speci fi c, i.e., they will 
detect blood  fl ow at any depth within the range of the instru-
ment up to several centimeters, depending upon the fre-
quency of the instrumentation. The pulsed Doppler detectors 
transmit intermittent bursts of ultrasound that can be sam-
pled for retained signals at various times after transmission, 
permitting range resolution of detected  fl ow at a given point 
from the transducer. As mentioned earlier, CW Doppler 
units can be directional or nondirectional. Figure  20.5  shows 
a commonly used pocket Doppler unit (Dopplex D900, 
Huntleigh Diagnostics, Eatontown, NJ); Fig.  20.6  shows a 
commonly used directional Doppler unit (VasoGuard, 
Viasys Healthcare, Madison, WI).    

   Duplex Ultrasound and Color Flow Imaging 
 When pulsed ultrasound Dopplers and B-mode scanners are 
combined, the resulting duplex scan is capable of not only 
imaging the vessel under study but also detecting blood  fl ow 
velocity at multiple points within its lumen. Presently, color 
duplex ultrasonography is the most common instrumentation 
used in modern vascular laboratories. 

 Color  fl ow imaging provides the duplex information 
described above, i.e., combined real-time B-mode imaging 
(grayscale evaluation) and Doppler spectral analysis. In addi-
tion, it evaluates the Doppler  fl ow information for its phase 
(direction toward or away from the transducer, and color is 
assigned on this basis) and its frequency content (which 
determines the hue or shade of the assigned color).  

   Plethysmography 
  Principle : The principle of plethysmography is based on 
graphic recordings of a change in dimension of a portion of 
the body in response to each heartbeat or in response to tem-
porary obstruction of the venous system (venous occlusion 
plethysmography)  [  56  ] . Most plethysmographs directly or 
indirectly record the change in column of a digit, limb, or 
other part of the body. An exception to this is the photopl-
ethysmograph (PPG) that records the change in re fl ection of 
light from the change in number of red blood cells in the 
cutaneous microcirculation. 

  Instrumentation : Various types of plethysmographs have 
been used in the past. Each type employs a different trans-
ducer principle for recording the changes in body 
dimension:
    1.    The photoelectric or PPG  [  57  ]  has been used for many 

years as a pulse sensor. This technique includes an infra-
red light-emitting diode  [  58  ]  to transmit light into skin. 
Light re fl ected from blood cells is received by either a 
photocell or a phototransistor, which permits recording of 
the pulsatile cutaneous microcirculation. This technique 
was used in screening for peripheral arterial disease  [  59  ] , 
cerebrovascular disease  [  60  ] , and venous diseases  [  61  ] . 
 Recently, Bortolotto et al.  [  62  ]  in a study assessing vascu-
lar aging and atherosclerosis in hypertensive subjects 
using pulse-wave velocity versus a second derivative of a 
photoplethysmogram, concluded that an index of the sec-
ond derivative of photoplethysmography correlated with 
age and was useful in the evaluation of vascular aging in 
hypertensive patients  [  62  ] .  

    2.    The strain-gauge plethysmograph (SGP), originally 
described by Whitney  [  63  ] , uses the principle of the 
change in the resistance of a column of mercury in an 
elastic gauge as a sensor of digit or limb volume. This 
technique is simple and versatile in screening for periph-
eral arterial and venous disease. Modi fi cations of this 
instrument have permitted electrical calibration of the 
gauge in situ on the limb  [  64  ]  and automatic calculation 

o2 cos

C f
V

f

D
=

q

  Fig. 20.5    Handheld Doppler ultrasound unit       
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  Fig. 20.6    VasoGuard, Viasys 
Healthcare system, a commonly 
used directional Doppler unit       
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of the limb  fl ow from the excursion of a panel meter 
 needle  [  65  ] . This technique is less cumbersome than stan-
dard volume plethysmography and has been accepted for 
measuring limb blood  fl ow  [  66  ] . It can also be used to obtain 
pulse volume waveforms, which have been proven to be 
valuable in the diagnosis of arterial occlusive disease.  

    3.    The air plethysmograph has been used in a variety of 
instruments, including the oscillometer, Winsor plethys-
mograph  [  67  ] , and pulse volume recorder (PVR)  [  68  ] , all 
of which have been used extensively in the evaluation of 
peripheral arterial occlusive disease and venous diseases. 
This technique is described in detail in Chap.   22    . Volume 
or air plethysmography utilizes pneumatic cuffs placed at 
multiple levels around the extremity. By standardizing the 
injected volume of air and the pressure within the cuff, 
momentary volume changes of the limb result in pulsatile 
pressure changes within the air- fi lled bladder. These 
changes can be displayed as segmental pressure pulse 
contours, which correspond closely to a direct intra-
arterial recording at that level. By adding venous occlu-
sion to plethysmography, indirect measurements of 
arterial  fl ow are possible. This can be done by placing a 
pneumatic cuff on the proximal extremity, which is then 
in fl ated to a pressure that temporarily arrests venous 
out fl ow without impairing arterial in fl ow. Under these cir-
cumstances, the initial rate of volume change in the distal 
extremity, as measured by any of the plethysmographic 
techniques, is equal to the rate of arterial in fl ow. This is 
usually expressed as cubic centimeters  fl ow per 100 mL 
tissue/min. Since resting arterial  fl ow is not reduced until 
an advanced degree of ischemia is present  [  68  ] , this tech-
nique has not found wide clinical application.  

    4.    Quantitative air plethysmography measures volume 
changes of the entire lower leg by calibration with pres-
sure changes and expresses these volume changes in abso-
lute units. As shown in Fig.  20.7 , an air chamber that 

surrounds the lower leg is in fl ated to 6 mmHg, the lowest 
level at which good chamber/limb contact occurs with 
minimal venous compression. The leg blood  fl ow is mea-
sured during venous occlusion. Calibration is performed 
by injecting 100 cm 3  of air into the chamber and observing 
the pressure changes. A pneumatic occlusion tourniquet 
with an attached manometer is applied just proximal to the 
knee. After equilibration, the tourniquet is rapidly de fl ated 
to 50 mmHg to occlude the venous out fl ow. The increas-
ing leg volume is recorded for 20 s and represents the arte-
rial in fl ow to the leg during that period. The arterial in fl ow 
in cubic centimeters/mL can be calculated from the slope 
of the volume/time curve during the 20 s. This technology 
has been reported to be reproducible; however, because it 
is cumbersome, it is not presently widely used  [  69  ] .      
  Clinical Applications : Plethysmographic techniques per-

mit evaluation of peripheral vascular disease by one of the 
following three techniques: pulse-wave analysis, determina-
tion of digit or limb blood pressure, and determination of 
arterial or venous blood  fl ow. Pulse-wave analysis is particu-
larly useful in peripheral arterial and carotid occlusive dis-
eases. Assessment of digit or limb blood pressure permits 
semiquantitation of peripheral arterial occlusive disease, and 
the assessment of limb blood  fl ow permits quantitation of 
peripheral arterial and venous diseases. 

  Pulse - Wave Analysis : The contour and amplitude of the 
plethysmographic pulsation with each heartbeat is a qualita-
tive guide to the presence and degree of peripheral arterial 
occlusive disease  [  70  ] . Normally, the pulse wave has a steep 
upslope, a relatively narrow peak, and a dicrotic wave on the 
downslope, which is concave toward the baseline. In the 
presence of arterial occlusive disease, the pulse-wave con-
tour is damped with a more gradual upslope, a broad rounded 
peak, and loss of the dicrotic wave on the downslope, which 
becomes convex away from the baseline. The amplitude or 
height of the pulse wave diminishes progressively with 
increasing arterial obstruction (Fig.  20.8 ). The amplitude of 
the pulse wave will also decrease in response to sympathetic 
stimulation, such as that induced by a deep inspiration.  

 Recently, Kuvin et al.  [  71  ]  concluded that  fi nger arterial 
pulse-wave amplitude was helpful in the assessment of 
peripheral vascular endothelial function. 

  Fig. 20.7    This is an air plethysmography (APG, [ACI Medical, San 
Marcos, California])       

Dicrotic wave

Moderate Severe

  Fig. 20.8    Pulse-wave tracing. Normal pulse wave has a steep upslope, 
a relatively narrow peak, and a dicrotic wave on the downslope, which 
is concave toward the baseline. Note the contour and amplitude in the 
presence of moderate and severe arterial occlusion       
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 The digit and segmental limb systolic blood pressures can 
be determined by plethysmography. However, such determi-
nations are more simply done by Doppler ultrasound. The 
measurement of systolic blood pressure usually requires a 
plethysmography transducer on the distal phalanx  [  72  ] . 
Photo pulse, strain gauge, or air transducers are suitable for 
detecting the return of pulsations following de fl ation of a 
specially designed blood pressure cuff. Such digit pressure 
measurements are particularly useful in patients with diabe-
tes mellitus, Raynaud’s syndrome, and advanced peripheral 
arterial occlusive disease.  

   Transcutaneous PO 
2
  

 This technology allows quantitative estimation of cutaneous 
oxygen delivery that is independent of arterial wall mechani-
cal properties (e.g., medial calcinosis)  [  73  ] . This monitoring 
device is a modi fi cation of the Clark polarographic oxygen 
electrode coupled to a servo/controlling heating coil and 
thermistor. It operates on the principle that vasodilation 
occurs when the skin heats. At skin temperatures higher than 
43°C, the ratio of transcutaneous PO 

2
  (TCPO 

2
 ) to arterial 

PO 
2
  is constant and approximates 1. Conventional probes 

are, therefore, set between 43°C and 45°C.The relationship is 
complex and affected by several factors, although the TCPO 

2
  

is directly related to skin blood  fl ow. Several attempts have 
been made to increase the accuracy of predictions based on 
TCPO 

2
  measurements, e.g., response to maneuvers including 

oxygen inhalation, postocclusion reactive hyperemia, exer-
cise, and leg dependency. None of these maneuvers was 
found to signi fi cantly increase the overall accuracy. Other 
factors that may limit the accuracy and overall usefulness of 
this methodology include changes in skin temperature, sym-
pathetic tone, age, edema, hyperkeratosis, and cellulitis. The 
clinical application of absolute TCPO 

2
  measurement using 

this technology is limited by the broad overlap of values cor-
relating with the clinical classi fi cation of arterial disease. 
Mild to moderate arterial occlusive disease is generally not 
detected by reduced TCPO 

2
  levels. The normal range in these 

patients is  ³ 40 mmHg. TCPO 
2
  measurements have maximal 

sensitivity at critically low levels of tissue perfusion; there-
fore, it is useful in predicting amputation or wound healing in 
an extremity with severe peripheral vascular occlusive dis-
ease. Generally speaking, most wounds or amputations will 
heal if the TCPO 

2
  is greater than 30 mmHg at that level. For 

TCPO 
2
  values between 20 and 30 mmHg, the likelihood of 

healing is unpredictable. For TCPO 
2
  levels of <20 mmHg, 

most amputations or wounds will not heal  [  74  ] . This method-
ology will be described in detail in a later chapter.  

   Laser Doppler Measurements 
 This method uses a narrow monochromatic incident light 
source (laser) to interrogate particles [blood cells, red blood 

cells (RBCs)] moving in the dermal microcirculation. A 
pickup system records the re fl ected light, and the Doppler-
shifted signal corresponds to the average velocity of the par-
ticles. These measurements can vary based on several factors, 
including signi fi cant scattering on both the incident and 
re fl ected light beams, and anatomic variables including skin 
pigmentation, topography, epidermis thickness, random 
complexity of the microcirculation, and the number of RBCs 
in the sample volume. The term RBC  fl ux has been used to 
describe the measurement, as it represents neither velocity 
nor  fl ow. The signal is a product of the number of moving 
RBCs in the sample volume and their mean velocity 
( fl ux = RBC volume fraction × mean velocity). This noninva-
sive technology provides continuous readout and it is easy to 
operate; however, it cannot be calibrated, its reproducibility 
is frequently problematic, and the data are not expressed in 
familiar or absolute units (velocity or  fl ow rate)  [  75  ] . Systolic 
skin pressure (SSP) can be measured using a blood pressure 
cuff applied directly over the sensor. This technique involves 
in fl ation of a cuff placed over the sensor until RBC  fl ux 
stops. The cuff is then de fl ated, and the SSP is the point at 
which the recorded signal returns. Laser Doppler  fl uxometry 
has been used in association with various maneuvers to detect 
microangiopathy and predict clinical outcome. Loss of reac-
tive hyperemia response following temporary arterial occlu-
sion and failure to increase RBC  fl ux with skin healing are 
signs of microangiopathy in diabetic patients with compro-
mised wound healing. In addition, loss of venoarteriolar 
response, a sympathetic axonal re fl ex of vasoconstriction 
when the foot is lowered below the heart level, occurs in the 
presence of advanced peripheral neuropathy in diabetic 
patients and may predict wound-healing dif fi culties. 

 Eicke et al.  [  76  ]  conducted a study comparing CW 
Doppler ultrasound of the radial artery and laser Doppler 
 fl owmetry of the  fi ngertips with sympathetic stimulation and 
concluded that both methods were feasible to monitor  fl ow 
changes due to sympathetic stimulation. 

 Kubli et al.  [  77  ]  in a study of the reproducibility of laser 
Doppler imaging of the skin blood  fl ow as a tool to assess 
endothelial function, concluded that endothelium-dependent 
and -independent responses of dermal blood  fl ow evaluated 
with laser Doppler imaging are highly reproducible from day 
to day, at least in healthy nonsmoking young male subjects. 
These observations have implications for testing for endothe-
lial function in clinical studies. 

 Correa et al. conducted a comparison of laser Doppler 
imaging,  fi ngertip lacticemy test, and nailfold capillaroscopy 
for assessment of digital microcirculation in 44 patients with 
systemic sclerosis and 40 healthy controls. After acclimatiza-
tion, all subjects underwent nailfold capillaroscopy (NFC) fol-
lowed by laser Doppler imaging (LDI) and  fi ngertip lacticemy 
measurement. NFC was performed with a stereomicroscope 
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under 10–20× magni fi cation in the ten digits of the hands. 
Skin blood  fl ow of the dorsum of four  fi ngertips (excluding the 
thumb) of the left hand was measured using LDI at baseline 
and for 30 min after cold stimulus. The mean  fi nger blood  fl ow 
of the four  fi ngertips was expressed as arbitrary perfusion 
units. Fingertip lacticemy was determined on the fourth left 
 fi nger before (pre-cold stimulus- fi ngertip lacticemy) and 10 
min after cold stimulus. They concluded that laser Doppler 
imaging showed a lower digital blood  fl ow in systemic sclero-
sis patients when compared with healthy controls and corre-
lated well with  fi ngertip lacticemy, both at baseline and after 
cold stimulus, allowing objective measurement of blood per-
fusion in systemic sclerosis patients. The lack or correlation 
between functional and morphological microvascular abnor-
malities, measured by LDI and NFC, suggests they are com-
plementary tools for evaluation of independent microangiopathy 
aspects in systemic sclerosis patients  [  78  ] . 

 Others used laser Doppler to predict burn wound healing  [  79  ] .  

   Electromagnetic Flowmeter 
 The electromagnetic  fl owmeter aids in measuring  fl ow rates 
and is reasonably accurate in real time without interrupting or 
restricting the  fl ow stream. When a  fl uid conductor moves at 
right angles through a magnetic  fi eld, an electrical potential is 
induced in the  fl uid perpendicular to both the magnetic  fi eld 
and the direction of the  fl ow. The magnitude of the voltage 
depends on the spatially averaged velocity  fl ow, the strength of 
the magnetic  fi eld, and the diameter of the blood vessel. The 
standard noncannulating electromagnetic  fl ow probe consists 
of an electromagnet and two electrodes embedded in a 
C-shaped plastic device for easy application to the vessel. The 
electrodes are located opposite each other and at right angles 
to the poles of the electromagnets. A voltage proportional to 
the velocity of  fl ow appears at the interface between the  fl uid 
and the vessel wall. In turn, this voltage is conducted across 
the vessel wall, where it is picked up by the electrodes and is 
ampli fi ed to drive a recording system. The volume  fl ow (in 
cubic centimeters per second) is measured by a special for-
mula. A supply of calibrated probes of varying diameters are 
gas-sterilized and made available in the operating room. It is 
important that the electrodes be kept clean and free of deposits 
of blood or other protein material since such deposits can alter 
the electrical resistance and distort the  fl ow recordings. A 
length of vessel about three times the width of the probe is dis-
sected out to allow easy application and to prevent angulation 
of the probe. All electrical equipment, particularly the electro-
cautery, is disconnected prior to using the electromagnetic 
 fl owmeter. This is to prevent stray currents from passing 
through the ground electrodes of the  fl owmeter, where they 
could produce an electrical burn or shock. Also, it helps to 
eliminate troublesome electrical interference. After the probe 
has been positioned on the vessel, the distal vessel is 

momentarily occluded in order to adjust the zero. The result-
ing reactive hyperemia is allowed to subside for a few seconds 
to several minutes before pulsatile and mean  fl ows are 
recorded. It is important to ensure that the vessel probe is sur-
rounded by tissue  fl uids or by saline in order to duplicate the 
conditions of in vitro calibration. For a branched vessel, or in 
the case of an end-to-side graft where there are two or more 
out fl ow tracts, it is helpful to occlude each of the out fl ow tracts 
or branches in turn to obtain some idea of  fl ow distribution. 

 The  fl ow value (mL/min) is recorded at rest and often 
following intra-arterial injection of a vasodilating agent 
(papaverine hydrochloride). A  fl ow value recorded after 
administration of a vasodilator is termed a stimulated or aug-
mented  fl ow. The electromagnetic  fl owmeter has been useful 
in detecting technical errors, such as intimal  fl aps, kinked or 
faulty anastomosis and twisted grafts, the presence of emboli 
or thrombi, and construction of a graft of inadequate size. 
These problems are detected during operation and are imme-
diately corrected, and reoperation can be avoided  [  80  ] .  

   Magnetic Resonance Angiography 
 Magnetic resonance angiography (MRA) is a technique used 
to study blood vessels using magnetic imaging technology. 
This technique is useful in the assessment of the peripheral 
vasculature including the aorta, upper and lower extremities, 
and carotid arterial systems. 

 Advantages include the lack of need for conventional 
contrast administration and the noninvasive nature of the 
test. These factors help to make MRA attractive; however, 
there are several disadvantages that must be considered. 
First, the patient is required to remain completely still within 
a con fi ned space for several minutes, which may be intoler-
able for some people. The presence of any previously placed 
aneurysm clips within the brain or the presence of a pace-
maker precludes the use of MRA due to the powerful mag-
netic forces generated. Finally, the presence of turbulent  fl ow 
can result in signal loss, which may result in an overestima-
tion of the degree of stenosis  [  81  ] . 

 Menke and Larsen  [  82  ]  reported a meta-analysis of accu-
racy of contrast-enhanced MRA for assessing steno-occlusions 
in PAD. This included 32 prospective studies that compared 
MRA with intra-arterial DSA. The overall pooled sensitivity 
of MRA was 95%, and the speci fi city was 96% for diagnos-
ing segmental steno-occlusions. The pooled positive and 
negative likelihood ratios were 21.56 (con fi dence interval 
[CI] 15.7–29.69) and 0.056 (CI 0.037–0.083), respectively. 
MRA correctly classi fi ed 95.3%, understaged 1.6%, and 
overstaged 3.1% of arterial segments. The authors concluded 
that based on this meta-analysis, that contrast-enhanced 
MRA has a high accuracy for identifying or excluding clini-
cally relevant arterial stenosis or occlusion in patients with 
PAD symptoms  [  82  ] .  
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   Computed Tomographic Angiography 
 Until recently, noninvasive imaging options included arterial 
duplex ultrasound and MRA  [  83  ] . Although widely avail-
able, arterial duplex ultrasound can be very operator depen-
dent, and signi fi cant limitations occur with obese patients 
and in heavily calci fi ed arterial segments  [  84,   85  ] . Magnetic 
resonance angiography has a high diagnostic accuracy but is 
costly and not widely available  [  86,   87  ] . While conventional 
digital subtraction angiography (DSA) is considered the gold 
standard for imaging of peripheral vessels, its invasive nature 
and inherent risks of vascular complications limit its use. 

 Meanwhile, computed tomography is increasingly being 
used as a surrogate for invasive angiography, given the lower 
costs and less invasive nature  [  88  ] . Previous studies with 4 
and 16 multidetector computed tomographic (MDCT) 
angiography in the peripheral vasculature found adequate 
diagnostic accuracy in comparison with digital subtraction 
angiography (DSA)  [  89,   90  ] . Shareghi et al. evaluated the 
diagnostic accuracy of 64 multidetector CTA in PAD in 28 
consecutive patients with symptomatic lower extremity inter-
mittent claudication and an abnormal ABI. Patients were 
evaluated by both 64 MDCT and DSA. The aortoiliac and 
lower extremity arteries were divided into 15 segments per 
limb (30 segments per patient). Eight hundred forty segments 
were analyzed in a blinded fashion by physicians with level 
III CT certi fi cation. Segments were classi fi ed as grade I 
(<10% stenosis), grade II (10–49%), grade III (50–99%), 
and grade IV (occlusion). For all segments evaluated, the 
overall diagnostic accuracy for detecting grade III and IV 
lesions was 98% with a sensitivity of 99% and a speci fi city 
of 98%. For the aortoiliac segments, the diagnostic accuracy 
was 98% with a sensitivity of 100% and a speci fi city of 99%. 
For the femoropopliteal segments, the overall accuracy was 
98% with a sensitivity of 100% and a speci fi city of 99%. For 
the infra-popliteal segments, the overall accuracy was 98% 
with a sensitivity of 97% and a speci fi city of 99%. One seg-
ment could not be visualized by MDCT compared to 49 seg-
ments that could not be visualized by DSA. This study 
demonstrates excellent diagnostic accuracy of 64 MDCT in 
the detection of hemodynamically signi fi cant disease of the 
lower extremities. More segments are visualized using 64 
MDCT than DSA, allowing more complete visualization of 
the vascular tree. The authors concluded that CTA should be 
considered in the diagnostic evaluation of symptomatic 
patients with PAD (Fig.  20.9 ).  

 Meanwhile, Brenner and Hall  [  91  ] , in a review article, 
reported on the increasing source of radiation exposure after 
the wide use of CT. CT involves larger radiation doses than 
the more common conventional X-ray imaging procedure. 
With the increasing number of CT scans being obtained, the 
associated radiation dose and the consequent cancer risk in 
adults, and particularly in children, must be remembered. 
They concluded that although the risks for any one person 

are not large, increasing exposure to radiation in the popula-
tion may be a public health issue in the future  [  91  ] . A similar 
observation was noted by Zhou  [  92  ] , who reviewed the radi-
ation exposure associated with CT angiograms and coronary 
intervention in patients with vascular disease and concluded 
that vascular surgeons must remain vigilant in monitoring 
radiation exposure for their patients who have a potential for 
coronary and vascular imaging with radiation. They empha-
sized the judicious use of alternative imaging modalities 
when possible, and maintaining the dose as low as reason-
ably achievable (ALARA) is the responsibility of vascular 
surgeons and the vascular interventionalist  [  92  ] .  

   Contrast Angiography (DSA) 
 DSA has long been the gold standard for the assessment of the 
aorta and lower extremity vascular tree. The procedure involves 
arterial puncture, with subsequent passage of a catheter system to 
the area targeted for imaging. Contrast medium is then injected 
and radiographs are taken, preferably in more than one plane. 

 The resolution of angiography may be enhanced via 
the use of digital subtraction technology. This electronic 
 technique permits digital processing of the video signal from 
a conventional signal image intensi fi er  fl uoroscopic system. 
In digital subtraction angiography (DSA), a time subtrac-
tion technique known as mask-mode radiography is utilized. 
With this technique, an initial  fl uoroscopic image is recorded 
and digitally processed. Contrast is then administered and 
additional images recorded. Finally, the images are digi-
tally “subtracted” from each other, resulting in radiographs 
of higher resolution than those obtained with conventional 
angiography, with smaller amounts of contrast media  [  93  ] . 

 Risks of angiography include the risks of arterial puncture, 
which may result in compromise of the distal circulation due 

  Fig. 20.9    CTA showing complete occlusion of common iliac artery       
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to induction of thrombosis, embolism, or dissection, or in 
pseudoaneurysm formation, as well as the risks associated 
with contrast administration. Risks associated with contrast 
administration include allergic reactions, hypotension, sys-
temic vasodilatation, stroke, and convulsions. Renal 
insuf fi ciency may also be precipitated via contrast adminis-
tration. This risk may be minimized via adequate hydration 
and the use of nonionic low-osmolarity contrast agents  [  94  ] . 
Overall, the morbidity related to angiography may be as high 
as 7%  [  95  ] . Recent studies have reported lower major compli-
cation rates for peripheral arteriography (2.1%)  [  96  ] . 

 AbuRahma et al. analyzed the complications of diagnos-
tic arteriography performed by a vascular surgeon in a 
recent series of 558 patients  [  97  ] . They reported an overall 
complication rate of 3.8% (1.3% major) which was compa-
rable to what was published previously (1.9% and 2.9%) 
but superior to what they published previously as performed 
by their radiologists (7%,  p  < 0.001). A logistic regression 
could not  fi nd any variables that were signi fi cant for the 
prediction of a major complication. They determined that 
diagnostic arteriography can be done safely by experienced 
vascular surgeons with low complication rates that com-
pare favorably with what was published by interventional 
radiologists. 

 Therefore, it is generally believed that arteriography 
should be performed only on those patients in whom invasive 
intervention is considered. Figures  20.10  and  20.11  illustrate 
some normal and abnormal  fi ndings.      

   Treatment Options 

 Treatment of lower extremity PAD is not the focus of this 
text. However, a brief review of the various treatment strate-
gies is provided for completeness. Basically, the treatments 
may be classi fi ed into three major categories: (1) medical 
therapy, (2) surgical therapy, and (3) endovascular therapy. 

   Medical Therapy 

 Medical therapy is the treatment of choice for patients with 
SVS/ISCVS stage 0 (asymptomatic) and the initial treat-
ment for stage I (claudication) disease. This begins with 
identi fi cation and aggressive modi fi cation of risk factors. 
This includes improving control of hypertension and diabe-
tes mellitus, reduction of serum lipids, dietary modi fi cation, 
and—most importantly—cessation of smoking. 

   Smoking Cessation 
 According to TASC II recommendations  [  4  ] , the role of 
smoking cessation in treating the symptoms of claudication 
is not as clear; studies have shown that smoking cessation is 
associated with improved walking distance in some but not 
all patients. Therefore, patients should be encouraged to stop 
smoking primarily to reduce their risk of cardiovascular 
events, as well as their risk of progression to amputation and 
progression of disease, but should not be promised improved 
symptoms immediately upon cessation. 

 TASC II has the following recommendations: Patients 
who smoke should be strongly and repeatedly encouraged to 
stop smoking [B Recommendation]; they should receive a 
program of physician advice, group counseling sessions, and 
nicotine replacement [A Recommendation]; and the addition 
of antidepressant drug therapy (bupropion) and nicotine 
replacement greatly enhances cessation rates [A].  

   Weight Reduction 
 Patients with PAD who are overweight (a body mass index 
[BMI] of 25–30) or who are obese (BMI >30) should receive 
counseling for weight loss by reduction of calorie intake, 
carbohydrate restriction, and increased exercise  [  4  ] .  

   Treatment of Hyperlipidemia 
 The following are the general recommendations for patients 
with PAD in regard to lipid control  [  4  ] : 

a b  Fig. 20.10    ( a ) Arteriogram of 
a normal aorta and right and left 
common iliac arteries. ( b ) 
Arteriogram showing complete 
occlusion of the infrarenal 
abdominal aorta ( arrow ) at the 
level of the renal artery       
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 All symptomatic and asymptomatic patients with PAD, and 
no other clinical evidence of cardiovascular disease, should 
have their low-density lipoprotein (LDL) cholesterol level 

lowered to below 100 mg/dL. Patients with PAD and a history 
of vascular disease in other beds, e.g., coronary artery disease, 
the LDL cholesterol level should be <70 mg/dL. Dietary 
modi fi cation should be the initial intervention to control abnor-
mal lipid levels. It is also believed that statins should be the 
primary agent to lower LDL cholesterol levels in symptomatic 
PAD patients to reduce the risk of cardiovascular events  [  4  ] . 

 Some studies have suggested that the risk of developing 
new or worsening claudication can be reduced signi fi cantly 
by lipid-lowering agents  [  98,   99  ] . The mechanism of action 
of these drugs can include plaque stabilization, preventing 
rupture, and favorable vasomotor effects. A low-density lipo-
protein, cholesterol level of <70–100 mg/dL, may be achieved 
through diet control or lipid-lowering agents if necessary. 

 Recently, the Cochrane review reported a meta-analysis of 
18 trials, including a total of 10,049 participants of lipid-low-
ering agents for PAD of the lower extremity. The pooled 
results from all eligible trials indicated that lipid-lowering 
therapy had no statistically signi fi cant effect on overall mor-
tality (O.R. of 0.86, 95% con fi dence interval [CI] 0.49–1.5) 
or in total cardiovascular events (O.R. of 0.8, CI 0.59–1.09). 
However, a subgroup analysis showed that lipid-lowering 
therapy signi fi cantly reduced the risk of total cardiovascular 
events (O.R. of 0.74). This was primarily due to a positive 
effect on total coronary events (O.R. of 0.76). 

 They also showed that pooling of the results from several 
small trials on the range of different lipid-lowering agents 
indicated an improvement in total walking distance and pain-
free walking distance but with no signi fi cant effect on ABI. 
The author concluded that lipid-lowering therapy was effec-
tive in reducing cardiovascular mortality and morbidity in 
people with PAD. It may also improve local symptoms. They 
also felt that until further evidence on the relative  effectiveness 
of different lipid-lowering agents is available, the use of sta-
tins in people with PAD and a blood cholesterol level  ³ 3.5 
mmoL are indicated  [  100  ] .  

   Treatment of Hypertension 
 All patients with hypertension should have their blood 
pressure controlled to below 140/90 mmHg or below 
130/80 mmHg if they also have diabetes or renal insuf fi ciency. 
Thiazides and ACE inhibitors should be considered as the 
initial blood pressure-lowering drugs in patients with PAD to 
reduce the risk of cardiovascular events. Beta-blockers are 
not contraindicated in patients with PAD  [  4  ] .  

   Treatment of Diabetes Mellitus 
 Patients with diabetes and PAD should have aggressive con-
trol of their blood glucose level with a hemoglobin A1c goal 
of <7% or as close to 6% as possible  [  4  ] .  

   Exercise Therapy 
 The next essential facet of medical therapy should be institu-
tion of an exercise program. Although the mechanism is not 

a

c

b

  Fig. 20.11    ( a ) Arteriogram of the right distal popliteal artery and its 
trifurcation vessel (anterior tibial, tibioperoneal trunk: peroneal artery 
and posterior tibial artery). ( b ) Arteriogram showing occlusion of the 
left popliteal artery ( arrow ). ( c ) Arteriogram of the same patient in  b , 
showing reconstitution of the distal portion of the tibioperoneal trunk 
with posterior tibial and peroneal runoff ( arrow )       
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completely understood, exercise does result in improvement 
in the majority of claudicators willing to comply with the pro-
gram. It was once thought that the exercise helped to facilitate 
development of collateral circulation, but this has not been 
supported by available data. Rather, it is more likely that exer-
cise induces adaptive changes in the muscle, which result in 
more ef fi cient extraction of oxygen from the blood  [  101  ] . 

 Overall, exercise commonly leads to increased claudica-
tion-free walking distance, the ability to better perform activ-
ities of higher intensity, and improved quality of life  [  102, 
  103  ] . Other bene fi ts of exercise include improved glucose 
utilization, a reduction in cholesterol and triglyceride levels, 
and a higher rate of smoking cessation  [  17  ] . 

 Sakamoto et al.  [  104  ]  analyzed patients with PAD who 
completed a 12-week supervised exercise program in 118 
patients and showed that supervised exercise training 
improved cardiovascular morbidity and mortality in patients 
with PAD, which suggested that exercise training should be 
considered as a secondary prevention strategy for these 
patients  [  104  ] . McDermott et al. conducted a randomized 
controlled study on 156 patients analyzing treadmill  exercise 
and resistive training in patients with and without intermittent 
claudication and concluded that supervised treadmill training 
improved 6-min walk performance, treadmill walking perfor-
mance, brachial artery  fl ow-mediated dilation, and quality of 
life, but did not improve the short physical performance bat-
tery scores of PAD participants with and without intermittent 
claudication. However, lower extremity resistance training 
improved functional performance measured by treadmill 
walking, quality of life, and stair  climbing ability  [  105  ] . 

 The TASC II recommendation on exercise therapy in 
patients with intermittent claudication includes the follow-
ing: Supervised exercise should be made available as a part 
of the initial treatment for patients with PAD. They also felt 
that the most effective program employed treadmill or track 
walking that is of suf fi cient intensity to bring on claudica-
tion, followed by rest over the course of a 30–60-min ses-
sion. Exercise sessions are typically conducted three times a 
week for 3 months  [  4  ] .  

   Pharmacologic Therapy 
 Pharmacologic therapy is available for the treatment of clau-
dication. Pentoxifylline (Trental) was approved by the US 
Food and Drug Administration for the treatment of peripheral 
vascular disease. This drug, classi fi ed as a hemorrheologic 
agent, is believed to improve microcirculatory blood  fl ow by 
enhancing the  fl exibility of the erythrocyte membrane, thus 
decreasing blood viscosity  [  106  ] . In initial double-masked 
trials, pentoxifylline treatment yielded a 45% response rate, 
compared with 23% for placebo  [  107  ] . Although this was 
encouraging, it was obvious that not all patients will respond 
 [  108  ] . Trental is not commonly used nowadays. 

 Cilostazol (Pletal) has been introduced over the past 
decade as a new treatment for patients with claudication. It 

appears to modestly bene fi t walking ability, and it has other 
potential useful effects, including inhibition of platelet aggre-
gation and bene fi cial effect on serum lipids. In a randomized, 
prospective, double-blind study examining walking ability in 
patients with peripheral arterial disease with moderate to 
severe claudication, cilostazol was superior to both placebo 
and pentoxifylline (Trental)  [  109  ] . 

 Double-blind, randomized controlled trials of cilostazol 
versus placebo or versus other antiplatelet agents in patients 
with stable intermittent claudication or patients undergoing 
vascular surgical intervention for PAD were analyzed by a 
Cochrane Review in 2008. Seven randomized controlled trials 
comparing cilostazol with placebo were included. They 
reported that the weighted mean difference (WMD) for the 
initial claudication distance was improved following  treatment 
with cilostazol (100 mg twice daily). Participants receiving 
cilostazol (150 mg twice daily) had an increased initial claudi-
cation distance, compared with those receiving placebo. There 
was no increase in major adverse events including cardiovas-
cular events or mortality in patients receiving cilostazol com-
pared with placebo. They concluded that patients with 
intermittent claudication should receive secondary prevention 
for cardiovascular disease, and that cilostazol has been to be of 
bene fi t in improving walking distance in people with intermit-
tent claudication. There are no data on whether it results in a 
reduction of adverse cardiovascular events  [  110  ] . Haitt et al. 
 [  111  ] , in a review of the results of four randomized placebo-
controlled trials of cilostazol for the treatment of claudication, 
showed a clear bene fi t of cilostazol in patients with PAD. 

 The TASC II recommendation in regard to pharmacother-
apy for symptoms of intermittent claudication include a 3- to 
6-month course of cilostazol as the  fi rst line of pharmaco-
therapy for the relief of claudication symptoms, as evidence 
shows both an improvement in treadmill exercise perfor-
mance and the quality of life  [  4  ] .  

   Antiplatelet Drug Therapy 
 Aspirin is a well-recognized antiplatelet agent for secondary 
prevention, with a clear bene fi t in patients with cardiovascular 
disease. Numerous studies from the antithrombotic trialists’ 
collaboration have concluded that patients with cardiovascu-
lar disease will realize a 25% odds reduction in subsequent 
cardiovascular events with the use of aspirin therapy  [  112  ] . 
The most recent meta-analysis has also clearly demonstrated 
that low-dose aspirin (75–160 mg) is protective and probably 
safer than a higher dose of aspirin. A recent meta-analysis 
also showed that when PAD data were combined from tri-
als using not only aspirin but also clopidogrel, ticlopidine, 
dipyridamole, and picotamide, there was a signi fi cant 23% 
odds reduction in ischemic events in all subgroups of patients 
with PAD  [  113  ] . Antiplatelet drugs are clearly indicated in 
the management of PAD, although the ef fi cacy of aspirin is 
uniformly shown only when PAD and cardiovascular disease 
coexist. The recent TASC II recommendation in regard to 
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antiplatelet therapy in patients with PAD is summarized here: 
All symptomatic patients with or without a history of other 
cardiovascular disease should be given long-term antiplatelet 
therapy to reduce the risk of cardiovascular morbidity and 
mortality. Aspirin is effective in patients with PAD who also 
have clinical evidence of another form of cardiovascular dis-
ease, and the use of aspirin in patients with PAD who do not 
have clinical evidence of other forms of cardiovascular dis-
ease can also be considered. They also felt that clopidogrel is 
effective in reducing cardiovascular events in a subgroup of 
patients with symptomatic PAD, with or without other clini-
cal evidence of cardiovascular disease  [  4  ] .   

   Surgical Therapy 

 Surgical therapy remains the gold standard for treatment of limb-
threatening ischemia and, in select cases, disabling claudication. 
Overall, two techniques predominate in the surgical treatment of 
peripheral vascular disease: endarterectomy and bypass. 

 Endarterectomy involves removal of the diseased intima and 
innermost media, leaving behind a smooth arterial surface. It is 
especially well suited to the treatment of short segmental or ostial 
lesions such as those seen at the carotid or aortic bifurcations. 

 Bypass, as the name implies, involves the routing of blood 
 fl ow around a stenotic or occluded arterial segment using a 
conduit, typically either autogenous vein or prosthesis [poly-
tetra fl uoroethylene (PTFE) or Dacron]. This extremely versa-
tile technique remains the most commonly utilized method in 
treating arterial occlusive disease of the lower extremity. 

 Operative therapy is recommended for patients with long 
segment and multisegmental disease, especially if total 
occlusion is present. Aortofemoral bypass is associated with 
a low operative mortality (2–3%) and an 80–85% 5-year 
patency rate. Iliac reconstruction is generally recommended 
for isolated unilateral iliac arterial disease, which can also 
be treated by a femoral artery to femoral artery crossover 
bypass graft. Infrainguinal arterial reconstruction is associ-
ated with a 60–80% 5-year patency rate, with better out-
come noted for autogenous vein conduit than for prosthetic 
bypasses  [  114  ] .  

   Endovascular Therapy 

 Endovascular therapy is an evolving modality in which 
devices are introduced directly into the vascular lumen via an 
open or percutaneous approach. The stenotic areas are then 
addressed via several techniques:

    1.    Balloon angioplasty, in which a balloon is expanded across 
a stenotic area, thus fracturing the plaque and expanding 
the arterial lumen via a “controlled dissection”  

    2.    Atherectomy, in which a specially designed catheter is 
used to shave a portion of the plaque from inside the ves-
sel lumen  

    3.    Stenting or stented endovascular grafting, which is an 
evolving technique involving the placement of an expand-
able metal stent across the stenotic area     
 The application of percutaneous endovascular therapy for 

arterial occlusive disease of the lower extremities continues 
to increase. The long-term results of endovascular therapy are 
expected to improve with the progression of the technology 
supporting these therapeutic interventions. Overall, the ini-
tial technical success rates for open surgical procedures and 
percutaneous endovascular therapy are somewhat  similar; 
however, surgery frequently provides greater long-term pat-
ency. On the other hand, angioplasty is often associated with 
lower morbidity and mortality rates, and late failure of per-
cutaneous endovascular therapies can often be treated suc-
cessfully with percutaneous reinterventions  [  115  ] .  

   Endovascular Therapy Versus Surgical Therapy 

 TASC II recommends  [  4  ]  the following for selecting endo-
vascular therapy versus surgical therapy: 

 Treatment for aortoiliac lesions: Endovascular therapy is 
the treatment of choice for type A lesions, and surgical ther-
apy is the treatment of choice for type D lesions. Meanwhile, 
endovascular therapy is the preferred treatment for type B 
lesions, and surgical therapy is the preferred treatment for 
good risk patients with type C lesions; however, in situations 
where endovascular therapy and open surgical therapy give 
equivalent short-term and long-term results, endovascular 
therapy should be used  fi rst, and surgical therapy would be 
considered for failure. The patients’ comorbidity, fully 
informed patient preference, and the local operator experi-
ence must be considered when making these recommenda-
tions for type B and C lesions. 

 Treatment of femoral popliteal lesions: A similar recom-
mendation is made for femoral popliteal lesions, i.e., endovas-
cular therapy is the treatment of choice for type A lesions and 
surgical therapy is the treatment of choice for type D lesions, 
while endotherapy is the preferred treatment for type B lesions 
and surgical therapy is the preferred treatment for good risk 
patients with type C lesions. Figures  20.12  and  20.13  summa-
rize the type of lesions for aortoiliac and femoral popliteal 
disease.         
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Type A lesions

• Unilateral or bilateral stenoses of CIA

• Unilateral CIA occlusion
• Single or multiple stenosis totaling 3–10 cm involving the
  EIA not extending into the CFA

• Unilateral or bilateral single short ( ≤3 cm) stenosis 
  of EIA

• Unilateral EIA occlusion not involving the origins of
   internal iliac or CFA

• Bilateral CIA occlusions
• Bilateral EIA stenoses 3–10 cm long not extending into
   the CFA
• Unilateral EIA stenosis extending into the CFA
• Unilateral EIA occlusion   that involves the origins of
   internal iliac and/or CFA
•  Heavily calcified unilateral EIA occlusion with or without involvement of
   origins of internal iliac and/or CFA

•  Infra-renal aortoiliac occlusion
•  Diffuse disease involving the aorta and both iliac arteries
   requiring treatment
•  Diffuse multiple stenoses involving the unilateral CIA,
   EIA, and CFA
•  Unilateral occlusions of both CIA and EIA
•  Bilateral occlusions of EIA
•  lliac stenoses in patients with AAA requiring treatment
  and not amenable to endograft placement or other
  lesions requiring open aortic or iliac surgery

• Short ( ≤ 3 cm) stenosis of intrarenal aorta

Type B lesions

Type C lesions

Type D lesions

  Fig. 20.12    TASC classi fi cation of aortoiliac lesions.  CIA  common iliac artery,  EIA  external iliac artery,  CFA  common femoral artery,  AAA  
abdominal aortic aneurysm (Reprinted from Norgren et al.  [  4  ] . With permission from Elsevier)       
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Type A lesions

• Single stenosis ≤ 10 cm in length

• Single occlusion ≤ 5 cm in length

• Multiple lesions (stenoses or occlusions), each ≤ 5 cm

• Single stenosis or occlusion ≤ 15 cm not involving the
   infrageniculate popliteal artery

• Single or multiple lesions in the absence of continuous
   tibial vessels to improve inflow for a distal bypass

•  Heavily calcified occlusion ≤5 cm in length

•  Multiple stenoses or occlusions totaling >15 cm  with or
   without heavy calcification

•  Recurrent stenoses or occlusions that need treatment
   after two endovascular interventions

•  Chronic total occlusions of CFA or SFA (> 20 Cm,
    involving the popliteal artery)  

•  Chronic total occlusions of popliteal artery amd proximal
    trifurcation vessels  

•  Single popliteal stenosis

Type B lesions

Type C lesions

Type D lesions

  Fig. 20.13    TASC classi fi cation of femoral popliteal lesions.  CFA  common femoral artery,  SFA  super fi cial femoral artery (Reprinted from Norgren 
et al.  [  4  ] . With permission from Elsevier)       
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 The credit for  fi rst developing Doppler  fl ow detectors 
belongs to Satomura, whose clinical report appeared in 
1959  [  1  ] . However, until Strandness et al.  [  2  ]  popularized 
the use of transcutaneous  fl ow detection to study periph-
eral vascular occlusive disease, the diagnosis or objective 
assessment of limb ischemia was dependent upon clini-
cal examination, arteriography, or plethysmography. The 
development of the continuous-wave or pulsed Doppler 
techniques opened a new  fi eld for the diagnosis of periph-
eral vascular occlusive disease. 

  Abstract 

 Segmental Doppler pressures and Doppler waveform analysis are important tools in the 
diagnosis of patients with peripheral vascular disease of the lower extremities. A complete 
arterial lower extremity Doppler examination consists of three components: (1) analysis of 
the arterial analog wave tracing, (2) measurement of the segmental systolic limb pressures, 
and (3) calculation of the ankle-brachial index (ABI). 

 Doppler segmental pressures have the same capabilities of analog wave tracing, i.e., to 
help in identifying the presence and severity of arterial occlusive disease, to provide an 
objective baseline to follow the progression of peripheral vascular disease of the lower 
extremity and/or the postoperative course, and to somewhat evaluate the treatment plan. 

 Four 12 × 40 pneumatic cuffs are applied at various levels on each leg: as high on the 
thigh as possible, just above the knee, just below the knee, and above the ankle. The exam-
iner then listens to the posterior tibial and the dorsalis pedis arterial signals. Of these ves-
sels, the one with the strongest Doppler signal is chosen for the ankle pressure. High-thigh, 
above-knee, below-knee, and ankle pressure readings are taken. 

 Another component of the arterial lower extremity Doppler examination is the calcula-
tion of the ABI. It is generally agreed upon that an ABI of 0.9–1.0 signi fi es normalcy or 
minimal arterial occlusive disease, an ABI of 0.5–0.9 signi fi es a claudication level, less than 
0.5 signi fi es the presence of ischemic rest pain or severe arterial occlusive disease, and less 
than 0.3 is compatible with trophic changes of the lower extremities.  
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   Instrumentation and Physical Principles 

 A continuous-wave (CW) Doppler velocity detector is used 
to sense apparent changes in the re fl ected sound wave fre-
quency produced by the movement of red blood cells relative 
to an ultrasound probe. An electric oscillator vibrates a 
piezoelectric crystal (ceramic) at 5–10 MHz. 

 This produces an ultrasound wave that is transmitted via 
an acoustic coupling gel into the body. The ultrasonic beam 
is re fl ected back to a receiver in the probe by all the struc-
tures in its path, including the moving red blood cells. The 
movement of the blood cells causes a frequency shift 
(Doppler shift) in the re fl ected sound wave. The Doppler 
shift is proportional to the blood  fl ow velocity. There is a 
Doppler effect whenever there is relative motion between the 
source and the receiver of the sound. Blood is the moving 
target and the transducer is the stationary source. Depending 
on the direction of the  fl ow relative to the Doppler beam, the 
re fl ected frequency is higher or lower than the transmitted 
frequency (Doppler shift). The signal is electrically mixed 
with the transmitting frequency and processed to produce a 
frequency in the audible range. A received ultrasonic beam 
can be ampli fi ed and projected audibly through either a loud-
speaker or earphones. A second method of displaying the 
Doppler velocity signal is by converting it to a visible analog 
waveform. With the analog waveform, the ampli fi ed signal is 
electronically converted and displayed on a channel recorder 
similar to an ECG (Fig.  21.1 ).  

 Therefore, there are several types of Doppler velocime-
try: (1) auditory: this processes the Doppler signal as sound. 
It has the advantage of containing all Doppler frequencies 
with the exception of those extreme frequencies removed 
by  fi ltering. A trained technician or physician can easily 

distinguish normal signals from those received proximal to, 
within, or distal to a stenosis or occlusion. A higher pitched 
signal can mean that the probe angle is very acute to the 
vessel angle or it can indicate a signi fi cant arterial occlu-
sion. (2) Analog wave tracing: this method employs a zero-
crossing frequency meter to display the signals graphically 
on a strip chart recorder. It has an acceptable overall accu-
racy, but it is not as sensitive as the spectral analysis, and it 
also has the following drawbacks: noise and under- or over-
estimation of high and low velocities, respectively. (3) 
Spectral analysis: this method displays frequency on the 
vertical axis, time on the horizontal axis, and the amplitude 
of backscattered signals at any frequency and time 
(Fig.  21.2 ). It has the advantage of displaying the ampli-
tudes at all frequencies, but it is free of many of the disad-
vantages that were previously described for the analog 
wave tracing.   

   Indications for Testing 

 The arterial lower extremity Doppler examination is a useful 
tool in many aspects of peripheral vascular medicine. It vali-
dates the diagnosis of the presence, location, and severity of 
arterial occlusive disease, helping to differentiate true vascu-
lar claudication from pseudoclaudication that arises from 
neurologic or musculoskeletal disorders. Therefore, this test 
is indicated for patients with symptoms and signs of arterial 
occlusive disease, which vary from claudication and rest pain 
to skin changes suggestive of arterial insuf fi ciency, e.g., non-
healing ulcers  [  3–  7  ] . 

 The arterial lower extremity Doppler study is also helpful 
in determining the level of leg amputation and the bene fi t 

0
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c

  Fig. 21.1    Normal arterial 
velocity tracing (multiphasic) 
(( a ) systolic component, 
( b ) early diastolic component, 
( c ) late diastolic component)       
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from lumbar sympathectomy  [  8–  10  ] . In addition, the Doppler 
examination is useful in screening patients with Reynaud’s 
disease or syndrome  [  11  ] , or arteriovenous (AV)  fi stula  [  12  ] , 
and to rapidly assess patients who have suffered possible 
arterial trauma. 

 In the case of iatrogenic arterial injury, Doppler ultra-
sound is suitable for assessing postcatheterization arterial 
obstruction following femoral or brachial cardiac catheter-
ization or peripheral arteriography. Similarly, any complica-
tion following insertion of indwelling arterial monitoring 
catheters can be readily screened with the Doppler detector. 
It is also helpful in patients with shock. 

 Intraoperative measurement of ankle pressures after 
completion of aortofemoral bypass or aortoiliac endarterec-
tomy can be used to predict the results of the procedure. The 
determination of segmental pressure measurements in 
the postoperative period aids in quantitatively assessing the 
results of aortofemoral bypass (Table  21.1 ). Ankle to bra-
chial indices can be used to detect progression of lower 
extremity arterial disease after surgical intervention, which 
can present as worsening native arterial disease or a failing 
bypass conduit. These studies can be conducted formally in 
the vascular lab or rapidly at bedside or the postoperative 
recovery area using a continuous-wave Doppler and a hand-
held sphygmomanometer. A drop of the ankle to brachial 
index of more than 0.15 carries a sensitivity of 41% and a 
speci fi city of 84% in detecting the progression of lower 
extremity arterial disease  [  13  ] .   

   Methods and Interpretations 

 The complete arterial lower extremity Doppler examination 
consists of three components: (1) analysis of the arterial ana-
log wave tracing, (2) measurement of the segmental systolic 
limb pressures, and (3) calculation of the ankle-brachial 
index (ABI). 

 After the history is taken, the patient is allowed to rest in 
the supine position on the examining table for 10–15 min to 
ensure the measurement of pressures in the resting state. The 
patient is placed in the supine position with the extremities at 
the level of the heart. The head of the bed can be elevated 
slightly, and the patient’s head can rest on a pillow. The 
patient’s hip is generally externally rotated with the knee 
slightly bent to facilitate the lower extremity evaluation. 

  Fig. 21.2    A spectral analysis 
of the right common femoral 
artery. This method displays 
frequency on the vertical axis, 
time on the horizontal axis, and 
the amplitude of backscattered 
signals at any frequency and 
time (This picture was taken by 
a color duplex ultrasound 
machine)       

   Table 21.1    Indications for arterial Doppler examination   

 1. Calf pain while walking (claudication) 
 2. Leg pain at rest, suggestive of ischemia 
 3. Skin changes suggestive of arterial insuf fi ciency 
 4. Nonhealing ulcers 
 5. Previous vascular reconstructive procedures—follow-up 
 6. Intraoperative application 
 7.  Determination of the level of amputation and the response after 

lumbar sympathectomy 
 8.  Assistance in the diagnosis of Raynaud’s disease or phenomenon 

and arteriovenous  fi stula 
 9. Detection of pulses in shock states or in trauma 
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Alternative positions for the Doppler lower extremity exami-
nation include right or left lateral decubitus (patient on his or 
her side) or the prone position for access to the popliteal 
artery. 

 Gornik et al. recently validated a method of determining 
the ankle to brachial index in the seated position  [  14  ] . This 
could broaden the availability of peripheral arterial disease 
testing in patients compromised by musculoskeletal or car-
diopulmonary conditions that limit their ability to tolerate 
the supine position. 

 The Doppler probe (transducer) must be positioned on the 
long axis of the vessel. An angle of insonation of approxi-
mately 45–60° is usually used for this study. The leg pulses 
(femoral, popliteal, dorsalis pedis, and posterior tibial) are 
evaluated by palpation and by audible Doppler signals. The 
pulses are graded as II, I, or 0, and the Doppler signals are 
graded as normal (biphasic), abnormal (monophasic), or 
absent.  

   Qualitative Doppler Waveform Analysis 

 For the lower extremities, Doppler velocity waveforms are 
recorded from the following arteries bilaterally: (1) common 
femoral artery at the groin level, (2) super fi cial femoral 
artery, (3) popliteal artery, (4) posterior tibial artery (at the 
level of the medial malleolus), (5) dorsalis pedis artery (at 
the dorsum of the foot), and (6) occasionally the peroneal 
artery (at the level of the lateral malleolus). Auditory signals 
are obtained. If the examiner is using a headset, the right 
earphone provides forward (antegrade)  fl ow signals, while 
the left earphone provides reverse (retrograde)  fl ow signals. 
The qualities of the auditory signals and the waveforms are 
observed and analyzed. 

 The normal arterial velocity signal is multiphasic. That is, 
it is characterized by one systolic and one or more diastolic 
components (Fig.  21.1 ). In the major peripheral arteries, the 
systolic component is a large positive de fl ection indicative of 
a high net forward  fl ow velocity. This is followed by a brief 
period of net  fl ow reversal. This  fl ow reversal is then fol-
lowed immediately by another positive de fl ection, the dia-
stolic forward  fl ow component. The brief period of  fl ow 
reversal characteristic of the major peripheral arterial veloc-
ity signal is a function of the generally high resistance of the 
extremity vascular bed. Lowering resistance, via vasodila-
tion, can eliminate the net  fl ow reversal. The normal arterial 
velocity signal is also pulsatile, i.e., it cycles with each heart-
beat. Thus, the normal nonpulsatile, phasic, low-pitch venous 
signal is easily differentiated from the pulsatile, multiphasic 
arterial signal. 

 Abnormal signals are generally monophasic (Fig.  21.3 ), 
nonpulsatile, or absent. Biphasic signals can also be consid-
ered abnormal (Fig.  21.3 ). It is imperative to observe for 

deterioration of the waveform, e.g., triphasic to biphasic or 
triphasic to monophasic of the Doppler signal quality from 
one level to the next level. A monophasic and dampened sig-
nal can be obtained proximal to an obstruction as well as 
distal to it. In the absence of additional obstructions, the dis-
tal signal can normalize.  

 The arterial velocity signal produced just before an 
occlusion is characteristically of short duration, i.e., a slap-
ping signal of low amplitude. However, the arterial signal 
produced over a stenotic segment is a high-pitched signal 
with less prominent diastolic components. The signal from 
just beyond the stenotic segment is also characterized by 
dampened systolic and absent diastolic components, but 
it is not as high pitched as the stenotic signal. The signal 
beyond an occluded arterial segment is like a post-stenotic 

  Fig. 21.3    An abnormal arterial tracing of the lower extremity in a 
patient with stenosis of the common femoral artery. The upper tracing 
was recorded from the popliteal artery distal to the obstruction, and the 
lower tracing was taken at the level of the posterior tibial artery. These 
signals are monophasic       
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signal, although the systolic component may be of even 
lower amplitude. The signal produced by the prominent 
collateral arterial signal is high pitched and almost contin-
uous. These similarities among the abnormal arterial veloc-
ity signals make the differentiation dif fi cult. Therefore, if 
there is dif fi culty in interpreting these signals, they can be 
called either normal or abnormal for practical purposes 
(Fig.  21.3 ). 

 As noted in the abnormal wave tracing, a Doppler signal 
obtained from a common femoral artery that is diseased 
shows the poor quality of the signal (poor upslope and 
downslope, with a somewhat rounded peak) (Fig.  21.3 ). A 
similar waveform can be obtained from the common femoral 
artery distal to a proximal iliac artery obstruction. Similarly, 
the Doppler signals obtained from the posterior tibial artery 
at the level of the ankle distal to that occlusion is somewhat 
continuous with low pressure resistance secondary to a vaso-
dilated arterial bed in the presence of proximal arterial 
obstruction.  

   Quantitative Interpretation Criteria 
of Doppler Waveform 

     1.     Pulsatility index  ( PI ): This is calculated by dividing the 
peak-to-peak frequency by the mean (average) frequency 
 [  15  ]  signal as seen in Fig.  21.4 . This ratio is independent 
of the beam-to-vessel Doppler angle when using hand-
held Doppler equipment. As seen in Fig.  21.4 , the pulsa-
tility index equals P1–P2 divided by the mean frequency. 
Normally, the values of the PI increase from the central to 
peripheral arteries. A PI of >5.5 is normal for the  common 

femoral artery, while a normal PI for the popliteal artery 
is approximately 8.0. These values decrease in the pres-
ence of proximal occlusive disease, e.g., a PI of <4 or 5 in 
the common femoral artery with a patent super fi cial fem-
oral artery (SFA) indicates proximal aortoiliac occlusive 
disease. However, the same reduced PI is not diagnostic if 
the SFA is occluded.   

    2.     Inverse damping   factor : This is calculated by dividing the 
distal PI by the proximal PI of an arterial segment. It indi-
cates the degree to which the wave is dampened as it 
moves through an arterial segment  [  15  ] , e.g., severe steno-
sis or occlusion of the SFA is usually present when the 
inverse femoral-popliteal dampening factor is less than 
0.9 (a normal value = 0.9–1.1).  

    3.     Transient time : Systole should be simultaneously evident 
at a speci fi c site bilaterally. Delay on one side may indi-
cate a more proximal occlusive disease. You must com-
pare the signals bilaterally at the same site.  

    4.     Acceleration time   or index : This differentiates in fl ow 
from out fl ow disease. It is based on the principle that arte-
rial obstruction proximal to the site of the Doppler probe 
prolongs the time between the onset of systolic  fl ow to the 
point of maximum peak in waveforms at the probe site 
(Fig.  21.5 ). Figure  21.5a  shows a normal common femo-
ral artery tracing. There is a quick systolic upslope repre-
senting a normal acceleration time, in contrast to 
Fig.  21.5b , which shows a slower upslope from the onset 
of systole to maximum peak from an abnormal common 
femoral artery tracing. Acceleration time is not prolonged 
when there is disease distal to the probe. It is applied to 
those signals evaluated by spectral analysis because it is 
necessary to maximize sensitivity and minimize artifacts. 
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  Fig. 21.4    The method for calculating 
the pulsatility index       
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Generally, an acceleration time of equal to or less than 
133 ms suggests the absence of signi fi cant aortoiliac dis-
ease. False-positive results can occur with technical 
errors, e.g., a Doppler angle = 70°, which may dampen the 
Doppler signal qualities, and in the presence of poor car-
diac output since the Doppler  fl ow signal will be attenu-
ated with the waveform detecting slow upstroke, rounded 
peak, and slow downslope.   

    5.     Doppler - derived maximal   systolic acceleration : Van 
Tongeren et al. recently evaluated the Doppler-derived 
maximal systolic acceleration in determining peripheral 
arterial occlusive disease in patients with diabetes melli-
tus  [  16  ] . These patients are subject to falsely elevated 
ankle to brachial indices secondary to medial calci fi cation. 
They found that a maximal systolic acceleration of >10 m/
s 2  was highly predictive for the exclusion of peripheral 
arterial occlusive disease (negative predictive value 95%), 
whereas a maximal systolic acceleration of <65 m/s 2  was 

highly predictive for the detection of peripheral arterial 
occlusive disease (positive predictive value 99%).      

   Limitations of the Analog Wave 
Tracing Analysis 

 The Doppler waveforms may be affected by (1) ambient 
temperature, (2) uncompensated congestive heart failure 
resulting in dampened waveforms following exercise, (3) an 
inability to distinguish stenosis from occlusion, (4) an inabil-
ity to precisely localize the occlusion, (5) and an inability to 
be applied on patients with casts or extensive bandages that 
cannot be removed. It is technologist dependent, and the 
result can vary with the Doppler angle used.  

   Segmental Doppler Pressures 

 After completion of the examination and analysis of the arte-
rial analog tracings, the second component of the Doppler 
examination is started, i.e., determinations of the segmental 
systolic limb pressures. Doppler segmental pressures have 
the same capabilities of analog wave tracing, i.e., to help in 
identifying the presence and severity of arterial occlusive 
disease, to provide an objective baseline to follow the pro-
gression of peripheral vascular disease of the lower extrem-
ity and/or the postoperative course, and to somewhat evaluate 
the treatment plan. The results of this testing are usually 
combined with the Doppler velocity waveform analysis. The 
patient preparation and positioning are similar to those of the 
Doppler velocity waveform analysis.  

   Technique for Segmental Doppler Pressures 

 The brachial artery Doppler systolic pressures are measured 
in each arm. Cuffs of appropriate size (bladder dimension 
12 × 40 cm) are placed on each arm. The brachial artery is 
palpated in the antecubital fossa, and a small amount of 
acoustic gel is applied to the skin over the artery. The arterial 
signal is found using the Doppler probe, and then the cuff is 
in fl ated until the signal disappears (20–30 mmHg beyond the 
last audible Doppler signal). The cuff is slowly de fl ated until 
the arterial signal is again audible, at which time the pressure 
is recorded. 

 Unlike the standard stethoscope, as the cuff is further 
de fl ated, the velocity signal will not disappear, so the dia-
stolic pressure cannot be determined. 

 Four 12 × 40 cm pneumatic cuffs are applied at various lev-
els on each leg: as high on the thigh as possible, just above the 
knee, just below the knee, and above the ankle (Fig.  21.6a ). 
The examiner then listens to the posterior tibial and the 

  Fig. 21.5    A normal common femoral artery tracing with a normal 
acceleration time ( a ) and an abnormal common femoral artery tracing 
with an abnormal acceleration time ( b )         
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 dorsalis pedis arterial signals (Fig.  21.6b ). The posterior tibial 
artery is found just posterior to the medial malleolus, and the 
dorsalis pedis artery is found on the dorsum of the foot. 
Occasionally, the peroneal (lateral tarsal) artery is examined 
(found just anterior to the lateral malleolus). Of these vessels, 
the one with the strongest Doppler signal is chosen for the 
ankle pressure. If none of the vessels can be located with the 
ultrasound probe, the popliteal artery signal is identi fi ed in 
the popliteal fossa. High-thigh, above-knee, below-knee, and 
ankle pressure readings are taken. An automatic cuff in fl ator 

may be used to save time. An alternative method involves 
using only three cuffs with a single, relatively wide cuff at the 
mid-thigh.  

 Several important facts concerning cuff characteristics 
should be noted. It is most important that the pneumatic 
bladder of the cuff completely encircle the limb. The bladder 
of the cuff should be placed over the artery. This is especially 
important when the bladder does not encircle the limb. Just 
as bladder length affects the pressure determination, bladder 
width must also be related to the limb diameter. For the most 
accurate measurement of blood pressure, the width of the 
pneumatic cuff should be 20% greater than the diameter of 
the limb  [  3  ] . For all practical purposes, this means that larger 
arms require wider cuffs. When a cuff is too narrow relative 
to the limb diameter, an erroneously high pressure (30–
90 mmHg greater than arm pressure) results. 

 The four cuffs used in this test to determine the segmental 
pressures at different levels of the lower limb are all the same 
width (12 × 40 cm), making the pressures at the widest part 
of the limb (high thigh) erroneously high. Some laboratories 
use a large (19 × 40 cm) thigh cuff to satisfy the recom-
mended width/girth relationship and thereby give a more 
accurate thigh pressure. However, the cuff is so wide that 
only one can be placed on the thigh. The three-cuff technique 
utilizes one large cuff placed as high as possible on the thigh. 
With this technique, a more accurate thigh pressure is 
obtained (a thigh pressure that is very similar to the higher 
brachial pressure). 

 Segmental Doppler pressures of the lower extremity are 
obtained bilaterally at the following sites and in this order 
using a handheld or machine sphygmomanometer with auto-
matic display: ankle pressure (using the posterior tibial artery 
and dorsalis pedis artery); below-knee pressure (calf pres-
sure), using the best signal of the posterior tibial artery or the 
dorsalis pedis artery; above-knee pressure (same as below-
knee pressure, although the popliteal artery can be used if the 
ankle Doppler signals are dif fi cult to obtain); and high-thigh 
pressure (the same as above-knee pressure). If a pressure 
measurement needs to be repeated, the cuff should be fully 
de fl ated for about 1 min prior to repeat in fl ation. 

 Barnes  [  4  ]  used a narrower cuff (12 × 40 cm) for measur-
ing the proximal and distal thigh pressures and accepted the 
arti fi cially high values obtained. This technique allows an 
approximation of the common femoral (in fl ow) artery pres-
sure by the proximal cuff and the super fi cial femoral artery 
pressure by the above-knee cuff. When only one large cuff is 
used on the thigh, the single thigh pressure measured does 
not differentiate aortoiliac from super fi cial femoral artery 
occlusive disease. For convenience, the aneroid manometer 
is used rather than the mercury manometer. The aneroid 
manometer has the advantage of being portable, inexpensive, 
easily exchanged from cuff to cuff, and an accurate pressure 
registering system. 

aa

b

  Fig. 21.6    ( a ) Technique for measuring the segmental Doppler pres-
sures using the four cuff method. ( b ) The application of the Doppler 
probe on the dorsalis pedis artery       
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 For the analog wave recording technique, diastolic pres-
sure is taken as the pressure at which there is continuous 
forward  fl ow during diastole. But this point of return of con-
tinuous forward  fl ow in diastole would be dif fi cult to deter-
mine in the vasoconstricted or high-resistant limb, because 
the tracing would be constantly crossing to zero during the 
period of net  fl ow reversal. The problem is overcome by pur-
posely inducing a state of reactive hyperemia in the vasocon-
stricted limb. This hyperemia is a state of vasodilation.  

   Interpretations 

 After determination of the segmental systolic limb pressures, 
analysis of the various segment pressures is done. Normally, 
the proximal thigh pressure should be 20–30 mmHg higher 
than that of the arm, and the pressure gradient between adja-
cent levels of measurement in the leg should be no greater 
than 20–30 mmHg. A low proximal thigh pressure signi fi es 
aortoiliac or common femoral occlusive disease. An abnor-
mal gradient between the proximal thigh and the above- or 
below-knee cuff is indicative of super fi cial femoral or 
popliteal artery occlusive disease. An abnormal gradient 
between the below-knee and ankle cuffs indicates tibioper-
oneal disease. Figure  21.7  shows a patient with occlusion of 
the left super fi cial femoral artery as indicated by the pressure 
differential between the high-thigh and above-knee readings 
(160–116 mmHg, respectively). A horizontal difference of 
20–30 mmHg or more suggests signi fi cant disease at or above 
the level of the leg with the lower pressure. Figure  21.8  shows 
a patient with signi fi cant stenosis or occlusion at the aortoil-
iac level as indicated by low high-thigh pressures bilaterally.    

   Thigh Pressure Indices 

 Thigh pressure/higher brachial pressures are normally greater 
than 1.2, while 0.8–1.2 suggests aortoiliac occlusive disease, 
and less than 0.8 indicates that proximal occlusion is likely. 
When the high-thigh pressure is low compared with the bra-
chial artery pressure, the level of obstruction could be beneath 
the cuff as well  [  17  ] . Thus, the site of obstruction could be 
the aorta, iliac artery, common femoral artery, or even the 
proximal super fi cial femoral artery. With the three-cuff tech-
nique, the large, single thigh cuff segmental pressure is nor-
mally similar to the brachial pressure.  

   Ankle-Brachial Index 

 Another component of the arterial lower extremity Doppler 
examination is the calculation of the ankle-brachial index 
(ABI). From the ankle and brachial systolic pressures, a ratio 

is obtained that is helpful in determining the presence and 
magnitude of occlusive disease. 

 Since normal lower limbs have ankle pressures equal to or 
greater than their ipsilateral arm pressures (recorded in a 
supine position), a ratio of 1.0 or greater is taken as normal. 
However, mild to moderate atherosclerotic disease may not 
affect resting ankle pressures signi fi cantly, so all persons hav-
ing an ABI of 1.0 or greater will probably bene fi t from stress 
testing, e.g., treadmill exercise as described in detail later. 

 Numerous methods of calculating the ankle to brachial 
index have been described based on variances in the numera-
tor taken in the ABI equation  [  18  ] . The current method rec-
ommended by the American College of Cardiology/American 
Heart Association uses the higher of the two ankle systolic 
arterial pressures, termed the high ankle pressure (HAP), as 
the numerator in the ABI equation  [  19  ] . A second method 
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  Fig. 21.7    Segmental systolic limb pressures of a patient with severe 
stenosis of the left super fi cial femoral artery       

 



29521 Segmental Doppler Pressures and Doppler Waveform Analysis in Peripheral Vascular Disease of the Lower Extremities

uses the lower of the two ankle systolic arterial pressures, 
termed the low ankle pressure (LAP) as the numerator when 
calculating the ABI  [  20  ] . Some studies use the average of the 
two ankle systolic pressures as the numerator  [  21  ] . Some 
studies have used the posterior tibial systolic pressure to cal-
culate the ABI  [  22  ] . 

 It is generally agreed upon that an ABI of 0.9–1.0 
signi fi es normalcy or minimal arterial occlusive disease, 
an ABI of 0.5–0.9 signi fi es a claudication level, less than 
0.5 signi fi es the presence of ischemic rest pain or severe 
arterial occlusive disease, and less than 0.3 is compatible 
with trophic changes of the lower extremity. Some believe 
that an absolute ankle pressure of less than 50 mmHg, 
rather than an ABI of 0.5, is better at predicting symp-
toms at rest. It has also been suggested that an ABI of 
equal to or more than 0.5 represents single segment 
involvement and that lower values are more indicative of 
multilevel disease  [  5  ] .  

   Technique for Toe Doppler Systolic Pressure 

 The digital study is often done in combination with a physi-
ological lower extremity arterial test, usually a segmental 
Doppler pressure with or without Doppler waveform analy-
sis. An appropriately sized cuff, the width of which should 
be at least 1.2 times that of the toe, is applied to the base of 
the toe(s). Two 2.5-cm cuffs are usually used for  fi ngers and 
a 2.5–3-cm cuff for the great toe. The digital pulse can be 
examined using the usual Doppler probe, and a similar tech-
nique is applied to measure the Doppler toe pressure. 

 Normal toe pressures vary from 60% to 80% of the ankle 
pressures. Values signi fi cantly less than this signify digital 
arterial occlusive disease. The exception to this criteria is 
when the ankle pressure is arti fi cially high (arterial calcino-
sis), in which case the toe pressure may be much lower than 
80% of the ankle pressure in the absence of digital artery 
disease. It is generally believed that there is little difference 
between the toe pressures in diabetics and nondiabetics, 
which makes toe pressure determination very helpful in 
patients with very arti fi cially high segmental Doppler pres-
sures at the ankle level  [  23  ] . 

 Since toe systolic pressures and/or TBIs are likely to be 
less affected by medial calci fi cation, false-positive results 
are rare  [  24,   25  ] . While authorities de fi ne critical forefoot 
ischemia as an absolute toe pressure <30 mmHg  [  26  ] , mea-
surements can be inaccurate in the presence of vasoconstric-
tion due to a cold environment  [  27  ] . Thus, a diminished toe 
pressure can be due to either peripheral arterial disease or 
vasoconstriction. A toe-to-brachial index (TBI) >0.75 is gen-
erally considered as normal, whereas a TBI <0.25 is indica-
tive of signi fi cant peripheral arterial disease  [  28  ] . A toe 
pressure of >55 mmHg has been correlated with the ability to 
heal a foot ulcer in diabetic patients  [  29  ] .  

   Limitations and Sources of Error in Doppler 
Segmental Pressure Determination 

      1.      Media sclerosis : This may cause falsely elevated Doppler 
pressures in those patients with calci fi ed vessels, e.g., 
patients with diabetes or end-stage renal disease. 
Toursarkissian et al.  [  23  ]  reported the results of a retro-
spective review of 101 diabetic patients without aortoil-
iac disease to analyze the ability of various noninvasive 
tests to predict the level of >50% signi fi cant stenosis of 
infrainguinal arterial disease. Patients were studied with 
ABI, toe brachial indices (TBI), segmental pulse volume 
recording (pulse volume recording), segmental pres-
sures, segmental Doppler waveforms, and arteriography. 
Their  fi ndings showed that as a single test, the Doppler 
waveform appears to have the best angiographic correla-
tion, although the summed diagnosis of combined 

  Fig. 21.8    A patient with signi fi cant stenosis or occlusion at the aor-
toiliac level as indicated by low high-thigh pressures bilaterally       
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Doppler waveform and pulse volume recording data was 
superior in  distinguishing multilevel disease from iso-
lated tibial disease. It was also concluded that segmental 
Doppler pressures were of limited value in patients with 
diabetes mellitus, even in multimodality testing.  

     2.      Hypertension : When the systemic pressure is elevated, 
the absolute post-stenotic values are also erroneously 
high. Since there is no linear relationship between the 
change in the systemic pressure and the peripheral pres-
sure, the measurement should always be repeated after 
the systemic pressure has normalized.  

     3.     In patients with multilevel occlusive disease, it is dif fi cult 
to interpret segmental pressures.  

     4.      Measurement of   pressure postexercise : Two examiners 
should carry out the examination simultaneously after 
physical exertion to evaluate both extremities; other-
wise, an adequate rest period between the measurement 
of the right and left sides is needed. The lower extremity 
that has the lower resting pressure should be measured 
 fi rst, because the recovery time, postexercise, is other-
wise too long in pathological cases.  

     5.      Edema : In solid edema, especially lipedema, adequate 
arterial compression may fail, causing erroneously high 
pressure values.  

     6.     Patients with uncompensated congestive heart failure may 
show decreased ankle-brachial indices after exercise.  

     7.     This test cannot distinguish between stenosis and occlu-
sion and cannot precisely localize the area of occlusion, 
although it can identify a general location. Similarly, it 
cannot distinguish between common femoral artery dis-
ease and proximal external iliac artery disease.  

     8.      Resting period : An adequate resting period of 10–20 min 
before measurements are taken must be observed. Where 
there are poorly compensated  fl ow obstructions, the rest-
ing period should be longer, in order to avoid measuring 
erroneously low pressure values.  

     9.      De fl ation errors : Releasing the cuff pressure too quickly 
(above 5 mmHg/s) causes erroneously low values. 
Therefore, a de fl ation velocity of around 2 mmHg/s 
should be maintained.  

    10.      Arm - leg measurement   intervals : The time difference 
between Doppler pressure measurements should not be 
too long. Intraindividual systemic blood pressure 
 fl uctuations can occur and affect the results.  

    11.      Subclavian stenosis   or occlusion : The systolic blood 
pressure values measured in this situation are errone-
ously low; this may give a false impression of normal 
circulation of the lower extremities.  

    12.      Flow velocity   in the   arteries measured : If the  fl ow velocity 
in the arteries that are being measured is too low (less than 
6 cm/s), it is not possible to receive a Doppler signal. This 
phenomenon usually occurs at pressures below 30 mmHg.  

    13.      Effect of   the girth   of the   limb : When the girth of the limb 
is large in relation to the width of the cuff, the pressure 

in the cuff may not be transmitted completely to the ves-
sels in the central part of the limb, and the measured 
pressures may be erroneously exaggerated. Such high 
false pressures are commonly encountered in the mea-
surement at the level of the thigh.  

    14.      Effect of   vasomotor tone   changes : Changes in the vaso-
motor tone may affect the arterial pressures. When the 
blood  fl ow is increased during peripheral vasodilation 
induced by exercise, heat, or reactive hyperemia, more 
pressure energy is used in causing  fl ow through stenotic 
lesions, small distal vessels, and collaterals; therefore 
distal pressure is reduced. Conversely, when the patient 
is cool, or when the  fl ow is lower at rest, the pressure 
tends to be higher. These considerations will explain 
the normal pressures measured at rest in limbs with 
mild stenotic lesions and why ankle and digital pres-
sures may be altered signi fi cantly by changes in the 
vasomotor tone. The high tone of the smooth muscle in 
the wall of the smaller distal vessels of the limbs may 
result in an arti fi cial reduction of the measured systolic 
pressure  [  30,   31  ] .  

    15.      Stenosis or   occlusion in   parallel vessels : When several 
parallel vessels of comparable size are under the cuff, 
the measurement will usually re fl ect the pressure in the 
artery with the highest pressure and will not detect 
stenotic or occlusive lesions in the other vessel. 
Therefore, these measurements will not detect isolated 
disease in the internal iliac, profunda femoris, tibial, 
peroneal, ulnar, or individual digital arteries or interrup-
tion of one of the palmer or plantar arches.      

   Clinical Studies and Results 

 An analysis of 150 patients (300 limbs) who had both arte-
rial lower extremity Doppler studies (segmental Doppler 
pressures and analog wave analysis) and arteriograms was 
done. Each limb was studied in four arterial segments: 300 
iliofemoral, 300 femoral, 282 popliteal, and 275 trifurcation 
segments. Eighteen popliteal and 25 trifurcation segments 
were excluded for lack of angiographic visualization (not 
enough dye). 

 In the 1,157 segments studied, 793 were found to be nor-
mal, of which 758 were con fi rmed by the arteriogram (96% 
true-negative and 4% false-negative results). The other 35 
segments, which were normal by arterial lower extremity 
Doppler, were found to have mild to moderate atheroscle-
rotic disease. Of the 364 segments interpreted as abnormal 
by arterial lower extremity Doppler, 328 were con fi rmed by 
the arteriogram (90% true-positive and 10% false-positive 
results). In the other 36 segments, the arteriogram was nor-
mal or showed mild disease. Thus, in a total of 1,157 seg-
ments studied, the  fi ndings in 1,086 were con fi rmed by the 
arteriogram (94% correlation)  [  32,   33  ] .  
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   Sensitivity and Speci fi city of the ABI in 
Diagnosing Peripheral Arterial Disease 

 The ABI has a sensitivity of more than 90% and a speci fi city 
of more than 95% in diagnosing a 50% stenosis of the lower 
extremity arteries when compared to standard angiography 
 [  34–  36  ] . Schroder et al. found that the high ankle pressure 
ABI had a sensitivity of 68% and a speci fi city of 99%, 
whereas the low ankle pressure ABI sensitivity was 89% and 
the speci fi city 93%  [  37  ] . According to Niazi et al., the high 
ankle pressure sensitivity was 69% and speci fi city 83%, with 
sensitivity and speci fi city of the low ankle pressure being 
84% and 64%  [  38  ] . Thus, one could argue that the low ankle 
pressure may be a more sensitive measure of peripheral arte-
rial disease and allow improved identi fi cation of patients at 
risk for disease  [  39  ] . However, Lange et al. evaluated almost 
7,000 patients using  fi ve different methods of ABI calcula-
tion and found that the high ankle pressure ABI provided the 
most accurate estimation of peripheral arterial disease in the 
general population  [  40  ] .  

   Selective Use of Segmental Doppler Pressures 
and Color Duplex Imaging in the Localization 
of Arterial Occlusive Disease of the Lower 
Extremity 

 With the recent advances in noninvasive vascular technology, 
color duplex imaging (CDI) has become popular in the diag-
nosis and localization of aortoiliac and femoropopliteal 
occlusive disease with a very good correlation to angiogra-
phy  [  41–  44  ] . However, because of the cost and time involved 
in performing a CDI of the lower extremity, many vascular 
laboratories still rely on segmental Doppler pressures to 
localize arterial occlusive disease, while others still combine 
both modalities. 

 In a previously published study  [  45  ] , we compared the 
abilities of segmental Doppler pressures and CDI to accu-
rately categorize the severity of disease. We analyzed 134 
patients (268 limbs) who underwent all three tests: segmen-
tal Doppler pressures, CDI, and arteriograms. 

 Segmental Doppler pressures and CDI results were exam-
ined to determine their accuracy in localizing high-grade 
(>50%) stenosis at three levels: aortoiliac-common femoral 
artery (Level I), super fi cial femoral artery (Level II), and 
popliteal artery (Level III). 

 The sensitivity, speci fi city, positive and negative predic-
tive values, and overall accuracy for segmental Doppler pres-
sures and CDI were as follows: Level I—63%, 88%, 81%, 
75%, and 77%; 93% 99%, 98%, 95%, and 96%, respectively 
( p  < 0.01); Level II—51%, 99%, 99%, 57%, and 70%; 94%, 
98%, 99%, 92%, and 96%, respectively ( p  < 0.01); and Level 
III—55%, 92%, 60%, 90%, and 85%; 78%, 100%, 97%, 
95%, and 95%, respectively ( p  < 0.01). There was exact 

agreement between the CDI and arteriogram in regard to the 
severity of disease in 88% of the limbs (1,170 segments). 
The presence of super fi cial femoral artery disease in patients 
with Level I disease or aortoiliac-common femoral artery 
disease in patients with Level II disease did not signi fi cantly 
alter the ability of segmental Doppler pressures to localize 
the disease. The presence of diabetes signi fi cantly affected 
the accuracy of segmental Doppler pressures in localizing 
super fi cial femoral and popliteal artery stenosis. An analysis 
of the ability of segmental Doppler pressure to detect any 
segment as abnormal, as con fi rmed by arteriogram, revealed 
a sensitivity of 88%, speci fi city of 82%, positive predictive 
value of 96%, negative predictive value of 60%, and overall 
accuracy of 87%. We concluded that CDI was superior to 
segmental Doppler pressures in localizing arterial stenosis at 
all levels. However, since segmental Doppler pressure is 
cheaper, it can be used initially if no surgical or endovascular 
intervention is planned.  

   Summary 

 Doppler ultrasound has the advantage of being inexpensive, 
noninvasive, and easy to perform. Moreover, it can provide 
valuable information on the functional impairment caused 
by vascular lesions, a parameter that its invasive cohort, arte-
riography, cannot do. These characteristics make the ultra-
sonic technique an ideal test for the serial evaluation of 
disease progression and for postoperative follow-up study of 
reconstructive procedures. 

 Feigelson et al.  [  46  ]  used the segmental Doppler pressure 
ratios and  fl ow velocities by Doppler ultrasound to de fi ne 
cases of large-vessel peripheral arterial disease. They noted 
that overall measurement of the posterior tibial  fl ow showed 
the highest sensitivity, speci fi city, positive predictive value, 
negative predictive value, and overall accuracy. In addition, 
an absent or non-recordable posterior tibial peak forward 
 fl ow occurred in 96% of all limbs with isolated posterior 
tibial disease, or an ankle ratio of equal to or less than 0.8 
considered in parallel yielded a test with a sensitivity of 
89%, speci fi city of 99%, positive predictive value of 90%, 
negative predictive value of 99%, and overall accuracy of 
98%. They concluded that the majority of large-vessel 
peripheral arterial disease cases can be detected with a sin-
gle measurement using a handheld Doppler  fl ow meter 
employed at the ankle. 

 Like most noninvasive vascular tests, the arterial leg 
Doppler examination has certain limitations. These include 
falsely high segmental pressure readings in areas with 
calci fi ed arteries, arti fi cially elevated high-thigh pressure in 
very large or obese patients, dif fi culty in interpretation of 
segmental pressures in patients with multilevel occlusive 
disease, dif fi culty in distinguishing occlusive disease in the 
aortoiliac segment and common femoral artery, interpretive 
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problems for high-thigh pressures in patients with isolated 
hemodynamically signi fi cant super fi cial femoral and deep 
femoral occlusive disease, and false-negative results in 
patients with mild vascular occlusive disease who have nor-
mal resting segmental systolic pressures. 

 In patients with diabetes mellitus or chronic renal failure, 
the vessels may be heavily calci fi ed, leading to factiously 
high segmental limb pressures. Since the digital arteries are 
seldom calci fi ed, an accurate toe pressure can usually be 
measured in spite of an arti fi cially high pressure proximally. 
Also, the analog wave tracing might be abnormal and, thus, 
helpful in these patients. 

 Another dif fi culty in interpreting segmental pressures 
occurs in patients with multilevel occlusive disease. In 
these patients, the proximal lesion might mask distal dis-
ease, e.g., if both severe aortoiliac occlusive disease and 
femoral popliteal stenosis are present, the high-thigh pres-
sure is low. The gradient between the high-thigh and the 
above-knee cuffs might be quite small, thus masking the 
disease present between these levels. Also giving a low 
high-thigh pressure is the combination of isolated, hemo-
dynamically signi fi cant, super fi cial femoral and profunda 
femoris occlusive lesions. 

 These problems in the interpretation of high-thigh pres-
sure may be solved in one of several ways. A normal femoral 
pulse and the absence of an iliac bruit suggest a more distal 
arterial disease as the cause of the low high-thigh pressure. 
The common femoral artery pressure may also be obtained 
noninvasively using an inguinal compression device. This 
pneumatic device presses the artery against the superior 
pubic ramus, thus allowing the pressure to be measured as 
the compression is slowly released. The return of the arterial 
Doppler signal distal to the groin establishes the endpoint. 
Despite the presence of a normal iliac segment, monophasic 
waveforms may occasionally be seen in the common femoral 
artery when there is a combination of super fi cial femoral 
artery occlusion and severe deep femoral artery stenosis. 

 Other methods, which may help in differentiating aortoil-
iac occlusive disease from disease of the common femoral 
artery and/or disease of the super fi cial femoral artery and 
deep femoral artery, are the determination of the pulsatility 
index and the inverse damping factor. The amplitude of the 
Doppler waveform depends on the angle between the ultra-
sound probe and the axis of blood  fl ow. As the angle of the 
probe is changed toward zero degrees, the amplitude of the 
wave increases, although the shape remains unchanged. 
Velocity can be calculated only if the probe vessel angle can 
be measured accurately. Unfortunately, this is usually not 
possible in humans with any reasonable degree of accuracy. 
Gosling and King  [  47  ]  have suggested that the pulsatility 
index is useful and independent of the probe vessel angle in 
this regard. Several other researchers have found that it is 
useful for quantifying the Doppler waveform  [  48,   49  ] . 

 As previously discussed, the segmental systolic limb pres-
sure alone is somewhat limited in certain patients in localiz-
ing vascular occlusive disease. A combination of segmental 
limb pressure and analog tracing or color duplex imaging is 
helpful in determining the level of the vascular occlusion. 
Recently, Gale et al.  [  50  ]  quanti fi ed improvements in accu-
racy compared with arteriography when ankle pressures 
alone (ABI) or segmental blood pressures were added to 
velocity waveforms obtained by Doppler ultrasound. They 
concluded that ABIs signi fi cantly improved Doppler wave-
form accuracy at all levels. Compared with ABI, the addition 
of segmental pressure to waveform data failed to improve 
accuracy.  

   The Value of Stress Testing in the Diagnosis 
of Peripheral Arterial Disease 

 A majority of lower limb arterial studies use Doppler ultra-
sound to measure the resting ankle pressure. While indica-
tive of the presence and relative magnitude of peripheral 
arterial occlusive disease, the resting ankle pressure does not 
always correlate well with the degree of exercise limitation. 

 The most common complaint of patients with chronic 
arterial occlusion is intermittent claudication, yet functional 
disability among patients varies. One patient with a resting 
ankle pressure of 90 mmHg may be able to walk two or three 
blocks before claudicating, while another with a similar 
ankle pressure may be forced to stop after walking only a 
block or less. The best functional test of the physiologic 
impairment associated with arterial occlusive disease is the 
measurement of the magnitude and duration of fall in ankle 
pressure following a constant load of exercise. Various meth-
ods of producing this constant stress have been used to evalu-
ate the functional disability of patients with claudication, 
e.g., treadmill exercise, reactive hyperemia, and isolated leg 
exercises  [  47–  56  ] . The two most commonly used methods 
are treadmill exercise and reactive hyperemia.  

   Treadmill Exercise 

 Patients with advanced arterial ischemia can be adequately 
evaluated by simply measuring the resting ankle pressure. 
However, an early lesion might not lower the resting ankle 
pressure enough to be detected by the usual methods. For 
example, a patient with typical claudication has normal or 
borderline resting ankle pressure. More accurate evaluation 
can be obtained by increasing the  fl ow through exercise and 
exertion, thereby accentuating the hemodynamic affect of 
the stenosis. 

 Exercise testing can also isolate a patient’s primary 
limitation when the patient complains of a combination of 
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symptoms such as claudication and shortness of breath. If 
the symptoms are due to pulmonary disability, arterial 
reconstruction will not be of bene fi t. Further, exercise 
testing is useful in distinguishing true claudication from 
pseudoclaudication caused by neurologic or musculoskel-
etal conditions or venous insuf fi ciency. It can also weed 
out suspected malingerers. 

 Treadmill exercise is preferred over reactive hyperemia 
because it produces physiological stress that reproduces the 
patient’s ischemic symptoms. However, treadmill testing has 
the following limitations and/or contraindications: hyperten-
sion, shortness of breath, cardiac problems, stroke, or 
dif fi culty in walking. 

  Indications for   stress testing   include :
    1.    Normal resting lower extremity arterial segmental pres-

sures and pulse volume recordings at rest, with symptoms 
suggestive of intermittent claudication  

    2.    Mildly normal resting lower extremity segmental pres-
sures and pulse volume recordings (ABI >0.80 but <0.96) 
with symptoms suggestive of intermittent claudication      

   Technique 

 The resting arm and ankle Doppler pressure are initially 
recorded with the patient in the supine position. The poste-
rior tibial and dorsalis pedis systolic pressures are taken, and 
the highest reading is used as the ankle pressure. The ABI is 
then calculated. The treadmill exercise is done at 2 mph on a 
12% grade for 5 min or less, if not tolerated by the patient 
because of claudication. The ankle and arm pressures are 
recorded immediately following the test and every minute 
thereafter for up to 20 min until the pressure returns to the 
pre-exercise level. 
 Interobserver validation can play an important role in develop-
ing a reliable and objective diagnosis of intermittent claudica-
tion using post-exercise ABI testing. Van Langen et al. found 
an interobserver variability of 10% with ABI measurement at 
rest versus a 21% interobserver variability of the ABI mea-
surement post exercise  [  57  ] . Thus, it may be bene fi cial to 
strike a balance between additional con fi rmatory measure-
ments and belaboring an already time-consuming examina-
tion. Indeed, Espeland et al. demonstrated reduction in standard 
errors and bias by 30–40% in ABI measurements simply by 
taking two systolic blood pressure measurements at each site 
rather than the standard single measurement  [  58  ] . 

 Electrocardiographic monitoring during the treadmill test 
is controversial. However, the majority of researchers agree 
that ECG monitoring is essential for patients who are more 
than 50 years of age or who have symptoms of heart disease, 
e.g., angina, myocardial infarction, congestive heart failure, 
and cardiac arrhythmias. Carroll et al. found that 11% of 
their patients had to stop the exercise because of ECG 

changes—5% excessive heart rate, 5% premature ventricular 
contractions, and 1% ST segment depression  [  54  ] . 

 Normally, an increase in the pressure is noted after exer-
cise in healthy individuals, and a drop in the pressure is noted 
in patients with peripheral vascular disease.  

   Interpretation 

 The time it takes for recovery, the symptoms that are experi-
enced during exercise, and the pressure changes, if any, from 
pre- to post-exercise status form the basis for interpretation 
of this test. Doppler ankle pressures that drop to low or unre-
cordable levels immediately following treadmill exercise and 
increase to resting level in 2–5 min suggest occlusion at a 
single level. Meanwhile, when ankle pressures remain 
reduced or unrecordable for up to 12 min, multilevel occlu-
sions are usually present. Patients with severe or advanced 
peripheral vascular disease, e.g., with ischemic rest pain, 
may have unrecordable post-exercise Doppler ankle pressure 
for 15–20 min.  

   Clinical Studies 

 From a cohort of 1,000 arterial Doppler studies performed 
on 1,000 patients (2,000 limbs) at the Charleston Division of 
West Virginia University Medical Center, Charleston, West 
Virginia, 280 patients (560 limbs) who had resting arterial 
lower extremity Doppler (ALD) studies and arteriograms 
were selected. One hundred and twenty-four of these limbs 
had resting and exercise lower extremity Doppler studies and 
arteriograms. The Doppler technique described previously 
was used to measure the resting ankle pressure and the exer-
cise ankle pressure and to calculate the ABI. 

 To facilitate the correlation, the  fi ndings on the arterio-
grams were classi fi ed as normal, mild (<30% stenosis), mod-
erate (30–60% stenosis), severe (>60% stenosis), or occluded. 
The 124 limbs studied included 46 limbs with occluded arter-
ies, 23 limbs with severe stenoses, 10 limbs with moderate 
disease, 11 limbs with mild disease, and 34 normal limbs. 

 The majority of normal limbs or limbs with mild disease 
had a resting ABI of 0.90 or greater. However, a signi fi cant 
number of patients with severe disease (11 out of 23) or with 
occluded arteries (8 out of 46) also had a resting index of 
0.90 or above. After the treadmill test, most of the severely 
diseased limbs had a signi fi cant drop in the ABI. 

 After treadmill exercise, all patients with normal limbs had 
an exercise index above 0.90, signifying excellent correlation 
between the tests. In comparing patient symptoms to the exer-
cise index, none of the patients with rest pain had an index 
greater than 0.59. However, 80 limbs out of 101 with claudica-
tion had an index greater than 0.59. Ninety-one percent of 
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patients with resting pain had an exercise index less than 0.50 
(21 out of 23), and 92% of patients with claudication had an 
exercise index greater than 0.50% (93 out of 101).  

   Test of Functional Capacity 

 The best functional evaluation of physiologic impairment asso-
ciated with arterial occlusive disease is the measurement of the 
magnitude and duration of fall in the ankle pressure following 
the constant load treadmill exercise test. Table  21.2  presents the 
readings in a patient with resting right ankle pressure of 
180 mmHg and left ankle pressure of 130 mmHg. After exercis-
ing on the treadmill for 5 min, the right ankle pressure remained 
above 180 mmHg, while the left ankle pressure dropped to 
50 mmHg. It took 20 min for the left pressure to return to 
130 mmHg, indicating severely compromising arterial disease.  

 Although the ankle pressure response provides physiologic 
information about the severity of peripheral arterial occlusive 
disease, it does not pinpoint the location of the arterial obstruc-
tion. Strandness and Bell noted that the location of disease 
had an effect on the magnitude of the pressure drop and the 
time required for the pressure to return to baseline  [  52  ] . 
Pressure drops following exercise indicate that the obstruc-
tion involves the arteries supplying the gastrocnemius and 
soleus muscles. A large portion of the blood supply to these 
muscles is derived from the sural arteries, which originate 
from the popliteal artery; hence, a drop in the ankle pressure 
following exercise signi fi es an obstruction of the upper 
popliteal or super fi cial femoral arteries or a more proximal 
vessel. When the obstruction is con fi ned to vessels below the 
knee, exercise seldom causes claudication or a signi fi cant 
drop in ankle pressure; in fact, the pressure may even rise. 

 In general, the more proximal the occlusive disease, the more 
effect it has on the ankle pressure response to exercise. For 
example, an isolated aortoiliac lesion usually has more func-
tional signi fi cance than a lesion con fi ned to the super fi cial fem-
oral artery. This phenomenon occurs because the more proximal 

arteries supply a greater muscle mass than do the distal arteries. 
Consequently, there is more severe and prolonged deviation of 
blood away from the ankle to the proximal muscle mass. 

 In patients who have aortoiliac obstruction combined with 
more distal limb arterial disease, a question of the severity of 
the aortoiliac disease is frequently raised. If the amplitude of 
the femoral pulses either at rest or following exercise is 
reduced, the disease may contribute signi fi cantly to the leg 
symptoms and require correction. However, moderate aor-
toiliac disease may not signi fi cantly affect pulses or high-
thigh pressures. Such patients may be candidates for the 
segmental, reactive hyperemia test. 

 However, if a low high-thigh pressure is noted on the pre-
exercise examination, the contribution by aortoiliac disease 
to the total limb ischemia may be evaluated by determining 
the high-thigh and ankle pressure responses following exer-
cise. Normally, the high-thigh pressure will increase after 
exertion, but aortoiliac disease may diminish it. The relative 
drop in high-thigh and ankle pressures provides indices by 
which the contributions of aortoiliac and more distal arterial 
obstruction may be assessed. 

 The capacity for walking itself is not a particularly impor-
tant indicator, mainly because it is not reproducible  [  53  ] . 
Motivation, pain tolerance, and accompanying symptoms may 
all affect its duration. It correlates poorly with estimated walk 
intolerance and with objective hemodynamic measurements. 
Of more importance is the observation of other symptoms that 
precede claudication. If a patient stops exercising due to short-
ness of breath, angina, or hip pain before claudication devel-
ops, the ankle pressure response may be small and of little help 
in isolating lower limb arterial insuf fi ciency. 

 In conclusion, the three factors evaluated during treadmill 
exercise testing have to be taken into consideration in deter-
mining the severity of the vascular occlusive disease, i.e., the 
duration of exercise, the maximum drop in the ankle index, 
and the recovery time (the time required for return to base-
line pressures).  

   Reactive Hyperemia 

 For some patients, treadmill exercise is not applicable (ampu-
tees or persons with musculoskeletal problems) or practical 
(patients with cardiopulmonary disease or severe claudica-
tion), because they cannot perform for a suf fi cient length of 
time. In such cases, reactive hyperemia may be used to 
increase blood  fl ow in the extremities. 

 To increase blood  fl ow, a thigh cuff is in fl ated above the 
systolic pressure (20–30 mmHg above the brachial pres-
sure) for 3–7 min to produce local circulatory arrest, result-
ing in hypoxia and local vasodilation. After release of the 
compression, ankle pressures are taken at 15-, 20-, or 30-s 

   Table 21.2    Segmental pressure readings (mmHg) and ankle-brachial 
index after exercise in a patient with severe peripheral vascular occlu-
sive disease of the left leg   

 Post-exercise 
(min) 

 Right ankle 
(normal) 

 Left ankle 
(abnormal)  Arm 

 1  186  50  180 
 2  186  58  180 
 4  180  60  176 
 6  180  70  170 
 10  166  78  160 
 15  170  90  162 
 20  170  130  162 
 Ankle-brachial 
index 

 (186/180)1.03  (50/180)0.27 
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intervals for 3–6 min or until the measurements return to 
reocclusion level. In normal limbs, the ankle pressures 
immediately decrease to about 80% of the preocclusion 
levels but readily rise, reaching 90% levels within 30–60 s. 
It should be noted that ankle systolic pressures in a normal 
limb do not decrease after treadmill exercise, whereas a 
transient pressure decrease in the range of 15–35% does 
occur at the ankle of normal limbs after reactive hypere-
mia. In limbs with obstructive arterial occlusive disease, 
the decrease in pressure coincides well with that seen fol-
lowing exercise, but recovery to resting levels is much 
faster  [  55  ] . The magnitude of the pressure drop depends 
upon the anatomical extent of the disease process and the 
degree of functional impairment. Although recovery times 
are also correlated with the severity of the disease (from 
less than 1 min to more than 3 min), the correlation is not 
as good as that given by the maximal depression of the 
ankle pressure induced by exercise. Patients who have sin-
gle-level disease generally experience less than a 50% 
drop in the Doppler ankle pressure, whereas patients with 
multilevel arterial occlusive disease experience a pressure 
drop of greater than 50%. 

 To its bene fi t, the hyperemic stress test is less time-con-
suming than the treadmill exercise test, and it can be done 
in the patient’s room, using simple inexpensive equipment. 
Since the duration of calf occlusion can be prescribed and 
walking time cannot, the stress may be more centralized than 
that of exercise testing. It is also less dependent upon patient 
motivation. The major disadvantage of the test is that it cannot 
duplicate the maximum exercise load of the treadmill, which 
is the most effective method in detecting small changes. It 
fails to elicit the patient’s symptoms, and it does not iden-
tify any cardiopulmonary disability that might actually be 
more limiting than the arterial insuf fi ciency. The test is also 
uncomfortable and thigh compression may be hazardous in 
limbs with femoral popliteal grafts. Finally, rapid pressure 
measurements are required to get  reproducible results. 

 Other methods of stress testing have been described in the 
literature. Isolated leg exercises provide a simple form of stress 
testing for patients who cannot walk satisfactorily on the tread-
mill because of cardiac, pulmonary, or orthopedic reasons. In 
the test’s simplest form, the patient  fl exes and extends the 
ankles repeatedly. Some investigators have used ankle exer-
cise performed against a  fi xed load, accomplished by having 
the patient repeatedly rise up and down on the toes.      
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   Introduction 

 The pulse volume recorder (PVR) was introduced by Raines 
almost 40 years ago in a thesis based on graduate work con-
ducted at the Massachusetts Institute of Technology (MIT), 
Harvard Medical School, and Massachusetts General 
Hospital  [  1  ] . The work was sponsored by the National 
Institute of Health. The work was built on earlier pioneering 
efforts by investigators such as Winsor  [  2  ]  and Strandness 
 [  3  ] . The research took advantage of major recent advances in 
electronics, speci fi cally in the area of pressure transducer 

design. However, the driving force was the increasing ability 
of the vascular surgeon to reconstruct peripheral arteries and 
the associated need to perform accurate diagnostic studies 
preoperatively and in follow-up. 

 In 1972, Raines, along with R. Darling, B. Brener, and 
W. Austen, presented the  fi rst clinical paper on the PVR at the 
Annual Meeting of the Society of Vascular Surgery; this was 
later published in  Surgery   [  4  ] . Earlier that year (in April 
1972), this same group of investigators established the  fi rst 
clinically oriented vascular laboratory at the Massachusetts 
General Hospital. A similar laboratory was established at 
about the same time at Northwestern’s Medical School by 
Yao and Bergan. Founding these laboratories included obtain-
ing codes for reimbursement from Medicare and other third 
party insurance carriers. Three years later, the early experi-
ence of this laboratory was presented at the 1975 Annual 
Meeting of the Society for Vascular Surgery and again pub-
lished in  Surgery   [  5  ] . At that time, studies within the vascular 
laboratory were expanding to include functional evaluation of 
venous disorders and extracranial arterial occlusive disease. 
At this point, many other centers had developed vascular lab-
oratories and began publishing their results. 

  Abstract 

 The early PVR was available in either a box or cart model. The  fi rst units also included a 
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wave Doppler systems. 

 This chapter summarizes the principles of PVR and its various clinical applications in 
patients with peripheral vascular disease.  

  Keywords 

 Pulse volume recording  •  Peripheral vascular disease  •  Diagnosis      

      Pulse Volume Recording in the Diagnosis 
of Peripheral Vascular Disease       

     Jeffrey   K.   Raines        and    Jose   I.   Almeida        

  22

    J.  K.   Raines ,  MME, Ph.D.   (*)
     Department of Surgery , 
 University of Miami Hospital and Clinics ,
  2101 SE 14 Circle ,  Homestead ,  FL   33035 ,  USA    
e-mail:  drjraines@yahoo.com  

     J.  I.   Almeida ,  M.D., FACS, RPVI, RVT  
     Department of Vascular Surgery ,  Miami Vein Center ,
  Miami ,  FL ,  USA    



304 J.K. Raines and J.I. Almeida

 The early PVR was available in either a box or cart model. 
The  fi rst units also included a built-in continuous-wave 
Doppler in two frequencies (9 and 5 MHz). Within 5 years of 
its introduction, the PVR became an extremely popular 
device and in wide-scale use throughout the world. In vascu-
lar laboratories, its frequency of use was second only to the 
continuous-wave Doppler systems. 

 Guidelines for establishing vascular laboratories were 
published along with accuracy studies comparing noninva-
sive functional studies with angiography and clinical out-
come in the areas of peripheral arterial occlusion  [  6–  8  ] , deep 
venous thrombosis  [  9–  11  ] , and extracranial arterial occlusive 
disease  [  12–  14  ] . 

 In 1978, W. Glenn introduced B-mode ultrasound. The 
 fi rst clinical studies using this technique were performed in 
the Vascular Laboratory of the Miami Heart Institute, which 
was directed at that time by J. Raines, who a number of years 
earlier introduced the PVR  [  15  ] . Within several years, B-mode 
ultrasound was producing images of peripheral arterial and 
venous vessels that were very useful clinically and augmented 
information obtained from functional studies. With B-mode 
ultrasound as a basis, ultrasound engineers developed duplex 
scanning, color duplex scanning, power duplex imaging, and 
more recently improved imaging with internal computer 
enhancement, storage, and image transfer. 

 Clearly technology in the  fi eld of noninvasive medical 
imaging as applied to peripheral vascular disease has been 
explosive and has made signi fi cant clinical contributions. 
Despite this, functional studies remain an integral compo-
nent in the investigation of most forms of peripheral vas-
cular disorders, and functional technology has also kept 
pace. In the remainder of this chapter, a description of how 
the PVR has been improved over nearly 40 years will be 
given. This will be followed by descriptions of how the PVR 
may be used most effectively in today’s modern vascular 
laboratory. 

 Before closing the introduction, it is instructive to note 
two important items. First, peripheral vascular disease is a 
disease of the elderly, and the elderly in the USA, is now the 
fastest growing segment of the population. The Census 
Bureau estimates this tread is expected to the year 2030 
 [  16  ] . This is compounded by the fact that in the USA over 
the last 20 years mortality from coronary artery disease has 
been decreasing. This means that more survivors who would 
have died of coronary artery disease live to present to the 
vascular laboratory with peripheral vascular disease. Second, 
while there will be increasing pressure to provide services 
for peripheral vascular disease, medical providers will be 
asked to do so at less cost. This means more accurate, less 
costly outpatient diagnostic studies coupled with effective, 
less costly therapy. This is both a challenge and an opportu-
nity for manufacturers of equipment and providers of care in 
peripheral vascular disease.  

   Pulse Volume Recorder: 2011 

 As described in the original PVR development work at MIT 
 [  1  ] , in order to maintain proper system calibration when a 
PVR cuff is placed on an extremity, the system and operator 
must in fl ate the cuff to a known cuff pressure (i.e., 65 mmHg 
thigh, calf, ankle) and also know the amount of injected atmo-
spheric air necessary to produce the cuff pressure. If the vol-
ume of injected air does not meet an established criterion (i.e., 
75 ± 10 ml, calf/ankle; 400 ± 75 ml, thigh), the operator must 
reapply the cuff. Whereas a number of manufacturers market 
PVR-like devices, most do not include this important calibra-
tion. These manufacturers have suggested to operators that 
after cuff application it is  only  necessary to in fl ate the cuff to 
the recommended pressure. This assumes each cuff is applied 
to the same tension despite variation in limb size; we have 
found results will vary signi fi cantly based on operator appli-
cation and technique. There are manufacturers who provide a 
good  external  calibration as described above. These systems 
provide reproducible PVR data that virtually eliminate opera-
tor application and technique errors. In our laboratory, work-
ing with industry, we have developed a computer-controlled 
 internal  calibration system that is very accurate and com-
pletely eliminates cuff reapplication at any level (Fig.  22.1 ).  

 The ability to record and store data is most important to 
document testing for both reimbursement and certi fi cation pur-
poses. The new PVR systems include patient interface ports 
(i.e., for PVR cuffs and Doppler probes), color monitor, touch 
screen, and color printer. Studies may be performed in a dedi-
cated laboratory or at the patient’s bedside. It should be 
acknowledged that when earlier systems were making the tran-
sition from non-PC-based to PC-based units, the PC units were 
slow, dif fi cult even for experienced operators to use, and 
in fl exible. With time, technician input, and fast processors, this 
has changed, and the new systems are both rapid and  fl exible. 

 In our view, the major advantages of current systems over 
earlier PVR systems are accuracy of calibration, clarity and 
rapid development of data reporting, and rapid storage and 
transmission. 

 The primary purpose of performing any level of vascular 
laboratory testing is to provide the referring physician with 
information that will improve patient management. If a rapid, 
accurate, complete, and understandable report is not gener-
ated, this is not possible. New PVR systems provide a proto-
col-like format for general testing, compile the data in a 
logical sequence and provide guidelines for interpretation. 

 We compared the time taken to perform a lower extremity 
arterial study using a standard PVR with that using a 
PC-based PVR. Evaluation time was divided into three com-
ponents: (1) time to obtain and record demographics, clinical 
history, and pulse and bruit grading; (2) time to perform ten 
PVR arterial tracings and six segmental limb pressures; and 
(3) time to prepare a  fi nal report excluding interpretation. In 
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obtaining background information for the standard PVR, the 
technician recorded the data on a preprinted form that became 
part of the  fi nal report. The technician entered background 
information for the PC-based PVR directly into the system 
via a touch screen. Testing was performed using standard 
protocols for each system and included PVR tracings at the 
thigh, calf, ankle, metatarsal (TM), and  fi rst digital levels 
bilaterally and limb systolic pressures bilaterally by Doppler 
technique at the thigh, calf, and ankle levels. Using the stan-
dard PVR, the technician had to cut three cardiac cycles from 
the PVR strip charts, and using tape af fi x them to the  fi nal 
report. For the PC-based system, the technician electroni-
cally selects cycles for reporting and printing. This latter area 
is where the PC-based system is clearly faster (Table  22.1 ).  

 PVR vascular technicians not familiar with the PC-based 
systems require approximately 3 h of formal training to per-
form the testing and an additional 10 h of use to obtain the 
skills to perform the testing to the same degree of speed and 
con fi dence obtained by experienced workers.  

   Indications and Guidelines for Functional 
Lower Extremity Arterial Studies 

 Diagnostic technique and therapeutic methods for peripheral 
vascular disease have changed signi fi cantly since the devel-
opment of the PVR. However, the questions posed to the vas-
cular laboratory by referring physicians have not changed. 
These include the following:
    1.    Is resting ischemia present?  
    2.    Is current perfusion adequate for lesion healing?  
    3.    Will a particular amputation site heal properly?  
    4.    Is vascular claudication present?     

 Further, for all of the above questions, there is an associ-
ated interest in describing as accurately as possible the ana-
tomic location of hemodynamically signi fi cant lesions. 
However, it should be carefully noted that while these are the 
important questions in over 90% of patients referred to a vas-
cular laboratory for lower extremity occlusion, these ques-
tions  cannot  be answered by knowing the anatomy. 

 These are purely questions of function. Later, we will dis-
cuss questions primarily of anatomy. 

 Before proceeding, it is helpful to describe the patient 
population presenting to our vascular laboratory. We have 
carefully reviewed our patient demographics and, when pos-
sible, have compared our  fi gures with those of other vascular 
laboratories; in most cases, the numbers have been very simi-
lar. The average age of our patients is 67 years. Two-thirds are 

  Fig. 22.1    Picture of a prototype 
 internally  calibrated pulse 
volume recorder (PVR). This 
system is controlled by a 
computer. The operator 
interfaces with the unit via a 
touch screen. The system also 
has a dedicated printer and 
modem for report generation       

   Table 22.1    Time taken to perform lower extremity arterial study using 
a standard PVR and a PC-based PVR   

 Component  Standard PVR (min)  PC-based PVR (min) 

 Background  11  11 
 Testing  18  20 
 Report  10  4 
 Total ( n  = 10)  39  35 
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male. Over 75% are current or past cigarette smokers. 
Approximately 40% have a history of hypertension, and 25% 
are diabetic. Approximately 20% have elevated blood lipids, 
and 20–25% are obese by routing criteria. In our series, one-
third have had a previous myocardial infarction, and one-tenth 
(9%) have a history of previous cerebrovascular accident.  

   Is Resting Ischemia Present? 

 Patients with rest pain as their  initial  presentation maybe 
either diabetic or nondiabetic; however, nondiabetics are more 
frequent in this category as will be described. Excluding 
patients presenting with an acute history, the majority of the 
remaining patients will have a history of vascular claudica-
tion. Their description of pain will also almost exclusively be 
limited to the forefoot. The pain will develop at rest and will 
transiently be relieved by dangling the foot. This temporarily 
decreases the local peripheral resistance, increasing local 
blood  fl ow. Although ischemic pain may present more proxi-
mally, more proximal resting pain in the absence of forefoot 
pain is often not of vascular origin. Since ischemia is a clear 
indication for surgical reconstruction, its diagnosis must be 
made with accuracy. 

 In making this judgment, the following four parameters, 
in the limb of interest, must be obtained carefully with a PVR 
at the correct pneumatic gain settings:

   PVR amplitude and contour at the ankle level  
  PVR amplitude and contour at the transmetatarsal level  
  PVR amplitude and contour at the  fi rst digit or most 

symptomatic digit    

   Ankle Pressure 

 If the ankle pressure is <40 mmHg in the nondiabetic patient 
and <60 mmHg in the diabetic patient,  resting ischemia may 
be present . The difference in criteria is based on the fact that 
diabetics often have medial calcinosis which arti fi cially ele-
vates distal pressures. It should also be stated that in 10–15% 
of diabetic cases, distal pressures cannot be measured at all 
due to medial calcinosis; in these cases, PVR recordings are 
the only measurements available. 

 The diagnosis is secured on the basis of the amplitude of 
the PVR tracings. If a digit of interest has a  fl atline PVR 
amplitude, ischemia is very probable. The probability is fur-
ther increased if the TM and ankle PVR tracings are also 
 fl atline or near  fl atline. It is not hemodynamically possible to 
have a  fl atline tracing proximal to a non fl atline tracing. If 
this occurs, the operator should look for a technical error in 
the testing. In the ischemic setting, all tracings should be 
markedly blunted with no re fl ected wave present in diastole. 

 It is possible to have transient borderline ischemia with 
digital amplitudes as high as 2 mm; however, this is rare.   

   Is Current Perfusion Adequate for Lesion 
Healing? 

 Ischemic arterial lesions are almost always present at the digit 
or near digit levels. More proximal foot lesions (i.e., TM level 
or heel) are most often secondary to a degree of ischemia  and  
chronic trauma (pressure ulceration). In this class of patients, 
the initial presenters include a higher percentage of diabetics 
than in the rest pain group. This is due to the clinically recog-
nized fact that diabetic patients are more prone to develop 
traumatic lesions due to neuropathic loss of sensation and 
combined large and small vessel involvement  [  5  ] . 

 As in the rest pain case, in making this judgment, the fol-
lowing four parameters in the limb of interest must be obtained 
carefully with a PVR at the correct pneumatic gain settings:

   PVR amplitude and contour at the ankle level  
  PVR amplitude and contour at the TM level  
  PVR amplitude and contour at the  fi rst digit or most 

symptomatic digit    

   Ankle Pressure 

 Hemodynamics tells us that local perfusion is a function of 
mean arterial pressure (MAP), mean venous pressure (MVP), 
and size and number of perfusion vessels. We use systolic 
pressure as a surrogate for MAP, MVP in a supine subject is 
near 0 mmHg, and PVR amplitude can be shown to be an 
adequate surrogate for size and number of perfusing vessels. 
Table  22.2  is a helpful guideline in determining whether a 
lesion will heal with the current level of perfusion in the 
absence of infection, chronic trauma, and microvessel dia-
betic disease. These stipulations are signi fi cant and require a 
degree of clinical judgment.    

   Will a Particular Amputation Site Heal 
Primarily? 

 There is a sizable group of patients with advanced arterio-
sclerotic peripheral vascular disease in whom arterial recon-
struction is not possible and who come to amputation. 

   Table 22.2    Guidelines for determining whether current perfusion is 
adequate for healing   

 Nondiabetic  Diabetic 

 Ankle pressure (mmHg)   ³ 60   ³ 70 
 PVR amplitude in digit 
of interest (mm) 

  ³ 1   ³ 2 
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Signi fi cant morbidity and mortality rates are present in these 
patients, particularly in those in whom a more distal amputa-
tion fails and who require a second procedure. Measurements 
in a vascular laboratory with a PVR are helpful in reducing 
this complication by predicting which amputation site is 
most likely to heal primarily. 

 There are four major lower extremity amputations that 
can be addressed by these measurements. The functional 
noninvasive measurements necessary for determining ampu-
tation site healing potential are a function of the site. 
Table  22.3  gives guidelines for amputation site healing that 
are applicable to the diabetic and nondiabetic patient.   

   Is Vascular Claudication Present? 

 Patients in the age range associated with peripheral vascular 
disease often present with lower extremity pain on exertion. 
It is important to distinguish symptoms due to neurologic or 
orthopedic processes from those produced by vascular 
insuf fi ciency. In fact, both entities may coexist. With vascu-
lar insuf fi ciency, it is also important to determine accurately 
the patient’s degree of disability and to establish a quantita-
tive baseline with which the results of medical or surgical 
treatment can be compared. 

 In our experience, the presence of vascular claudication 
and its associated degree of disability cannot accurately be 
determined from history/physical examination  or hemody-
namic measurements taken at rest . We have therefore evalu-
ated various methods of stressing vascular patients and have 
determined a small treadmill operating at a  fi xed grade of 10% 
at either 1.5 mph (2.4 km/h) or 2.25 mph (3.6 km/h) – choice 
of speed being a function of the subject’s ability – to be the 
most physiologic and tolerated by the largest percentage of 
vascular patients. Following resting studies, we determine on 
the treadmill what we can call maximum walking time (MWT). 
MWT is the point at which the patient experiences a rapid 
increase in symptoms. This develops between the initial onset 
of pain and the point at which the patient can no longer con-
tinue. This point has consistently been reproducible. We have 
 not  found that following PVR amplitudes and/or limb pres-
sures beyond the immediate postexercise measurement are 
helpful in making the diagnosis more secure. 

 The guideline we use to establish vascular claudication is 
a postexercise ankle pressure of <70 mmHg and an ankle 
PVR amplitude of <5 mm. Note that this criterion represents 
signi fi cant hemodynamic alteration and that it is therefore 
possible to have signi fi cant anatomic disease that does not 
produce symptoms even with exertion. 

 Due to the fact that many investigators use the ankle/arm 
(ankle/brachial) index as a guideline, it deserves mention  [  17  ] . 
We have found the ankle/arm index is helpful in determining 
the degree of arterial occlusion from the aortic root to the 
ankle, but it is of far less value than absolute values in criteria 
associated with resting and exertional vascular insuf fi ciency.  

   Location of Arterial Obstruction 
in the Lower Extremities 

 As mentioned in the beginning of this section, the major ques-
tions requested to be addressed in the vascular laboratory are 
functional. However, with attention to detail, hemodynamic 
studies can also localize the major levels of arterial obstruc-
tion. The following guidelines are helpful in the anatomical 
localization of arterial lesions in the lower extremity. 

   PVR Re fl ected Wave 

 The contour of a PVR tracing is closely associated with the 
intra-arterial pressure contour. If at rest the re fl ected wave is 
absent, this implies the peripheral resistance distal to the 
point at which the tracing was taken has been reduced. 
Reduction in peripheral resistance is most often caused by 
proximal arterial obstruction. 

 Of course, reduced peripheral resistance and loss of PVR 
re fl ected wave are expected following exercise (Fig.  22.2 ).   

   PVR Amplitude 

 The greater the PVR amplitude, the greater the local pulsatile 
component of total  fl ow rate (Qp). Generally, the Qp tracks 
total  fl ow. Further, PVR amplitude is a function of local pulse 
pressure, and pulse pressure is reduced with arterial occlusion 

 Site  Thigh  Calf  Ankle  TM  Digital 

 Above-knee (AK)   ³ 2 mm  NA  NA  NA  NA 

  ³ 0 mmHg 
 Below-knee (BK)  NA   ³ 1 mm  NA  NA  NA 

  ³ 50 mmHg 
 TM  NA  NA   ³ 0 mmHg   ³ 1 mm  NA 

 Digital  NA  NA   ³ 50 mmHg   ³ 1 mm   ³ 1 mm 

 Table 22.3    Guidelines 
for amputation site healing 
(applicable to diabetic and 
nondiabetic patients)  
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proximal to the point at which the tracing is taken. Therefore, 
the more reduced the PVR amplitude, the greater the proxi-
mal obstruction and the poorer the local perfusion.  

   PVR Amplitude Relationships 

 When PVR tracings are properly calibrated, with an open 
super fi cial femoral artery, the PVR calf amplitude is always 
increased when compared with the thigh and ankle ampli-
tudes. If this is not the case, a super fi cial femoral artery 
occlusion should be expected. If the PVR tracing at the thigh 
level is normal with an open aortoiliac system and the calf 
PVR tracing amplitude does not augment, an occlusion at the 
level of Hunter’s canal should be suspected. 

 If the contours of the thigh, calf, and ankle tracings are 
abnormal (i.e., loss of re fl ected wave, amplitude reduction) 
but the calf amplitude is augmented compared with the thigh, 
this suggests aortoiliac disease with an open super fi cial fem-
oral/popliteal system. 

 Whenever there is an abrupt change in PVR amplitude 
and contour from a proximal measurement to the next seg-
ment (i.e., calf to ankle, ankle to TM, TM to digit), occlusion 
between the two levels should be suspected.  

   Post-exercise Measurements 

 Exercise testing is very helpful in both localizing arterial lesions 
and determining exercise-related symptoms such as claudica-
tion. This has been mentioned previously. Aortoiliac disease 
produces symptoms in the calf, thigh, and  fi nally in the buttock 
if exercise is continued. Super fi cial femoral artery occlusions 
produce symptoms at the calf level and do not rise to the but-
tock level. Further, signi fi cant aortoiliac disease always pro-
duces  fl atline ankle PVR amplitudes after exercise. 

 Super fi cial femoral artery occlusions reduce post-exercise 
ankle PVR amplitude, but a  fl atline tracing is rarely seen 
without proximal involvement.  

   Segmental Systolic Limb Pressures 

 Segmental systolic limb pressures should always be taken 
bilaterally at the thigh, calf, and ankle levels and compared 
with the highest brachial pressure. In a normal arterial sys-
tem, the distal systolic pressures should be slightly higher 
than the brachial value. When there is a reduction of 
>20 mmHg between segments, arterial obstruction between 
segments should be suspected. 

 It is important to note that often PVR results and systolic 
limb pressures are supportive. However, since they are derived 
from different hemodynamic principles, they may differ. It is 
a good rule of thumb to consider PVR  fi ndings more repre-
sentative of local perfusion and systolic limb pressures more 
representative of the degree of native vessel occlusion.  

   Role of Lower Extremity Arterial Imaging 

 Clearly over the last 40 years, the ability to accurately image 
vessels in the lower extremities and measure local velocities 
with ultrasound has improved dramatically. What has not 
changed is the  inability  of ultrasound to address the func-
tional questions of ischemia, perfusion, amputation site heal-
ing, and the presence of vascular claudication. For this 
reason, the importance of functional hemodynamic measures 
should not be lost as our abilities to image continue to 
improve. Having said that, there are several areas in which 
lower extremity arterial ultrasound is crucial.  

   Imaging Improves Anatomic Localization 

 In the best of hands, the localization criteria described above 
have an overall accuracy in multilevel disease of 90%. By 
de fi nition, the ability to directly image obstruction at the aor-
toiliac and super fi cial femoral/popliteal systems can improve 
this accuracy and should be used in cases of multilevel disease 
and/or where anatomic considerations are of major importance.  

PULSE VOLUME RECORDINGS*

Normal Abnormal

*Ankle Level
Cuff Pressure – 65 mm Hg
Cuff Volume – 75 cc

  Fig. 22.2    Normal PVR tracings 
illustrate rapid rise and fall 
during systole and the presence 
of a clear re fl ected wave in early 
diastole. When proximal arterial 
obstruction is present, PVR 
amplitude (foot to peak) is 
reduced and the re fl ected 
wave is absent       
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   Graft Surveillance 

 Vascular grafts placed in lower extremities may occlude 
acutely or fail over an extended period of time. It is known 
that grafts in which corrections are made before total occlu-
sions develop have a greater secondary patency. 

 Minor changes in graft diameter (area) secondary to an 
obstructive process may not produce signi fi cant hemodynamic 
changes, but may be identi fi ed by abnormalities in graft 
appearance. This is most often true at anastomotic sites.  

   Aneurysmal Disease 

 Functional studies in only selected situations are helpful in 
identifying femoral or popliteal aneurysms and are never 
able to measure the size of an aneurysm. In contrast, ultra-
sound can be used very effectively to identify, measure, and 
follow femoral and popliteal aneurysms.   

   Indications and Guidelines for Functional 
Lower Extremity Venous Studies 

 In the previous section, we stated that the average age of 
patients presenting to a vascular laboratory for lower extrem-
ity arterial disease is 67 years, with 75% being male. For 
venous disease, the age is more than two decades younger, 
and the majority of patients are female. 

 In the era of the modern vascular laboratory, lower extrem-
ity hemodynamic measurements were  fi rst made in the arte-
rial system and expanded to the venous system. For many 
years, the major question posed to vascular laboratories in 
the area of venous disease by referring physicians has been: 
Is deep venous thrombosis (DVT) present? The second most 
frequently asked question has been: Is venous vascular 
insuf fi ciency present? It should be acknowledged that duplex 
ultrasound has replaced other hemodynamic measurements 
in most modern vascular laboratories. Ultrasound has become 
the “gold standard” in the diagnosis of extremity deep venous 
thrombosis and in determining super fi cial venous system 
incompetence. The role of the PVR in these settings has been 
reduced to situations in which detailed knowledge of deep 
venous resistance is required. This use is described below.  

   Is Deep Venous Thrombosis Present? 

 In 1975, Raines produced a monograph entitled  Application 
of the Pulse Volume Recorder for Noninvasive Diagnosis of 
Deep Vein Thrombosis   [  18  ] . This work suggested the mea-
surement of two parameters described as maximum venous 
out fl ow (MVO) and segmental venous capacitance (SVC). 
This investigation was performed at the Massachusetts 
General Hospital and involved developing a scoring system 

for DVT using MVO, SVC, venous respiratory waves, and 
Doppler ultrasound at the femoral and popliteal venous lev-
els. The noninvasive measurements were compared with 
venography. The details of this work have been published 
many times and will not be repeated here. The work was also 
duplicated by many investigators and published extensively 
 [  9–  11  ] . Some published studies using this technique have 
reported a sensitivity as high as 96% with a speci fi city of 
90%  [  11  ] . In the author’s hands for DVT excluding minor 
nonextending calf thrombi, the sensitivity has been 95% with 
an 85% speci fi city when compared with venography  [  19  ] . 

 The modern PVR completely automates the measures of 
MVO and SVC. Further, the system allows the determination 
of venous respiratory waves and venous velocity measure-
ments. These data are input to the system and a color report 
is generated; this report includes the scoring system described 
above. This information is obtained in less than 30 min with 
the patient supine on an examining table. This functional 
method is extremely useful in making a rapid and safe assess-
ment of DVT and is also helpful in determining the degree of 
hemodynamic venous obstruction present, which correlates 
with degree of expected valvular damage. 

 DVT can lead to acute death. For that reason alone, the 
diagnosis cannot be taken lightly. We have described accu-
rate functional diagnostic studies. However, today, all sub-
jects suspected of having DVT should undergo a vascular 
laboratory examination that includes venous imaging. The 
vascular technologist should look for deep venous obstruc-
tion in the veins of the lower extremities. In the early stages 
of DVT, this is often characterized by noncompressibility of 
the venous structures.  

   Is Venous Valvular Insuf fi ciency Present? 

 The major hemodynamic culprit in venous valvular 
insuf fi ciency is venous ambulatory hypertension. In the 
author’s laboratory, before the development of photoplethys-
mography, measurements of venous ambulatory hyperten-
sion were taken using a needle in a subject’s foot connected 
to a  fl uid column. Many PVR systems now include an easy-
to-use photoplethysmograph that quickly allows the determi-
nation of venous valvular insuf fi ciency at the deep and 
super fi cial levels. Details have been published and will not 
be repeated here  [  19  ] .  

   Functional Studies of the Upper Extremities 

   Upper Extremity Arterial Studies 

 Assessment of the upper extremity arterial system can be 
performed with the PVR. PVR and limb pressures may be 
obtained in the upper arm, forearm, and digital levels. These 
measurements give a clear indication as to the location and 



310 J.K. Raines and J.I. Almeida

degree of compromise associated with the upper extremity. 
Atherosclerosis in the upper extremities in comparison with 
the lower extremities is relatively rare. However, obstruction 
due to catheter injury and trauma are common. Vasospastic 
disease also generates patients for this investigation.  

   Miscellaneous Studies 

 The PVR can perform abbreviated protocols for a number of 
miscellaneous studies. These include upper extremity mea-
surements for thoracic outlet syndrome and vasospastic stud-
ies for Raynaud’s disease or scleroderma. In the lower 
extremity, miscellaneous studies may be performed for 
popliteal entrapment syndrome and arteriovenous and veno-
venous malformations. PVR and Doppler measurements are 
also used in male impotence evaluation.       
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   Introduction 

 While the diagnosis of peripheral artery disease (PAD) can be 
readily established by a focused clinical history and extremity 
vascular examination, the severity of PAD is best quanti fi ed by 
combining basic examination  fi ndings with peripheral arterial 
testing in the vascular laboratory. Thus, the noninvasive vascu-
lar laboratory has evolved as a strategic part of PAD manage-
ment including de fi ning the distribution of disease and 
optimizing the treatment of speci fi c vascular conditions such 
as ischemic rest pain, tissue loss, disabling claudication, or 
peripheral aneurysmal disease. The adjunct of the noninvasive 

  Abstract 

 Over the last three decades, duplex ultrasonography has established itself as a fundamental 
component of diagnostic evaluation and management of arterial disease. The maturation of 
duplex technology now includes instrumentation which provides comprehensive anatomic 
and hemodynamic information capable of de fi ning both normal and critical arterial condi-
tions. By combining high-resolution gray-scale imaging with real-time pulsed Doppler 
spectral analysis, color Doppler, power Doppler, or B- fl ow imaging, the vascular laboratory 
can provide critical information relevant to blood  fl ow characteristics, plaque morphology, 
and vascular anatomy. 

 The examination is adaptable for use in both the outpatient and inpatient setting includ-
ing use inside the operating and endovascular suites. Duplex technology is equally suitable 
for directing both endovascular interventions and open surgical revascularization, permit-
ting not only the identi fi cation of disease but also its response to intervention. The reliabil-
ity of arterial duplex testing depends on the expertise of the vascular technologist and the 
interpreting physician. Focused peripheral vascular examinations completed in accredited 
vascular laboratories present quality imaging information capable of providing information 
analogous to other more expensive contrast imaging modalities. Testing performed and 
interpreted in an accredited laboratory has suf fi cient individual diagnostic accuracy to pro-
vide information on the character of disease including progression or regression during 
intervention and surveillance.  
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vascular studies have become an essential tool to the vascular 
clinician by which extended graft patency and improved limb 
salvage rates can be achieved. Duplex ultrasonography pro-
vides detailed anatomic and hemodynamic information on the 
location, extent, morphology, and severity of vascular disease 
 [  1–  5  ] . Scanning is capable of identifying atherosclerotic dis-
ease progression, stenosis, or occlusion. Lesion morphology, 
length, and associated collateral  fl ow can also be con fi rmed 
 [  6–  8  ] . Duplex studies are likewise capable of providing valu-
able hemodynamic information absent in other noninvasive 
contrast imaging techniques such as computed tomography 
(CT) or magnetic resonance (MR) angiography. Information 
derived from vascular lab arterial testing can then be used to 
correlate results of physical exam and other diagnostic testing 
thereby facilitating the development of individualized PAD 
treatment plan for patients. With the ever-increasing focus on 
minimally invasive surgical and endovascular options for the 
treatment of vascular disease, clinicians can now employ por-
table duplex imaging technologies in all phases of disease 
treatment. Duplex imaging and Doppler-derived pressure 
measurements are capable of accurately directing the conduct 
of endovascular and surgical treatments obviating the routine 
use of other surveillance diagnostic studies such as contrast 
angiography  [  9–  13  ] . 

 Based on the frequently favorable risk–bene fi t ratio and 
expanded technologic advances that accompany endovascu-
lar therapies, the role of the vascular laboratory and duplex-
directed treatment and surveillance can be expected to 
continue to develop proportionally. By utilizing quality non-
invasive vascular testing, the majority of patients with PAD 
can be classi fi ed into an appropriate endovascular, surgical, 
or surveillance treatment arms obviating the need for routine 
contrast imaging (Table  23.1 ).  

 Certi fi cation of the vascular laboratory serves to communi-
cate the laboratory’s commitment to delivering valued studies 
at the highest quality and provides a measurable standardiza-
tion that can be reproduced regionally. The vascular lab should 
involve physicians and technologists credentialed and experi-
enced with all facets of scanning and interpretation of vascular 
testing. Contemporary vascular disease evaluation and man-
agement mandates duplex scanning be an integral part of diag-
nostic and therapeutic algorithms for screening, intervention, 
and surveillance of PAD. Agency accreditation provides the 
vascular laboratory with a voice to secure fair reimbursement 
and guidelines for conducting laboratory services.  

   Preintervention Arterial Testing 

 Arterial testing should be individualized taking into account 
current clinical signs and symptoms (e.g., dependent rubor, 
ulceration, gangrene) and any recent PAD surveillance 
scans. Symptomatic lower extremity occlusive disease 

should have limb pressures measured at one or more levels 
in combination with Doppler or plethysmographic (pulse 
volume) waveform analysis. Measurements of ankle-bra-
chial systolic pressure index (ABI) and digit systolic pres-
sures can adequately characterize the severity of PAD 
(Fig.  23.1 ). Toe systolic pressures are especially helpful in 
diabetics in whom calci fi ed, incompressible tibial vessels 
produce erroneously high ABIs (>1.3). Atypical presenta-
tions of exertional leg pain, especially in patients with an 
abnormal ABI (<0.9), should be considered for exercise 
treadmill testing in order to exclude nonvascular conditions 
that may be responsible for lower extremity claudication-
like pain. Other indications for peripheral arterial testing 
include absent pulses, disabling claudication, ulceration, 
gangrene, or rest pain. Any of these  fi ndings should prompt 
a color duplex examination to characterize disease location, 
extent, severity, and morphology (atherosclerosis, aneu-
rysm). Duplex testing can also identify other relevant con-
comitant vascular conditions such as renal artery stenosis, 
aneurysm development, or venous thrombosis.  

 Duplex scanning is particularly helpful in stratifying the 
level of occlusive disease (e.g., aortoiliac, femoropopliteal, 

   Table 23.1    Percutaneous and open procedural options based on color 
duplex scan  fi ndings   

 Duplex diagnosis  Endovascular  Surgery 

  Aortoiliac lesions  
 Focal stenosis  Stent  Endarterectomy/

reconstruction 
 Diffuse disease  Balloon angioplasty  Aortofemoral bypass 

 Stent  Femorofemoral 
bypass 

 Aortic or iliac 
aneurysm 

 Stent graft  Surgical 
reconstruction 

  Infrainguinal lesions  
 Femoropopliteal 
segment 
  Common femoral  Balloon angioplasty  Endarterectomy/

reconstruction 
  Profunda femoris  Balloon angioplasty  Endarterectomy/

reconstruction 
  Super fi cial femoral  Balloon angioplasty  Bypass reconstruction 

 Atherectomy 
 Stent 

 Popliteal-tibial 
segment 

 Balloon angioplasty  Bypass reconstruction 
 Atherectomy 

 Popliteal aneurysm  Stent graft  Exclusion with 
bypass 

 Pseudoaneurysm 
  Iatrogenic  USGTI a   Surgical repair 
  Graft  Stent graft  Surgical 

reconstruction 
 Arteriovenous  fi stula  Embolization  Surgical repair 
 Vein graft stenosis  Balloon angioplasty  Surgical revision 

   a Ultrasound guided thrombin injection  
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popliteal-tibial, or multilevel disease segments). Additional 
clinical applications for duplex scanning include:

   Evaluation of asymptomatic patients with abnormal • 
(<0.9) ABIs to ascertain intervention by endovascular 
(e.g., percutaneous angioplasty or stenting) or surgical 
bypass  
  Exclusion of occult in fl ow (aortoiliac) disease in patients • 
requiring femoral-distal bypass grafting  
  Evaluation of speci fi c diseased arterial segments (out fl ow • 
atherosclerosis or isolated stenoses) visualized on diag-
nostic arteriography whose hemodynamic signi fi cance is 
not clear  
  Alternative imaging to reduce angiographic contrast • 
exposure in patients with renal insuf fi ciency  
  Identi fi cation of atheroembolism or acute arterial throm-• 
bosis (i.e., blue toe syndrome)  
  Assessment of percutaneous catheterization sites for • 
pseudoaneurysm or arteriovenous  fi stula  
  Evaluation of vascular injury associated with blunt and • 
penetrating trauma  

  Surveillance of surgical bypass grafts or reconstructions, endo-• 
vascular interventions, or dialysis access for stenosis caused 
by myointimal hyperplasia,  fi brosis, or atherosclerosis    
 The accuracy of duplex scanning is suf fi cient to permit 

arterial mapping analogous to contrast arteriography in body 
regions accessible to diagnostic ultrasound imaging. Class-
i fi cation of lesion severity is based on the same physical 
principles that apply to the duplex evaluation of the cerebro-
vascular, renal, and mesenteric circulations. Compared to 
arteriography, the “gold standard” for peripheral arterial 
imaging, duplex scanning has a diagnostic accuracy of >80% 
for the detection of a >50% diameter reducing stenosis or 
occlusion (Table  23.2 )  [  1,   2,   4,   7–  9  ] . Diagnostic accuracy 
decreases when multilevel disease is present. However, in 
the absence of multilevel disease, diagnostic accuracy 
exceeds 90% for the detection of high-grade stenosis or 
occlusion involving iliac, femoral, popliteal, or tibial arterial 
segments. Additionally, several centers have conducted small 
prospective blind trials comparing duplex imaging to con-
trast arteriography for planning infrainguinal reconstructions 
for occlusive disease. These studies indicated that duplex 
imaging was equal to angiography in predicting suitable dis-
tal bypass with con fi dence intervals in the range of 95%  [  10, 
  11  ] . In more than 50% of patients with symptomatic PAD, 
duplex scanning will identify disease amenable to endovas-
cular therapy  [  9,   13  ] . Duplex imaging to plan infrainguinal 
bypass procedures for occlusive disease has also been stud-
ied in prospective trials with results compared to contrast 
angiography. Patient outcomes (limb salvage, graft patency) 
were similar indicating that the clinical accuracy of duplex 
testing to select appropriate in fl ow-out fl ow anastomotic sites 
for lower limb arterial bypass was equivalent to angiography 
 [  10,   11  ] . Whether an arterial lesion is suitable for endovascu-
lar repair generally depends on speci fi c anatomic character-
istics. Duplex  fi ndings of Trans-Atlantic Inter-Society 
Consensus (TASC) category A or B lesions indicate endo-
vascular intervention is the preferred treatment (Table  23.3 ). 
Technical success rates in excess of 95% can be achieved 
with clinical results similar to surgical reconstruction. 
Category C lesions (>4-cm-long calci fi ed stenosis, multi-
level disease, 5–10-cm-long chronic occlusions) may also be 

Normal

Abnormal

PAD testing
(ABI-waveform analysis)

ABI falsely elevatged
(incompressible arteries)

Pulse volume recording
(pulsatility index)

Toe pressures

Toe pressure
>50 mmHg

(adequate healing
pressure)

Critical foot
ischemia Consider for surgical or

endovascular intervention

Duplex scanning
(arterial mapping)

Doppler waveform
analysis

Segmental pressure
measurements

Consider
treadmill exercise testing

  Fig. 23.1    Vascular laboratory evaluation of peripheral artery disease 
( PAD ) by ankle-brachial index ( ABI ), Doppler waveform analysis, 
pulse volume recordings ( PVR ), digit pressures, exercise testing, and 
duplex arterial mapping to develop treatment plan       

   Table 23.2    Diagnostic accuracy (sensitivity/speci fi city) of color duplex ultrasonography compared with diagnostic contrast angiography for 
hemodynamically signi fi cant lesions   

 Author  Iliac artery  Common femoral artery  Deep femoral artery  Super fi cial femoral artery  Popliteal artery  Tibial artery 

 Crossman et al. a   81/98  70/97  71/95  97/92  78/97  50/8 
 Moneta et al. a   89/99  76/99  83/97  87/98  67/99  90/2 
 Allard et al. a   89/99  36/98  44/97  92/96  37/92  – 

 Kohler et al. a   89/90  67/98  67/81  84/93  73/97  – 

  Aortoiliac    Femoropopliteal    Tibial  
 Hingorani et al. b   81/84  75/90  43/65 

   a Duplex compared to digital subtraction contrast angiography (DSA) 
  b Duplex compared to DSA and magnetic resonance angiography (MRA)  
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amenable to endovascular repair depending on the experi-
ence of the vascular surgeon. Endovascular treatment of cat-
egory D (diffuse stenosis, >10-cm occlusions) lesions is not 
associated with outcomes comparable to “open” surgical 
repair or bypass grafting  [  11,   12,   14  ] . In applying duplex 
scanning to patient evaluation, the intent is to characterize 
the extent and severity of occlusive disease to permit a clini-
cal decision regarding intervention options.   

 Continued technological advances have improved the 
imaging quality of color  fl ow Doppler in a manner analogous 
to arteriography. The classi fi cation of occlusive lesions is 
based on the same general principles that apply to the duplex 
evaluation of other arterial circulatory systems (e.g., cerebro-
vascular, mesenteric, renal). When duplex scanning has been 
used in the evaluation of symptomatic lower limb atheroscle-
rotic disease, approximately 45% of patients have lesions 
suitable for treatment with endovascular techniques  [  9,   13  ] . 
Whether a diseased arterial segment is suitable for endovas-
cular intervention depends on the speci fi c characteristics of 
the lesion. In the lower limb, duplex  fi ndings of category one 
or two lesions based on the Society of Cardiovascular and 
Interventional Radiology guidelines indicate endovascular 
intervention is a treatment option (Table  23.3 )  [  12  ] . Technical 

success rates in excess of 95% can be achieved with clinical 
results similar to surgical reconstruction. Category three 
lesions (>4-cm-long calci fi ed stenosis, multilevel disease, 
5–10-cm-long chronic occlusions) are also amendable to 
endovascular procedures. While short-term primary patency 
rates are comparable to surgical bypass grafting, mid- and 
long-term patency rates remain below that of surgical 
reconstruction.  

   Color Duplex Peripheral Arterial Examination 

 For most examinations, 30–45 min should be allotted. The 
vascular examination room should be kept warm (75–77°F) 
to avoid vasoconstriction. The patient should be instructed 
not to eat within 6 hours of the examination in order to reduce 
abdominal gas in the event that aortoiliac imaging is required. 
Abdominal imaging begins with a 3–5-MHz phased array 
transducer with the evaluation of the infrarenal aorta at the 
level of the renal artery origins and moves caudally toward 
the iliac arteries. As the exam is continued to the inguinal 
ligament at the level of the femoral artery, the transducer fre-
quency is increased to a 5–7-MHz probe. Multiple scanning 
windows may be required for complete insonation/imaging 
of the pelvic and infrainguinal circulation due to imaging 
limitations such as obesity (vessels >15 cm deep), bowel gas, 
large limbs, edema, surgical wounds, ulcers, joint contrac-
tures, small vessels, and vessel calci fi cation. Aortic diameter 
is documented as the technologist moves distally evaluating 
the iliac circulation, followed by the common femoral, deep 
femoral, super fi cial femoral, popliteal, and mid to distal tib-
ial vessels. B-mode imaging can be used to measure diameter 

   Table 23.3    TASC (Trans-Atlantic Inter-Society Consensus) classi fi cation 
of lower limb arterial occlusive lesions suitable for percutaneous translu-
minal angioplasty (PTA)   

 Site of arterial lesion a  

 Category  Aortoiliac  Femoropopliteal 

 A  <3 cm focal stenosis  <3 cm focal stenosis or 
occlusion 

 B  Single stenosis 3–10 cm  3–5 cm single stenosis or 
occlusion 

 Unilateral CIA occlusion  Heavily calci fi ed lesions 
 £ 3 cm 

 Two stenosis <5 cm  Lesions with tibial occlusion 
 Multiple lesions <3 cm 

 C  Unilateral EIA occlusion 
not involving CFA 

 Single stenosis or occlusion 
>5 cm 

 Unilateral EIA stenosis 
extending into CFA 

 Multiple lesions 3–5 cm 

 Bilateral stenosis 5–10 
stenosis 

 Multiple lesions >5 cm 

 Bilateral CIA occlusion 
 D  Iliac stenosis with aortic 

or iliac aneurysm 
 Complete CFA or SFA and 
popliteal or proximal tibial 
vessel occlusion  Diffuse stenosis >10 cm 

of CIA, EIA, CFA 
 Unilateral occlusion CIA 
and EIA 
 Bilateral EIA occlusion 

  Adapted from  [  19,   20  ]  
  a  CIA  common iliac artery,  EIA  external iliac artery,  CFA  common femo-
ral artery,  SFA  super fi cial femoral artery  

   Table 23.4    Most common patterns of lower limb atherosclerosis 
or location of stenosis after infrainguinal endovascular or surgical 
intervention   

 Arterial segment 
 Site of occlusive disease or restenosis after 
intervention 

 Aortoiliac  Distal aorta, proximal and mid-common iliac 
artery, proximal external iliac artery 

 Femoropopliteal  Common femoral artery, origin of super fi cial 
and deep femoral arteries 
 Distal super fi cial femoral artery (Hunter’s 
canal) 

 Tibial  Tibial peroneal trunk, origins of the tibial 
arteries 

 Angioplasty site  Restenosis in region of angioplasty 
 Peripheral stent  Intimal hyperplasia at proximal or distal stent, 

restenosis in region of most severe lesion 
 Vein bypass  Reversed saphenous vein: proximal graft 

segment, nonreversed or in situ saphenous 
vein: distal graft segment 

 Prosthetic bypass  Distal anastomotic region 
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and document plaque character or stenosis. Color Doppler 
permits rapid location of sites of turbulence by lumen nar-
rowing, color map aliasing, color  fl ow jets, and occasionally 
a tissue bruit. Identi fi cation of vessel branching, collateral 
circulation, aneurysmal change, and occlusive disease as 
well as sampling blood  fl ow patterns are important compo-
nents of duplex imaging. Because occlusive lesions have a 
tendency to develop at speci fi c sites, scanning should par-
ticularly be focused on these areas especially when proxi-
mal-to-distal changes in velocity waveform con fi guration 
are recorded (Table  23.4 )  [  6,   7  ] . In order to adequately grade 
the severity of stenosis, a center-stream Doppler angle cor-
rected to 60° with pulsed Doppler spectral analysis is car-
ried out proximal to, at the site of maximum  fl ow disturbance, 
and distal to the site of stenosis. Attention to changes in 
velocity waveform (pulsatility) and measurement of peak 
systolic and end-diastolic blood  fl ow velocities are recorded. 
Identi fi cation of luminal narrowing, plaque character, color 
map aliasing (turbulent  fl ow), color  fl ow jets, and tissue 
bruits should be documented if present (Fig.  23.2 ). Doppler 
velocity spectra from the distal tibial and pedal arteries are 
assessed and should aid in correlating waveform pulsatility 
and peak systolic velocity with measured ABI (Fig.  23.3 ). 
Again, this correlation is especially important if heavily 
calci fi ed or incompressible vessels are present. An ABI 
value of >1.3 suggests the presence of noncompliant or 
calci fi ed vessels. Assessment of pulsed Doppler spectra at 
all stations of the extremity – common femoral, super fi cial 
femoral, popliteal, and tibial vessels – allows for compari-
son of pulsatility index and acceleration time between arte-
rial segments.    

 Duplex testing is the recommended diagnostic modal-
ity used to evaluate arterial vascular access sites. 
Ultrasound provides both anatomic and hemodynamic 
information of the access site allowing for accurate diag-
nosis of pseudoaneurysm versus hematoma (Fig.  23.4 ). 
Duplex imaging then provides imaging detail capable of 
directing percutaneous thrombin injection in the setting of 
pseudoaneurysm.   

  Fig. 23.2    Duplex scan of 
super fi cial femoral artery ( SFA ) 
with mid-thigh TASC A lesion 
and symptoms of claudication. At 
rest, the ABI was 0.78 with a 
triphasic waveform and was 
recorded proximally in the SFA. 
Treadmill exercise testing 12% 
grade at 1.5 mph for 2 min 
resulted in decrease in ankle 
pressure from 132 mmHg at rest 
to 50 mmHg with exercise. The 
patient completed PTA with 
stenting with restoration of normal 
limb hemodynamics (ABI > 0.9)       

1.09

ABI PSV PI

58 8

(cm/s)

0.72 45 1.5

0.4 36 1.0

  Fig. 23.3    Pulsed Doppler velocity spectra recorded from the posterior 
tibial artery at the ankle. Note the changes in the velocity spectral wave-
form (triphasic to monophasic), accompanied by a decrease in peak 
systolic velocity ( PSV ) and in pulsatility index (normal: >4), resulting 
in an overall decrease in ankle-brachial index ( ABI ) from normal 
(>0.95) to a level of moderate disease (i.e., claudication) (ABI 0.5–0.9) 
to critical limb ischemia (ABI  £ 0.4)       
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   Duplex Criteria for Grading Occlusive Disease 

 A number of duplex-derived velocity criteria have been vali-
dated by comparison with contrast arteriography  [  1–  3,   6  ] . 
Utilization of a maximum peak systolic velocity (PSV), end-
diastolic velocity (EDV), and velocity ratios (Vr) of PSV proxi-
mal to and at the site of maximum stenosis in conjunction with 
the velocity spectral waveform distal to the stenosis is recom-
mended to categorize  fi rst- and second-order (tandem) stenoses. 
Standardized values for arterial diameter and PSV in the lower 
extremities have been determined for normal individuals at rest 
(Table  23.5 )  [  6,   7  ] . Duplex assessment of the common femoral 
artery waveform is an accurate predictor of normal or impaired 
in fl ow disease from the aortoiliac segment. A monophasic 
common femoral artery waveform can be associated with an 
occluded super fi cial femoral artery, but the acceleration time is 
typically <130 ms when no pressure-reducing lesion is present. 
Symptoms of mild claudication (ABI > 0.8) may be associated 
with a triphasic tibial artery Doppler waveform at rest, but with 
treadmill exercise testing, the ankle pressure decreases and a 
more monophasic dampened waveform develops downstream 
of the obstructive lesion.  

 Stenosis severity based on PSV and Vr values recorded at 
the lesion is useful in grading mild (<50%), moderate (50–
75%), and severe (>75% or occlusion) peripheral stenosis 
(Fig.  23.5  and Table  23.6 )  [  6,   7,   13  ] . Lesions with a velocity 
spectra indicating a >75% stenosis are typically associated 
with a >20-mmHg reduction in systolic pressure (Fig.  23.6 ). 
Duplex criteria that reliably predict a hemodynamically 
signi fi cant stenosis, i.e., associated with resting peripheral 
pressure and  fl ow reduction include the following:   

   Loss of triphasic waveform con fi guration at the stenosis  • 
  Damping and reduction in pulsatility in the distal arterial • 
velocity waveform  

  Fig. 23.4    Iatrogenic common femoral artery 
pseudoaneurysm with long neck amenable to 
duplex-guided thrombin injection. Velocity 
spectra recording from the stalk demonstrate 
to-and-fro pattern in the neck       

   Table 23.5    Mean arterial diameter and peak systolic  fl ow velocity 
(PSV) measured by duplex scanning in patients with normal ankle-
brachial indices (ABI)   

 Artery  Diameter ± SD a  (cm)  Velocity ± SD a  (cm/s) 

 Infrarenal aorta  2.0 ± 3  65 ± 15 
 Common iliac  1.6 ± 2  95 ± 20 
 External iliac  0.79 ± 0.13  119 ± 22 
 Common femoral  0.82 ± 0.14  11.4 ± 25 
 Proximal super fi cial 
femoral 

 0.60 ± 0.12  91 ± 14 

 Distal super fi cial 
femoral 

 0.60 ± 0.12  94 ± 14 

 Popliteal  0.52 ± 0.11  69 ± 14 
 Tibial  –  55 ± 10 

   a  SD  standard deviation  

Normal
No Stenosis

PSV < 150 cm/s

PSV 200−300 cm/s

PSV > 300 cm/s

  Fig. 23.5    Lower extremity duplex spectral waveforms typical of nor-
mal ( a ) 1–19% diameter reduction, ( b ) 20–49% diameter reduction, ( c ) 
50–75% diameter reduction, and ( d ) >75% diameter reduction stenosis 
as classi fi ed in Table  23.6        
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  PSV > 250–300 cm/s  • 
  EDV > 0  • 
  Vr > 3 across the stenosis    • 
 By using a modi fi ed Bernoulli equation, an estimation of 

systolic pressure gradients across a stenosis can be 
obtained.

         

 Example:

         

 As stenosis severity increases, distal arterial pulsatility, 
velocity and  fl ow decrease. A high resistance pattern devel-
ops as the EDV in the stenosis increases, while  fl ow velocity 
in the in fl ow vessel decreases. Table  23.7  highlights a set of 

velocity criteria for grading >50% and >70% diameter 
reducing stenosis with the diagnostic accuracy of duplex 
scanning compared to biplanar contrast arteriography  [  8,   9, 
  12,   13  ] . High-grade (>70%) diameter reduction is associ-
ated with an EDV > 40 cm/s and a Vr > 5 across the 
stenosis.  

( )
( ) 2

at the stenosis proximal to the stenosis4

Systolic pressure gradient mmHg
(PSV PSV )–= ´

stenosis

proximal

2

Superficial femoral artery stenosis :  PSV 3.5 m/s
PSV 0.5 m/s

4 (3.5 0.5)
36 mmHg

P
P

=

=

D = ´ -
D =

   Table 23.6    University of South Florida duplex criteria for lower limb arterial occlusive disease   

 Percent stenosis (%)  Peak systolic velocity (cm/s)  End-diastolic velocity (cm/s)  Velocity ratio (Vr)  Distal arterial waveform 

 Normal (1–19%)  <150  <40  <1.5  Triphasic 
 20–49%  150–200  <40  1.5–2.0  Triphasic 
 50–75%  200–300  <90  2.0–3.9  Poststenotic turbulence distal to 

stenosis, monophasic distal waveform 
 >75%  >300  <90  >4.0  Dampened distal waveform and low 

PSV/EDV a  in the stenosis 

 Occlusion  Absent  fl ow by color Doppler/pulsed Doppler spectral analysis; length of occlusion estimated from distance between 
exit and reentry collateral arteries 

   a  PSV  peak systolic velocity,  EDV  end-diastolic velocity  

PSV 551 cm /s, Vr 12
EDV 180 cm/s

ABI = 0.65

  Fig. 23.6    Duplex scan corre-
sponding arteriogram of a >75% 
super fi cial femoral artery stenosis 
( arrow ) with increased peak 
systolic velocity ( PSV ), velocity 
ratio ( Vr ), and end-diastolic 
velocity ( EDV ) with turbulent 
spectra characteristic of a 
pressure-reducing lesion 
accounting for the abnormal 
ankle-brachial index ( ABI ) of 0.68 
measured at rest       

   Table 23.7    Diagnostic accuracy of color duplex ultrasonography cri-
teria in detection of the occlusive disease involving aortoiliac segment 
compared with arteriography   

 Duplex criteria predictive a  
 Positive predictive 
value (%) 

 Negative predictive 
value (%) 

 50–75% DR stenosis 
  Vr > 2.8  86  84 
  PSV > 200 cm/s  68  91 
 >70% DR stenosis 
  Vr > 5.0  65  91 
  EDV > 40 cm/s  64  92 

   a  DR  diameter reduction,  Vr  peak systolic velocity ratio across the steno-
sis,  PSV  peak systolic velocity,  EDV  end-diastolic velocity  
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 Occlusion of an isolated arterial segment is identi fi ed by 
absence of color Doppler  fl ow in the lumen, a preocclusive 
thump (staccato waveform), marked dampening of distal 
waveforms, and the presence of exit collateral vessels. Real-
time Doppler imaging can be used to estimate (±4 cm) the 
length of vessel occlusion based on  fl ow in the lumen and the 
presence of exit/reentry collaterals of distal  [  1  ] . The diagnos-
tic accuracy of duplex scanning decreases in the setting of 
multilevel occlusive disease especially in lesions distal to a 
proximal high-grade or occlusive lesion. The presence of 
adjacent high-grade (>75%) stenosis or occlusion reduces 
diagnostic accuracy of duplex scanning in the distal diseased 
segment by approximately 10%. The grading of second-
order stenosis relies on both high-resolution imaging and 
modi fi cation of velocity criteria for stenosis ranking. These 
multilevel lesions are characterized by reduced blood  fl ow 
velocities and a loss of a triphasic waveform. A velocity ratio 
>2.5 combined with signi fi cant lumen narrowing demon-
strated with B-mode imaging indicates a >50% diameter 
reduction stenosis  [  4  ] . The reduced sensitivity of color 
Doppler mapping to accurately grade moderate (>50%) 
diameter reducing stenosis in low- fl ow conditions as often 
seen with critical limb ischemia associated with multilevel 
tibial occlusive disease deserves consideration for additional 
contrast angiography imaging to de fi ne the extent of multi-
level occlusive disease.  

   Duplex-Directed Endovascular and Surgical 
Intervention 

 Over the past decade, enhanced resolution with new imaging 
features (i.e., power Doppler, B- fl ow) has promoted duplex 
scanning from a simple screening modality to a principal 
adjunct for directing diagnostic and interventional treatment 
of PAD. Contemporary vascular clinicians have evolved the 
utility of duplex arterial mapping to identify segmental and 
multilevel occlusive disease. Presently, vascular specialists 
have acquired con fi dence in performing percutaneous 
duplex-guided therapeutic interventions including treatment 
of femoral pseudoaneurysms, saphenous vein ablation, vena 
cava  fi lters, and atherectomy/stent/angioplasty. In general, 
PAD can be classi fi ed as single-segment (e.g., aortoiliac, 
femoropopliteal, or tibial) or multilevel disease. Most often, 
single-segment disease is characterized by short-segment 
(<5 cm) stenosis or occlusion and is manifested by claudi-
cant-type symptoms that are activity limiting to a variable 
degree. In this group, the cornerstone of therapy is directed at 
risk factor modi fi cation, development of a walking exercise 
program, and use of drug therapy (i.e., cilostazol). Serial 
arterial duplex with or without stress testing can be used to 
monitor treatment response and progression of symptoms. 
For those individuals who develop a diminutive clinical 

course with conservative therapy, duplex scanning can be 
used to guide recommendations for interventional treatment. 
Duplex-detected atherosclerotic lesions of iliac or super fi cial 
femoral arteries have been successfully treated by percutane-
ous atherectomy, angioplasty, or stenting. General indica-
tions for duplex-guided endovascular intervention include 
focal or short-segment (<5 cm) occlusions of recent illness 
(<3 months). TASC A and B lesions, based on the Trans-
Atlantic Inter-Society Consensus classi fi cation scheme, are 
readily treated with high success rates and yield enduring 
clinical results in most patients as compared to open surgical 
therapy. However, lesions with characteristics of long-seg-
ment chronic occlusion (>5 cm), multilevel disease, or heav-
ily calci fi ed stenosis >4 cm (TASC C and D lesions) although 
amendable to a variety of endovascular treatments have pri-
mary patency rates and midterm durability that are inferior to 
that of surgical intervention  [  14–  17  ] . While the initial techni-
cal success rates of the newer endovascular therapies seem 
appealing, the endovascular treatment of TASC C and D 
lesions should be considered for high-risk individuals with 
critical ischemia who have limited surgical targets or 
conduit. 

 Duplex arterial mapping can be used to plan “hybrid” or 
combined open and endovascular procedures. The increased 
utilization of covered stent grafts to treat primary atheroscle-
rosis and aneurysmal disease has further expanded the appli-
cation of procedural duplex scanning. Duplex-guided surgical 
bypass or peripheral aneurysm repair is associated with simi-
lar outcomes to those guided by digital subtraction contrast 
angiography  [  18  ] . Duplex arterial mapping offers an 
improved safety pro fi le compared to other contrast imaging 
modalities at a reduced health care cost  [  19  ] .  

   Duplex Surveillance Following Endovascular or 
Surgical Reconstruction 

 Early ( £ 30 days) endovascular failure rates are associated 
with factors such as elastic recoil, plaque dissection, arterial 
spasm, stent deformity, or stent fracture. Even in instances of 
improved ABI after endovascular intervention, abnormal 
duplex-detected hemodynamics has a negative impact on 
durability. Other reports have con fi rmed similar results for 
endovascular procedures monitored by arteriography or 
intravascular ultrasound. Given its versatility and accuracy, 
duplex ultrasonography offers an expanded role for 
con fi rmation of technical and hemodynamic success after 
endovascular intervention. Periprocedural duplex imaging 
can be used not only to evaluate the technical success of a 
procedure but can document improvement or correction of 
the stenosis or occlusion being treated. The additional ana-
tomic and  fl ow-related information supplied by duplex scan-
ning remains an important concept considering that 
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completion arteriography has been shown to mask signi fi cant 
areas of stenosis especially since residual stenosis noted even 
24 h after intervention has been shown to be predictive of 
bypass deterioration and eventual endovascular treatment 
failure  [  20,   21  ] . Mewissen and colleagues have reported an 
84% stenosis-free patency rate in a series of endovascular-
treated bypass grafts whose completion duplex scans docu-
mented less than a 50% residual stenosis (PSV > 180 cm/s; 
Vr > 2.5). This compares to only a 15% 1-year clinical suc-
cess rate for similarly endovascular-treated lesions that dem-
onstrated velocity spectra greater than 50% diameter 
reduction  [  20  ] . 

 The evaluation algorithm for duplex-monitored periph-
eral endovascular intervention is shown in Fig.  23.7 . After 

successful intervention, the procedural angiogram should 
demonstrate <20% residual stenosis at the treatment site. 
Duplex ultrasound should then be employed to con fi rm nor-
mal anatomic de fi nition across the treated region and demon-
strate normal treatment site hemodynamics. Since clinically 
important high-grade occlusive lesions are typically de fi ned 
by PSV > 300 cm/s and end-diastolic velocities of >40 cm/s, 
a technically satisfactory endovascular intervention can be 
de fi ned by a PSV < 180 cm/s with a Vr across the treated 
segment of less than 2. If residual stenosis is detected by 
duplex scanning, reintervention by repeat percutaneous bal-
loon angioplasty (PTA), atherectomy, or stent placement 
should be considered. Should a lesion not respond to these 
measures and duplex identi fi es a persistent area of abnormal-
ity (i.e., PSV > 250 cm/s), consideration should be given for 
operative reconstruction or modi fi ed short interval surveil-
lance scanning. In an audit of 353 consecutive infrainguinal 
bypasses, our duplex surveillance program reported that up 
to 40% of bypass grafts have an abnormality (elevated PSV 
or lumen reduction) demonstrated on early scanning with 
approximately 70% of these grafts failing by 3 years if not 
intervened on. During surveillance moderate stenosis 
(PSV:180-300 cm/s, Vr 2-3.5) was predictive of grafts at 
high risk for failure (Fig.  23.8 )  [  22  ] . Although duplex sur-
veillance will be accompanied by a decrease in primary pat-
ency due in large part to “at risk” receiving early secondary 
interventions, long-term improvements in graft patency and 
limb salvage can be expected.   

 While myointimal hyperplasia continues to be the most 
common cause identi fi ed with late (>30 days) endovascular or 

100

80

60
P < 0.0001, log rank

Primary patency

Assisted primary patency

Secondary patency SE >10%

B
yp

as
s 

pa
te

nc
y 

(%
)

40

20

0
0

N (PP) 208
249 169
249 169 137 111 82 70 54 42 29 22 16 10 7

136 110 81 69 52 40 28 21 15 9 6
127 95 79 57 42 35 25 18 14 10 7 5

N (APP)
N (SP)

6 12 18 24 30 36 42 48

Time (months)

54 60 66 72 78 84 90 96

=
=
=

  Fig. 23.8    Kaplan-Meier estimates 
of patency rates for the University of 
South Florida experience with 
duplex-monitored surveillance of 
353 lower extremity bypasses       

Normal

Endovascular
procedure

Procedural arteriogram

Duplex Ultrasound Scan

Re-intervention

Residual stenosis
PSV>180 cm /s

Vr>2

Normal PTA/stent
PSV <180 cm /s

Vr <2

Abnormal

  Fig. 23.7    Evaluation algorithm of infrainguinal endovascular proce-
dures using arteriography and duplex ultrasound       

 

 



320 P.A. Armstrong et al.

surgical intervention failure, the vascular surgeon must remain 
mindful that progression of atherosclerosis can also occur. 
Identi fi cation of either new distal occlusive disease or a “fail-
ing” vascular reconstruction can be accomplished with routine 
duplex surveillance lending the high-risk lesion for interven-
tion prior to thrombosis, thus extending functional patency. 
Lower extremity endovascular or surgical reconstructions are 
recommended regular duplex assessment with measurement of 
ABI within 1–3 weeks of the procedure. If normal repair site 
hemodynamics (i.e., <50% diameter reduction residual steno-
sis and ABI > 0.2 of pretreatment values) are recorded, surveil-
lance is repeated in 3–4 months, and if again favorable, duplex 
surveillance is extended to 6-month intervals. Should a moder-
ate stenosis (50–75% diameter reduction) be identi fi ed with a 
normal ABI, a repeat scan is scheduled in 3–4 weeks to deter-
mine if further deterioration in repair site hemodynamics is 
present which would necessitate endovascular or surgical rein-
tervention. A progressive stenosis with a PSV > 300 cm/s and 
a Vr > 3.5 should prompt contrast digital subtraction angiogra-
phy to assess lesion character and determine the need for revi-
sion by endovascular or surgical means. When employed 
routinely, a graft surveillance program can afford a low (<3%) 
primary graft failure rate annually  [  23  ] .  

   Conclusion 

 Duplex scanning has demonstrated that it has an estab-
lished and continually expanding role in the management 
of PAD. While duplex scanning may never completely 
replace other forms of contrast angiography, it continues 
to provide a fundamental service for vascular surgeons 
and their patients. As clinicians intensify a focus on the 
endovascular treatment of PAD, duplex scanning will 
continue to accompany their successes. Duplex scanning 
grants a safe means of attaining a high af fi nity for effec-
tively diagnosing vascular disease, con fi rming successful 
endovascular or surgical intervention, and detecting 
developing problems in the peripheral circulation of 
patients with PAD.      
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   Introduction 

 Vascular laboratory surveillance using duplex ultrasound is 
recommended after infrainguinal bypass grafting as it 
bene fi ts patient outcome by improving graft patency  [  1,   2  ] . 
Ideally, duplex testing should begin in the operating room to 
survey the graft and anastomotic sites for stenosis and to 
document augmented  fl ow in the runoff arteries and foot. 
Color duplex imaging is more sensitive than arteriography 
for intraoperative assessment and detects unrecognized graft 
abnormalities in 5–10% of reconstructions, permitting imme-
diate correction  [  3  ] . The application of duplex graft surveil-
lance has been shown to reduce the incidence of both early 
(<30 days) and late bypass failure  [  1,   2,   4  ] . Infrainguinal 
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arterial bypasses, constructed of either autologous vein or a 
prosthetic graft, are prone to develop intrinsic stenotic 
lesions, which when progressive cause thrombosis if graft 
 fl ow is reduced below the “thrombotic threshold velocity.” 
 [  5–  9  ]  Myointimal hyperplasia producing lumen reduction is 
the most common etiology for graft stenosis, but its temporal 
occurrence and site(s) of development differ between vein 
and prosthetic grafts. The occurrence of vein graft stenosis is 
highest in the 6 months following the procedure and decreases 
thereafter. Myointimal stenosis is most common at vein valve 
and anastomotic sites and has anatomic features of a smooth, 
typically focal (<2 cm) stricture. This acquired lesion has 
been implicated in nearly 80% of vein bypass failures, with 
other graft failures caused by technical errors, intrinsic graft 
lesions, or hypercoagulable states  [  1,   2,   6,   10  ] . Following 
prosthetic grafting, intragraft abnormalities are rare (<10% 
of all stenoses) with graft stenosis developing most com-
monly at the distal anastomosis and the adjacent runoff 
artery. The failure rate of prosthetic grafts (10–15%/year) is 
higher than autologous vein grafts (2–5%/year) and has been 
attributed to differences in “thrombotic threshold velocity,” 
myointimal hyperplasia development, and atherosclerotic 
disease progression  [  8,   9  ] . 

 The patterns of infrainguinal graft failure mandate using a 
direct imaging method, color duplex ultrasound, and hemo-
dynamic assessment (limb pressures, velocity spectra analy-
sis) for effective surveillance. Clinical assessment for 
symptoms or signs of limb ischemia, even when combined 
with measurement of ankle-brachial systolic pressure index 
(ABI), has inferior diagnostic sensitivity for graft stenosis 
detection. Less than 50% of patients found to have a >70% 
diameter reducing (DR) graft stenosis admit to claudication 
symptoms or recognize a change in limb perfusion. Duplex 
surveillance is used to detect changes in graft  fl ow, identify 
sites of intrinsic graft lesions or developing stenosis, and 
grade lesion severity. Serial testing allows timely revision of 
hemodynamically signi fi cant lesions that, if unrepaired, 
would result in graft thrombosis. The criteria for intervention 
of an identi fi ed “failing graft” are based on reduction of 
duplex-measured graft peak systolic  fl ow velocity and/or 
ABI compared to initial postoperative levels. The ef fi cacy of 
surveillance has been demonstrated in prospective clinical 
trials with a 15–30% improvement in long-term (>5 year) 
graft patency rates: higher for autologous vein conduits 
(>70–80%) than for prosthetic bypass grafts (50–70%)  [  2,   7, 
  11–  13  ] . Multiple investigators have observed high graft fail-
ure rates in stenotic bypass grafts with a policy of no inter-
vention. Idu et al. reported a 10% graft occlusion rate when 
a duplex-detected stenosis of >70% was repaired, compared 
to a 100% graft failure rate when the lesions were untreated 
 [  13  ] . Infrainguinal prosthetic graft patency is also improved 
by duplex surveillance. Calligaro et al. demonstrated duplex 
scanning was more sensitive (81%) than ABI with clinical 

evaluation (24%) with 50% of correctable stenosis found at 
anastomotic sites  [  9  ] . The  fi nding of a low (<45 cm/s) peak 
systolic graft velocity is a more common  fi nding than duplex-
detected stenosis in graft at increased risk for failure. 

 The goal of graft surveillance is to avert failure by the 
detection and elective correction of graft abnormalities (tech-
nical errors, intrinsic graft lesions, myointimal hyperplasia, 
and graft aneurysm). Surveillance should be initiated prior to 
discharge from the hospital and continue inde fi nitely, with 
the majority of patients requiring 6-month or yearly evalua-
tion after the 1st year. It has been estimated that a duplex 
surveillance program is cost-effective if limb loss can be pre-
vented in only 2% of enrolled patients.  

   Mechanisms and Hemodynamics 
of Graft Failure 

 The interpretation of duplex surveillance studies requires an 
understanding of the mechanisms of graft failure, arterial 
bypass graft hemodynamics, and the physiology of graft 
stenosis. Graft failure occurs by one of three mechanisms: 
occlusion by thrombosis, hemodynamic failure, or structural 
failure (aneurysmal degeneration or infection)  [  1,   6,   13–  16  ] . 
Graft thrombosis is most frequent during the perioperative 
(operating room to hospital discharge) period, with a reported 
incidence of 3–8%. Thereafter, the rate of graft failure is 
approximately 1%/month during the 1st year and then 
decreases to <5%/year. The attrition of patency is highly 
dependent on application of graft surveillance, patient com-
pliance, and the success of graft revision procedures. 

 Early (<30 days) graft failure is the result of technical 
errors in bypass construction (anastomotic stricture, retained 
vein valves, unrecognized intrinsic graft lesions, tunneling 
errors, graft kinking), a hypercoagulable condition, or inad-
equate runoff to maintain graft  fl ow above the “thrombotic 
threshold velocity.”  [  12  ]  Recognition of technical errors and 
abnormal graft hemodynamics caused by poor runoff is best 
accomplished by duplex assessment at operation  [  17  ] . The 
key characteristic is a low-velocity or high-resistance graft 
spectral waveform. Graft thrombosis despite a “normal” 
intraoperative duplex scan as a rule indicates the presence of 
a hypercoagulable state. 

 Graft failure beyond 30 days can result from infection, 
structural degeneration of the conduit, or graft stenosis 
caused by intrinsic vein disease or myointimal hyperplasia. 

 The incidence of graft stenosis varies with graft type rang-
ing from 12% following in situ saphenous vein bypass grafting 
to 44% for arm vein bypasses  [  1,   10,   18  ] . The temporal occur-
rence of graft stenosis follows a “bell-shaped” curve with the 
highest prevalence at 6 months following the procedure. 
Infection producing graft failure is rare (<1%) with autologous 
venous conduits, but 3–5% with prosthetic graft usage. 
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 Beyond 2 years, atherosclerotic disease progression in the 
in fl ow/out fl ow arteries and venous aneurysm development 
account for the majority of late graft failures  [  18  ] . 
Atherosclerotic disease progression is related to effective 
control of the patient’s risk factors, i.e., tobacco use, diabe-
tes, hypertension, and hyperlipidemia. In fl ow and out fl ow 
occlusive diseases are suspected when duplex testing indi-
cates reduction in graft blood  fl ow velocity but no graft 
abnormality is identi fi ed. Aneurysm-related or thromboem-
bolic graft failure should be suspected with graft thrombosis 
despite a prior duplex showing no stenotic lesions and nor-
mal graft  fl ow. Aneurysmal degeneration is infrequent and 
tends to occur in arm vein conduits and in patients with aor-
tic/popliteal aneurysmal disease. The  fi nding of mural throm-
bus within a vein or prosthetic conduit is abnormal and 
indicates the graft is at increased risk for thrombosis.  

   Arterial Bypass Hemodynamics 

 Factors that in fl uence duplex-measured  fl ow velocity and 
spectral waveforms of graft blood  fl ow include conduit diam-
eter, status of in fl ow/out fl ow arteries, severity of preoperative 
ischemia, and cardiac hemodynamics. The range of peak sys-
tolic velocities (PSV) recorded from infrainguinal vein 
bypasses vary, but the mean graft  fl ow velocity (GFV), i.e., an 
average of PSV recorded from three or four normal, non-
stenotic graft segment along the bypass length, ranges from 50 
to 80 cm/s (Table  24.1  and Fig.  24.1 )  [  19–  21  ] . The PSV in a 
nonstenotic vein conduit <6 mm diameter should be over 
40 cm/s, and the graft spectral waveform should demonstrate 
low out fl ow resistance, i.e., antegrade  fl ow throughout the 
pulse wave cycle, in the distal graft segment at operation and 
in the early postoperative period. Thereafter, if limb pressure 
is normal (ABI > 0.9), the graft  fl ow resistance increases with 
time, and graft velocity  fl ow pattern becomes multiphasic with 
a triphasic arterial  fl ow. Graft  fl ow velocity varies with conduit 
diameter and bypass type (Fig.  24.2 ). Belkin et al. reported 
graft PSV was lower in inframalleolar (pedal) grafts 
(59 ± 4 cm/s) compared to tibial (77 ± 6 cm/s) and popliteal 
(71 ± 8 cm/s) vein bypasses  [  21  ] . A low graft PSV can be mea-
sured in large (>6 mm) diameter vein conduits, i.e., basilic arm 
vein, and in grafts with disadvantaged runoff (pedal bypass, 
isolated popliteal/tibial artery segments). If the graft PSV is 
<40 cm/s in a conduit <6 mm in diameter, a careful search for 
in fl ow or out fl ow arterial lesions should be conducted. The 
combination of low PSV and absent diastolic  fl ow indicates 
high out fl ow resistance and a bypass at increased risk for 
thrombosis. A low PSV is abnormal but does not predict graft 
failure in all cases. When identi fi ed at operation, it provides 
the rationale for the perioperative administration of anticoagu-
lation (heparin, warfarin) regimens, or altering the primary 
procedure by adding a sequential bypass to a second out fl ow 

artery or construction of a distal arteriovenous  fi stula, proce-
dures intended to increase graft  fl ow velocity.    

 A graft  fl ow pattern of low out fl ow resistance is prognos-
tic of successful bypass grafting. A bypass graft performed 

   Table 24.1    Peak systolic velocity measured by duplex ultrasound 
from mid- or distal segments of femoropopliteal and femorotibial 
saphenous vein and PTFE a  bypass grafts   

 Graft type  Number 
 Peak systolic velocity 
(cm/s)(mean ± SD) 

 In situ saphenous vein 
  Femoropopliteal  65  76 ± 12 
  Femorotibial  95  72 ± 16 
  Femoral-pedal  25  52 ± 12 
 Reversed saphenous vein 
  Femoropopliteal  20  80 ± 16 
  Femorotibial  12  69 ± 14 
 Cephalic/basilic arm vein 
   Femoropopliteal/tibial  68  63 ± 12 
 PTFE, 6 mm diameter 
  Femoropopliteal  20  80 ± 16 
  Femorotibial  12  69 ± 14 
 PTFE, 5 mm diameter 
  Femorotibial  5  77 ± 11 

  Adapted from Refs.  [  19–  21  ]  
  a  PTFE  polytetra fl uoroethylene  
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  Fig. 24.1    Schematic depicting the recording sites used for the 
calculation of mean graft  fl ow velocity       
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for critical limb ischemia should demonstrate this “hypere-
mic”  fl ow pattern in the distal graft segment and runoff artery, 
while a bypass performed for claudication may demonstrate 
triphasic  fl ow immediately. The hyperemia of limb revascu-
larization abates within weeks with the distal graft spectral 
waveform developing to a triphasic  fl ow pattern if ABI has 
normalized (Fig.  24.2 ). Bypasses to the peroneal artery often 
retain monophasic  fl ow due to collateral  fl ow to the leg and 
foot. Failure of the graft  fl ow to convert from a biphasic to 
triphasic spectral waveform has been associated with reduced 
graft patency. Taylor et al. reported that 54 (86%) of 63 grafts 
with persistent monophasic waveforms beyond 3 months 
were frequently found to have developed a graft stenosis or 
subsequently occluded  [  5  ] . In patients with dialysis-depen-
dent end-stage renal disease and severely calci fi ed tibial 
arteries, a low- fl ow (PSV in the range of 30–45 cm/s) bypass 
with minimal or no diastolic  fl ow can occur due to diseased 
runoff, its associated high out fl ow resistance, and reduced 
artery wall compliance. 

 The identi fi cation of changes in graft PSV is important 
diagnostic criteria for detection of the “failing” bypass graft. 
Development of a low (<40–45 cm/s) PSV or a decrease in 
PSV of >30 cm/s in mean graft velocity compared to a prior 
study indicates a signi fi cant change in bypass  fl ow, and a 
careful search for a graft stenosis should be initiated 
(Fig.  24.3 ). The duplex features of a >70%, pressure-reduc-
ing stenosis included lumen reduction with color Doppler 
aliasing, PSV increase to >300 cm/s with spectral broaden-
ing, and a PSV ratio (at stenosis compared to proximal to 
stenosis) >3.5 (Figs.  24.4  and  24.5 ). The increase in diastole 
 fl ow velocity is due to  fl ow limitation during systole requir-
ing  fl ow throughout the pulse cycle to supply adequate vol-
ume  fl ow to the distal limb. If duplex scanning of the bypass 
does not identify a stenosis, graft imaging by contrast arte-
riography or computed tomography (CT) angiography is rec-
ommended. Elevated PSV (>150 cm/s) in the graft conduit 
or anastomosis is abnormal and may be caused by small graft 
caliber or a stenosis. Graft PSV in the range of 120–160 cm/s 
can be measured along the entire course of small (3 mm 
diameter or less) vein conduits. More frequent (every 
4–6 weeks) surveillance of these “high”-velocity grafts is 
recommended because of their propensity to develop long 
segment strictures. When a progressive increase in PSV to 
>300 cm/s is identi fi ed, replacement of the stricture with an 
interposition vein bypass should be performed as balloon 
angioplasty has been found to be a less durable repair.    

 The development of graft stenosis and impending graft 
occlusion can be recognized from the graft spectral wave-
form. A low-velocity, biphasic waveform is the most com-
mon con fi guration associated with an acquired graft stenosis 
(Fig.  24.3 ). An abnormal graft waveform of this type is 
recorded from 50% of grafts with stenosis; the ABI had 

decreased to 0.4–0.7, and mean graft velocity (MGV) has 
decreased by 20–30 cm/s. The reduction in waveform pulsa-
tility and return of diastolic  fl ow indicate arteriolar dilation 
in response to a pressure-reducing lesion. Other types of 
abnormal graft waveforms include a monophasic waveform 
with low (<45 cm/s) PSV seen in one-third of graft stenosis 
with an ABI in the range of 0.7–0.9, and a staccato graft 
waveform seen in approximately 6% of abnormal grafts and 
always associated with a high-grade out fl ow stenosis. This 
staccato  fl ow pattern indicates a to-and-fro blood  fl ow within 
a compliant venous conduit, extremely low graft  fl ow, and 
impending graft thrombosis. Grafts with this  fl ow feature are 
dif fi cult to evaluate using contrast arteriography, and the 
condition has been referred to as a graft “pseudoocclusion.” 
The combination of graft PSV measurements, color duplex 
imaging for anatomic lesions, and ABIs analyzed sequen-
tially during the postoperative period provides a comprehen-
sive characterization of graft and limb hemodynamics. The 
objective data provided by duplex testing allows detection of 
graft stenosis, the progression of lesions, and identi fi cation 
of grafts at increased risk for thrombosis.  

   Intraoperative Duplex Scanning 

 Assessment of infrainguinal bypass grafts at operation for 
technical adequacy can be performed using continuous-
wave (CW) Doppler  fl ow analysis, arteriography, angios-
copy, and CW Doppler after  fl ow is restored, or color duplex 
ultrasonography  [  22–  24  ] . Color duplex ultrasound is the 
preferred method because it provides both anatomic and 
hemodynamic assessment of graft function and limb perfu-
sion. When used at operation, approximately 15% of proce-
dures have an unrecognized abnormality with velocity 
spectra of a stenosis identi fi ed. Repair of these problems 
and documentation of normal graft hemodynamics are 
associated with a low (<1%) incidence of graft thrombosis. 
In a series of 626 consecutive infrainguinal vein bypasses, 
duplex scanning prompted revision of 104 lesions in 96 
bypass grafts, which included 82 vein/anastomotic stenoses, 
17 vein segments with platelet thrombus, and 5 low- fl ow 
grafts. The revision rate was highest ( p  < 0.01) for alterna-
tive vein bypass grafts (27%) compared with the other 
grafting methods (reversed vein bypass grafts, 10%; nonre-
versed translocated, 13%; in situ, 16%). A normal intraop-
erative scan on initial imaging ( n  = 464 scans) or after 
revision ( n  = 67 scans) is associated with a 30-day thrombo-
sis rate of 0.2% and a revision rate of 0.8% for duplex-
detected stenosis (PSV > 300 cm/s). By comparison, 20 
(21%) of 95 bypass grafts with a residual ( n  = 29 grafts) or 
unrepaired duplex stenosis ( n  = 53 grafts) or low  fl ow ( n  = 13 
grafts) had a corrective procedure for graft thrombosis 
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VP=102 cm/s

VP=88 cm/s

VP=115 cm/s
DAY 45

DAY 10

DAY 1

  Fig. 24.3    Velocity spectra recorded from the distal segment of a femo-
ral-peroneal in situ saphenous vein bypass at 1, 10, and 45 days. A low-
resistance spectral waveform ( fl ow throughout the pulse cycle) is normal 
and expected after bypass grafting for critical ischemia. Flow resistance 

increased with time as evidenced by the decrease in diastolic  fl ow. No 
signi fi cant change in peak systolic velocity ( Vp ) occurred, and the devel-
opment of a triphasic spectral waveform at day 45 indicates normal 
bypass graft hemodynamics and distal limb perfusion (ABI > 0.9)       
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( n  = 8) or stenosis ( n  = 12);  p  < 0.001. Correction of residual 
graft defects and rescanning to document absence of resid-
ual stenosis reduced the incidence of graft problems 
identi fi ed on postoperative duplex surveillance  [  25  ] . 

 The algorithm for intraoperative duplex ultrasound assess-
ment of an infrainguinal vein bypass involves imaging the 
entire arterial reconstruction and classi fi cation of  fi ndings 
into one of four categories (Fig.  24.6  and Table  24.2 ). 

Papaverine-augmented
duplex scan

Scan distal
anastomotis region

Scan 
graft

Scan  proximal
anastomotis region

Record graft velocities
from normal segments 

Scan interpretation categories

Normal
scan

Stenosis
PSV > 180

Vr > 2.5

Residual
stenosis

PSV > 125 cm/s

No stemosis
low flow graft

MGV < 40 cm/s
Ved = 0

  Fig. 24.6    Algorithm for 
intraoperative duplex scanning of 
an infrainguinal vein bypass. 
Following duplex assessment, the 
study is classi fi ed into one of four 
categories: normal, stenosis 
identi fi ed, residual stenosis 
identi fi ed, or no stenosis 
identi fi ed, but hemodynamic 
assessment of graft  fl ow 
demonstrates low ( PSV  < 
40 cm/s) velocity and high 
resistance (no  fl ow in diastole, 
Ved = 0)       

  Fig. 24.5    Angiogram and duplex 
ultrasound scan of a >75% 
diameter reducing stenosis of the 
proximal segment of a super fi cial 
femoral artery to anterior tibial 
artery vein bypass. Peak systolic 
velocity ( PSV ) is 548 cm/s, 
velocity ratio is 12, end-diastolic 
velocity is 274 cm/s, and  ABI  is 
0.69 decreased from the initial 
postoperative value of 0.95 
Critical stenosis of femoral 
artery ( arrow )       

4-months after bypass grafting 7-months after bypass grafting  Fig. 24.4    Duplex-recorded 
velocity spectra recorded from 
the above-knee segment of a 
femoropopliteal vein bypass, 
demonstrating change in 
waveform con fi guration (triphasic 
to biphasic) and reduction in peak 
systolic velocity (PSV) from 56 to 
18 cm/s caused by the develop-
ment of a distal anastomotic graft 
stenosis       
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Scanning is performed after completion of the bypass graft, 
and patency is veri fi ed by clinical inspection and pulse pal-
pation  [  26  ] . A 10–15-MHz linear array transducer, placed in 
a sterile plastic sleeve containing acoustic gel, is used to scan 
exposed vessels and graft segments beneath the skin. Imaging 
of the vein graft, anastomoses, and adjacent native arteries is 
performed in a longitudinal plane along the vessels, begin-
ning at the distal graft-anastomotic segment and then pro-
ceeding proximally to include the entire venous conduit and 
the in fl ow artery-proximal anastomosis graft segment. 
Papaverine HCl (30–60 mg) is injected into the distal vein 
bypass via a 27-gauge needle to augment  fl ow, thereby 
increasing the diagnostic sensitivity for stenosis detection. 
Graft PSV is measured (60° or less Doppler angle) at the 
proximal and distal anastomosis, at selected sites along the 
graft length (high-thigh, HT; above-knee, AK; below-knee, 
BK; and distal graft), and from in fl ow and out fl ow arteries. 
Following in situ saphenous bypass, imaging for patent side 
branches is performed, and the absence of a side-branch  fl ow 
is con fi rmed by the presence of a staccato waveform with 
distal graft occlusion.   

 Vein conduit stenosis is the most frequent abnormality 
found with intraoperative duplex scanning. Other abnormali-
ties, in decreasing frequency, include anastomotic stenosis, 
platelet thrombus, and low graft  fl ow as a result of out fl ow 
disease. Immediate repair is indicated for vein valve/anasto-
motic sites with PSV > 180 cm/s and a velocity ratio 
(Vr = PSV at lesion/PSV proximal) of >2.5 (Fig.  24.7 ). 
Velocity spectra of a high-grade stenosis (PSV > 300 cm/s) 
at the site of the imaging graft abnormality may represent 
formation of platelet thrombus. This graft segment should be 
replaced and a thrombolytic agent infused downstream to 
lyse thrombus embolized to the distal graft and runoff arter-
ies. In vein grafts of normal (3–5 mm) caliber, a low PSV 
was measured in only 13 of the 626 grafts, of which 6 were 
to blind segments. Five of the 13 grafts failed within 90 days. 
Rzucidlo et al.  [  24  ]  also reported a high rate of early graft 
thrombosis when duplex scanning demonstrated no or low 
(<8 cm/s)  fl ow in diastole in the distal graft. When a high-
resistance, low graft  fl ow is identi fi ed, a careful search for a 
technical error should be performed, and if none is identi fi ed, 
perioperative heparinization or a procedure to increase graft 

   Table 24.2    Interpretation of intraoperative duplex ultrasound studies of infrainguinal vein bypasses and suggested perioperative management   

 Duplex scan category 
 Graft  fl ow 
velocity(cm/s) 

 Peripheral vascular 
resistance  Interpretation and perioperative management 

 Normal  >40  Low  No stenosis identi fi ed and graft PSV a  is normal; administer dextran-40 (25 ml/h, 
500 ml) and oral aspirin (325 mg/day) 

 Stenosis  <40  Low  Correct lesion and rescan graft if no residual stenosis is identi fi ed but graft PSV is 
low (<40 cm/s); administer heparin anticoagulation (weight based) or low molecular 
weight heparin (1 mg/kg sc bid), dextran-40 (25 ml/h), and oral aspirin (325 mg/
day) 

  PSV > 180 cm/s 
  Vr > 2.5 

 Residual stenosis  >40  Low  Rescan after 10 min to con fi rm no progression; administer low molecular weight 
heparin (1 mg/kg sc bid), dextran-40 (25 ml/h), and oral aspirin (325 mg/day)   PSV < 180 cm/s 

  Vr < 2.5 
 Low  fl ow, no graft 
stenosis 

 <40  High  Consider an adjunctive procedure to increase graft  fl ow (distal arteriovenous  fi stula, 
jump/sequential graft to another out fl ow artery); if not possible treat as low- fl ow 
graft with an antithrombotic regimen of heparin anticoagulation, dextran-40, and 
aspirin (325 mg/day) 

  Fig. 24.7    Intraoperative color 
duplex scan of a residual stenosis 
at the distal anastomosis of a 
femoral-peroneal saphenous vein 
bypass ( left ). Following revision 
by vein patch angioplasty, repeat 
scanning shows normal velocity 
spectra ( PSV  < 150 cm/s)       
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 fl ow (sequential bypass, distal arteriovenous  fi stula) should 
be considered.   

   Postoperative Graft Surveillance 

 Duplex ultrasound is used to con fi rm graft patency, identify 
stenotic lesions, assess their risk for producing graft throm-
bosis, and, if not repaired, monitor stenosis progression. 

 Testing should include a clinical evaluation for symptoms 
or signs of limb ischemia, measurement of ABI, and color 
duplex imaging of the entire bypass graft including anasto-
mosis and in fl ow/out fl ow arteries. A “predischarge” scan is 
recommended to con fi rm normal functional patency, identify 
the presence of technical problems and the progression of a 
residual stenosis detected at operation, and provide baseline 
graft  fl ow velocities. Upon discharge, patients should be 
counseled and their primary care physician noti fi ed regard-
ing the importance and necessity of graft surveillance. Graft 
failure has been associated with lack of a surveillance exami-
nation within 3 months of the procedure  [  27  ] . At each graft 
surveillance study, patients should also be queried regarding 
current use of tobacco products and whether they are taking 
antiplatelet medications. Modifying these two factors associ-
ated with graft failure can improve long-term patency.  

   Testing Intervals 

 Factors affecting the frequency of surveillance include the 
type of bypass and results of the predischarge duplex scan 
(Table  24.3 ). Grafts at higher risk include those with residual 
stenosis, those modi fi ed during surgery, and those with low 
graft velocities. If the predischarge scan is normal, the  fi rst 
outpatient graft surveillance is performed 1 month after dis-
charge. At this time, complete graft imaging should be possi-
ble, and if no abnormalities are identi fi ed, the next surveillance 
study is scheduled for 3 months later, and every 6 months 
thereafter if normal surveillance studies are obtained. Bypasses 
with low- fl ow, residual graft lesions or constructed of arm 
veins should be evaluated every 3 months for the  fi rst year.   

   Threshold Velocity Criteria for Graft Revision 

 Repair of duplex-detected graft stenosis with a PSV > 
300 cm/s and Vr > 3.5 is recommended, especially if the 
lesion has demonstrated progression on serial examinations 
and MGV has decreased to <45 cm/s  [  28  ] . Duplex imaging 
should demonstrate an anatomic stenosis on power Doppler, 
and other features of lesion should be characterized includ-
ing stenosis length, site (graft vs. anastomosis vs. native 
artery), and the diameter of the graft proximal to the lesion 
(Fig.  24.8 ). Other vascular groups also have published simi-
lar threshold velocity criteria: 

   PSV > 300 cm/s, Vr > 4.0: Mills et al.  [  • 29  ]   
  PSV > 300 cm/s, Vr > 3.0: Sladen et al.  [  • 30  ]   
  PSV > 250 cm/s, Vr > 3.4: Papanicolaou et al.  [  • 31  ]   
  PEDV > 20 cm/s: Buth et al.  [  • 32  ]   
  Vr > 3.0: Bell et al.  [  • 33  ]     
 The risk of graft thrombosis is predicted by using the 

combination of high- and low-velocity duplex criteria dis-
cussed above and the ABI values (Tables  24.3  and  24.4 ).  

 In the highest-risk group (Category I), the development of 
a pressure-reducing stenosis (PSV > 300 cm/s) has produced 
low  fl ow velocity (GFV < 45 cm/s) in the graft, which, if it 
decreases below the “thrombotic threshold velocity,” will 
result in graft thrombosis. Prompt repair of Category I lesions 

Intraoperative duplex
ultrasound assessment

Abnormal

Abnormal

Pre-discharge
duplex scan and
ABI/toe pressure
measurements

Outpatient
graft surveillance

at 4 weeks, 
at 4 months

then q 6 months
if scans are normal

Normal

Correct graft
abnormality

  Fig. 24.8    Duplex surveillance protocol beginning at operation, with 
rescanning prior to discharge and in the outpatient clinic at regular 
intervals       

   Table 24.3    Risk strati fi cation for graft thrombosis based on surveillance data a    

 Category b   High-velocity criteria  Low-velocity criteria  D ABI 

 I (Highest risk)  PSV > 300 cm/s or Vr > 3.5  and  GFV < 45 cm/s  or  >0.15 
 II (High risk)  PSV > 300 cm/s or Vr > 3.5  and  GFV > 45 cm/s  and  <0.15 
 III (Intermediate risk)  PSV 180–300 cm/s or Vr > 2.0  and  GFV > 45 cm/s  and  <0.15 
 IV (Low risk)  PSV < 180 cm/s and Vr < 2.0  and  GFV>45 cm/s  and  <0.15 

   a  PSV  duplex-derived peak systolic velocity at site of  fl ow disturbance,  GFV  graft  fl ow velocity (global or distal),  Vr  PSV ratio at maximum stenosis 
compared to proximal graft segment without disease,  ABI  Doppler-derived ankle-brachial systolic pressure index 
  b  Category I : Prompt repair of lesion is recommended – patients are hospitalized and anticoagulated prior to repair.  Category II : Lesion is repaired 
electively (within 2 weeks).  Category III : Lesions are observed with serial duplex examination at 4–6-week intervals and repaired if they progress. 
 Category IV : Lesions are at low risk for producing graft thrombosis – follow-up every 6 months; few (<3%/year) failures observed in this group  
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is recommended, while Category II lesions (PSV > 300 cm/s, 
GFV > 45 cm/s) can be scheduled for elective repair within 
1–2 weeks. Category III stenosis (PSV of 150–300 cm/s, Vr 
< 3.5) is not pressure or  fl ow reducing in the resting limb. 
Serial scans at 4–6-week intervals are recommended to deter-
mine hemodynamic (Figs.  24.9  and  24.10 ) progression or 
regression of these lesions. Among graft stenosis detected 
within the  fi rst 3 months of surgery, regression of the lesion 
occurs in 30–35% of cases, while 40–45% remain stable. 
Approximately 50% of these “index” graft lesions progress 
to high-grade (PSV > 300 cm/s, Vr > 3.5) stenosis. In gen-
eral, serial (4–6-week intervals) duplex scans will determine 
if a lesion will progress and become “graft threatening” 
within 4–6 months of identi fi cation  [  8,   9  ] . In a natural his-
tory study of intermediate graft stenosis, Mills et al.  [  22  ]  
found that 63% of lesions progressed, 22% resolved, 10% 
remained unchanged, and one graft (2%) thrombosed despite 
more frequent surveillance.   

 No stenosis is identi fi ed in the majority (approximately 
80%) of bypass grafts studied with ultrasound, i.e., Category 
IV scans. For these patients, surveillance at 6-month intervals 

is generally recommended. For Category IV grafts with a GFV 
< 45 cm/s, a diligent search should be conducted for additional 
in fl ow or out fl ow occlusive lesions. If none is detected, oral 
anticoagulation (sodium warfarin) is prescribed to maintain 
the prothrombin time at an INR of 1.6–2.2, as well as aspirin 
(81 mg/day). This anticoagulation regimen is also prescribed 
following femorodistal prosthetic bypass grafting when a GFV 
of <60 cm/s is measured in the graft by duplex scanning prior 
to discharge. The rationale for oral anticoagulation is based on 
the concept of the “thrombotic threshold velocity,” which is 
higher in prosthetic than in vein arterial bypass grafts. 

 Infrainguinal bypasses constructed with arm (basilic, 
cephalic) veins require vigilant surveillance because of an 
observed 42% revision rate for stenosis. Of note, 82% of all 
spliced arm vein grafts required revision within 1 year of 
operation compared to 28% of basilic vein grafts ( p  < 0.01). 
With duplex surveillance and repair of duplex-detected 
stenosis, a graft patency of 91% at 3 years was achieved. A 
surveillance program is extremely important in this patient 
group since failure of the alternative vein bypass would 
require either a redo prosthetic revascularization, a proce-
dure with poor long-term success, or an amputation  [  31  ] .  

   Duplex Criteria for Endovascular Repair 
of Graft Stenosis 

 Methods for repair of graft stenosis include open surgical 
revision (patch angioplasty, interposition grafting, or jump) 
and endovascular repair using balloon angioplasty. Duplex 

   Table 24.4    Potential of a graft lesion to cause graft thrombosis   

 High-grade stenosis producing low graft  fl ow  High 
 Graft entrapment  High 
 Flow-limiting graft stenosis  Moderate 
 Graft-anastomotic site aneurysm with mural thrombus  Moderate 
 Non- fl ow-limiting graft stenosis (PSV < 300 cm/s) a   Low 
 Residual arteriovenous  fi stula after in situ vein bypass  Low 

   a  PSV  peak systolic velocity  

Threshold velocity criteria
for stenosis repair

Vein
diameter

(mm)

Stenosis length (cm)

PSVmax >300 cm/s

PSVmax
Vr =               > 3.5

PSVprox

PSVprox PSVmax

  Fig. 24.9    Duplex characteriza-
tion of a graft stenosis, including 
velocity criteria for stenosis 
repair, vein diameter, and stenosis 
length       
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testing can be used to select lesions appropriate for balloon 
angioplasty based on criteria that include severity of steno-
sis, lesion length, conduit diameter, and appearance time 
from bypass procedure:

   Stenosis severity: PSV > 300 cm/s, Vr > 3.5  
  Stenosis length:  £ 2 cm  
  Conduit diameter:  ³ 3.5 cm  
  Appearance time: >3 months from bypass grafting    
 Over a 6-year period, 118 (22%) of 525 infrainguinal vein 

bypasses monitored by duplex ultrasound underwent revi-
sion for stenosis. One-half of the lesions met the criteria for 
endovascular intervention. Stenosis-free patency at 2 years 
was identical for surgical (63%) and endovascular (63%) 
interventions. However, the stenosis-free patency varied with 
timing and type of procedure. The endovascular treatment of 
a focal (<2 cm) vein graft stenosis >3 months from the initial 
procedure was associated with an 89% 1-year stenosis-free 
patency  [  34  ] . Following either surgical or endovascular 
repair, surveillance is similar to that performed after the pri-
mary procedures with an initial scan within 1 week to verify 
absence of residual stenosis at the repair site. Outcome of 
balloon angioplasty for graft stenosis is varied in the litera-
ture (Fig.  24.11 ). Alexander et al.  [  35  ]  used balloon angio-
plasty to treat 101 cases of vein graft stenosis with failure 
rates of 35% at 6 months and 54% at 1 year. Graft angio-
plasty was associated with an 8% complication rate. Kasirajan 

et al.  [  36  ]  evaluated angioplasty using a “cutting” balloon in 
19 patients. During a mean follow-up of 11 months, one 
(5%) angioplasty site developed stenosis, and no surgical 
conversions were required.  

 While the majority of graft stenosis develop during the 
 fi rst postoperative year, Erickson et al.  [  37  ]  emphasized the 

Duplex-detected graft stenosis

No

Yes

Vein diameter >3.5 mm*
Stenosis length <2 cm

Time from primary procedure

<3 months

Surgical revision
– Vein patch angioplasty
– Interposition graft

>3 months

Ballon angioplasty

  Fig. 24.11    Treatment algorithm for duplex-detected stenosis based on 
appearance time (less than or more than 3 months) from operation and 
anatomic characteristics (vessel diameter, stenosis length). *Stenosis in 
a graft out fl ow artery >2 mm in diameter can be considered for 
endovascular intervention       

Duplex – detecrted
graft stenosis

PSV 200–300 cm/s
Vr 2–3.5

ABI normal or unchanged

PSV > 300 cm/s
Vr >3.5

Δ in ABI > 0.2

± Angiography

40–60% of
lesions progress

Surveillance
every 4–6 weeks

30–50% of
resolve

10–20% of lesions
remain stable

3 month
scan interval

Lesion
PSV decreases

Resume 6 months
surveillance schedule

Repair
stenosis

Return to
start of protocol

  Fig. 24.10    Algorithm for the 
surveillance and management of 
duplex-detected graft stenosis 
based on peak systolic velocity 
( PSV ), velocity ratio ( Vr ), and 
ankle-brachial index ( ABI ) 
measurements       
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need for inde fi nite bypass surveillance in a study of 556 
bypasses followed up to 13 years. Approximately 20% of the 
graft abnormalities developed after 2 years. The majority 
(63%) of the graft defects involved the conduit or the anasto-
moses. These  fi ndings support the continued annual evalua-
tion of infrainguinal bypass for the development of stenosis 
and for disease progression or aneurysmal changes in the 
venous conduit.  

   Predictors of Graft Stenosis Development 

 Since the goal of infrainguinal bypass surveillance is to pro-
long patency and avoid thrombotic events, the measure of its 
success is the “assisted-primary patency rate.” However 
some surgeons have felt a surveillance program is not cost 
effective. Duplex ultrasound imaging after infrainguinal 
bypass was not recommended in the 2007 Inter-Society 
Consensus for the Management of Peripheral Arterial 
Disease (TASC II) document based primarily on the results 
of a European multicenter randomized clinical trial  [  38  ] . 
However, once graft thrombosis occurs, secondary interven-
tion to restore patency is generally not successful or durable. 
The graft surveillance program, when successful, leads to an 
increased assisted-primary patency rate, a decreased need for 
redo bypass grafting, and a prolonged limb salvage in the 
critical limb ischemia population. 

 A correlation of early graft  fl ow abnormalities identi fi ed 
by duplex scanning with subsequent development of graft 
stenosis requiring repair has been reported  [  11,   39  ] . In a 
review of 364 infrainguinal vein bypasses under surveillance 
starting at 6 weeks, Mo fi di et al.  [  39  ]  reported that 65% 
bypasses had no signi fi cant stenosis at 6 weeks and ran a 
benign course with a 40-month cumulative patency of 82% 
and a limb salvage rate of 93%. Of the 29 grafts with a criti-
cal stenosis, 15 (52%) were repaired. Furthermore, 11 (38%) 
grafts were not repaired and occluded during subsequent 
follow-up. A  fi nal three (10%) with critical stenoses were not 
repaired but did not change during follow-up. Similar results 
were seen in patients with a 6-week scan demonstrating mild 
or intermediate  fl ow abnormalities. Over the whole study 
period, 92 (25%) of the 364 grafts developed a critical or 
intermediate stenosis. Only 11 of the 92 limbs had any recur-
rence of symptoms, but 26 had a reduction in ankle-brachial 
pressure index. No statistically signi fi cant difference was 
observed in graft patency ( p  = 0.19) or amputation rates 
( p  = 0.62) between grafts with repaired stenosis and grafts 
without stenosis. Untreated grafts with critical or intermedi-
ate stenosis had signi fi cantly lower patency ( p  < 0.001) and 
higher amputation rates ( p  < 0.001). The authors concluded 
that the  fl ow abnormalities detected at 6 weeks after opera-
tion can predict the natural history of a vein graft, and such 
abnormalities can be used to select grafts for continued 
duplex surveillance. 

 In a similar study, Ferris et al.  [  40  ]  detected graft  fl ow 
abnormalities in 26% of the 224 infrainguinal vein bypasses 
of which 52% necessitated revision. They concluded that 
early duplex scan surveillance singularly detects a clinically 
signi fi cant subgroup of grafts that need revision. 

 In a recent study by Tinder et al. with the University of 
South Florida group  [  41  ] , they identi fi ed several characteris-
tics predictive for development of graft stenosis and subse-
quent secondary intervention. Out of 353 clinically successful 
infrainguinal vein bypasses performed in 329 patients, 126 
bypasses (36%) had 174 secondary interventions based on 
surveillance duplex testing resulting in a 3-year Kaplan-
Meier primary (46%), assisted-primary (80%), and second-
ary (81%) patency rates. Characteristics predictive of 
duplex-detected stenosis leading to intervention were “abnor-
mal” initial duplex testing indicating moderate (PSV: 180–
300 cm/s, Vr: 2–3.5) stenosis ( p  < 0.0001), nonsingle segment 
saphenous vein conduit ( p  < 0.01), warfarin drug therapy 
( p  < 0.01), and redo bypass grafting ( p  < 0.001). Procedure 
indication, postoperative ABI level, statin drug therapy, and 
vein conduit orientation were not predictive of graft revision. 
The natural history of bypasses with abnormal  fi rst duplex 
scan differed from “normal” grafts by more frequent and ear-
lier graft revision for severe stenosis and a lower 3-year 
assisted-primary patency.  

   Conclusion 

 Routine duplex ultrasound surveillance of lower limb 
vein and prosthetic bypass grafts is recommended. 
Optimum results are obtained when duplex surveillance is 
initiated in the operating room or prior to discharge. Since 
the majority of graft abnormalities identi fi ed occur in 
asymptomatic patients, criteria for intervention should be 
based on duplex-measured velocity spectra. High-grade 
lesions that produce low graft  fl ow have the greatest 
potential to produce graft thrombosis and should be 
repaired promptly. Duplex  fi ndings can also be used to 
select either percutaneous balloon angioplasty or open 
surgical repair. The likelihood of graft revision varies with 
the vein bypass type and is increased when a graft defect 
is identi fi ed on a “predischarge” or early (<6 week) duplex 
scan. With time, the incidence of vein graft stenosis 
decreases; however, secondary to atherosclerotic disease 
progression in native arteries and aneurysm formation in 
the vein conduit, lifelong surveillance (yearly after 
3 years) is recommended.      
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  Abstract 

 Infrainguinal revascularization with autogenous conduit remains the gold standard of care 
for the treatment of critical lower extremity ischemia when bypass is required. One of the 
major factors diminishing long-term patency of these grafts is the development of stenosis 
of the graft or in fl ow and out fl ow arteries. It is critical to identify these lesions while grafts 
are patent, as treatment with minor procedures will maintain patency, while treatment after 
thrombosis is signi fi cantly more morbid and less successful. There is widespread evidence 
to support postoperative duplex ultrasound (DU) surveillance of infrainguinal vein grafts, 
but there has been surprisingly little investigation for DU surveillance of prosthetic bypass 
grafts, other than our group. 

 Clearly intervening for a failing graft is more bene fi cial than for failed grafts. In several 
studies, patency rates of failing grafts are signi fi cantly better than patency rates of grafts 
revised after thrombosis. Prior to the routine use of DU, clinical parameters, such as return 
of ischemic symptoms, and reduction in ankle-brachial indices and pulse volume record-
ings were used to detect failing grafts. 

 These modalities lack suf fi cient sensitivity to detect some stenoses and some become 
abnormal only after graft occlusion. In our noninvasive laboratory, velocities are measured 
every 10 cm along the graft, along with measurements at both anastomosis, and proximal 
and distal to the anatomy. It appears that the bene fi t of DU surveillance is most apparent in 
the highest risk autogenous grafts. However, the surveillance of infrainguinal prosthetic 
grafts has received mixed reviews. 

 Prosthetic grafts are much more sensitive to low- fl ow states and resulting thrombosis 
than autologous vein grafts. When reviewing DU surveillance data on 89 infrainguinal 
prosthetic bypass grafts at our institution, we found that the sensitivity of abnormal DU 
 fi ndings that correctly diagnosed a failing graft was 88% for femorotibial bypasses but only 
57% for femoropopliteal bypasses. The positive predictive value (correct abnormal studies/
total abnormal studies) was 95% for femorotibial grafts and 65% for femoropopliteal grafts. 
Therefore, we concluded that DU surveillance is indicated and worthwhile for prosthetic 
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femorotibial grafts, while its utility for prosthetic femoropopliteal grafts remains unproven. 
Criteria that we use to identify failing arterial bypass grafts at Pennsylvania Hospital include 
monophasic signal throughout the graft, uniform peak systolic velocities <45 cm/s, any 
focal peak systolic velocity >300 cm/s, and peak systolic velocity ratio between two  adjacent 
segments >3.5. 

 Duplex ultrasonography is the method of choice for the surveillance of infrainguinal 
bypass grafts. Every noninvasive vascular laboratory should continuously correlate its inter-
pretations with arteriographic  fi ndings and clinical outcomes. We believe this strategy is 
useful for prosthetic grafts also.  

  Keywords 

 Failing graft  •  Duplex ultrasound  •  Prosthetic arterial bypass      

   Introduction 

 Infrainguinal revascularization with autogenous conduit 
remains the gold standard of care for the treatment of critical 
lower extremity ischemia when bypass is required. One of 
the major factors diminishing long-term patency of these 
grafts is the development of stenosis of the graft or in fl ow 
and out fl ow arteries. Twenty to forty percent of all infrain-
guinal bypass grafts will develop stenosis due to different 
factors  [  1  ] . It is critical to identify these lesions while grafts 
are patent, as treatment with minor procedures will maintain 
patency, and while treatment after thrombosis is signi fi cantly 
more morbid and less successful. Clinical examination look-
ing for signs and symptoms of limb ischemia, including 
pulse evaluation and measurement of ankle systolic pressure, 
can usually identify only the very high-grade stenoses or 
occlusions. There is widespread evidence to support postop-
erative duplex ultrasound (DU) surveillance of infrainguinal 
vein grafts  [  2  ] . There has been surprisingly little investiga-
tion for DU surveillance of prosthetic bypass grafts, other 
than our group  [  3  ] .  

   Natural History 

 Primary patency of a graft is de fi ned as uninterrupted pat-
ency without need for further procedures to maintain pat-
ency. Any surgical or percutaneous procedure performed on 
a patent graft, its anastomosis, or in fl ow and out fl ow vessels 
serves as an endpoint to primary patency but maintains 
“assisted primary patency.” When a graft thromboses, “sec-
ondary” patency can be achieved by restoring patency to the 
graft  [  4  ] . As noted, the outcome of procedures performed to 
prevent graft thrombosis is better than that of procedures to 
restore patency of an occluded graft  [  5  ] . 

 In a large prospective randomized multicenter study, Veith 
and coworkers compared patency rates of infrainguinal 

bypasses using autologous vein grafts with those of prosthetic 
[polytetra fl uoroethylene (PTFE)] grafts  [  6  ] . For infrainguinal 
bypasses to the above-knee popliteal artery, primary patency 
at 48 months was 76% for vein grafts and 54% for PTFE 
grafts, a difference that was not statistically different. For 
bypasses to the infrapopliteal arteries, primary patency rates 
at 48 months were 49% for vein grafts and 12% for PTFE 
grafts, respectively. This study performed prior to routine 
duplex surveillance gives a picture of the natural history of 
these revascularization efforts since graft failure was recorded 
when graft thrombosis occurred or when any secondary inter-
vention became necessary to treat graft thrombosis. 

 Prospective observational studies with the use of DU have 
demonstrated that 20–30% of infrainguinal vein bypasses 
develop discrete stenoses during the  fi rst postoperative year 
 [  7  ] . These lesions are usually the result of myointimal hyper-
plasia. If these lesions are not corrected, they have been asso-
ciated with 80% of all graft failures within 3–5 years of the 
original procedure. 

 The natural history of bypass grafts with documented DU 
abnormalities when left untreated is unclear. Approximately 
100 total grafts with varying DU abnormalities in one series 
were followed without revision  [  8  ] . Idu and coworkers 
reported high occlusion rates in a small group of bypass 
grafts both autogenous and prosthetic with 50% diameter-
reducing stenoses on arteriography if left unrevised. In a 
subsequent prospective randomized study, superior patency 
rates were found in grafts that were revised based on DU 
abnormalities  [  8,   9  ] . However, only 18 grafts were treated in 
this series. Mattos and coworkers followed 38 grafts with 
DU abnormalities and found similarly inferior patency rates 
in failing grafts that were left unrevised when compared with 
failing grafts that were revised  [  10  ] . We followed 46 failing 
arterial bypass grafts over a median of 10 months that were 
not treated for a variety of reasons (dif fi cult anatomy, patient 
reluctance, etc.)  [  11  ] . Only  fi ve (10.9%) showed progression 
of abnormal  fi ndings. Only 3 of the 46 failing grafts (6.5%) 
occluded during the follow-up period. 
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 Clearly intervening for a failing graft is more bene fi cial 
than for failed grafts. In a retrospective series of 213 patients 
from the Mayo Clinic who underwent graft revision of pedal 
bypasses, 2-year patency rates in failing vs. failed grafts were 
reported to be 58% and 36%, respectively  [  12  ] . These data 
are supported by Wixon and coworkers who demonstrated 
that revision of a duplex-identi fi ed stenosis was signi fi cantly 
less costly over a 1-year period than revision after graft 
thrombosis ($17,688 vs. $45,252, respectively)  [  13  ] .  

   Duplex Ultrasonography 

 Prior to the routine use of DU, clinical parameters, such as 
return of ischemic symptoms, and reduction in ankle- brachial 
indices and pulse volume recordings were used to detect fail-
ing grafts. These modalities lack suf fi cient sensitivity to 
detect some stenoses and some become abnormal only after 
graft occlusion. Two European studies relying on clinical 
symptoms to diagnose greater than 50% reduction in graft 
diameter missed 62–89% of duplex-de fi ned lesions  [  14,   15  ] . 
Even by adding the measurement of ankle-brachial indices, 
only 46% of grafts with greater than 50% stenoses were 
diagnosed  [  16  ] . In contrast, duplex ultrasonography detected 
100% of grafts with the same diameter reduction  [  15  ] . 
Contrary to prior thought, the value of ankle-brachial index 
appears to be limited in predicting graft failure  [  16,   17  ] . 

 In 1985, Bandyk and coworkers published one of the ear-
liest reports about the use of DU-derived blood  fl ow velocity 
measurements to de fi ne graft stenosis that might predict graft 
failure  [  18  ] . The two most important predictors in this series 
were low peak systolic velocities (<45 cm/s) throughout the 
graft and the absence of diastolic forward  fl ow, indicating 
high out fl ow resistance. The authors also noted that all grafts 
experienced some degree of increased out fl ow resistance in 
the early postoperative period, as evidenced by a generalized 
drop in peak systolic velocities during follow-up studies. 
These results were later con fi rmed by Mills and coworkers 
on a much larger patient cohort  [  19  ] . Once again, a peak sys-
tolic velocity of 45 cm/s throughout the graft was suggested 
as the threshold to predict early graft failure. If the peak sys-
tolic velocity was higher than 45 cm/s in this series, the 
chance for graft failure was 2.1% compared with a 12.6% 
graft failure rate if the peak systolic velocities were routinely 
less than 45 cm/s. Only 29% of failing grafts, as diagnosed 
by DU, showed a reduction in ankle-brachial index measure-
ment greater than 0.15, clearly indicating the higher sensitiv-
ity of DU surveillance. 

 These studies were performed using DU sampling at three 
positions: proximal anastomosis, mid-graft, and distal anas-
tomosis. This method may miss focal stenoses within the 
body of the graft or in in fl ow and out fl ow vessels. The cur-
rent technique in most reliable noninvasive vascular labora-

tories includes sampling the graft with segmental peak 
systolic velocity measurements along its entire length. In our 
noninvasive laboratory, velocities are measured every 10 cm 
along the graft, along with measurements at both anastomo-
sis, and proximal and distal to the anatomy. It appears that 
the bene fi t of DU surveillance is most apparent in the highest 
risk autogenous grafts. 

 A recent retrospective review by Armstrong and cowork-
ers found a statistically signi fi cant bene fi t of DU surveillance 
in optimizing the patency of infrainguinal grafts constructed 
with an arm vein  [  20  ] . They found the combination of DU 
and endovascular therapy achieved an excellent assisted graft 
patency rate (91%) and limb salvage rate (97%) at 3 years. 
These statistics are impressive considering half of the bypass 
required a graft intervention and one-third required surgical 
revision. 

 Surveillance programs for infrainguinal vein grafts have 
been well supported  [  21  ] . It would follow that given that 
prosthetic grafts do have a higher propensity to fail, DU sur-
veillance might be correspondingly more valuable. However, 
the surveillance of infrainguinal prosthetic grafts has received 
mixed reviews  [  8,   22–  27  ] . A prospective randomized study 
by Lundell and coworkers demonstrated a 25% improvement 
in infrainguinal vein bypass patency at 3 years (78% vs. 
53%) with DU surveillance, but no signi fi cant bene fi t was 
appreciated with PTFE or PTFE-vein composite graft pat-
ency  [  2  ] . However, the number of prosthetic infrapopliteal 
arterial grafts was very small, which may limit the statistical 
value of the analysis. 

 We and others have observed signi fi cant bene fi ts for sur-
veillance programs for prosthetic grafts  [  3,   5,   28,   29  ] . Many 
feel that prosthetic graft failure often occurs without the har-
binger of a discrete stenosis developing. The nature of the 
lesions that can cause prosthetic graft failure is similar to that 
of autologous vein grafts. They tend to be located primarily 
at an anastomosis, in adjacent in fl ow or out fl ow arteries, or 
much less commonly within the body of the graft. 

 As has been demonstrated for vein grafts, patency rates of 
thrombosed prosthetic grafts undergoing revision are infe-
rior to assisted primary patency rates for failing prosthetic 
grafts  [  5  ]  Sullivan and coworkers demonstrated that throm-
bolysis for occluded vein grafts had signi fi cantly better long-
term patency than for prosthetic grafts (69.3% vs. 28.6% at 
30 months), which supports aggressive surveillance of pros-
thetic grafts  [  30  ] .  

   Rationale and Bene fi ts of Surveillance 
After Prosthetic Infrainguinal Bypass Grafts 

 Prosthetic grafts are much more sensitive to low- fl ow states 
and resulting thrombosis than autologous vein grafts. When 
reviewing DU surveillance data on 89 infrainguinal  prosthetic 
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bypass grafts at our institution, we found that the sensitivity of 
abnormal DU  fi ndings that correctly diagnosed a failing graft 
was 88% for femorotibial bypasses but only 57% for femorop-
opliteal bypasses  [  3  ] . The positive predictive value (correct 
abnormal studies/total abnormal studies) was 95% for femoro-
tibial grafts and 65% for femoropopliteal grafts. Therefore, we 
concluded that DU surveillance is indicated and worthwhile 
for prosthetic femorotibial grafts, while its utility for pros-
thetic femoropopliteal grafts remains unproven. 

 Several studies have shown that DU surveillance is cost 
effective when compared with performing graft revisions 
based on clinical indications alone  [  13,   31  ] . Wixon and 
coworkers concluded that 1-year and 5-year costs of DU sur-
veillance ($7,742 vs. $12,194, respectively) were markedly 
less than performing graft revisions based on clinical indica-
tions alone ($10,842 vs. $16,352, respectively)  [  13  ] . They also 
found that patent grafts revised after DU-detected stenoses 
had an improved 1-year patency (93% vs. 57%), were associ-
ated with fewer amputations (2% vs. 33%) and less frequent 
multiple graft revisions, and generated fewer expenses 1 year 
after revision compared to grafts revised after they occluded. 

 In our protocol, both vein and prosthetic bypass grafts are 
routinely evaluated by duplex sonography in the early post-
discharge period  [  11  ] . Thereafter, the graft is followed every 
3 months for the  fi rst year after bypass operation, every 
6 months for the second year, and annually thereafter if no 
problems are found. A 4.0- to 7.5-MHz probe is utilized with 
color map imaging. It is essential that the examiner is aware 
of the origin of the graft and its course. Due to their more 
super fi cial location, in situ vein grafts are much easier to fol-
low than anatomically tunneled grafts. The entire graft is 
scanned beginning at the in fl ow artery, crossing the proximal 
anastomosis, moving along the body of the graft every 10 cm, 
and beyond the distal anastomosis. Peak systolic and dia-
stolic velocities are recorded at these sites. Color  fl ow is used 
to identify areas of turbulence, which are also sampled. 
Signi fi cant focal increase in  fl ow velocities is more precisely 
investigated with measurements performed proximal and 
distal to the focus. At the distal anastomosis, the Doppler 
angle must be carefully adjusted due to the relatively steep 
angle of the graft. If consistently low peak systolic velocities 
are detected throughout the graft, a more detailed examina-
tion of the in fl ow and out fl ow vessels is necessary. These 
 fi ndings, however, could be consistent with normal  fl ow 
through a relatively large diameter graft.  

   Abnormal Findings 

 There is no  fi rm consensus on strict criteria for de fi ning 
stenosis with duplex ultrasonography or on what degree of 
abnormality mandates revision  [  10,   32–  34  ] . The published 
literature has focused on low peak systolic  fl ow velocities 

(PSFV)  [  17,   18,   21  ]  and focal increases in peak systolic  fl ow 
velocities with reference to adjacent areas  [  8,   9,   28,   35–  37  ] . 
A combination of these two parameters has also been recom-
mended  [  38  ] . A consensus appears to be evolving away from 
low- fl ow velocity criteria toward use of a PSV ratio of 3–4. 
The criteria used at our institution to determine failing grafts 
are illustrated in Table  25.1 .   

   Indications for Interventions 

 The optimal threshold of intervention for arterial bypass 
grafts is still controversial. Most authorities would agree that 
impending failure of a graft is suggested by the following:
    1.    Lack of diastolic forward  fl ow throughout the graft as evi-

denced by monophasic Doppler signals  
    2.    Decreased peak systolic velocities less than 45 cm/s 

throughout the graft  
    3.    Focal elevations of peak systolic velocities greater than 

250–350 cm/s  
    4.    Elevated peak systolic velocity ratios between two adja-

cent segments, suggested by abnormal elevated ratios, 
range between 3.5 and 4.0  [  8,   10,   39–  44  ]      
 Gupta and coworkers recommended peak systolic veloc-

ity ratios greater than 3.4 and focal peak systolic velocities 
greater than 300 cm/s  [  42  ] . Similar values were also sug-
gested by Mills et al.  [  19  ] . 

 Bandyk created a graft surveillance risk strati fi cation model 
to predict graft thrombosis as illustrated in Table  25.2   [  31  ] . 
Patients with Category I lesions were hospitalized, anticoagu-
lated, and promptly treated. Patients with Category II lesions 
were repaired electively within 2 weeks. Category III lesions 
were closely observed with serial duplex examinations and 
repaired if the lesions progressed in severity. Category IV 
lesions at the lowest risk were safely observed. Westerband and 
coworkers were able to support these criteria with a prospective 
study and demonstrate all grafts at risk for thrombosis  [  43  ] .  

 An interesting  fi nding in Bandyk’s series was that of 
lesion regression when a Category III (intermediate graft 
stenosis, PSV 150–300 cm/s, Vr < 3.5) lesion is discovered 
in the  fi rst 3 months after surgery; it may regress (30–35%), 
remain stable, or progress to a high-grade stenosis (40–50%) 
 [  31  ] . Given the variable biological behavior, it is critical to 
perform serial duplex studies at 4- to 6-week intervals for 
Category III abnormalities. These lesions will usually stabi-
lize or progress within 4–6 months  [  10,   42  ] . 

   Table 25.1    Criteria to identify failing arterial bypass grafts at 
Pennsylvania Hospital   

 Monophasic signal throughout the graft 
 Uniform peak systolic velocities <45 cm/s 
 Any focal peak systolic velocity >300 cm/s 
 Peak systolic velocity ratio between two adjacent segments >3.5 
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 As suggested by the previous study from our group, 
abnormal duplex  fi ndings do not always mandate further 
therapy  [  1,   45  ] . This is especially true if the abnormal  fi nding 
is moderate PSV ratio elevation near the proximal anastomo-
sis. We speculate that the hemodynamics at vessel bifurca-
tions, which occurs at the typical end-to-side proximal 
anastomosis, is not strictly comparable to  fl ow dynamics 
within the graft because of size discrepancies between the 
graft and native artery. Possibly, this turbulence and the 
resulting abnormalities in peak systolic velocity ratios at 
the proximal anastomosis are less predictive of graft throm-
bosis than the same abnormalities at other locations.  

   Recommendation of Lifelong Surveillance 

 Clearly, duplex surveillance of infrainguinal bypass grafts is 
bene fi cial, but how long does the surveillance program need 
to continue? Most reviews have shown a de fi nite bene fi t up 
to 2 years based on the fact that 70–80% of all graft abnor-
malities develop and require revision during this time period. 
Erickson and coworkers recommend that surveillance con-
tinue inde fi nitely for autogenous bypass grafts  [  46  ] . They 
reported that 18% of the initial interventions for a duplex-
detected lesion occurred after the initial 24-month period. 
Sixty-three percent of theses defects occurred at an anasto-
mosis. Although the incidence of vein graft stenosis develop-
ing decreases over time, atherosclerotic changes continue in 
native arteries. Another important  fi nding to look for in older 
vein grafts is aneurysmal degeneration of the vein. Vein dila-
tion is usually focal and can be associated with mural throm-
bus, which may warrant segmental graft revision. We support 
the concept of lifelong vein graft surveillance, which also 
gives the vascular surgeon the opportunity to monitor devel-
opment of atherosclerosis in other vascular beds.  

   Summary 

 Duplex ultrasonography is the method of choice for the sur-
veillance of infrainguinal bypass grafts. Every noninvasive 
vascular laboratory should continuously correlate its interpre-
tations with arteriographic  fi ndings and clinical outcomes. 

Any focal peak systolic velocity >300 cm/s or a peak systolic 
velocity ratio >3.5 between two adjacent segments is gener-
ally accepted as a strong indicator for a focal stenosis that may 
threaten graft patency. Low peak systolic velocities through-
out the graft (<45 cm/s), as well as lack of diastolic forward 
 fl ow as evidenced by loss of biphasic Doppler signals through-
out the graft, may also indicate in fl ow or out fl ow problems 
and warrant further investigation. Arteriography and appropri-
ate endovascular or open surgical revision of failing grafts 
should be judiciously implemented by the vascular surgeon to 
improve long-term patency and limb salvage rates.      
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   Introduction 

 Duplex surveillance following infrainguinal autogenous 
vein bypass has become a mainstay of therapy in the postop-
erative care of patients with peripheral arterial disease 
(PAD). Although there has been some debate regarding the 
utility of rigorous surveillance programs, most favor this 
approach as it has been demonstrated to assist in avoiding 
graft failure  [  1–  4  ] . Conventional surgical revascularization 
remains a key component of the treatment of patients with 
PAD; however, there has been a shift over the past decade 
toward the utilization of endovascular techniques for the 

treatment of PAD. In particular, the current Trans-Atlantic 
Inter-Society Consensus Document on Management of 
Peripheral Arterial Disease (TASC II) recommendations are 
angioplasty and/or stenting as  fi rst-line therapy in the treat-
ment of the majority of aortoiliac and femoropopliteal occlu-
sive lesions  [  5  ] . Furthermore, numerous reports have been 
published regarding the clinical success of endovascular 
therapies in the treatment of aortoiliac and super fi cial femoral 
artery (SFA) lesions  [  6–  15  ] . Despite these results, failure 
following endovascular interventions is not uncommon and is 
most frequently related to the development of progressive 
disease in the aortoiliac segment and in-stent stenosis in the 
femoropopliteal segment. This latter failure in the SFA may 
occur in up to 40% of patients at 1 year  [  12,   13,   16  ] . Given 
this unfortunately common failure mode and the increasing 
utilization of these techniques, the role of noninvasive testing 
modalities designed to assist in the maintenance of patency 
of such interventions appears to be growing. However, unlike 
conventional lower extremity bypass for which there are 
well-established reporting standards, presently, the standards 
for surveillance following endovascular lower extremity 
interventions are less well-de fi ned.  
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   Rationale 

 The goals of a surveillance program following any form of 
arterial intervention should help to improve long-term pat-
ency, detect impending occlusion, minimize the number and 
extent of secondary interventions, and hopefully, minimize 
cost of care. Additionally, the instruments for surveillance 
should be accurate, accessible, noninvasive, and cost-effec-
tive. Presently, there are no standards by which lower extrem-
ity endovascular interventions are followed post-procedure. 
As with surgical bypass, these interventions are unfortu-
nately at risk of failure, the primary mode of which is in-
stent stenosis secondary to neointimal hyperplasia. 
Unfortunately, determinants of endovascular intervention 
failure are numerous. It appears that different vascular beds 
suffer from different rates of restenosis following angioplasty 
and stenting. Furthermore, restenosis rates are typically 
higher for successfully recanalized occluded arterial seg-
ments when compared to simple stenotic lesions. Additional 
factors which may contribute to restenosis and failure include 
the clinical indication (critical limb ischemia vs. claudica-
tion), lesion length, anatomic lesion location, the presence of 
concomitant in fl ow and out fl ow disease, calci fi cation, and 
various patient comorbidities. 

 The timing of failures following endovascular interven-
tions, as with conventional bypass, is quite variable and may 
occur at any time following intervention, which necessitates 
the need for long-term surveillance. These patterns of failure 
tend to mimic the failures after surgical intervention. Early 
failures (<30 days) are typically technical in origin. Such 
failures are most commonly related to residual stenoses or 
iatrogenic dissections. Midterm failures (30 days to 2 years) 
result from the development of intimal hyperplasia and late 
failures (>2 years) are due to the progression of atheroscle-
rotic disease. 

 Although physical exam and symptomatology will help 
diagnose patients with failed lower extremity endovascular 
interventions, they have limited value in the prediction of 
patients who are developing signi fi cant restenotic lesions. In 
our experience, the majority of these patients have mild or no 
symptoms prior to progressing to high-grade lesions or total 
occlusion. While ABI measurements certainly add signi fi cant 
information to the clinical picture, the correlation of ABI 
with angiographic stenosis is not strong and our data suggest 
that a signi fi cant decrease in ABI (>0.15) may not be present 
until a >60% stenosis exists  [  17  ] . Additionally, ABIs are 
affected by proximal and distal disease and are less useful to 
localize disease or determine if a failing intervention is the 

a
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  Fig. 26.1    ( a ) Duplex ultrasound demonstrating moderate stenosis 
with an elevated peak systolic velocity of 200 cm/s in midportion of 
SFA stent. ( b ) Duplex ultrasound demonstrating high-grade stenosis 
with an elevated peak systolic velocity of 540 cm/s in proximal portion 

of SFA stent. ( c ) Angiogram demonstrating high-grade stenosis in 
proximal SFA stent. ( d ) Angiogram following atherectomy and 
re-angioplasty with resolution of in-stent stenosis       
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source of a decrease in ABI. Furthermore, accurate ABIs 
may be unobtainable in patients with heavily calci fi ed ves-
sels, particularly diabetic patients and those with end-stage 
renal disease. 

 Duplex surveillance after endovascular intervention pro-
vides much more valuable anatomic and hemodynamic data 
which enables recognition of restenoses or progression of 
proximal and/or distal disease in a noninvasive manner 
(Fig.  26.1 ).  

 Failure of lower extremity endovascular interventions 
presents in a similar fashion to failed surgical bypasses. 
Claudicants will return to their pre-procedure walking toler-
ance, while patients with critical limb ischemia (CLI) and 
rest pain will likely return to rest pain. Certainly, claudicants 
may complain of decreasing walking tolerance as they 
develop signi fi cant stenoses prior to occlusion, but this is not 
always the case. However, duplex surveillance will allow for 
detection of patients progressing to failure and capture them 
prior to complete occlusion. Furthermore, the restoration of 
secondary patency (after occlusion of a previously stented 
SFA) is associated with a lower rate of technical success, and 
patients are at an increased risk for distal embolization when 
mechanical thrombectomy techniques are utilized  [  18,   19  ] . 
Conversely, endovascular treatment of patients with in-stent 
stenosis or new stenotic lesions proximal or distal to a previ-
ously treated lesion is relatively low-risk with a high rate of 
technical success. By combining PSV and velocity ratio data, 
criteria that are very speci fi c and predictive for both 50% and 
80% in-stent stenoses within the super fi cial femoral artery 
have been developed. Additionally, the set point which dis-
criminates between these degrees of stenosis is very distinct. 
Thus, by applying these criteria at appropriate follow-up 
intervals, in-stent restenosis should be recognized prior to 
occlusion for the majority of patients. 

 Unfortunately, the natural history of in-stent restenosis 
lesions are not clearly de fi ned in either the aortoiliac or 
femoropopliteal segments. Although it seems appropriate 
to offer patients secondary or tertiary endovascular proce-
dures to avoid recurrent lifestyle-limiting claudication or 
severe rest pain, there are other scenarios which are less 
clear. For patients with CLI and tissue loss, who have had a 
successful intervention and appropriately healed a wound, 
is it necessary to reintervene to treat a >80% in-stent steno-
sis? The answer is unclear. As has been described in the 
surgical literature  [  20  ] , additional studies will have to be 
performed to determine patient and pre-intervention lesion 
characteristics along with procedural characteristics that 
may help the ef fi cacy of duplex surveillance in predicting 
failure of endovascular therapies in the lower extremities. 
Additionally, the duplex characteristics of these stented 
lesions will need to be studied further to determine if there 
are factors predictive of failure which can be evaluated on 
surveillance imaging.  

   Outcome Measures 

 As with other arterial beds which are followed using duplex 
surveillance, the utility of protocols to follow lower extremity 
endovascular interventions is dependent on standardized 
de fi nitions and criteria. Unlike surgical bypass, whereby the 
diseased vessel is excluded from the circulation, with endo-
vascular interventions, the diseased vessel remains the primary 
channel through which blood  fl ows. Therefore, the de fi nition 
of initial technical success of endovascular interventions var-
ies from conventional surgical technical success and is reported 
as a residual luminal stenosis less than 30% compared to nor-
mal artery proximally by angiography or other imaging  [  21  ] . 
Furthermore, anatomic failure is reported as a restenosis of 
50% or greater compared to normal diameter. 

 In addition to initial technical success, patency over time is 
also standardized in its de fi nition. Primary patency is de fi ned 
as uninterrupted patency of the treated vessel without any 
endovascular to open procedures to maintain or restore pat-
ency. Assisted primary patency is uninterrupted patency of 
the treated vessel with a secondary intervention (e.g., second-
ary angioplasty). Endovascular interventions performed 
proximally and distally to the initially treated lesion are 
included in these secondary interventions. Secondary patency 
is de fi ned as patency of a vessel after an intervention was 
undertaken to restore patency following occlusion of a vessel. 
As alluded to previously, assisted primary patency and sec-
ondary patency rates are higher than primary patency rates 
following endovascular interventions  [  6–  15  ] , and one pri-
mary aim of surveillance is to optimize these higher rates 
with early recognition of failing interventions.  

   Technical Considerations of Surveillance 
Following Endovascular Interventions 

 When compared to surgical bypass, endovascular interven-
tions differ in numerous ways which are of great importance 
when considering a surveillance protocol. Additionally, 
within the realm of lower extremity endovascular interven-
tions, there are a plethora of different techniques and tech-
nologies which are used to restore normal arterial  fl ow, all of 
which may lead to subtle differences that need to be taken 
into account in duplex surveillance. 

 Unlike surgical bypass, arterial  fl ow is intentionally main-
tained through the normal anatomic course with endovascular 
interventions. As such, there are no proximal and distal anas-
tomoses which need to speci fi cally be surveyed for the devel-
opment of intimal hyperplasia. However, just with surgical 
bypass, an important component of surveillance following 
endovascular interventions is assessment of the in fl ow and 
out fl ow vessels along with the proximal and distal segments 
of the treated artery itself. This may prove somewhat dif fi cult 
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when compared to surgical bypass as, often, only the most 
diseased portion of a vessel is selected to undergo interven-
tion while the vessel proximally and distally may demonstrate 
some degree of disease, albeit not deemed hemodynamically 
signi fi cant at the time of the initial intervention and therefore 
left untreated. Additionally, endovascular interventions typi-
cally involve controlled trauma to the target lesion, whether 
via angioplasty or some other mechanism. With angioplasty 
speci fi cally, the plaque is split and the media is stretched in an 
effort to increase the lumen size of the vessel. Along with 
this, there is a risk of embolization and creation of intimal 
 fl aps. Furthermore, these plaque fractures and dissection 
planes may extend proximally and distally to the lesion and 
create an environment susceptible to intimal hyperplasia. 

 Given the common anatomic presentation of peripheral 
arterial disease and its subsequent treatment using endovascu-
lar techniques, two speci fi c factors regarding surveillance must 
be considered. First, as the proximal vessel may not be disease-
free, velocities through these segments may be elevated. As 
such, in addition to evaluating peak systolic velocities (PSV), 
evaluating the ratios of PSVs at the site of intervention versus 
the PSVs proximally along with evaluation of the waveforms is 
of great importance. Second, the entire vessel must be surveyed 
as there is potential for progression of lesions proximally and 
distally and not just at the site of interventions. 

 Although the mainstay of endovascular treatment remains 
angioplasty with or without stenting, endovascular techniques 
for the treatment of lower extremity arterial occlusive disease 
are continuing to evolve with newer technologies. In particu-
lar, there are a variety of different atherectomy devices, which 
utilize rotating blades, laser-generated heat, or ultrasono-
graphic energy to mechanically debulk plaque and restore 
arterial  fl ow through the true lumen of the vessel. Additionally, 
conventional angioplasty may also maintain  fl ow through the 
true lumen. However, often the technique of subintimal angio-
plasty is used whereby a new lumen is created and plaque is 
pushed away from this channel. An understanding of these 
differences in techniques is useful for post-intervention sur-
veillance for both the surgeon/interventionalist and the vascu-
lar technologist, as speci fi c anatomic factors related to the 
procedure may lead to higher rate of restenosis (e.g., reentry 
point of a subintimal angioplasty) and, subsequently, speci fi c 
anatomic sites may warrant careful evaluation.  

   Surveillance Protocols 

 Our duplex surveillance protocol consists of the following: 
Patients are seen in follow-up at 1, 3, and 6 months after their 
procedure. After this initial 6-month period, patients are then 
evaluated at 6-month intervals inde fi nitely. Follow-up consists 
of an of fi ce visit with the treating physician and noninvasive 
studies including ankle-brachial indices, pulse volume record-
ings, and complete arterial duplex ultrasound examinations of 
the treated limb. If a patient undergoes a reintervention, then 

the protocol is reset from the time of the most recent interven-
tion. For asymptomatic patients who are found to have mild 
stenoses either in the immediate post-procedure time or at 
some point during their follow-up, surveillance is transitioned 
to 3-month intervals. If these patients progress on to high-
grade stenoses, as de fi ned by our data, or become symptom-
atic, they will be offered reintervention. For patients who 
remain with stable mild asymptomatic lesions after 1 year, 
they are then transitioned to 6-month follow-up intervals. The 
importance of follow-up and the rationale behind surveillance 
is explained in detail to patients prior to their initial interven-
tion and is reiterated at each visit. Certainly, noncompliance 
may be an issue, particularly for asymptomatic patients. 

 A standardized scanning protocol is used for patients who 
have undergone endovascular interventions. All duplex ultra-
sonography is performed by registered vascular technologists at 
laboratories approved by the Intersocietal Commission on 
Accreditation of Vascular Laboratories using either a LOGIQ 9 
(General Electric Healthcare, Piscataway, NJ) or a LOGIQ e 
(General Electric Healthcare, Piscataway, NJ) system. A 7-MHz 
linear probe is most commonly used at an angle of insonation of 
60°, or when not possible, angle correction is used. For evalua-
tion of deeper structures in the abdomen, a low-frequency 
(2.5–4 MHz) or curved array transducer may be used. The entire 
treated vessel is examined along with one complete vessel above 
and one complete vessel below. The PSV is calculated at stan-
dardized points within the vessel examined in addition to 
areas of suspected stenosis. Furthermore, the PSV ratio is 
calculated at areas of stenosis from the PSV within the steno-
sis to the PSV within a minimum of at least 3 cm proximal to 
the stent in the native artery. Additionally, gray-scale imag-
ing and visualization of the vessel and any indwelling stents 
is reviewed along with evaluation of spectral waveforms. 

 For aortoiliac interventions, color- fl ow Doppler imaging is 
obtained from the distal aorta along the iliac arteries and through 
the common femoral arteries, the profunda femoris arteries, and 
the super fi cial femoral arteries. Spectral velocity waveforms are 
measured, and waveforms and PSVs within treated segments 
are compared to velocities proximally in the native vessel. For 
femoropopliteal interventions, the common femoral artery, 
the femoral bifurcation, and the length of the super fi cial fem-
oral artery, as well as the popliteal artery and proximal tibial 
vessels are imaged. As with iliac interventions, spectral 
waveforms and PSVs within treated femoropopliteal arterial 
segments are compared to those in the segments proximally.  

   Surveillance Criteria of Lower Extremity 
Endovascular Interventions 

 Previously, duplex and noninvasive criteria for the diagnosis 
of in-stent stenosis had been generalized from data concerning 
the detection of de novo lesions in previously untreated femo-
ropopliteal vessels or in the detection of vein bypass graft 
stenosis. However, it has been shown that stent placement 
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within an arterial segment results in a change in vessel compli-
ance which may alter velocities as measured by duplex  [  22  ] . It 
has also been demonstrated that stent placement in the carotid 
circulation alters the velocity thresholds for the detection of 
signi fi cant recurrent internal carotid artery stenosis  [  23  ] . We 
have described criteria for the determination of in-stent steno-
sis after angioplasty and stenting of the super fi cial femoral 
artery and used these criteria for the follow-up of patients who 
have undergone endovascular lower extremity interventions 
 [  17  ] . At present time, there are no speci fi c criteria for the 
determination of in-stent restenosis after iliac interventions, 
and, by convention, data from studies of untreated vessels and 
native stenoses have been applied. 

 To determine criteria of in-stent stenosis after angioplasty 
and stenting of the super fi cial femoral arteries, we reviewed 
all endovascular interventions for femoropopliteal occlusive 
disease between May 2003 and May 2008, during which 
time 330 limbs underwent femoropopliteal angioplasty and 

stenting. Data pairs of duplex and angiographically measured 
stenoses within 30 days of each other were analyzed. 
Angiograms were obtained in anteroposterior and oblique 
views at the time of initial and secondary or tertiary imaging. 
The view demonstrating the greatest degree of stenosis was 
used to determine the percentage of in-stent stenosis. 

 Linear regression analyses were performed, and receiver 
operator characteristic (ROC) curves were used to compare 
angiographic stenosis with PSV and stented SFA velocity/
proximal SFA velocity ratio to determine optimal criteria 
equating to  ³ 50% and  ³ 80% stenosis. A linear regression 
model of PSV versus degree of angiographic stenosis showed 
a strong adjusted correlation coef fi cient ( R  2  = 0.60,  p  < 0.001). 
Additionally, there was a strong adjusted correlation 
coef fi cient ( R  2  = 0.55,  p  < 0.001) for velocity ratio versus 
degree of angiographic stenosis, but only a moderate adjusted 
correlation coef fi cient ( R  2  = 0.31,  p  = 0.02) for decrease in 
ABI versus degree of angiographic stenosis (Fig.  26.2 ).  

1.00

0.80

0.60

0.40

0.20

0.00
0 200 400 600 800

%
 S

te
no

si
s

PSV (cm/s)

Adjusted R2 = 0.60

p <0.001

Stensosis = 0.11 + 0.002 (PSV)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

%
 S

te
no

si
s

In-stent PSV to proximal SFA PSV ratio

Adjusted R2 = 0.55

p <0.001

Stensosis = 0.19 + 0.145 (ratio)

a

b

  Fig. 26.2    Scatter plots of the 
peak systolic velocities ( PSV ) 
( a ) and in-stent PSV to proximal 
super fi cial femoral artery PSV 
ratio ( b )       

 



344 D.T. Baril and L.K. Marone

 To distinguish <50% stenosis from  ³ 50% stenosis, the cut 
point on the PSV ROC curve was 189 cm/s. Rounding this 
value to 190 cm/s was associated with a sensitivity of 88%, a 
speci fi city of 95%, a positive predictive value (PPV) of 98%, 
and a negative predictive value (NPV) of 72%. To distinguish a 
<50% stenosis from  ³ 50% stenosis, the cut point on the PSV 
ratio ROC curve was 1.55. Rounding this value to 1.50 was 
associated with a sensitivity of 93%, a speci fi city of 89%, a 
PPV of 96%, and a NPV of 81%. Combining a PSV  ³  190 and 
a ratio  ³ 1.50 to determine a  ³ 50% stenosis was associated with 
a sensitivity of 85%, a speci fi city of 95%, a PPV of 98%, and a 
NPV of 67%. Additionally, the odds ratio (OR) for determining 
a  ³ 50% stenosis based on a PSV  ³  190 and a velocity ratio 
 ³ 1.50 was 99.99 (95% CI 11.82–845.55,  p  < 0.001). 

 To distinguish <80% stenosis from  ³ 80% stenosis, the cut 
point on the PSV ROC curve was 265 cm/s. Rounding this 
value to 275 cm/s was associated with a sensitivity of 97%, a 
speci fi city of 68%, a PPV of 67%, and a NPV of 97%. To 
distinguish a <80% stenosis from  ³ 80% stenosis, the cut 
point on the PSV ratio ROC curve was 3.50. This value cor-
responded to a sensitivity of 74%, a speci fi city of 94%, a 
PPV of 77%, and a NPV 88%. Combining a PSV  ³  275 and 

a ratio  ³ 3.50 to determine a  ³ 80% stenosis was associated 
with a sensitivity of 74%, a speci fi city of 94%, a PPV of 
88%, and a NPV of 85%. Additionally, the odds ratio for 
determining a  ³ 80% stenosis based on a PSV  ³  275 and a 
velocity ratio  ³ 3.50 was 42.17 (95% CI 10.20–174.36, 
 p  < 0.001) (Fig.  26.3 ).   

   Clinical Bene fi ts of Duplex Surveillance 

 From the detailed hemodynamic and anatomic data provided 
by duplex examination, there are multiple clinical bene fi ts 
obtained from duplex surveillance of lower extremity inter-
ventions. As with surveillance following surgical bypass, 
bene fi ts may be seen over the course of the surveillance 
period. Early technical issues may be recognized on immedi-
ate post-procedure duplex studies, and later, progression of 
disease of the treated segment and failing interventions may 
be identi fi ed. Additionally, progression of proximal and dis-
tal disease may be detected via surveillance. 

 In the immediate post-procedure period (<1 month), 
duplex has been demonstrated to detect abnormalities more 
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frequently than completion angiography  [  24  ] . Following 
intervention, intimal  fl aps, dissections, fractured plaques, and 
residual stenoses may be missed on angiography, particularly 
if multiplanar imaging has not been judiciously used. Given 
this, reports have even advocated for performing endovascu-
lar interventions using primarily duplex imaging at the time 
of the procedure rather than angiography  [  25  ] . Furthermore, 
abnormal duplex  fi ndings on post-procedure imaging have 
been associated with increased rates of adverse outcomes. 
Speci fi cally, patients with abnormalities on post-procedure 
duplex imaging when compared to patients with normal post-
procedure studies have been shown to have lower primary 
patency rates and higher rates of amputation  [  24,   26,   27  ] . 

 In addition to surveillance of the treated segment, duplex 
imaging after endovascular interventions is bene fi cial in rec-
ognizing lesions proximally and distally. This has been 
shown particularly in the iliac arteries, where up to 44% rest-
enoses occur above or below a treated segment and can be 
recognized by duplex surveillance  [  28  ] . Additionally, duplex 
surveillance of iliac lesions has demonstrated even greater 
utility in patients with concomitant out fl ow reconstructions, 
a population who is at greater risk for intervention failure 
 [  26  ] . With regard to femoropopliteal lesions, the natural his-
tory of stenoses treated using endovascular means and the 
progression of disease in untreated segments proximally and 
distally remains poorly elucidated, again, emphasizing the 
need for surveillance of the entire artery and the neighboring 
arterial segments.  

   Future Directions 

 Long-term durability of lower extremity endovascular inter-
ventions remains an issue which has plagued the advancing 
technology. Predictors of restenosis and failure of endovascular 
interventions include anatomic factors such as occlusions, long 
lesions, and multilevel disease along with patient factors includ-
ing hypercholesterolemia, hypertension, diabetes mellitus, and 
renal failure  [  15,   29–  31  ] . Additional factors that are likely to 
contribute to decreased long-term patency of endovascular 
interventions include the degree of calci fi cation, plaque ulcer-
ation, and other morphologic characteristics. These morpho-
logic factors have not been fully studied and are not routinely 
incorporated into pre- or post-procedure studies; however, fur-
ther investigation may lead to identifying plaque characteristics 
on pre- and post-procedure duplex imaging which may portend 
poorer longer-term outcomes and failure  [  32  ] . 

 With regard to treated lesions, their long-term natural his-
tory also remains unclear. Although restenosis is a well-
known complication of endovascular interventions, there are 
various patterns of restenosis in both the aortoiliac and femo-
ropopliteal segments. With this in mind, particular questions 
remain unanswered. In particular, do mid-stent restenotic 

lesions have a different natural history than stent margin 
lesions, and does anatomic location of a stent in fl uence the 
surveillance data? 

 Although we have described criteria of restenosis after 
angioplasty and stenting of the femoropopliteal segment, this 
data has not yet been fully validated against a known refer-
ence standard. Moreover, surveillance criteria for endovas-
cular interventions of aortoiliac disease are nonexistent, and 
criteria used for native vessels have been applied. It is evi-
dent that additional studies will need to be performed to fur-
ther develop and solidify these criteria such that they may 
then be broadly applied.  

   Conclusion 

 At present, there are no accepted standards for surveil-
lance following aortoiliac and femoropopliteal endovas-
cular interventions; however, it appears that surveillance, 
as for conventional bypass, is bene fi cial in identifying 
recurrent lesions which may preclude failure and occlu-
sion. In-stent stenosis following angioplasty and stenting 
can be predicted by both PSV and velocity ratio data as 
measured by duplex ultrasound. Although it has not been 
well-studied as of yet, it appears that applying these crite-
ria during routine surveillance will assist in preventing 
failure of endovascular interventions and concomitantly 
be associated with improved long-term functional capac-
ity and limb salvage.      
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 The use of percutaneous methods for access during coronary 
interventions continues to increase with more than 500,000 
coronary interventions performed annually in the United States 
 [  1  ] . In concert, the frequency of post-catheterization pseudoan-
eurysms continues to rise. Larger sheath sizes as well as more 
advanced anticoagulation regimens during and following per-
cutaneous procedures have resulted in larger arterial defects 
with decreased ability to obtain hemostasis at the puncture site. 
Attempts at addressing this problem with closure devices and/
or mechanical compression devices have failed to show clinical 
superiority to standard manual pressure  [  1  ] . Percutaneous-
based cardiac and peripheral vascular interventions have 
become  fi rst line in the management of most vascular pathol-
ogy. The vascular surgeon is often requested to evaluate and 
manage groin related complications following femoral artery 

access. Duplex ultrasound imaging in patients with symptom-
atic groin hematomas can identify complications related to the 
femoral artery puncture site. Hematomas, arteriovenous  fi stulas, 
and pseudoaneurysms can all be diagnosed with acceptable 
accuracy by experienced technicians. Iatrogenic pseudoaneu-
rysms (IPA) following percutaneous access of the femoral 
artery accounts for the majority of complications requiring fur-
ther evaluation in clinical practice. Diagnosis as well as treat-
ment of IPA in the twenty- fi rst century is managed almost 
exclusively by duplex technology. Therefore, the focus of this 
chapter is directed at evaluation and management of post-cath-
eterization femoral pseudoaneurysms. 

   De fi nition and Incidence 

 Pseudoaneurysms occur when a disruption in one or more 
layers of the arterial wall occurs. Arterial puncture sites that 
do not seal by the intrinsic physiologic hemostatic mecha-
nisms result in arterial bleeding into the soft tissue with sub-
sequent hematoma formation. Occasionally, the hematoma 
maintains a soft liquid central region while developing a  fi rm 
outer pseudocapsule. Blood is then permitted to freely circu-
late from the injured vessel outside into the soft tissue with-
out uncontrolled extravasation. The femoral artery is the 
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most common vessel for both cardiac and peripheral vascu-
lar interventions and therefore the most common site for 
pseudoaneurysm development. Risk factors for development 
of pseudoaneurysms include the use of anticoagulation either 
at the time of arterial cannulation or in the immediate post-
procedure period, increasing age, female gender, concomi-
tant venous puncture, and increasing sheath/catheter size  [  2  ]  
(Table  27.1 ). Location of arterial cannulation also affects the 
frequency of this complication. Examples of arterial cannu-
lation error include front and back wall arterial puncture. 
Puncture of the super fi cial or deep femoral arteries instead of 
the common femoral artery often leads to complications. The 
common femoral artery is anterior to the femoral head of the 
femur, and success of manual compression relies on a  fi rm 
structure posterior to the femoral artery to obtain hemostasis. 
Cannulation of the external iliac artery, above the inguinal 
ligament, does not allow adequate compression above the 
puncture site and frequently results in retroperitoneal 
bleeding.  

 The reported incidence of IPA ranges widely from 0.05% 
up to 9%. This wide incidence range is the result of varia-
tions in protocols used to assess IPAs. In a prospective study 
of over 500 patients with routine evaluations with duplex, an 
incidence of 7.7% was reported  [  3  ] . This  fi gure is substan-
tially larger than that seen in clinical practice, since only 
symptomatic patients are typically assessed. According to 
the Society of Cardiovascular and Interventional Radiology, 
an acceptable rate of IPA and/or arteriovenous  fi stula should 
be  £ 0.2%  [  4  ] .  

   Diagnosis 

 Clinical suspicion for IPA should follow any percutaneous 
intervention resulting in a swollen groin or soft tissue hema-
toma. Hard signs of persistent bleeding include pulsatile 
bleeding at the access site or expanding hematoma. The 
presence of a femoral bruit or thrill may also indicate an 
IPA; however, their absence does not exclude it. Most com-
monly, IPA is associated with a painful access site with 
associated hematoma and ecchymosis of varying size. 
Unfortunately, physical examination alone is notoriously 

inaccurate in identifying IPA. Angiography was historically 
the gold standard for diagnosis of IPA, until Mitchell et al. 
reported successful diagnosis by color duplex ultrasound in 
1987  [  5  ] . Since that time, arterial duplex evaluation has 
emerged as the gold standard and initial modality for diag-
nosing an IPA, with nearly 100% diagnostic accuracy. We 
typically use a 5- to 7-mHz probe in longitudinal orientation 
with vessel sampling and velocity measurements of the fem-
oral artery and its branches. Changing orientation to the 
transverse plane allows diagnostic con fi rmation, sac size 
measurement, and evaluation for presence of thrombus 
within the pseudoaneurysm (Fig.  27.1 ). Duplex evaluation 
should include views of the in fl ow, distal external iliac, 
common femoral, deep femoral, and proximal super fi cial 
femoral arteries. Visualization of the common femoral vein 
is particularly important to exclude the presence of an asso-
ciated arteriovenous  fi stula. IPA anatomic features to be 
reported should include maximum sac size, diameter of sac 
with  fl ow, sac shape, neck diameter, and length. The sac size 
of the pseudoaneurysm should be measured in maximum 
squared centimeters, which is the most important parameter 
for determining treatment options. However, the length and 
width of the neck are also important to record. Larger neck 
widths often directly correlate with larger arterial defects 
that are generally more refractory to treatment with mini-
mally invasive techniques. Multilobed IPA(s) likewise may 
be more dif fi cult to treat. In our previous series, up to 20% 
of IPA(s) were multilobed. Typical characteristics noted on 
duplex imaging include a swirling of color  fl ow within a 
hematoma outside of the underlying artery, color  fl ow signal 
in a tract leading to a sac, and classic to-and-fro color  fl ow 
in the pseudoaneurysm sac (Fig.  27.2 ).    

   Table 27.1    Risk factors for iatrogenic pseudoaneurysms   

 Increasing sheath size 
 Cannulation of artery other than common femoral artery 
 Calci fi ed artery 
 Increased body mass index 
 Concurrent anticoagulation 
 Combined arterial and venous puncture 
 Failure to provide appropriate postoperative compression 

  Fig. 27.1    B-mode image of preinjection partially thrombosed 
pseudoaneurysm       
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   Treatment Options 

   Observation 

 Several small studies have reported successful closure in 
more than 50% of pseudoaneurysms by observation alone; 
however, these studies were not able to identify variables that 
could accurately predict which IPA(s) could be safely 
observed. In a prospective study evaluating the natural his-
tory of femoral vascular complications following coronary 
catheterization, all puncture sites were evaluated with physi-
cal examination prior to patient discharge. This series 
reported observation of seven femoral pseudoaneurysms 
with maximum sac diameter  £ 3.5 cm with no complications 
and 100% thromboses at 4 weeks  [  2  ] . In a series of similar 
size, 9 of 16 IPA(s) thrombosed with observation. Larger 
IPA(s) and those associated with anticoagulation were asso-
ciated with more frequent failures in the patients observed 
 [  6  ] . The largest series of conservative management of patients 
with femoral pseudoaneurysms is reported by Toursarkissian 
et al.  [  7  ] . Eighty-two patients with IPA(s) were followed at 2, 
4, 8, and 12 weeks with duplex imaging of the femoral artery. 
A spontaneous thrombosis rate was observed in 89% of 
patients with no adverse events noted during observation. 
The mean time for spontaneous closure was 23 days, with 
mean 2.6 duplex examinations per patient performed  [  7  ] . 
Exclusion criteria for observation included IPA(s), >3 cm, 
concurrent anticoagulation, severe pain, or inability to com-
ply with recommended follow-up examinations. Unfortu-
nately, adoption of an observation policy for small IPA(s) 
(1–3 cm) does raise some concerns. These concerns included 
compliance with follow-up, patient fears of aneurysmal rup-
ture (especially those with previous diagnosis of aneurysm), 

and  fi nally costs to the health care system. These concerns 
have modi fi ed our management strategy in select patients 
with pseudoaneurysms in this size range.   

   Ultrasound-Guided Compression 

 Until the early 1990s, femoral cutdown with suture repair of 
the femoral defect was the standard treatment for those not 
managed conservatively. In 1991, Fellmeth et al .  described a 
nonoperative technique for thromboses of IPAs and arterio-
venous  fi stulas. With an overall success rate of 93%, this 
noninvasive alternative to surgical repair was welcomed  [  8  ] . 
Following this initial report, the use of ultrasound-guided 
compression (UGC) became the  fi rst-line treatment for those 
who were hemodynamically stable and without associated 
infection or skin necrosis. This technique includes a linear or 
curvilinear probe (5 or 7 MHz) to compress the IPA and 
arrest IPA blood  fl ow. Real time, duplex, and color Doppler 
are used to identify the neck of the pseudoaneurysm. Manual 
compression is subsequently applied by the technologist to 
the neck of the aneurysm with the transducer, permitting 
 fl ow through the native artery while preventing  fl ow into the 
pseudoaneurysm sac. Continuous evaluation during com-
pression is essential to arrest  fl ow in the pseudoaneurysm sac 
and ensure  fl ow in the native artery. Pressure is maintained 
for 10-min intervals, at the end of which pressure is slowly 
released and  fl ow into the pseudoaneurysm reassessed. This 
is continued until thrombosis, operator fatigue, or patient 
discomfort occurs. Success with this treatment modality gen-
erally ranges from 60% to 90%  [  9–  11  ] . Despite this accept-
able success rate, compression times in excess of 1 h can be 
required and multiple compression sessions may be required 
to induce thrombosis of >10% of IPA(s). Factors associated 
with failed compression have been evaluated in previous 
publications. Ongoing anticoagulation has been shown in 
several series to signi fi cantly reduce successful compression, 
as reported by Coley et al.  [  10  ]  and Eisenburg et al.  [  12  ] . 
They describe failure rates of 38% and 70%, respectively, in 
anticoagulated patients, whereas failure rates in the groups 
without concurrent anticoagulation were 5% and 26%. In 
addition, 75% of those in Coley’s series ultimately had their 
anticoagulation stopped and underwent repeat UGC with 
successful thrombosis. Also a series by Dean et al. reported 
a 73% success rate of UGC in 77 patients with uninterrupted 
anticoagulation, with seven patients requiring multiple ses-
sions (12.5%) to obtain sustained thrombosis. Maximum 
aneurysm diameter appeared to be the best predictor of suc-
cessful treatment with UGC  [  13  ] . With increasing pseudoan-
eurysm sac size, the technical success of ultrasound-guided 
compression decreases. Coley et al. achieved a 100% success 
rate in pseudoaneurysms <2 cm but only a 67% success with 

  Fig. 27.2    Duplex imaging with to and fro  fl ow. Pseudoaneurysm neck 
marked       
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UGC in those 4–6 cm. Although it seems intuitive that a 
shorter tract length and larger neck diameter would have less 
success with compression, this has not been widely reported. 
Limited data is available on neck length or diameter on suc-
cess of ultrasound-guided compression. A small series 
reported a short tract length (<5 mm) had unfavorable com-
pression outcomes; however, this study was limited by a 
small sample size of only 12 patients  [  14  ] . 

 Complications following UGC include arterial or venous 
thrombosis. Also, several cases of pseudoaneurysm rupture 
have also been reported. Successful thrombosis occurs at an 
acceptable rate, but there are several limitations to this tech-
nique. These include the requirement at some facilities for a 
physician to be present during the entire procedure, potential 
long procedures times, local patient discomfort that often 
requires conscious sedation, and newer techniques with 
higher success rates now being available. 

   Ultrasound-Guided Thrombin Injection 

 In 1986, Cope and Zeit described a technique of ultrasound-
guided percutaneous injection of bovine thrombin into a 
pseudoaneurysm sac with successful thrombosis  [  15  ] . This 
technique was actually described prior to the adoption of 
ultrasound-guided compression. Although an appealing 
method for handling IPA, this technique took over a decade 
to widely replace ultrasound-guided compression. During 
that time interval, several authorities have compared their 
experience of ultrasound-guided compression to that of 
ultrasound-guided thrombin injection (UGTI)  [  16–  22  ]  
(Table  27.2 ). UGTI has greater technical success in all series 
included in this review. All series however are retrospective 
series except a small prospective randomized trial by Lonn 
et al. with 15 patients in each group  [  22  ] . In addition to great 
immediate technical success, the subsequent recurrence rate 
is also low  [  23–  36  ] .  

 UGTI can be performed at bedside or in the vascular 
laboratory. Some clinicians use local anesthetic; however, 
with experience single punctures can be achieved and con-
scious sedation has never been required in our experience. A 
1-ml syringe and spinal needle (20–22 gauge) is used to 
administer the bovine thrombin (100–1,000 units/ml). Using 
B-mode imaging, the needle tip is visualized and directed 
into the IPA sac (Fig.  27.3 ). The interventionalist should 
ensure the needle tip is just inside the sac and as far from the 
IPA neck as technically possible. This minimizes the chance 
of forcing thrombus or thrombin into the neck and the native 
circulation. Injection is performed into the sac under duplex 
visualization at 0.1-ml increments until successful oblitera-
tion of  fl ow into the aneurysm sac is achieved (Fig.  27.4 ). 
Thrombin is an active form of factor II (prothrombin). It 
transforms inactive  fi brinogen to  fi brin, its active form. 

Fibrin subsequently contributes to thrombus formation. As a 
result of limited blood  fl ow in the pseudoaneurysm sac, 
thrombin can propagate thrombus that would often be 
cleared in sites of normal blood  fl ow. After successful 

   Table 27.2    Ultrasound-guided compression (UGC) versus ultrasound-
guided thrombin injection (UGTI)   

 Reference   N  (UGC)/(UGTI) 
 Success (%) (UGC)/
(UGTI) 

 Weinmann et al.  [  16  ]   30/33  87/100 
 Gorge et al.  [  17  ]  a   36/30  17/93 
 Taylor et al.  [  18  ]   40/29  63/93 
 Stone et al.  [  19  ]   47/27  57/96 
 Paulson et al.  [  20  ]   281/26  74/96 
 Khoury et al.  [  21  ]   189/131  75/96 
 Lonn et al.  [  22  ]  b   15/15  40/100 

   a Prospective, all patients initially UGC, UGTI if failed compression 
  b Prospective randomized trial  

  Fig. 27.3    Needle tip located away from pseudoaneurysm neck       

  Fig. 27.4    Duplex imaging successful of thrombosis pseudoaneurysm. 
Absent color  fl ow visualized       
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thrombosis, the native circulation is assessed for changes 
compared to the preprocedural status. Following successful 
thrombosis, bed rest is recommended for a period of 4–8 h.   

 Complications following thrombin injection are reported 
infrequently. The most feared complications are arterial 
thrombosis and distal embolization. Distal embolization has 
occurred in less than 1% of the reviewed literature, with 
some authors noting improved circulation spontaneously. 
Others have been successfully treated by intra-arterial throm-
bolytic therapy or surgical thrombectomy. Limited evidence 
suggests that distal embolization is associated with short and 
wide pseudoaneurysm necks. Also, most cases reported in 
the literature have occurred in aneurysms with maximum sac 
diameter <3 cm. Other complications seen only in case 
reports include allergic reactions to bovine thrombin with 
severity ranging from generalized urticaria to anaphylaxis. 
Infection after injection has also been reported occasionally, 
and one case of rupture was identi fi ed in a comprehensive 
literature review.   

   Experience from Our Institution 

 As a high volume cardiac and vascular intervention center 
with over 10,000 femoral artery access procedures annually, 
we have had extensive experience with post-catheterization 
pseudoaneurysms. We  fi rst reported our early results of 
duplex-guided thrombin injection versus ultrasound-guided 
compression in 2003  [  19  ] . With successful thrombosis in 
only 57% of those with compression therapy as opposed to 
97% with duplex-guided thrombin injection, the use of com-
pression therapy has been abandoned at our facility. Further 
experience of 82 patients with iatrogenic pseudoaneurysms, 
including 12 complexes, demonstrated successful thrombo-
sis in 97% of patients treated with UGTI. We also reviewed 
the number of duplex studies in these patients which often 
included diagnostic, treatment, and follow-up examination. 
Since we determined only 5% of the follow-up ultrasounds 
were clinically signi fi cant, we have adopted a policy of clini-
cal follow-up after successful thrombosis. We also compared 
our recurrence rate with that of over 600 iatrogenic pseudoa-
neurysms in the available literature and found <3% recur-
rence rate after successful duplex-guided thrombin injection 
(Table  27.3 ). As a result of these excellent technical success 
rates, low recurrence rates, and overall patient acceptance 
and applicability, our group and most vascular specialists 
now consider duplex-guided thrombin injection as the initial 
treatment of choice. Further experience at our institution has 
adopted a fast track approach to pseudoaneurysms which 
include treatment at the time of diagnosis and limiting duplex 
examinations as a cost-effective method  [  38  ] . Additionally, 
with the success and safety of this treatment strategy, we also 
perform UGTI in an outpatient setting for those requiring 

treatment after discharge or in patients who fail observation. 
This includes treatment in our vascular laboratory with the 
patient returning to our preadmission area for discharge after 
bed rest of 4–6 h.  

 Currently, we are reviewing our results of managing 
patients with IPA that underwent coronary artery bypass 
grafting within 30 days of diagnosis. Previously, we recom-
mended routine surgical repair at the time of CABG in those 
patients diagnosed with IPA. This is based on the concern of 
aggressive anticoagulation at the time of surgery and bleed-
ing from the IPA. Upon review we have managed over 
20 patients similar to patients not scheduled for CABG. This 
has included observation of those with sac size <3 cm and 
UGTI for those >3 cm. We have found no cases that have 
required emergent repair during the hospitalization and no 
recurrences in those successfully treated with UGTI.  

   Future Trends 

 Recently, a series has evaluated patients with suspected 
pseudoaneurysms with both laboratory and noninvasive 
imaging  [  39  ] . Platelet counts and D-dimer levels were ana-
lyzed in relation to presence or absence of femoral pseudo-
aneurysm, as well as maximum aneurysm size. D-dimer 
(ug/ml) levels were signi fi cantly higher in patients with 
pseudoaneurysms compared to those without ( p  < .001). Also 
the serum platelet count was signi fi cantly lower in patients 
with pseudoaneurysm, 172 × 1000/μL versus 274 × 1000/μL 
in patients without IPA. The potential of these  fi ndings is 

   Table 27.3    Literature review of PSA recurrences   

 Author 
 Number of successful 
initial DGTI 

 Number of recurrence 
at follow-up 

 Liau et al.  [  23  ]   5  0 (24 h) 
 Kang et al.  [  24  ]   20  0 (1–4 days) 
 Lennox et al.  [  25  ]   30  0 (1 day and 

3 weeks) 
 Brophy et al.  [  26  ]   15  0 (1 week) 
 Sackett et al.  [  27  ]   29  0 (24 h) 
 Pezzullo et al.  [  28  ]   23  1 (24 h) 
 Paulson et al.  [  20  ]   23  0 (24 h) 
 Tamim et al.  [  29  ]   10  0 (1 and 3 weeks) 
 La Perna et al.  [  30  ]   66  3 (24 h) 
 Calton et al.  [  31  ]   52  2 (24 h) 
 Sheiman et al.  [  32  ]   50  0 (within 10 days) 
 Olson et al.  [  33  ]   17/15  1 (24 h)/1 (1 week) 
 Friedman et al.  [  34  ]   40  0 (24 h)/1 (1 week) 
 Khoury et al.  [  21  ]   126  9 (1–30 days) 
 Chattar-Cora et al.  [  35  ]   39  0 (24 h) 
 Krueger et al.  [  36  ]   110  6 (24 h)/4 (1 week) 
 Paulson et al.  [  37  ]   103  0 (24 h) 
 Stone et al.  [  38  ]   103  2 (1 week) 

   PSA  pseudoaneurysms,  DGTI  duplex-guided thrombin injection  
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important to clinical practice. If future larger studies sup-
port these results then D-dimer might be used to determine 
which patients with groin hematomas should undergo ultra-
sound imaging to rule out IPA. A high negative predictive 
value of a low serum D-dimer could reduce the number of 
negative ultrasound exams in patients with groin 
hematomas.  

   Surgical Intervention 

 Under some circumstances, surgical repair remains the best 
treatment strategy to address IPA. Patients presenting with 
hemodynamic instability and soft tissue infection should 
have surgical repair. In addition, those patients with failed 
minimally invasive techniques should be considered for sur-
gical repair (Fig.  27.5 ).   

   Conclusion 

 With increasing numbers of percutaneous-based proce-
dures for both cardiac and peripheral vascular pathology 
and the use of more advanced anticoagulation regimens, 
iatrogenic pseudoaneurysms will continue to occur 
despite our best efforts. An ultrasound-guided diagnosis 
and treatment paradigm is available with nearly 100% 
accuracy for both diagnosis and treatment. Duplex 
image-guided therapy is now considered the  fi rst-line 
management of iatrogenic pseudoaneurysms replacing 
ultrasound-guided compression or surgical repair in 

most instances. Vascular specialist should be familiar 
with how to evaluate and manage this complication of 
arterial cannulation.      
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   Introduction 

 The goal of this chapter is to discuss the following topics: 
(1) distinct goals of speci fi c vascular laboratory arterial 

examinations, (2) detailed protocols for duplex ultrasound 
arterial mapping (DUAM), (3) various philosophies for imple-
mentation of a preoperative arterial ultrasound mapping, and 
(4) advantages of DUAM over contrast arteriography (XRA), 
magnetic resonance angiography (MRA), and computed 
tomography arteriography (CTA). This discussion represents a 
summary of the experience acquired with over 2,000 lower 
extremity arterial revascularization procedures performed 
based on preoperative and perioperative ultrasound imaging 
 [  1–  13  ] . 

 The distinct goals of speci fi c arterial examinations include 
(1) screening, (2) de fi nitive diagnosis, (3) preoperative or pre-
procedural mapping, (4) intraoperative assessment either dur-
ing open or endovascular surgery, and (5) postoperative 
follow-up evaluation. The various protocols for arterial imag-
ing can be detailed and time consuming or short and very 
targeted. Advanced communication between sonographer and 
surgeon planning the procedure for every particular patient is 
necessary to save time by creating imaging shortcuts. 

 The philosophies or steps for implementation of a periph-
eral arterial mapping protocol include (1) identi fi cation of 
the primary objective for every particular assessment, 
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(2) comparison of ultrasonographic and arteriographic 
 fi ndings for speci fi c segments of the peripheral arterial tree, 
(3) evaluation of virtual decision making based on ultra-
sound examinations, (4) appraisal of actual decision mak-
ing, and (5) assessment of procedures based entirely on 
preoperative and perioperative ultrasound imaging. 

 Advantages of DUAM are primarily based on imaging of 
the arterial wall and hemodynamic data availability in addi-
tion to lower cost, portability, noninvasiveness, freedom of 
malignancy risk, and concomitant mapping of veins to be 
used as arterial conduit.  

   Arterial Examinations 

 This section summarizes details of speci fi c arterial examina-
tions according to their goals and objectives  [  1–  16  ] . It ful fi lls 
the  fi rst two objectives of this chapter. 

   Screening 

 Peripheral arterial screening is commonly consists of the 
measurement of ankle pressures. Systolic ankle pressures are 
compared to brachial pressures, and the ankle-brachial sys-
tolic blood pressure ratio, or ankle-brachial index (ABI), is 
calculated. An ABI below 1 is abnormal and warrants further 
investigation of the peripheral vascular system. An ABI below 
0.5 suggests severe peripheral arterial disease and evaluation 
by a vascular surgeon or interventionist. Contrary to the popu-
lar belief, we feel that the lowest ABI should be employed as 
a screening criterion  [  17  ] . Relation of calf arterial perfusion 
rate is stronger to the lowest than highest ABI. 

 Flow waveform analysis of the anterior and posterior tib-
ial arteries at the ankle may replace ABI as a screening 
method, particularly in the diabetic and renal insuf fi ciency 
patients with incompressible arteries. Arterial incompress-
ibility may be total or partial, resulting in nonmeasurable or 
falsely elevated ABI  [  18  ] . The toe-brachial index could also 
be used as a screening method in patients with incompress-
ible tibial arteries  [  19–  21  ] . Triphasic  fl ow waveforms are 
normal. Monophasic waveforms suggest severe peripheral 
arterial occlusive disease.  

   De fi nitive Diagnosis 

 Although pulse volume recording (PVR) and segmental pres-
sure measurements have been used in the vascular laboratory, 
a protocol based on ABI and  fl ow waveforms obtained at the 
common femoral, midsuper fi cial femoral, popliteal, and dis-
tal tibial arteries is recommended from the perspective of 
arterial mapping. With this protocol, an expert interpreter can 

predict the levels of signi fi cant arterial obstruction with accu-
racy greater than 80% when compared to X-ray arteriogra-
phy  [  22,   23  ] . Upper calf and thigh pressures may not present 
additional information once the ABI and waveforms are ana-
lyzed. From the arterial mapping learning point of view, the 
early experience can be acquired with a continuous-wave 
Doppler. The sooner the sonographer starts using a duplex 
scanner to obtain the waveforms, the better. The next training 
step would be to scan the femoropopliteal arteries while 
looking for the sites to collect the waveforms. With this 
approach, the sonographer is acquainted with arterial map-
ping of the ankle and from below the knee to the groin. Proper 
imaging at the adductor canal level requires speci fi c training. 
Additional experience is needed for upper calf and aortoiliac 
arterial mapping.  

   Preoperative Mapping 

 DUAM of the lower extremities requires information about 
the procedure being considered based on clinical  fi ndings 
and de fi nitive diagnosis. Clinical  fi ndings may dictate if 
treatment is limited to the aortoiliac segment or the femorop-
opliteal segment or if a distal bypass is being considered. 
The aortoiliac or femoropopliteal treatment may be a bypass 
or an endovascular procedure. The protocols for arterial 
mapping described below are subdivided into three seg-
ments: (1) aortoiliac, (2) femoropopliteal, and (3) infrapo-
pliteal. They are complemented by venous mapping if an 
autogenous conduit is considered. 

   Aortoiliac Segment 
 A long protocol demands an attempt at a complete aortoiliac 
mapping from the renal arteries down to the groin. Imaging 
of the aortoiliac segment may be suspended (1) if the pri-
mary objective is infrainguinal revascularization, (2) if the 
waveform of the common femoral artery is clearly triphasic, 
and (3) if intraoperative pressure measurements are sched-
uled following the infrainguinal procedure. 

 The patients receive instructions to get ready for an 
abdominal ultrasound scan. They should not eat, chew gum, 
or smoke for about 10 h prior to the examination, usually 
scheduled in the morning. Antigas medication is recom-
mended if not contraindicated. 

 A low-frequency abdominal transducer is commonly used 
to image the aorta and its bifurcation. Imaging is performed 
in transverse, longitudinal, and oblique planes, pending aor-
tic elongation and tortuosities. Aortic  fl ow waveforms are 
obtained above and below the level of the renal arteries and 
proximal to the aortic bifurcation. Occlusion, aneurysms, 
conditions of the arterial wall, and degree of stenosis are 
assessed based on B-mode, color  fl ow, or power Doppler 
imaging. Local increase in velocity may be employed to 
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grade severe stenosis. If dilatation of a stenosis is considered, 
the test may be repeated after treadmill exercise. 

 The iliac arteries are also commonly imaged with a low-
frequency abdominal transducer. Patient size may allow the use 
of a linear transducer, particularly during imaging of the exter-
nal iliac artery. Images are obtained in transverse, longitudinal, 
and several oblique positions. Patient and transducer position-
ing are constantly changed to obtain appropriate images. 
Forceful pressure to bring the transducer closer to the iliac 
artery segment under scrutiny is common. Flow waveforms are 
obtained at the proximal and distal common iliac arteries and at 
various segments of the external iliac artery. Occlusion, aneu-
rysms, stenosis, and conditions of the arterial wall are observed 
with B-mode, color  fl ow, and power Doppler imaging. Aliasing 
and increased velocities are scrutinized at stenotic sites. Usually, 
a local doubling in peak systolic velocity represents a hemody-
namic signi fi cant stenosis corresponding to a 50% diameter 
reduction. A local tripling in peak systolic velocity corresponds 
to a severe stenosis greater than 75% diameter reduction 
(Fig.  28.1 ). A signi fi cant stenosis should result in a monophasic 
 fl ow waveform distal to the stenotic site. Plaques in large iliac 
arteries, however, may not alter the triphasic characteristic of 
the common femoral waveform. Examination after treadmill 
exercise is recommended to evaluate such cases  [  24  ] .  

 Patency or obstruction of the iliac arteries and aorta is 
reevaluated during the treatment procedure. Intra-arterial 
pressure measurements are performed from the groin and 
compared to brachial pressures. A decrease greater than 
20 mmHg indicates the presence of a hemodynamically 
signi fi cant stenosis. Pressure measurements are more sensi-
tive to detection of a stenosis once iliac  fl ow is increased 
after an infrainguinal procedure. The drop in pressure across 
a stenosis is proportional to the  fl ow rate through the lesion. 
Pending intra-arterial pressure evaluation, dilatation, and 

perhaps stenting of the iliac artery may be considered in 
addition to infrainguinal reconstruction. 

 In summary, the long protocol requires imaging from the 
perirenal aorta to the groin in both extremities. The short 
protocol does not include aortoiliac mapping if the common 
femoral waveforms are clearly triphasic and intra-arterial 
pressures are going to be measured during the treatment 
procedure.  

   Femoropopliteal Segment 
 DUAM is commonly performed with a high-frequency 
linear transducer. Imaging of the adductor canal may have to 
be performed with a low-frequency sector probe in the patient 
with a large thigh. A monophasic  fl ow waveform in the 
popliteal artery is indicative of severe stenosis or segmental 
occlusion of the femoropopliteal segment. The scan of these 
arteries is performed in transverse and/or longitudinal sec-
tions to obtain B-mode, color  fl ow, and/or power Doppler 
images. High persistence and low velocity scale improve 
detection of low  fl ow in obstructed arteries. Many patients 
requiring treatment have segmental occlusion(s) of the femo-
ropopliteal arteries. 

 Endovascular treatment of this segment requires complete 
mapping. Serial signi fi cant stenoses or occlusions can be 
present. 

 A short protocol can be established if the patient is a 
candidate for a distal bypass or even a femoropopliteal 
bypass. The arterial mapping continues from the common 
femoral to the site of most proximal occlusion or severe 
stenosis. The site of a proximal anastomosis is then selected 
within this patent segment. The scan is then restarted at the 
popliteal artery. This artery is scanned in its entirety to 
determine if it is a candidate for the site of the distal anas-
tomosis (Fig.  28.2 ).  

  Fig. 28.1    Signi fi cant increase in local velocity, con fi rmed by aliasing 
in color and PSV ratio. Severe peroneal artery stenosis suggested based 
on PSV ratio >3 (458.3/149 = 3.07)       

  Fig. 28.2    Longitudinal image of the popliteal artery showing irregular 
plaque. Imaging must continue distally in search of a distal anastomotic 
site       
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 Occlusions are con fi rmed by lack of color  fl ow or Doppler 
waveforms performed in very low, high sensitive velocity 
scales. The  fi rst stenosis may be graded based on velocity 
measurements. Doubling or tripling at the stenotic locale 
indicates a hemodynamic signi fi cant or severe stenosis, usu-
ally equated to a 50% or 75% diameter reduction. The hemo-
dynamic energy lost in the  fi rst stenosis precludes velocity 
grading of additional, distal, sequential stenoses. It may be 
possible to locate such stenoses based on aliasing at low, 
high sensitive color  fl ow velocity scales. An apparent alias-
ing signal may be obtained. Otherwise, stenoses are per-
ceived based on narrowing of the color  fl ow channel 
(Fig.  28.3 ). Branch analysis clari fi es sites of collateral  fl ow 
takeoff prior to severe obstructions and/or collateral  fl ow 
reentry distal to such obstructions.  

 In summary, a long femoropopliteal imaging protocol is 
required prior to an endovascular procedure. A short proto-
col from the common femoral down to the  fi rst occlusion/
severe stenosis site is acceptable to select the location of the 
proximal anastomosis of a bypass graft. Imaging of the entire 
popliteal artery is recommended in both instances. Imaging 
must continue distally in search of a distal anastomotic site. 
Color  fl ow bleeding beyond stenotic lumen or noncircular 
lumen requires additional imaging for a complete 
evaluation.  

   Infrapopliteal Arteries 
 Imaging of diseased infrapopliteal arteries demands appro-
priate patient preparation. The room and the patient must be 
warm. Creating conditions for vasodilation of the peripheral 
arteries helps detection of patent segments. Mapping may 
actually be easier in patients with in fl ammatory or infectious 
conditions due to the degree of vasodilation already present. 
Detection of patent, small segments is most dif fi cult in 
extremities with severe rest pain and cold feet. Manual com-
pression maneuvers may elicit blood movement in apparently 

occluded segments. Performing the scan with the leg depen-
dent may actually help visualization of small arteries dilated 
by the hydrostatic pressure. Contrast ultrasound mapping is 
recommended prior to amputation based on lack of a distal 
target for a bypass graft. 

 DUAM is performed with high-frequency linear trans-
ducers. The posterior artery at the ankle is an easy start. 
Occlusion or patency is determined. If patent, the scan con-
tinues until the tibioperoneal trunk, if anatomically or ultra-
sonographically possible, or until a reentry branch distal to 
an occlusion. Edema, large legs, and occlusions make imag-
ing dif fi cult. Occlusions are documented by association with 
the posterior tibial veins (Fig.  28.4 ). Large legs and edema 
may have to be scanned with a low-frequency sector probe.  

 On occasion, color  fl ow imaging of a patent distal poste-
rior tibial artery is followed toward the posterior terminal 
branch of the peroneal artery into the peroneal artery. Once 
the proximal scan of the posterior tibial artery is completed, 
the scan continues distally through the common plantar 
artery and its bifurcation. The objectives of the distal scan 
are to  fi nd a potential plantar target for a distal anastomosis 
or to evaluate the posterior tibial artery runoff in case the 
distal anastomosis is to be placed at the calf or ankle level. A 
short protocol may start at the ankle and stop at the most 
distal location of a stenosis or occlusion that needs to be 
bypassed. Wasting time imaging occluded or diseased arter-
ies that are going to be bypassed is avoided. 

 The mapping of the anterior tibial artery follows a similar 
routine in the anterior compartment. First, the segment at the 
ankle is evaluated. The relation to the tibia and  fi bula is essen-
tial for identi fi cation of the anterior tibial artery. The learning 
of cross-sectional anatomy is extremely valuable. A mono-
phasic waveform indicates proximal severe stenosis or occlu-
sion. The scan toward the popliteal artery can be performed 
in transverse or longitudinal sections. Although a B-mode 
scan is potentially feasible, longitudinal color  fl ow or power 

  Fig. 28.3    Critical (87.88%) restenosis in the previously stented 
super fi cial femoral artery       

  Fig. 28.4    Imaging of the posterior tibial veins identi fi es the occluded 
artery as the posterior tibial artery       
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Doppler imaging is most common and practical. A patent 
distal anterior tibial may be fed via the anterior  terminal 
branch of the peroneal artery. The anterior tibial veins are 
smaller than the posterior tibial veins. Therefore, identi fi cation 
of potentially occluded segments must rely on other second-
ary information. For example, the arterial channel may appear 
irregular in sites where the  fl ow is diverged via short collater-
als. Long collaterals may also take over the task to deliver 
blood to patent distal segments. A sector probe may be needed 
to image the proximal part of the anterior tibial artery. From 
a posterior approach, the anterior tibial artery branches deeply 
from the popliteal artery. A common beginner’s error is to 
identify a super fi cial, posterior branch of the popliteal artery 
as the anterior tibial artery instead of a geniculate branch or 
an artery toward the gastrocnemius muscle. 

 Once the proximal scan of the anterior tibial artery is com-
pleted, the scan continues distally through the dorsal pedal 
artery. It is necessary to pay attention to anatomic variants that 
include tarsal arteries or unusual endings of the anterior termi-
nal branch of the peroneal artery. The dorsal pedal divides into 
a deep plantar branch that communicates with the posterior 
circulation and a more super fi cial transmetatarsal artery that 
eventually feeds the digits. The objectives of the distal scan 
are to  fi nd a potential pedal target for a distal anastomosis at 
the dorsal pedal artery or to evaluate the anterior tibial artery 
runoff in case the distal anastomosis is to be placed at the calf 
or ankle level. A short protocol may start at the ankle and stop 
at the most distal location of a stenosis or occlusion that needs 
to be bypassed (Fig.  28.5 ). Wasting time imaging occluded or 
diseased arteries that are going to be bypassed is avoided.  

 The peroneal artery is approached with a high-frequency 
probe at a posterolateral position. Learning cross-sectional 
anatomy to identify the peroneal vessels in relation to the 
 fi bula is recommended. Longitudinal color  fl ow or power 
Doppler scanning is preferred to transverse or B-mode imag-
ing for practical reasons. If possible, a transverse scan is 

highly informative about other arteries, veins, and anatomic 
references. Completion of a peroneal artery scan is less likely 
than completion of a posterior tibial or anterior tibial artery 
scan. The problems are encountered in a large, edematous 
calf. The proximal peroneal artery and the tibioperoneal trunk 
are often dif fi cult, and they may have to be studied with a low-
frequency sector probe. Branching and collateral networks 
may create dif fi culties in identifying a patent peroneal artery. 
Bypasses have been extended to a branch of the peroneal 
artery initially identi fi ed as the peroneal artery on arteriogra-
phy. Ultrasound has the advantage of identifying the peroneal 
veins adjacent to the peroneal artery. The anterior and poste-
rior terminal branches of the peroneal artery may feed the dis-
tal posterior tibial and anterior tibial arteries. Therefore, 
posterior or anterior tibial ABIs may actually represent per-
oneal pressures. A short protocol may start at the ankle and 
stop at the most distal location of a stenosis or occlusion that 
needs to be bypassed. Wasting time imaging occluded or dis-
eased arteries that are going to be bypassed is avoided.  

   The Anastomotic Site 
 Ultrasound B-mode imaging allows for detailed examination 
of the arterial walls. A thin,  fl exible, compressible arterial 
segment can be selected. A rigid, calci fi ed wall can be 
avoided. Although calci fi cation may be a hindrance for ultra-
sonic evaluation    of some stenoses, a great advantage of ultra-
sound is to identify all calci fi ed segments and redirect the 
anastomotic site to a soft arterial segment. The surgeon may 
opt for a local endarterectomy and patch over a stenotic site 
to provide blood  fl ow not only distally but proximally also. 
Often the bypass graft provides enough pressure to dilate 
small arteries and collaterals that feed the muscles upstream. 
A decision has to be made if the arterial wall is thickened. 
Initially, the tendency is to avoid a thickened wall as a site for 
a distal anastomosis. Close examination, however, has shown 
that vascular surgeons have approached thickened arteries 
and have performed anastomoses in arteries apparently nor-
mal by arteriography. Indeed, if needed, an anastomosis may 
even be performed over a calci fi ed segment  [  25  ] . Nevertheless, 
ultrasound imaging can classify the segments into soft, thick-
ened, or calci fi ed.  

   Vein Mapping 
 Arterial mapping should either start or end with vein map-
ping, particularly if a distal bypass graft is being considered 
as treatment  [  13  ] . Anastomotic sites may be altered based on 
length of vein available for the bypass. Saphenous or arm 
vein mapping is performed with high-frequency transducers. 
Venous patency and conditions of the vein wall are evalu-
ated. Diameters and length of vein available are measured. 
Location of the vein may be marked on the skin to facilitate 
the surgical procedure. Tributaries may be marked if an in 
situ bypass is being considered. A cephalic vein 2 mm in 

  Fig. 28.5    Short    focal occlusion of proximal anterior tibial artery ( arrow )       
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diameter often dilates to become a 4-mm bypass graft  [  26  ] . 
The arm veins dilate with placement of a tourniquet in the 
upper arm. Saphenous veins do not dilate as much. A dilation 
maneuver to determine if vein diameter can increase with 
temperature or hydrostatic pressure is recommended if the 
saphenous vein diameter is less than 4 mm. The vein wall 
must be thin. Thickened walls suggest a previous event of 
venous thrombosis. Usually these vein segments are avoided. 
Valve sinuses can be disrupted. The ultrasound imaging 
shows various structures apparently  fl oating in the vein valve 
sinus region. The potential for causing graft stenosis or 
occlusion exists if these segments are implanted. 

 In summary, veins are mapped in conjunction with the 
arteries to plan for arterial revascularization. The conditions 
of the venous wall, vein diameters, and length available are 
recorded.   

   Posttreatment Follow-Up 

 Ultrasound or physiologic testing is recommended to follow 
patients (1) with mild peripheral arterial disease, (2) treated 
medically, (3) who had an endovascular procedure, or (4) 
who had open surgery, particularly a bypass graft.  

   Procedure Follow-Up 

 Follow-up of bypass grafts in the postoperative period and at 
3, 6, 9, 12, 18, and 24 months and yearly thereafter is recom-
mended. Long protocols include evaluation of the bypass 
graft and proximal and distal arteries, particularly the bypass 
runoff arteries. A stenosis can be graded based on the 
B-mode/color  fl ow imaging or on increased velocities. The 
scan must continue after one defect is found. The graft or 
arteries may have additional stenoses. A short protocol can 
be performed based on the measurements of volumetric 
blood  fl ow rate in milliliters/minute. If a  fi rst ultrasound scan 
is normal, then  fl ow rate can become a parameter to indicate 
the need for another complete scan. If  fl ow rate decreases by 
20–30% between tests, then a complete scan is indicated. 
Several details, however, must be followed during  fl ow rate 
measurement. Only pulsatile  fl ow must be considered. 
Diastolic  fl ow is variable and adaptable to numerous condi-
tions of vasodilation. It is recommended that measurements 
be performed in similar conditions of vasodilation as indi-
cated by toe temperatures. Recommended toe temperature 
for such measurements is 28°C (26–30°C). Another indica-
tion for a full duplex ultrasound evaluation is if pulsatile  fl ow 
rate falls below a minimum  fl ow threshold value indicating 
poor perfusion: <50, 40, 30 ml/min of pulsatile  fl ow for 
bypass grafts to the popliteal, tibial, or paramalleolar level, 

respectively. Low  fl ow states are not caused only by graft or 
peripheral arterial obstruction. A failing heart is often the 
cause of a low  fl ow state. A low  fl ow state with unobstructed 
peripheral conduits is an indicator of a poor heart condition 
with a high mortality rate within 1 year. The natural history 
of endovascular procedures has yet to be determined for most 
of the procedures now performed. Follow-up, therefore, 
should be more stringent than that for bypass grafts. A full 
duplex ultrasound evaluation is recommended. Sites of wall 
thickening, neointimal proliferation, and stenoses are docu-
mented with imaging and velocity measurements. Stents 
have different compliance than arteries, apparently causing 
increases in velocity. Criteria used to classify arteries as nor-
mal or stenosed still need to be adapted to stented conduits. 
In summary, peripheral arterial procedures must be followed 
routinely and constantly at least for the  fi rst 12 months. 
Detection and treatment of stenoses provide better long-term 
patency rates than thrombectomy of an occluded bypass or 
than a secondary vascular reconstruction  [  27  ] .  

   Patient Follow-Up 

 Patient follow-up includes testing the contralateral limb 
besides evaluation of an extremity treated with open or endo-
vascular surgery. Eventually, the contralateral limb will 
demand similar treatment. Patients treated medically are 
often tested annually in the vascular laboratory. Patients at 
risk of developing signi fi cant peripheral arterial occlusive 
disease should also be tested routinely. All these patients 
bene fi t from a vascular rehabilitation program designed to 
educate patients on risk factors, peripheral arterial disease, 
dieting, and exercise habits. Indeed, patient conditioning is 
suggested prior to surgical treatment to potentially minimize 
the operative morbidity.   

   Implementation 

 This section deals with the third objective of this chapter. It 
discusses several philosophies to prepare a team for DUAM 
as the sole preoperative imaging modality prior to open or 
endovascular surgery to treat the ischemic leg. 

   Fundamental Objective 

 Many have the misconception that the fundamental objective 
of DUAM is to replace X-ray contrast arteriography. Such a 
concept is fundamentally wrong. As an analogy, one of the 
problems with a nuclear power plant that had to be closed 
was that they were not monitoring the fundamental variable. 
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A valve was being monitored as closed or opened. That is an 
indirect variable. The fundamental information needed was 
if there was  fl ow or not through the valve. The valve could be 
closed and defective, allowing  fl ow of unwanted material 
through the conduit. 

 The fundamental objective of DUAM is to permit safe 
and effective treatment. For a bypass, for example, if DUAM 
permits appropriate selection of the locations for the proxi-
mal and distal anastomoses, then agreement with arteriogra-
phy becomes secondary. 

 An important point to consider is that several alternatives 
of treatment exist. A patient may go to different doctors and 
receive different proposals of treatment. Indeed, a study 
demonstrated that the same surgeon, receiving the same clin-
ical and imaging information, may opt for different forms of 
treatment in almost one-third of the cases  [  28  ] . More 
speci fi cally, one service may have preference to perform a 
bypass to the peroneal artery, while another service may use 
the anterior tibial artery as the preferred target. The funda-
mental concept is that DUAM becomes very effective if it is 
the target for the particular surgeon or team that is actually 
treating the patient. Constant and speci fi c communications 
between the ultrasonographer and the surgical team are a 
major prerequisite for successful preoperative arterial map-
ping. This principle is also applicable to arteriography. If a 
clinical decision has been made to treat the aortoiliac seg-
ment, an infrainguinal arteriogram is unnecessary. In con-
trast, a beautiful arteriogram of the proximal arteries is 
unnecessary if the surgeon needs a detailed evaluation of the 
arteries of the leg and foot  [  29  ] . 

 In summary, the fundamental objective of DUAM is to 
provide information for effective treatment, not to mimic 
arteriography. The needs of the treatment team must be met. 
Continuous interaction between the vascular laboratory and 
the surgical team creates the basis to accomplish the funda-
mental objective of DUAM.  

   Learning Phase 

 The learning phase includes a gradual evolution from detec-
tion of  fl ow waveforms with a continuous-wave Doppler to 
complete or limited imaging protocols to de fi ne the operative 
procedure. Progressively, this phase includes detection of 
 fl ow waveforms at the common femoral, super fi cial femoral, 
and distal infrapopliteal arteries with a duplex ultrasound 
scanner. Segmental imaging and  fl ow evaluation are accom-
plished. The next step is to image the entire femoropopliteal 
segment as waveforms are recorded during a segmental 
physiologic evaluation. Imaging of the aortoiliac segment 
and of infrapopliteal arteries then becomes the hardest step. 
As the training, skills, and con fi dence improve, then the steps 

described below represent alternatives to document the 
quali fi cations of the team.  

   Comparison with Arteriography 

 The initial training most likely includes comparison between 
DUAM and arteriography or, now, MRA  [  6,   9,   10,   13,   15  ] . 
Several studies have compared accuracy, sensitivity, 
speci fi city, and predictive values of ultrasound mapping to 
arteriographic  fi ndings. Some have had better success in 
detecting obstructions in the aortoiliac segment and others in 
the femoropopliteal segment. Agreement in the comparison 
of infrapopliteal  fi ndings has been inferior to agreement in 
the comparison of  fi ndings in the most proximal segments. 
One error is to consider arteriography or MRA as reference 
standards. These techniques often fail to demonstrate arteries 
distal to occlusions or do not have enough anatomical land-
marks for the necessary identi fi cation of the vessels visual-
ized. Ultrasound is often incomplete in large, edematous 
segments with calci fi ed arteries. Another drawback noted in 
several studies was the strict dependence on velocity mea-
surements only. Increased velocities are inadequate for anal-
ysis of secondary, distal stenoses. All color  fl ow duplex 
Doppler information must be considered. Apparently, docu-
mentation of a patent segment by any technique should be 
the standard. Nevertheless, segmental comparison with arte-
riography or MRA helps training of the ultrasonographer and 
improves con fi dence to determine if the ultrasound is infor-
mative, in agreement or not with other techniques.  

   Virtual Decision Making 

 Studies have compared surgical decisions based on ultra-
sound mapping with decisions based on arteriographic imag-
ing  [  13,   30,   31  ] . Usually, such decisions were from different 
interpreters. Although this process is effective for training, it 
fails to consider that multiple alternatives for treatment are 
possible in many patients. Furthermore, interpersonal vari-
ability in surgical decision making must be taken into 
consideration. 

 A variant of virtual decision making that was successful at 
the Maimonides Medical Center was to analyze the decision 
made by one vascular surgeon based on the surgeon’s own 
ultrasound scanning. A senior vascular surgeon accepted or 
rejected the surgical decision based on ultrasound while 
observing the corresponding arteriogram. This learning 
phase demonstrated that 15 cases were needed to educate the 
ultrasonographer and to perceive the preferences of the vas-
cular surgeon. Another lesson was to recognize when the 
ultrasound examination was incomplete either due to ana-
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tomic or pathologic constraints or to lack of patient coopera-
tion with the study. Patients in contracted positions, or 
constantly moving, for example, are not ideal for ultrasound 
mapping.  

   Actual Decision Making 

 Several variants at various levels are available for actual 
decision making:
    1.    The patient may be scheduled for surgery based on the 

ultrasound mapping with the plan to perform an intraop-
erative, pretreatment, or prebypass arteriogram.  

    2.    The treatment plan or the bypass may be actually carried 
out based on the preoperative ultrasound mapping, and 
completion X-ray arteriography is performed at the end of 
the procedure.  

    3.    The treatment plan is carried out based on ultrasound, and 
a completion ultrasound arteriogram is performed at the 
end of the procedure.     
 Conditions to perform X-ray arteriography and to mea-

sure intra-arterial pressures are highly desirable, even if the 
entire treatment is planned based on preoperative and periop-
erative ultrasound imaging. Such techniques become promi-
nent if treatment of an iliac artery follows infrainguinal 
revascularization.   

   Disadvantages of Ultrasonography 

 Ultrasound (US) has several limitations as mentioned below. 
Some frequently mentioned disadvantages, however, may be 
dogmatic, while others can be reinterpreted as potential 
advantages:
    1.    US requires contact with the skin. Certain patients have 

profound wounds that preclude appropriate placement of 
the US probe to conduct a high-quality examination.  

    2.    US often requires patient collaboration. Although possi-
ble to perform an US examination in a sedated patient, a 
preoperative examination is most commonly performed 
with the patient awake. High-quality US is almost impos-
sible in patients with major contractures.  

    3.    US is “operator dependent.” This is a common saying that 
should be considered extremely dogmatic. It is true that US 
is operator dependent. As if the other technologies were 
not operator dependent! Skill is required not only to per-
form an arteriogram, for example, but detailed knowledge 
is essential for the selection of the proper arteriographic, 
MR, and CT sequences. Tridimensional reconstruction 
also requires special training and speci fi c knowledge. In 
conclusion, all technologies employed for peripheral arte-
rial imaging are “operator dependent.”  

    4.    US is inadequate in large patients and in edematous 
 segments. The list of conditions that preclude a high-
quality US examination may be comparable or even 
smaller than the lists that preclude a high-quality arte-
riogram, MR, or CT.  

    5.    US fails to categorize stenosis in the presence of calci fi ed 
walls or plaques (Fig.  28.6 ). This disadvantage of US can 
be used advantageously during DUAM. A signi fi cant 
stenosis or even occlusion may not be properly diagnosed 
in calci fi ed arterial segments. However, this information 
is valuable in the selection of an anastomotic site, the pri-
mary goal of DUAM.   

    6.    US has a small  fi eld of view. The other techniques can be 
presented as images that are readily understood and 
quickly assimilated. In contrast, many small US images 
need to be interpreted. This problem may be circumvented 
with drawings that describe the US  fi ndings. Extended or 
panoramic images address this issue to a certain extent. 
Computer reconstruction of a large image using cropping, 
rotation, and collage of small pictures is not too different 
than selecting two-dimensional MR images of a tridimen-
sional data set.      

   Advantages of Ultrasound Mapping 

 DUAM has multiple advantages over arteriography, MRA, 
and CTA:
    1.    DUAM is a noninvasive technique. Not even MRA can 

claim the degree of noninvasiveness associated with US. 
MRA requires injection of a contrast agent via a venous 
catheter. The magnetic  fi eld can dislodge body implants 
and affect the behavior of cardiac pacemakers. Indeed, at 

  Fig. 28.6    The lumen of this calci fi ed segment of the super fi cial femo-
ral artery cannot be assessed by ultrasound due to dense shadow obscur-
ing the color  fl ow signal       
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the Maimonides Medical Center, the contraindications to 
the performance of MRA reach double digits. The mor-
bidity associated with X-ray contrast arteriography is well 
known. Hematomas, pseudoaneurysms, and even  fi stulas 
have been created by needle puncture and catheter place-
ment. Allergic reaction to contrast and renal morbidity are 
serious contraindications to arteriography, especially if 
the patient is a diabetic in renal failure. The latest claim 
against X-ray technology is that it is carcinogenic. In par-
ticular, the use of CT must be restricted signi fi cantly.  

    2.    DUAM is portable. Arterial mapping can be performed in 
the vascular laboratory, in the emergency room, in the 
patient’s room, in the operating room, in the recovery 
room, or almost everywhere. Access to the other technol-
ogies is limited.  

    3.    DUAM shows the arterial wall and the obstructive 
plaque. Arteriography is strictly a luminogram, showing 
only  fl ow. MRI and CT could, theoretically, show the 
arterial wall and the obstructive material. Their resolu-
tion at present, however, is inferior to that of US B-mode 
characterization.  

    4.    DUAM provides hemodynamic data. Although theoreti-
cally possible with MRA, none of the other techniques 
presently available provides velocity and volumetric  fl ow 
rate data. Hemodynamic data detected with US improves 
evaluation of the cardiovascular conditions including the 
peripheral runoff.  

    5.    DUAM detects low  fl ow in any direction. Arteriography 
often fails to detect  fl ow distal to an obstruction  [  31,   32  ] . 
MRA often fails to detect  fl ow in directions not predicted 
by the algorithm employed. CTA often fails to demon-
strate  fl ow in small arteries. In contrast, US is capable not 
only of detecting low  fl ow but also of demonstrating blood 
movement in arteries without apparent  fl ow.  

    6.    DUAM provides information in all three dimensions. 
X-ray arteriography fails to describe properly stenoses 
that cause noncircular lumens. One single projection is 
inadequate in many applications. Two, even three projec-
tions or rotational arteriography cause an overload of con-
trast and radiation. MRA can be tridimensional, but in 
practice, only the longitudinal lumen is described in mul-
tiple projections. The contrast and radiation doses to 
obtain images of small infrapopliteal vessels with CTA 
are large and often fail to provide needed information. US 
allows for examination in all directions, creating images 
in transverse, longitudinal, and oblique planes.  

    7.    DUAM provides anatomic information. US can identify 
the major arteries in the leg and even foot by observation 
of concomitant veins and other adjacent anatomical struc-
tures. CT and MRI could perform the same task if algo-
rithms to detect both arteries and veins are developed. 
MRA and X-ray arteriography may provide misleading 

information related to the actual vessel being visualized. 
The interpretation of collaterals, for example, can be erro-
neous with luminograms.  

    8.    DUAM is “fast.” Depending on how time is measured, a 
1-h DUAM procedure can be considered fast compared to 
the other techniques. MRA can be time-consuming. CTA 
and even MR need expert reconstruction that may not be 
available until the data are analyzed overseas, for exam-
ple. If the time spent by the patient in the recovery room 
after X-ray arteriography is included, then this technique 
must be considered slower than ultrasonography.  

    9.    DUAM is inexpensive. However, reimbursement for pre-
operative arterial mapping that replaces other, more 
expensive technologies must increase to make the US 
testing viable. Hospitals and physicians will continue to 
use X-ray arteriography, MRA, and even CTA if reim-
bursement for DUAM is not competitive and if they have 
to continue subsidizing the DUAM procedure.      

   Conclusions 

 Duplex ultrasound arterial mapping provides information 
leading to effective treatment of the lower extremity. 
Personnel training, open mindedness, and increased reim-
bursement could make DUAM a preferred option for most 
cases in a service geared toward patient and personnel 
safety and simplicity of diagnosis, perioperative imaging, 
and follow-up.      
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   Introduction 

 Symptomatic arterial disease of the upper extremity accounts 
for approximately 5% of cases of extremity ischemia. 
Atherosclerosis is by far the most common disorder affecting 
lower extremity arteries. However, ischemia in the upper 

extremity may be caused by a variety of systemic diseases as 
well as atherosclerosis. Diagnosis of upper extremity arterial 
disease is therefore complex. History and physical examina-
tion, plain x-rays of the neck and shoulder regions, blood 
tests, and noninvasive and possibly invasive examinations of 
the arteries of the upper extremity arteries may all be 
needed. 

 The information required for the diagnosis of upper 
extremity ischemia can often be accomplished using only 
noninvasive testing. Noninvasive testing in combination with 
the history and physical exam will generally provide the 
information required to diagnose and guide treatment for 
upper extremity ischemia. Noninvasive testing for upper 
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extremity arterial disease includes segmental arm pressures, 
digital pressures and arterial waveforms using photoplethys-
mography, and testing for cold-induced vasospasm. Duplex 
evaluation can also be important but often has a more limited 
role than in evaluation of lower extremity disease.  

   Presentation 

 Most clinical conditions producing upper extremity ischemia 
will include Raynaud’s syndrome as a manifestation. Classic 
Raynaud’s attacks consist of intense pallor of the  fi ngers in 
response to cold or emotional stimuli followed by cyanosis 
and rubor with rewarming (Fig.  29.1 ). Full recovery occurs 
15–45 min after the inciting stimulus is removed. Classic tri-
color attacks do not occur in all patients. Some patients 
develop only pallor or cyanosis during attacks. Patients may 
even complain of cold hands without color changes but will 
have abnormal  fi ndings on noninvasive examinations identi-
cal to classic Raynaud’s patients.  

 Patients with Raynaud’s syndrome are divided into two 
groups. Raynaud’s disease is a term used to describe an idio-
pathic benign form of intermittent digital ischemia. 
“Raynaud’s phenomenon” describes a similar symptom 
complex in association with an underlying disease. An 
underlying condition will be discovered in association with 
Raynaud’s syndrome in only 5% of cases  [  1  ] . However, it is 
well recognized associated diseases may not be diagnosed 
when a patient presents with Raynaud’s attacks  [  2  ] . 
Distinction between Raynaud’s disease and Raynaud’s phe-
nomenon is therefore arti fi cial. Raynaud’s attacks should be 
considered a symptom that requires a diagnosis rather than a 
diagnosis in itself. That diagnosis in most cases will be idio-
pathic episodic vasospasm. In cool, damp climates, 6–20% 

of the population, particularly young females, report 
Raynaud’s symptoms  [  3  ] . Vasospasm, outside that induced 
by vasoactive medications or ergot, rarely results in ulcer-
ation or gangrene (Fig.  29.2 ). Digital ulceration or gangrene 
in association with Raynaud’s attacks should trigger a work-
up to evaluate for digital artery occlusions and an underlying 
condition that leads to digital artery occlusion.   

   Pathophysiology 

 A useful classi fi cation scheme for diagnosis of upper extrem-
ity ischemia based on vascular laboratory and physical exam-
ination  fi ndings is to divide patients into those with large 
artery disease and those with small artery disease. Serologic 
testing further facilitates determination of prognosis  [  4  ] . 

  Fig. 29.1    Raynaud’s attack in a 
46-year-old female       

  Fig. 29.2    Digital gangrene in a patient with long-standing diabetes 
and renal failure. Digital gangrene is almost associated with digital 
artery obstruction       
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 Small artery occlusive disease accounts for the very large 
majority of patients presenting with upper extremity ulceration 
or gangrene (Table  29.1 ). Large artery diseases generally pro-
duce serious upper extremity symptoms by embolization to 
the digital arteries (Table  29.2 ). Proximal occlusive disease of 
the subclavian artery rarely causes limb-threatening ischemia 
unless complicated by distal embolization to forearm or digital 
arteries.   

 Patients with vasospastic Raynaud’s syndrome do not 
have arterial obstruction at any level and have normal digital 
artery pressures at room temperature. An increased force of 
cold-induced arterial spasm causes arterial closure in such 
patients. Patients with obstructive Raynaud’s syndrome have 
obstruction of arteries between the heart and the distal pha-
lanx. These patients must have suf fi ciently severe arterial 
obstruction to cause a signi fi cant reduction in resting digital 

artery pressure to produce a Raynaud’s attack. Obstruction 
of both arteries of a single digit is generally needed. A nor-
mal vasoconstrictive response to cold is suf fi cient to over-
come diminished intraluminal distending pressure and cause 
arterial closure, thereby mimicking a vasospastic Raynaud’s 
attack. Figure  29.3  schematically demonstrates the relation-
ship between  fi nger pressure and  fi nger temperature for nor-
mals and patients with vasospastic or obstructive Raynaud’s 
syndrome.   

   Noninvasive Diagnostic Techniques 

 Although the physical examination is frequently completely 
normal in patients with Raynaud’s syndrome, all noninvasive 
vascular laboratory testing of the upper extremities should be 
preceded by a physical examination. Obviously, a complete 
pulse examination should be performed with attention to the 
strength and quality of pulses as well as the presence of 
aneurysms or bruits. In addition, the  fi ngers should be care-
fully inspected for ulcers. Hyperkeratotic areas may suggest 
healed ulcers. Hands and  fi ngers should be examined for 
telangiectasias, skin thinning, tightening, or sclerodactyly, 
 fi ndings suggesting autoimmune disease. Signs and symp-
toms of nerve compression syndromes should also be sought. 
Carpal tunnel syndrome is seen in about 15% of Raynaud’s 
patients  [  5  ] .  

   Segmental Arm Pressures 

 Upper extremity segmental pressures are obtained by mea-
suring blood pressure with pneumatic cuffs above the elbow, 
below the elbow, and above the wrist while insonating the 

   Table 29.1    Diseases associated with intrinsic digital artery 
occlusions   

 Disease type  Example 

 Connective tissue 
disease 

 Scleroderma, CREST syndrome, systemic 
lupus erythematosus, rheumatoid arthritis, 
Sjøgren’s syndrome, mixed connective tissue 
disease, dermatomyositis, small and medium 
vessel vasculitis 

 Atherosclerosis 
and occlusive 
arterial disease 

 Atherosclerosis obliterans, atheroembolism, 
diabetic distal arterial disease, thromboangiitis 
obliterans (Buerger’s disease) 

 Thromboembolism  Cardiac embolism, arterial embolism, 
paradoxical embolism 

 Large vessel 
vasculitis 

 Takayasu’s arteritis, extracranial temporal 
arteritis 

 Dynamic 
entrapment 

 Arterial thoracic outlet syndrome 

 Occupational 
arterial trauma 

 Hypothenar hammer syndrome, vibration-
induced Raynaud’s syndrome 

 Drug-induced 
vasospasm 

  b -blockers, vasopressors, epinephrine, ergot, 
cocaine, amphetamines, vinblastine/bleomycin 

 Infections  Parvovirus, hepatitis B and C, antigenemia, 
sepsis/disseminated intravascular coagulation 

 Malignancy  Multiple myeloma, leukemia, adenocarcinoma, 
astrocytoma 

 Hematologic  Polycythemia vera, thrombocytosis, cold 
agglutinins, cryoglobulinemia 

   Table 29.2    Conditions resulting in embolization to upper extremity 
digital arteries   

 Source  Example 

 Cardiac  Atrial  fi brillation, atrial thrombus, valvular disease, 
myxoma 

 Trauma  Blunt and penetrating trauma, occupational/
hypothenar hammer syndrome 

 Aneurysm  Subclavian artery or more peripheral artery 
aneurysm (ulnar artery aneurysm) 

 Fibromuscular 
disease 
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  Fig. 29.3    The normal response to cold is a linear decline in digital 
artery pressure. The vasospastic Raynaud’s patients have a steeper 
decline in pressure until a threshold temperature is reached, then near 
instantaneous occlusion .  The obstructive Raynaud’s patients have lower 
normothermic digital artery pressures and a near normal vasoconstric-
tive response to cold       

 



368 G.L. Moneta

radial or ulnar artery at the wrist using a continuous wave 
Doppler. Doppler-derived or plethysmographic waveforms 
are also recorded at the different levels. Abnormal wave-
forms or pressures indicate arterial disease proximal to the 
site where the waveform or pressure was obtained. 

 A systolic pressure measurement is taken from the upper 
arm (brachial artery) and at the wrist (radial and ulnar arter-
ies). A 12-cm blood pressure cuff is usually suf fi cient for 
measuring the brachial artery pressure. A 10-cm blood pres-
sure cuff just above the wrist is used to measure radial and 
ulnar artery systolic pressures. Normally, there is no 
signi fi cant systolic pressure gradient between the brachial 

and wrist levels. A normal wrist/brachial blood pressure ratio 
is therefore 1.0. A blood pressure difference between the two 
arms of more than 15 mmHg is indicative of a stenosis or 
occlusion on the side of the lower pressure. Decreased pres-
sures and/or abnormal waveforms at the above-elbow cuff 
site indicate occlusive disease at or proximal to the elbow. 
Normal above-elbow pressures with abnormalities at the 
above-wrist sites indicate brachial and/or proximal ulnar/
radial arterial occlusive disease, respectively (Fig.  29.4 ). A 
blood pressure difference between levels or between the 
radial and ulnar arteries of more than 15 mmHg also indi-
cates an occlusive lesion.   
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  Fig. 29.4    Segmental arm pressures and waveforms demonstrating abnormal pressures and waveforms at the radial and ulnar arteries in the left 
upper extremity .  The study indicates arterial occlusive disease distal to the brachial artery in the left upper extremity       
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   Digital Pressures and Plethysmography 

 Digital pressure measurements and digital plethysmography 
are extremely useful in the evaluation of upper extremity 
ischemia  [  6  ] . Photoplethysmography (PPG) or strain gauge 
plethysmography are both used to measure digital blood 
pressure and to obtain pulse waveforms. PPG is preferred by 
most vascular laboratories because the equipment is easier to 
use and more durable. PPG also allows recording of volume 
pulses from the tips of the  fi ngers. This can help to document 
obstruction within digital arteries themselves. 

 To measure digital pressures, the PPG photo cell is 
attached to the  fi ngertip pulp with double-sided tape or small 
strain gauges are placed around the  fi ngertip. One-inch 
(2.5 cm) blood pressure cuffs are placed around the proximal 
phalanx. Waveforms are recorded using pulse tracings 
obtained at high speed to facilitate evaluation of the shape of 
the waveform. Upstroke time of the waveform should be 
<0.2 s. Normal waveforms may or may not have a dicrotic 
notch (Fig.  29.5a ). An obstructive waveform has a rounded 
peak with an upstroke time that is prolonged (Fig.  29.5b ). 
Finger PPG waveforms are not quantitative. Waveform 
amplitude is therefore not important with amplitude depen-
dent on the gain setting, not blood  fl ow.  

 Patients with vasospasm will often have an abnormally 
shaped waveform termed a “peaked pulse.” This is thought to 
represent abnormal elasticity and rebound of palm and digi-
tal arteries (Fig.  29.5c ). 

 Finger blood pressures are measured by in fl ating cuffs 
placed at the base of the  fi ngers. Pulsations are recorded at 
reduced chart recorder speeds as the cuffs are in fl ated. After 
digital pulsations are obliterated, the cuff is slowly de fl ated 
until the pulsation returns. This pressure is the digital artery 
pressure. 

 Finger temperature should be measured before perform-
ing digital plethysmography and/or obtaining  fi nger blood 
pressures. If the  fi nger temperature is less than 28–30°C, 
false-positive results may be obtained because of cold-
induced vasospasm. Hand and/or whole body warming 
should  fi rst be performed in patients with low  fi nger tem-
peratures. Finger temperatures should be recorded, so inter-
preting physician do not attribute abnormal  fi ndings to 

obstruction when the underlying problem is actually 
vasospasm. 

 Digital blood pressure is normally within 20–30 mmHg 
of brachial pressure. A ratio of  fi nger systolic pressure to 
brachial systolic pressure >0.80 is normal. Normal values, 
however, do not necessarily rule out digital artery occlusive 
disease. Patients with very distal digital artery occlusive dis-
ease can have normal  fi nger pressures since the digital cuff is 
around the proximal phalanx. Occlusive disease in a single 
digital artery can also be missed if the other digital artery in 
that  fi nger is normal. Patients with bilateral digital PPG 
abnormalities generally have a small vessel systemic disor-
der, such as scleroderma or mixed connective tissue disease 
(Fig.  29.6 ). Those with unilateral abnormalities should be 
strongly considered for an ipsilateral source of embolism 
such as a subclavian or ulnar artery aneurysm (Fig.  29.7 ).    

   Cold Challenge Testing 

 Digital temperature recovery time after immersion of the hand 
in ice water for a short period is the simplest cold intolerance 
test. Hand and body warming may be required prior to immer-
sion. Pre-immersion digital temperatures must be above 30°C. 
The patient’s hand is immersed in a container of ice water for 
30–60 s. The test should be used with caution in patients with 
classic Raynaud’s attacks. In such cases, cold testing adds lit-
tle to the clinical management of Raynaud’s syndrome. Cold 
immersion testing is uncomfortable and poorly tolerated by 
patients with signi fi cant Raynaud’s syndrome symptoms, and 
pressures can fall to unrecordable levels in such patients. 

 After the hand is dried,  fi ngertip temperatures are mea-
sured every 5 min for 45 min, or until the temperature returns 
to pre-immersion levels. Normal individuals have a digital 
temperature recovery time to pre-immersion levels of <10 
min. This test is very sensitive for detecting cold-induced 
vasospasm but is nonspeci fi c. Half of patients with a positive 
test have no clinical manifestations of cold sensitivity  [  7  ] . 

 A better test for cold sensitivity is the digital hypothermic 
challenge test described by Nielsen and Lassen  [  8  ] . In the so-
called Nielsen examination, a specially designed  fi nger cuff is 
placed around the proximal phalanx on the test  fi nger and 

a b c

  Fig. 29.5    ( a ) Schematic of a normal PPG waveform with rapid upstroke and typical dicrotic notch. ( b ) Schematic of an obstructive PPG wave-
form with prolonged upstroke and rounded peak. ( c ) Peaked pulse PPG waveform. The dicrotic notch is shifted up on the waveform       
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perfused with progressively cooler  fl uid. Test  fi nger pressure 
is compared with the pressure from an uncooled “reference” 
 fi nger (Fig.  29.8 ). The test is considered positive for cold-
induced vasospasm if the test  fi nger pressure is reduced by 
more than 17% compared to the reference  fi nger  [  8  ] .  

 Other tests for cold-induced vasospasm include thermal 
entrainment, digital laser Doppler response to cold, thermog-
raphy, venous occlusion plethysmography, and digital artery 
caliber measurement. None are widely accepted or employed 
 [  9–  11  ] .  

   Duplex Ultrasound Examination of Upper 
Extremity Arteries 

 Duplex can be used in the assessment and diagnosis of both 
aneurysm and occlusive disease of the upper extremity 
arteries. Doppler-derived waveforms from upper extremity 
arteries re fl ect high resting resistance and are similar to 
those from lower extremity arteries in a resting subject. 
Upper extremity artery waveforms are normally triphasic. 
There is a sharp systolic peak followed by brief diastolic 
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  Fig. 29.6    Bilateral abnormal 
digital artery waveforms in a 
patient with scleroderma       
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 fl ow reversal and minimal forward  fl ow at end diastole 
(Fig.  29.9 ).  

 Peak systolic velocities normally range from 80 to 
120 cm/s in the subclavian artery and from 40 to 60 cm/s in 
the forearm arteries. Radial and ulnar artery velocities should 
be similar. Elevated peak systolic velocities (jets), post-
stenotic turbulence, and dampened distal waveforms with 
loss of end-systolic  fl ow reversal are characteristic  fi ndings 
associated with high-grade stenosis (Fig.  29.10 ). There are 

no validated velocity criteria to classify stenosis in upper 
extremity arteries. General guidelines are listed in 
Table  29.3 .   

 Investigators evaluated 578 arterial segments in 66 upper 
extremities from 57 patients. The goal was to validate veloc-
ity criteria to detect a >50% stenosis as determined by digi-
tal subtraction angiography. The criteria utilized for >50% 
stenosis was a peak systolic velocity (PSV) ratio >2, relat-
ing the PSV of the narrowed segment to that of the artery 
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  Fig. 29.7    Unilateral abnormal 
digital artery waveforms in a 
patient with a subclavian artery 
aneurysm secondary to a cervical 
rib       
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immediately proximal to the lesion. Using a PSV ratio of >2 
as criteria for >50% stenosis, duplex correctly identi fi ed 15 
of 19 high-grade stenoses in upper extremity arteries (sensi-
tivity 79%, speci fi city 100%)  [  12  ] . 

 The angle of insonation can be dif fi cult to determine, 
examining proximal brachiocephalic arteries leading to 
potentially false elevations of peak systolic velocities. The 
true signi fi cance of the stenosis may, however, be inferred 
through interpretation of more distal waveforms. A triphasic 
waveform distal to a high peak systolic velocity suggests a 
falsely elevated proximal peak systolic velocity. Comparison 

of bilateral brachial artery pressures is also useful to help 
determine the hemodynamic signi fi cance of an elevated 
proximal peak systolic velocity. 

 Upper extremity arterial occlusion documented by duplex 
ultrasound is inferred from absence of  fl ow within the lumen 
of the artery (Fig.  29.11 ). Multiple structures in the forearm 
(tendons, nerves, and muscle fascicles) can be mistaken for 
occluded arteries. Fortunately, the arterial anatomy of the 
forearm is mostly constant, and the super fi cial location of the 
arteries in the arm below the elbow facilitates a sonogra-
pher’s ability to correctly insonate the forearm arteries. When 
necessary, the examination can be facilitated by exercise or 
warming the extremity.  

 Duplex can be used to evaluate for the monitoring of 
upper extremity bypass grafts (Fig.  29.12a , b) and the infre-
quent upper extremity aneurysm. When an aneurysm is 
encountered, measurements are obtained in the transverse 
view of the proximal, mid, and distal site in both the A/P and 
lateral orientations. An attempt is made to visualize intralu-
minal thrombosis. It is important to visualize the vessel in a 
true axial plane so as to not falsely overestimate aneurysm 
diameter with an oblique view. Atherosclerosis and trauma 
are well-known risk factors for aneurysms of the upper 
extremity arteries. When encountered, they may present with 
a pulsatile mass, thrombosis, or embolization of the axillary, 
brachial, radial, ulnar, and digital arteries. In particular, 
duplex evaluation of subclavian artery “aneurysms” can be 
challenging due to their often subtle fusiform nature and 
location in proximity to the bony landmarks of the thoracic 
outlet.  

 The ulnar artery passes deep to the hook of the hamate 
bone in the hand. This is a site of arterial degeneration that 
can result from repeated use of the hand as a hammer, the 
so-called hypothenar hammer syndrome with ulnar artery 
aneurysm. Patients generally present with symptoms of 
 fi nger ischemia from embolization to digital and palmar 
arteries. 

   Technique and Interpretation 

 Potential impediments to an upper extremity arterial duplex 
examination include the presence of wounds/dressings, IV 
access, and orthopedic  fi xation devices. The patient is 
positioned supine with head elevated. Brachial blood pres-
sures are recorded. Each arm is sequentially examined. 
The subclavian, axillary, brachial, radial, and ulnar arteries 
are all examined. Peak systolic velocities are documented 
point to point in each vessel. A 45–60-degree angle of 
insonation in the longitudinal plane is optimal, and a 
“stenosis pro fi le” consisting of a pre-stenosis Doppler 
PSV, stenosis PSV, and post-stenotic turbulence is docu-
mented for stenotic sites. 

  Fig. 29.8    Device for performance of digital hypothermic challenge or 
Nielsen’s test. The  white arrow  indicates the digital cuff that is used to 
cool the test  fi nger. This allows controlled application of cold to induce 
a vasospastic response. The  black arrow  indicates the reference  fi nger. 
Strain gauges on the  fi nger tips are used to measure the digital pres-
sures. See text       
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  Fig. 29.9    Normal triphasic 
subclavian artery duplex-derived 
waveforms       

  Fig. 29.10    Markedly elevated 
peak systolic velocity in a patient 
with proximal subclavian artery 
stenosis       

 Examination of the subclavian artery can generally be 
accomplished with a 5-MHz transducer. The windows for 
insonation of the origin of the subclavian artery include the 
sternal notch (Fig.  29.13 ) and supraclavicular or infraclavic-
ular approaches. Obese patients may require lower MHz 
transducers. A small footprint 3–5-MHz transducer is used 
for the sternal notch window. The artery is identi fi ed in the 
transverse view, and the transducer is rotated 90° to obtain a 

longitudinal view for obtaining waveforms. Using the sternal 
notch window, a recent study found 48 out of 50 right and 25 
of 50 left subclavian artery origins  [  12  ] .  

 The subclavian artery is followed as it crosses under the 
clavicle and over the  fi rst rib. The proximal axillary artery is 
identi fi ed deep to the pectoralis muscles with an anterior 
approach. More distally, the axillary artery is examined with 
the arm externally rotated and positioned 45° from the body 

 

 



374 G.L. Moneta

(pledge position). There is normally no difference noted in 
the artery caliber as the subclavian artery becomes the axil-
lary artery. The brachial artery assumes a more super fi cial 
course in the medial arm between the biceps muscles anteri-
orly and the triceps muscles posteriorly. Waveforms from the 
proximal, mid, and distal brachial, radial, and ulnar arteries 
are obtained. Any areas of stenosis, occlusion, or aneurysmal 
enlargement are documented as previously described. 

 Provocative maneuvers in an attempt to elicit compres-
sion of the subclavian artery as supportive evidence for pos-
sible neurogenic TOS are, unfortunately, widely practiced. 
Patients are examined with a series of positional changes of 
the upper extremity in an attempt to provoke compression of 
the subclavian artery with the unproven implication that this 
is indicative of compression of the brachial plexus 
(Fig.  29.14 ). Other noninvasive vascular lab techniques 
including segmental pressures with pulse volume recordings 

(PVR) and/or digital photoplethysmography (PPG) may also 
be used with these maneuvers. Patients are examined at base-
line with the arms adducted and then with a series of posi-
tional maneuvers of the upper extremity to elicit and 
document compression of the subclavian artery. To prevent 
any missed occlusions or false-negative exams, the exam can 
be conducted with the segmental cuffs using PPG waveforms 
as a guide. Signi fi cant changes in subclavian artery velocities 
and waveforms are recorded for evaluation by the interpret-
ing physician.    

   Hemodialysis Access Evaluation 

 Duplex scanning for pre- and postoperative evaluations of 
hemodialysis access is increasing. A duplex examination of 
the upper extremity arteries in conjunction with venous 
duplex evaluation and mapping is useful in evaluating the 
quality of vessels and hence the likelihood of successful cre-
ation of autogenous access. Implementing a comprehensive 
duplex evaluation prior to  fi stula placement enabled one 
group to increase their rates of construction of autogenous 
AV  fi stulas from 14% to 63% and with an increase in cumu-
lative patency at 1 year from 48% to 83%  [  13  ] . Common 
guidelines for the upper extremity arteries are arteries free of 
signi fi cant calci fi cation and an arterial diameter of >2 mm 
with an arterial velocity >40 cm/s  [  14  ] . One hundred percent 
early failure has been reported with arterial diameters 
<1.5 mm  [  15  ] . 

 Duplex is used to evaluate the maturation of an AV  fi stula 
and assess for stenotic lesions or other lesions associated 
with well-developed access sites. The overall diameter and 
wall thickness of the arterialized vessel can be assessed 
(Fig.  29.15 ). Potentially critical stenoses can also be 
identi fi ed. The hypothesis is that early correction of these 
stenoses can improve rates of maturation and  fi stula use, as 
well as increase primary assisted patency. This has yet to be 
conclusively proven.   

   Conclusions 

 A wide range of upper extremity arterial conditions can 
be evaluated reliably and effectively in the vascular labo-
ratory. Combined with the history and physical examina-
tion, the vascular laboratory plays a key role in the 
diagnosis and management of patients with upper extrem-
ity arterial disease.      

   Table 29.3    Duplex ultrasound criteria for evaluation of upper extrem-
ity arterial stenosis   

 Condition  Characteristics 

 Normal  Uniform waveforms, biphasic or triphasic wave-
forms, clear window beneath systolic peak 

 <50% diameter 
reduction 

 Focal velocity increase, spectral broadening, 
possibly triphasic or biphasic  fl ow 

 >50% diameter 
reduction 

 Focal velocity increase, loss of triphasic or biphasic 
velocity waveform, post-stenotic  fl ow (color bruit) 

 Occlusion  No  fl ow detected 

  Fig. 29.11    Color  fl ow image of a brachial artery occlusion secondary 
to embolism       
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a

b

  Fig. 29.12    ( a ,  b ) Duplex 
waveform obtained from the distal 
aspect of a 10-year-old subclavian 
to proximal radial artery reverse 
vein bypass graft. The waveform 
in ( a ) is monophasic as it was 
obtained immediately prior to a 
severe stenosis at the distal 
anastomosis ( b )       
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  Fig. 29.13    A small footprint 
transducer is used to obtain color 
 fl ow images and duplex-derived 
arterial waveforms of the right 
proximal subclavian artery via the 
sterna notch       

Neutral Hyperabduction

  Fig. 29.14    Digital PPG recordings indicating positional compression 
of the subclavian artery. The study was performed in a subject without 
symptoms of thoracic outlet syndrome       

  Fig. 29.15    Gray scale image of calci fi ed chronic thrombus in a 
10-year-old radial cephalic  fi stula       
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   Introduction 

 In this chapter, we will review the applications and protocols 
for duplex ultrasound arterial mapping of the radial artery. 
Duplex ultrasound has been used in different clinical situa-
tions. These include use of duplex ultrasound as a guide to 
performing radial arterial punctures as well as assessing the 
suitability of the radial artery as conduit for either coronary 

artery bypass grafting (CABG) or the creation of an arterio-
venous  fi stula.  

   Anatomy of the Radial artery 

 The brachial artery terminates as the radial and ulnar arteries 
in the proximal forearm within the antecubital fossa 
(Fig.  30.1 ). The radial artery passes along the radial side of 
the forearm to the wrist. It then winds backward, around the 
lateral side of the hand, beneath the tendons of the abductor 
pollicis longus and extensor pollicis longus and brevis to the 
upper end of the space between the metacarpal bones of the 
thumb and index  fi nger. Finally, it passes forward between 
the two heads of the  fi rst interosseous dorsalis, into the palm 
of the hand, where it crosses the metacarpal bones and at the 
ulnar side of the hand unites with the deep volar branch of 
the ulnar artery to form the deep volar arch. In one out of 
every eight, the radial artery originates more proximally, 
either from the axillary artery or uppermost brachial artery 
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rather than the latter vessel at the elbow. In the forearm, it 
deviates less frequently from its normal position than the 
ulnar artery. In some instances, the radial artery lies on the 
deep fascia instead of beneath it. Alternatively, it has been 
observed on the surface of the brachioradialis, instead of 
under its medial border. Similarly at the wrist, it has been 
identi fi ed super fi cial to, instead of beneath, the extensor ten-
dons of the thumb  [  1  ] .   

   Protocol 

 The examination is usually performed with the patient supine 
and the arm alongside the body where the radial artery can be 
easily assessed. A linear transducer in the 5–10-MHz range 
is often employed given that this probe is the same trans-
ducer used to examine the brachial artery. Otherwise, a trans-
ducer with higher frequencies above 10 MHz can improve 
resolution and visualization of this vessel, which is smaller 
and more super fi cial than the brachial artery. An expanded 
 fi eld of view along the radial artery facilitates transfer of 
information. It requires training and may take time if the 
artery is diseased or has an irregular course. 

 Some examinations should be performed in worst-case 
conditions. For example, if the radial artery is to be excised, 
the remaining collateral  fl ow must be enough to feed the hand 
comfortably in conditions of severe vasoconstriction. The 
patient should be tested in a cold environment and perhaps a 
colder than usual central body temperature. This philosophy 
can be extended to other situations such as creation of an arte-

riovenous  fi stula or graft for dialysis. Potential for success or 
failure can be demonstrated. Testing in worst-case conditions 
does not preclude examination in normal conditions. 

 Alternatively, some examinations should be performed in 
best-case conditions. Arterial imaging improves if physio-
logical and technical parameters are optimized. Arteries 
dilate and blood  fl ow rates increase with heat. The patient 
then should be mapped while warm, in a warm environment, 
and after maneuvers to promote vasodilation such as exercise 
and immersing the hand in warm water. 

 Several technical factors facilitate imaging of small or 
diseased arteries:

   High-frequency transducers improve resolution.  • 
  Low scale applied to color  fl ow and duplex Doppler • 
increases sensitivity.  
  Some instruments have special algorithms for detection • 
of low velocity or low volume.  
  Proper steering improves color  fl ow and duplex Doppler • 
signals.  
  Increased persistence augments perception of color  fl ow.     • 

   Ultrasonographic Changes in the Radial 
Artery in Systemic Disease 

 Duplex has been used to de fi ne anatomic changes in the 
radial artery in a wide array of systemic diseases. Thickness 
of the intima-media layer of the carotid artery has been rec-
ognized as a marker for atherosclerosis and a predictor of 
death and cardiovascular events in patients with coronary 

  Fig. 30.1    Brachial artery 
bifurcation       
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artery disease  [  2  ] . Although clinically relevant, upper extrem-
ity atherosclerosis is infrequent; intimal hyperplasia of the 
upper extremity arteries is thought to re fl ect global athero-
sclerosis (Figs.  30.2  and  30.3 )  [  3,   4  ] . Ultrahigh-resolution 
ultrasound, also referred to as ultrasound biomicroscopy, 
using a 55-MHZ probe is a novel technique that enables the 

operator to de fi ne changes to the individual layers of smaller 
arteries such as the radial artery  [  5  ] . A study that compared 
prehypertensive and hypertensive patients with healthy sub-
jects showed an increase of 12–14% in the thickness of the 
intimal layer of the radial artery, while there was no signi fi cant 
difference in the thickness of the medial layer  [  6  ] . Similar 

  Fig. 30.2    Calci fi ed radial artery       

  Fig. 30.3    Radial artery diameter 
and intimal thickness       
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changes were documented in the radial artery in patients 
with coronary heart disease, with increase in the thickness of 
the intima of 19% compared to healthy subjects, with no 
signi fi cant changes to the thickness of the media  [  7  ] . Another 
study evaluated the changes in subjects with end-stage renal 
disease (ESRD)  [  8  ] . Compared with healthy subjects, non-
hypertensive patients with ESRD had 39% thicker intima 
and 18% greater media in the radial artery.   

 The effect of iron overload on radial artery structure was 
also studied. In normotensive patients with genetic hemochro-
matosis, there was found an increase in radial artery wall thick-
ness and decrease in distensibility. After iron depletion therapy, 
there was a decrease in wall thickness and increase in distensi-
bility similar to the radial arteries of healthy subjects  [  9  ] . 

 The clinical value of these assessments still needs to be 
evaluated, but the thickness of the intima may serve as a non-
invasive tool for early detection of atherosclerosis.  

   Radial Artery Mapping for Coronary Bypass 

 Arterial mapping has been increasingly accepted prior to 
harvesting the radial artery for coronary bypass. Radial artery 
diameter and reactivity can be assessed (Fig.  30.4 ). The 
radial artery has several favorable features as a coronary 
graft, including a caliber similar to that of the coronary arter-
ies, appropriate length for complete coronary revasculariza-
tion, and adequate wall thickness and resistance. Presently, 
several cardiovascular surgeons request that vascular labora-
tories perform preoperative noninvasive mapping of the 

 forearm vessels prior to radial artery harvesting to assess the 
suitability of the radial artery for graft replacement and to 
avoid ischemic complications to the hand.  

 Harvesting of the radial artery may occasionally lead to 
ischemic complications of the hand (particularly the thumb 
and index  fi nger), which could be deprived of blood  fl ow in 
patients with anatomical variations that do not allow adequate 
collateral  fl ow across the palm. The incidence of this compli-
cation is generally low  [  10,   11  ] . There are several contraindi-
cations to using the radial artery as a graft conduit, including 
ischemic symptoms in the upper extremity, history of arterial 
trauma, and Raynaud’s syndrome. The use of the radial artery 
in the dominant arm is generally avoided, but this contraindi-
cation seems to be less important when adequate noninvasive 
evaluation conveys minimal risk. The two major objectives of 
this evaluation are (1) to ensure that the radial artery is free of 
disease and is of appropriate size and (2) to eliminate the pos-
sibility of postharvest ischemia of the hand. 

 The contribution of increased ulnar  fl ow in the absence of 
radial artery  fl ow has been assessed by digital pressures and 
other signs of increased collateral circulation. The value of 
increased ulnar velocities during radial artery compression 
remains a controversial issue  [  12  ] . 

 The anatomic feature that permits radial artery harvesting 
without ischemic complications is the presence of collateral 
anastomosis across the palm between the radial and ulnar 
arteries, in the form of several arches. The most signi fi cant 
collateral pathway is the super fi cial palmar arch, which typi-
cally originates from the ulnar artery and provides the major-
ity of arterial supply to the digits. The dorsal and deep palmar 

  Fig. 30.4    Radial artery diameter 
and  fl ow rate       
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arches usually originate from the radial artery and are gener-
ally smaller than the super fi cial palmar arch and its branches 
(Fig.  30.5 ). Overall, if the super fi cial palmar arch is intact, 
collateral  fl ow to the radial aspect of the hand should be ade-
quate if the radial artery is excised. However, there are several 
anatomic variations that may lead to hand ischemia with 
radial artery harvesting, for example, incomplete super fi cial 
palmar arch, radial artery dominance of the super fi cial palmar 
arch, and absence or malformation of the ulnar artery. These 
variations have been reported to vary from 6% to 34%  [  13  ] . 
Several methods were advocated to evaluate the capability of 
the ulnar artery to provide adequate perfusion to the hand in 
the event of radial artery harvesting. These include the clini-
cally modi fi ed Allen test, digital blood pressure measurement 
 [  14  ] , segmental pressure measurement  [  15  ] , laser Doppler 
 fl owmetry  [  14  ] , pulse oximetry  [  16  ] ,  fl ow measurement with 
photoplethysmography  [  16  ] , and modi fi ed Allen test with 
Doppler ultrasound  [  10,   13,   17  ] . In the clinically modi fi ed 
Allen test, the hand is deprived of perfusion by clinching the 
 fi st and compressing the ulnar and radial arteries until the 
hand is exsanguinated and is then observed for return of color 
upon release of the ulnar artery. This test is believed to be 
subjective and unreliable with a signi fi cant number of false-
negative and false-positive results  [  18  ] . The measurement of 
digital systolic blood pressure is objective, and although a 
pressure drop of more than 40 mmHg has been proposed as 
an indicator of hand ischemia, the choice of this value is 
somewhat arbitrary and needs validation. The measurement 
of oxygen saturation in the digits with radial artery compres-
sion is also objective, but substantial variations in perfusion 
do not always result in changes in saturation  [  11,   16  ] .  

 A Doppler ultrasound version of the clinical Allen test has 
been used in several studies, mostly using continuous wave 
Doppler ultrasound and some with color Doppler ultrasound 
 [  10,   13,   17  ] . This examination involves Doppler interroga-
tion of the radial portion of the super fi cial palmar arch before 
and after radial artery compression and assessment for the 
presence and/or reversal of  fl ow as an indicator of an intact 
arch providing adequate collateral  fl ow  [  10,   13,   17  ] . In three 
previously reported studies  [  10,   13,   17  ] , using the modi fi ed 
ultrasound Allen test with continuous-wave Doppler, in the 
follow-up of patients who underwent radial artery harvest-
ing, none of the 113 patients who had negative studies (i.e., 
intact palmar arches) had signs of hand ischemia. Zimmerman 
et al.  [  19  ]  examined 358 patients who underwent coronary 
artery bypass graft replacement, who were evaluated using 
modi fi ed ultrasound Allen test, and reported 53 radial arter-
ies were harvested with no single case of hand ischemia. 
They began their examination with a modi fi ed ultrasound 
Allen test. If this test indicated that the arch was not intact, 
the examination was ended. If collateral  fl ow through the 
ulnar artery was demonstrated, they proceeded to evaluate 
the radial and ulnar arteries for any evidence of obstructive 
disease or atherosclerosis. 

 The ultrasound Allen test utilizes a 7- to 10-MHz linear 
transducer that is placed in the crease of the proximal palm at 
the base of the thumb. The super fi cial palmar arch of the 
radial artery can be identi fi ed coursing anteriorly at this loca-
tion. The approximate location of this vessel can generally 
be found by drawing a line along the longitudinal axis of the 
center of the index  fi nger to the point of its intersection with 
the crease at the base of the thumb or the thenar eminence. 

  Fig. 30.5    Deep palmar arch        
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Flow in this artery is normally directed toward the transducer 
and into the super fi cial palmar arch. The direction of  fl ow in 
this artery can be easily determined by using color Doppler 
ultrasound. Color Doppler ultrasound is generally employed 
to locate the artery and spectral imaging to evaluate and doc-
ument the change in  fl ow direction. While the super fi cial pal-
mar arch is insonated, the radial artery is compressed at the 
wrist, and the ultrasonographer watches for a reversal of 
 fl ow, implying that the arch is complete, or lack of  fl ow, 
implying that the arch is incomplete. Reversal of  fl ow implies 
that the radial artery may be harvested with safety. Complete 
lack of  fl ow in this artery with compression essentially pre-
cludes the use of the ipsilateral radial artery. 

 Although there are no speci fi c velocity criteria to grade 
stenoses in the upper extremity arteries, the application of 
velocity criteria on other vessels may apply. These include a 
focal increase in peak systolic velocity, poststenotic turbu-
lence, and dampening of the waveform distal to the lesion.  

   Radial Forearm Flap 

 Mapping of the upper extremity arteries is recommended for 
appropriate decision making in selecting a radial  fl ap for 
plastic surgery  [  20  ] . Preexisting vascular disease as detected 
by ultrasonography eliminates donor vessels, reduces the 
risk of hand ischemia, and reduces failure of free  fl aps. In a 
study that included 121 patients planned to have free radial 
forearm  fl aps, all were evaluated with both duplex ultrasound 
as well as the Allen test  [  21  ] . Five of the 121 patients had an 
alternative  fl ap selected as a consequence of the duplex ultra-
sound evaluation. Only a single  fl ap failed, and there were no 
ischemic complications of the hand. 

 Excision of the radial artery during harvesting of the fore-
arm  fl ap signi fi cantly alters the  fl ow patterns of the distal 
upper extremity  [  22  ] . Compensatory increased  fl ow rates 
were noted in the anterior and posterior interosseous and 
ulnar arteries. Mapping the ulnar artery alone is, therefore, 
an insuf fi cient evaluation if the radial artery is being har-
vested. The contributions of the interosseous arteries must be 
taken into consideration.  

   Evaluation of the Radial Artery 
with Transradial Coronary Interventions 

 The radial artery is becoming a more common site for coro-
nary interventions due to its super fi cial location that allows 
easy access and control of hemostasis, as well as increased 
patient satisfaction due to immediate ambulation postproce-
dure and shortened length of stay. New low-pro fi le systems 
are introduced which allow for coronary interventions using 
a 4 Fr sheath. 

 The anatomic variations of the radial artery and their 
impact on transradial coronary catheterizations were evalu-
ated in a study that included 1,191 patients  [  23  ] . The mean 
radial artery luminal diameter was 2.6 ± 0.41 mm (range 
1.15–3.95 mm). The radial artery diameter was larger than 
the outer diameter of 5 Fr sheath in 82.7% of patients. Radial 
artery occlusion was associated with coronary interventions 
when a sheath larger than 5 Fr was used. Thrombosis of the 
radial artery near the puncture site occurred in nine cases 
(0.8%), but there were no cases of hand ischemia. Tortuosity 
of the radial artery was found in 4.2% of the patients, more 
commonly in older patients, and was associated with pro-
longed procedure times, but not with thrombosis of the radial 
artery. Anatomic variations of the radial artery were not 
associated with either prolonged procedure times or throm-
bosis of the radial artery. 

 Another study found that a small diameter of the radial 
artery was associated with radial artery occlusion, and a 
small difference between the radial artery diameter and the 
sheath was associated with development of stenosis in the 
radial artery  [  24  ] . Complications involving the radial artery 
were reported to be as high as 9% for developing occlusion 
and 22% for developing stenosis in patients undergoing tran-
sradial coronary catheterization  [  24  ] . Therefore, ultrasono-
graphic assessment of the radial artery may be useful for 
determining the suitability of the patients for transradial cor-
onary angiography and intervention as well as the size of the 
sheath used. 

 Repeated transradial interventions were shown to be tech-
nically feasible with no statistical difference in access times 
but were associated with increased incidence of thrombosis 
(2.6%) and, on long-term ultrasonographic follow-up, were 
associated with radial artery stenosis  [  25  ] . A study that used 
intravascular ultrasound con fi rmed that narrowing of the 
radial artery lumen after repeat transradial interventions was 
secondary to intima-media thickening  [  26  ] . Physiological 
studies showed that several months after transradial interven-
tions, the vasodilatory properties of the radial artery were 
preserved, but the lumen remained smaller  [  27,   28  ] . These 
 fi ndings raise concerns about the use of the previously 
accessed radial artery as a conduit for coronary artery bypass 
grafting.  

   Evaluation of the Radial Artery Prior 
to Creation of Arteriovenous Fistula (AVF) 
for Hemodialysis 

 Radiocephalic AVF have been recommended as the  fi rst 
option for patients under 65 and nondiabetics but are associ-
ated with higher failure rates due to failure to mature, low 
 fl ow rates, or early thrombosis. Although venous mapping to 
evaluate the size and quality of veins is routinely performed, 
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the role of arterial ultrasound is less clear. Radial artery size 
on preoperative evaluation has been correlated with patency 
of radiocephalic AVFs  [  29–  34  ] . AVF using a radial artery 
measuring between 1.5 and 2 mm is likely to fail and may 
indicate creation of a more proximal access site. A prospec-
tive randomized study is required to better de fi ne the ultra-
sonographic criteria for the success of AVF.      
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   Introduction 

 Chronic kidney disease (CKD) and end-stage renal disease 
(ESRD) are serious medical conditions that continue to affect 
thousands of patients each year in the United States. 
According to the Center for Disease Control (CDC), in 2007, 
renal disease resulted in 46,448 deaths, the ninth leading 
cause of death, accounting for 1.9% of total deaths. The total 
number of new ESRD patients was 112,476 in 2008, with a 
prevalence of 547,982  [  1  ] . 

 Medicare costs for ESRD rose 13.2% to $26.8 billion in 
2008 and accounted for 5.9% of the Medicare budget  [  2  ] . 
During that same year, a patient with a patent and func-
tioning autogenous arteriovenous (AV) access had a total 
cost of $64,701, which was 28% and 18% lower, respec-
tively, than total yearly costs for patients with hemodialy-
sis access catheters ($90,110) and patients with prosthetic 
AV grafts ($79,337)  [  2  ] . Total yearly costs for vascular 
access events are also 60% less costly in patients with 
autogenous AV access as compared to patients with a 
hemodialysis catheter or a prosthetic AV access  [  2  ] . 
Therefore, it is imperative that autogenous AV access be 
created correctly and successfully on the  fi rst attempt to 
maximize the long-term health of the patient as well as to 
decrease the overall cost  [  3  ] . 

 Surgery for hemodialysis access placement is one of the 
most commonly performed vascular surgical procedures in 
the United States. With over 354,000 ESRD patients depend-
ing on hemodialysis for treatment  [  4  ] , it is of utmost impor-
tance to have patent hemodialysis access. Creating successful 
autogenous arteriovenous access is based on a thorough and 
adequate preoperative workup.  

  Abstract 

 Successful hemodialysis access placement is of utmost importance for patients with chronic 
kidney disease and end-stage renal disease, and it is optimized by preoperative evaluation 
and planning. This evaluation includes history and physical examination by the surgeon as 
well as noninvasive imaging. In this chapter, we discuss the preoperative workup for hemo-
dialysis access including vein mapping of the super fi cial and deep venous systems of the 
upper extremity as well as segmental pressures, pulse-volume recording, and arterial duplex 
imaging. Each test is used preoperatively with the goal of improving outcomes for hemodi-
alysis access placement.  
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   History and Physical Examination 

 Placing a successful AV access does not begin in the operat-
ing room, but it begins many months before, initially with 
careful evaluation by primary care providers that identify 
patients with CKD early, prior to the point in time that they 
need to start hemodialysis. Patients should be referred to the 
vascular access surgeon for permanent access when their 
creatinine clearance is less than 25 mL/min. Once the patient 
is in the surgeon’s of fi ce, a careful preoperative history and 
physical should be taken. 

 A thorough history includes documentations of the 
patient’s dominant upper extremity, history of all previous 
hemodialysis access sites, recent history of peripheral 
indwelling intravenous catheters, peripherally inserted 
central catheters (PICC) lines, and other sites of previous 
central venous access (including pacemakers and 
de fi brillators). Additional information necessary for com-
plete evaluation includes a detailed list of comorbidities, 
especially diabetes mellitus, peripheral vascular disease, 
congestive heart failure, advanced age, and female gender, 
as there have been reports that these factors may be associ-
ated with increased dif fi culty in establishing patent autog-
enous AV access  [  5–  7  ] . History of thrombotic events and 
history of trauma to the upper extremities are important to 
recognize; consideration of further workup for a hyperco-
agulable disorder or radiographic imaging is appropriate 
in these cases, respectively. 

 A physical examination is systematically completed for 
every patient, evaluating both the arterial and venous anat-
omy. Therefore, the physical examination is focused on the 
upper extremities but also includes a brief systemic examina-
tion, especially of the heart and lungs. 

   Arterial Examination 

 The arterial in fl ow is assessed  fi rst, keeping in mind the two 
important issues for a successful AV access: adequate blood 
 fl ow to the AV access to support hemodialysis and mainte-
nance of blood  fl ow to the extremity distal to the AV access 
 [  8  ] . The brachial, radial, and ulnar arteries are examined on 
both extremities and are evaluated for compressibility and 
pulse and pressure equality. An experienced clinician will be 
able to identify healthy pulses as well as those that are abnor-
mal. An Allen test is performed to evaluate the patency of the 
palmar arch. Bilateral upper extremity blood pressure is 
measured and documented and should be equal. A signi fi cant 
difference suggests the presence of an arterial stenosis or 
obstruction  [  8  ] . If there are any abnormalities in the arterial 
examination, including weak or unequal pulses and blood 
pressure, further investigation is performed with segmental 
pressures, pulse-volume recording (PVR), or duplex ultra-
sound (DU), as discussed in detail later in this chapter.  

   Venous Examination 

 Next, the venous out fl ow is evaluated with and without the 
presence of a tourniquet in place. Normal out fl ow veins are 
continuous and distensible. Many ESRD patients, by the 
time they are sent for AV access placement, have had numer-
ous peripheral intravenous cannulations or attempts, which 
may damage the veins to the point that successful AV access 
placement is compromised  [  8  ] . Veins that can neither be seen 
on physical examination nor distended with a tourniquet may 
be sclerosed, and further investigation is performed with 
upper extremity vein mapping by DU, as discussed in detail 
later in this chapter. 

 The patient is then examined for evidence of central 
venous stenosis. All patients who have had subclavian vein 
access, central venous ports, or PICC line placements are at 
risk for developing central vein stenosis. Gonsalves et al. 
reported a 7% incidence of new central vein stenosis or 
occlusion in patients who had prior central venous access 
 [  9  ] , though reported incidence has ranged from 3% to 38% in 
prior studies  [  10–  12  ] . Any note of edema or prominent 
venous collaterals in the proximal extremity and chest areas 
suggests a possible central venous stenosis (Fig.  31.1 ). If any 
venous abnormalities are noted on physical examination or 
surgical access is planned for the same side as a prior central 
access site, further evaluation of the central venous system is 
performed with ultrasound  [  13  ] , followed by venogram if 

  Fig. 31.1    Bulging upper extremity collateral veins as a result of cen-
tral stenosis       
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any suggestion of stenosis or occlusion is noted on noninva-
sive imaging, as discussed in detail later in this chapter.   

   Additional Examination 

 Further upper extremity examination includes a neurologic 
examination in order to document the presence of neuropathy 
or motor and sensory dysfunction. A skin examination should 
document scars from prior access procedures, other opera-
tions, and trauma. The chest should also be examined for 
presence of scars from possible prior central venous access 
sites. Indications of congestive heart failure, such as jugular 
venous distention, result in a cardiology consultation preop-
eratively to maximize cardiac function prior to surgery  [  14  ] .   

   Diagnostic Imaging 

   Noninvasive Arterial Imaging 

 If any abnormality is detected during the physical examina-
tion of the arterial in fl ow, subsequent evaluation starts with 
noninvasive imaging, beginning with segmental arterial 

 pressures and either pulse volume recording (PVR) or duplex 
ultrasound. Arteriography is the gold standard for diagnosis 
of arterial stenosis; however, there are several limitations to 
consider, especially in patients with CKD. For all patients, 
arteriography is invasive, with risk of puncture site compli-
cations, including hematoma, pseudoaneurysm, dissection, 
or thrombosis. CKD patients have an added risk of contrast-
induced nephropathy (CIN), which may result in the patient 
requiring hemodialysis at a sooner date. Preexisting renal 
dysfunction is the most important risk factor for the develop-
ment of CIN, and the incidence increases with the degree of 
preprocedure renal dysfunction  [  15  ] . Therefore, arteriogram 
should be reserved for patients with abnormal noninvasive 
imaging as discussed below. 

   Segmental Arterial Pressure 
 Segmental pressures are obtained initially after an abnormal 
upper extremity arterial examination and are performed in a 
similar manner to segmental pressures in the legs. Blood 
pressure cuffs are placed on the upper arm, forearm, and 
 fi nger to give an estimate of the level of disease in the upper 
extremity, and the brachial, radial, and ulnar arteries are 
assessed with Doppler ultrasound, while digital arteries are 
assessed using photo-plethysmography (PPG). 
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 Pressures should be equal, without pressure gradient, in 
both extremities, as in Fig.  31.2 . If the arm pressures at the 
same cuff level on opposite arms differ by more than 
20 mmHg or the pressure measurements between adjacent 
cuff sites on the same arm differ by more than 10 mmHg 
 [  16  ] , this is indicative of occlusive disease with a signi fi cant 
stenosis, as indicated in the right arm of Fig.  31.3 . The main 
drawback of segmental pressures is the abnormally high val-
ues seen due to calci fi ed vessels, which is commonly seen in 
diabetic patients. In this group of patients, a  fi nger brachial 
index may be obtained. A normal  fi nger/brachial index 
should be greater than 0.7; when the index is below 0.7, it 
suggests obstruction to  fl ow and should prompt further eval-
uation of the upper extremity arterial system with PVRs and/
or DU  [  17  ] .    

   Pulse-Volume Recording 
 Like segmental pressure measurements, PVR, using volume 
plethysmography, also uses interval blood pressure cuffs that 
detect the arterial pulsations and gives the sum of the blood 
 fl ow in the arteries of that segment of the upper extremity 
 [  18  ] . This is displayed as a triphasic arterial waveform, as 

seen in Fig.  31.2 . The normal waveform has a sharp upslope, 
a dicrotic notch, and a downslope. There should be no evi-
dence of dampening, which indicates a stenosis proximal to 
the respective cuff  [  19  ] . When a signi fi cant stenosis is 
detected, the dicrotic notch is typically lost  fi rst, followed by 
a more shallow upstroke and,  fi nally, an overall decreased 
amplitude of the arterial waveform (see Fig.  31.3 ). This test 
does not require compression of the vessels, and, therefore, 
these waveforms should be unaffected by arterial calci fi cation. 
Any abnormality seen on the PVRs should be further evalu-
ated by arteriography.  

   Duplex Ultrasonography 
 Color  fl ow DU is used to assess the arterial in fl ow when 
abnormalities are detected during segmental pressures or 
PVRs. Using DU, the entire arterial anatomy of the upper 
extremity, including the subclavian artery, may be visualized 
and allows for evaluation of arterial diameter as well as pres-
ence of arterial stenosis or calci fi cation, and abnormal arte-
rial wall thickening  [  19  ]  (Fig.  31.4 ).  

 Multiple studies have evaluated minimum diameter nec-
essary for successful AV access, and both 1.5 and 2.0 mm 
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have been used as the minimally accepted internal arterial 
diameters; however, unobstructed in fl ow artery diameter of 
2.0 mm has more often been used as a predictor of success 
 [  20,   21  ] . Lemson et al. reported that patients with failed fore-
arm  fi stulas had signi fi cantly smaller mean preoperative 
radial artery diameters compared to patients with matured 
 fi stulas (1.9 vs. 2.8 mm)  [  22  ] . 

 An additional bene fi t to DU diagnostic capabilities is its 
possible use for therapeutic procedures such as DU-guided 
angioplasty. This has been described for treatment of lower 
extremity occlusive disease, carotid disease, and non-maturing 
AV access as an alternative to standard angiography with angio-
plasty in an effort to avoid radiation exposure and contrast 
material, especially in patients with renal insuf fi ciency  [  23  ] .   

   Noninvasive Venous Imaging 

   Superi fi cial Venous System 
 DU is critical to the complete evaluation of the venous 
out fl ow. All patients who have an abnormal venous examina-
tion or do not have adequately visualized super fi cial veins on 
physical examination should undergo super fi cial vein map-
ping with DU prior to any attempt at creating AV access. 
Many times, the veins are simply too deep to be palpated or 
visualized, even with a tourniquet in place. In one study, 
53.5% had poor or absent veins on physical examination; 
however, with duplex ultrasound, adequate veins were found 
in 77% of this group of patients  [  24  ] . The forearm venous 
network is super fi cial and easily imaged with duplex ultra-
sound (see Figs.  31.5a–d ). The preoperative vein mapping 
should visualize the entire length of the cephalic and basilic 
veins, evaluating diameter, continuity, distensibility, and 
presence of large branches.  

 Preoperative vein mapping has been shown in numerous 
studies to increase the rate of autogenous AV access construc-
tion. Robbin et al. noted an increase in autogenous AV access 
placement from 32% to 58% after a preoperative DU program 
was started  [  25  ] . They also noted that preoperative vein map-
ping resulted in a change in the type and/or location of access 
surgery planned just after physical examination alone for 
31% of their patients, including eight patients who received 
an autogenous rather than a prosthetic AV access  [  25  ] . 

 Multiple studies have shown preoperative DU to predict 
successful AV access placement  [  26  ] . With preoperative DU, 
Silva et al. were able to demonstrate an increase in autoge-
nous access placement from 14% to 63%, a decrease in early 
failure rate of the autogenous access from 38% to 8.3%, and 
a 1-year patency rate of 83%  [  21  ]  when a venous luminal 
diameter of 2.5 mm or greater was used. Ascher also reported 
an increase of placement of autogenous AV access as well as 
an increase in the overall 1-year primary patency rate from 
45% to 72% after implementation of a DU program  [  27  ] . 
Despite these promising results, there are additional studies 
that show that an increase in placement of autogenous AV 
access resulted in an increase of primary failure. A study by 
Miller et al. reported an early patency rate of only 47% and 
an 81% patency rate at 1 year  [  5  ] ; this is likely due to the 
increased use of smaller caliber veins. 

 Multiple studies have looked at the minimal acceptable 
diameter for veins. Mendes et al. noted that patients with a 
cephalic vein size of 2.0 mm or less were less likely to have 
a successful wrist autogenous access than if the cephalic vein 
was greater than 2.0 mm. This study reported that primary 
patency at 3 months increased from 16% for veins less than 
2.0 mm to 76% for greater than 2.0 mm diameter. These 
veins were measured without using a tourniquet, but with the 
patient reclined and the arm dependent  [  28  ] . Silva et al. 
required veins greater than 2.5 mm for autogenous access 
and greater than 4 mm for nonautogenous access  [  21  ] , while 
Ascher et al. used the criteria of a 2-mm vein at the wrist and 
greater than 3 mm in the upper arm  [  27  ] . Both of these stud-
ies measured veins using a tourniquet in place.  

   Central Venous System 
 If any abnormality is detected on history or physical exami-
nation, including prior central venous catheters, PICC lines, 
or multiple previous failed attempts at AV access in the same 
arm, a deep venous DU should be performed. Upper extrem-
ity contrast venography has remained the gold standard for 
diagnosis of proximal venous obstruction; however, the risk 
of the invasive procedure with administration of contrast to a 
patient with CKD is undesirable. DU has been found to have 
a speci fi city of 97% and a sensitivity of 81% for detecting 
central venous out fl ow obstruction  [  29  ] ; therefore, DU is 
extremely useful for CKD patients. In this study, color  fl ow 
DU was most accurate in detecting out fl ow obstruction in the 

  Fig. 31.4    Duplex ultrasound of a normal right subclavian artery       
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subclavian vein (sensitivity of 94%) and least accurate for 
lesions in the axillary vein (sensitivity of 67%)  [  29  ] . 

 DU criteria for proximal venous out fl ow obstruction 
include the absence of spontaneous phasic  fl ow, vein incom-
pressibility, or absence of  fl ow augmentation with distal 
venous compression  [  29  ] . The subclavian vein can be directly 
visualized (see Fig.  31.6 ). The superior vena cava and innom-
inate vein can be measured indirectly by observance of 
decreased respiratory phasicity and transmitted cardiac pul-
satility in the subclavian and jugular veins  [  25  ] .  

 As in the case of ultrasound-guided arterial treatments, 
the DU examination can also guide the treatment of venous 
stenosis. It avoids the use of contrast material, therefore 
eliminating the risk of contrast-induced nephropathy in these 
high-risk patients. Several studies have shown excellent 
results with this method for venous stenosis as well as for 
non-maturing autogenous AV  [  27,   30,   31  ] . If DU is nondiag-
nostic, venography should be performed.    

a b

c d

  Fig. 31.5    ( a – d ) Preoperative ultrasound images of the right cephalic and basilic vein in the upper and lower arm       

  Fig. 31.6    Color  fl ow duplex ultrasound of a normal right subclavian 
vein       
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   Conclusion 

 In summary, preoperative planning is imperative for cre-
ating autogenous AV access. The National Kidney 
Foundation-Kidney Dialysis Outcomes Quality Initiative 
(NKF-DOQI) guidelines as well as the clinical practice 
guidelines for the surgical placement and maintenance of 
arteriovenous hemodialysis access of The Society for 
Vascular Surgery have given clear recommendations 
aimed at creating autogenous AV access  [  14,   32  ] , in par-
ticular, the use of noninvasive imaging to augment the 
placement of autogenous AV access. By using the nonin-
vasive tools and guidelines that are available, the goal of 
increasing the number of functional autogenous arterio-
venous access may be achieved.      
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 Maintenance of a functional dialysis access requires vigi-
lance in caring for patients with end-stage renal disease 
(ESRD) receiving hemodialysis. Both autogenous  fi stulas 
(AVF) and prosthetic bridge grafts are associated with a 
spectrum of anatomic and hemodynamic abnormalities that 
interfere with dialysis access function. The failure rate of 
dialysis access procedures, that is, primary patency rate 

based upon “intention to treat” reporting standards, has been 
reported as high as 40% at 1 year for both autogenous and 
prosthetic conduits  [  1,   2  ] . The most common problems are 
failure of autogenous vein accesses to mature, access throm-
bosis, false aneurysm formation, venous hypertension pro-
ducing limb edema, and arterial steal syndrome producing 
hand ischemia. In the majority of patients, salvage of dialysis 
access conduit is possible but the subsequent assisted pri-
mary patency and secondary patency rates at 1 year are 
60–80% for AVFs and 50–70% for polytetra fl uoroethylene 
(PTFE) bridge grafts  [  1,   2  ] . The rationale for dialysis access 
surveillance is based on the principle that surgical or endo-
vascular intervention to maintain or improve functional pat-
ency is more successful when performed on a patent but 
“failing” dialysis access than on one that has thrombosed. 
Duplex ultrasound is ideally suited for the detection of access 
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stenosis, which reduces volume  fl ow to levels that result in 
ineffective or dif fi cult hemodialysis. Monitoring of dialysis 
access function is a recommended “quality assurance” guide-
line, but the ef fi cacy of duplex ultrasound surveillance to 
improve patency and function is an unveri fi ed application, 
primarily because a prospective, randomized clinical trial 
has not been conducted. 

 Surveillance of dialysis access function requires use of 
accurate diagnostics and successful reparative interventions 
to verify access to both anatomy and hemodynamics is suit-
able for conduit cannulation and hemodialysis. The goal is to 
preserve a high- fl ow, subcutaneous conduit that can have a 
two-needle cannulation to deliver blood to and from a dialy-
sis  fi lter circuit. In general, three times weekly hemodialysis 
requires at least a 10-cm length of subcutaneous (<1 cm 
depth) conduit for cannulation with a volume  fl ow rate of 
>600–800 mL/min  [  3,   4  ] . The National Kidney Foundation 
(  www.kidney.org    ) in their Dialysis Outcome Quality 
Initiative (DOQI) guidelines 9–11 recommends “prospective 
surveillance of dialysis access grafts for hemodynamically 
signi fi cant stenosis”  [  3  ] . Evidence-based data indicate that 
surveillance combined with lesion repair “improves patency 
and decreases the incidence of thrombosis.” The surveillance 
protocol should include weekly physical examination in the 
dialysis unit, and the use of anatomic and physiologic tech-
niques to detect access stenosis or  fl ow reduction  [  5–  8  ] . 
Diagnostic methods available to clinicians include access 
recirculation calculations, venous line pressures, ultrasonic 
dilution techniques, duplex ultrasound testing for stenosis 
detection and volume  fl ow measurement, and contrast 
 fi stulography. The best surveillance method is one that is 
accurate, safe, practical regarding patient care, and ideally 
reimbursed by Center for Medicare Services (CMS) or other 
healthcare providers. Although duplex ultrasound is well 
suited for dialysis access surveillance, the current CMS pay-
ment guidelines for CPT 93900 (duplex scan of hemodialy-
sis access) will not pay for routine surveillance testing. 
Payment is provided if any sign or symptom of access dys-
function exists, such as decreased thrill on physical examina-
tion, dif fi culty in needle cannulation, clot formation during 
hemodialysis, an elevated venous line dynamic pressure 
(>200 mmHg) during dialysis at a  fl ow of 200 mL/min, 
access recirculation of 12% or greater, or an otherwise unex-
plained urea reduction ratio of <60%. Documentation of 
medical necessity is required for CMS reimbursement if both 
a duplex scan and a diagnostic  fi stulogram is performed to 
assess dialysis access dysfunction. 

 The development of a focal stenosis in the venous conduit 
or prosthetic bridge graft venous out fl ow is the prevalent 
mode of dialysis access failure, including the failure of a 
newly constructed access to mature. Stenotic lesions can 
develop at the arterial anastomosis, within the vein or pros-
thetic conduit, and in the central veins of the thorax. 

Signi fi cant stenosis, i.e., >50% diameter-reducing (DR) are 
found in 80–90% of thrombosed access grafts  [  6,   7  ] . In some 
instances, restoration of access patency by endovascular or 
surgical thrombectomy will not identify a causative anatomic 
lesion, suggesting there is another etiology for thrombosis, 
such as transient hypotension, hypovolemia, a hypercoagu-
lable condition, prolonged access compression after cannu-
lation, or improper access cannulation. Duplex ultrasound 
mapping allows for both the detection of access stenosis as 
well as the measurement of volume  fl ow, a characteristic 
critically important for a successful hemodialysis session. 
These data are useful for patient management, including 
decisions regarding when a newly constructed dialysis access 
can be used, is there an abnormality present interfering with 
access maturation, and is low access  fl ow caused by a “cor-
rectable” lesion(s). By using appropriate interpretation crite-
ria, duplex testing allows the clinician to determine the 
signi fi cance of detected stenosis relative to the level of access 
volume  fl ow that would compromise hemodialysis. Other 
anatomic lesions that may interfere with access function or 
longevity can also be identi fi ed, such as pseudoaneurysm 
formation, conduit mural thrombus, cannulation site hema-
toma, or perigraft seroma. Repair of duplex- or  fi stulogram-
detected stenosis by open surgical revision or percutaneous 
transluminal angioplasty (PTA) can restore functional pat-
ency and extend access survival  [  2,   8–  12  ] . Prospective clini-
cal studies comparing results of surgical versus endovascular 
intervention have reported equivalent success in the manage-
ment of the “thrombosed” or “stenotic” access conduit. 
Intervention decisions are typically based on lesion morphol-
ogy and site, age of the dialysis access, conduit type, and 
operator experience or preference. Since most access lesions 
develop within the  fi rst year, duplex testing is of most value 
early after access construction and during this time period. 
Since the ef fi cacy of access surveillance may differ between 
prosthetic bridge grafts and autologous AVFs, the interpreta-
tion criteria regarding access maturation and appropriate vol-
ume  fl ow differ and testing should be tailored to the access 
type and individual patient. 

   Dialysis Access Diagnostics 

 Historically, dialysis access surveillance relied primarily on 
anatomic assessment using contrast digital subtraction arte-
riography to identify correctable lesions producing dysfunc-
tion or thrombosis. A “clinically signi fi cant” stenosis reduces 
lumen diameter >50%, e.g., >75% cross-sectional area 
reduction, and is associated with a resting pressure gradient 
and therefore a reduction in volume  fl ow. Current DOQI rec-
ommendations support the application of physiologic testing 
methods for surveillance including duplex ultrasound, assess 
recirculation, venous line pressure measurements, and 
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Doppler volume  fl ow measurements. These direct and indi-
rect diagnostic methods can identify the “low” volume  fl ow 
or “failing” dialysis access, whose threshold values are pre-
dictive of conduit thrombosis or dif fi cult hemodialysis. The 
minimum volume  fl ow threshold for satisfactory hemodialy-
sis is reported to be 500 mL/min; but for effective dialysis in 
2–3-h session with a circuit  fl ow of 300–450 mL/min, a 
higher access  fl ow is required – ideally in the range of 800–
1,200 mL/min. After dialysis access construction, volume 
 fl ow increases during the subsequent weeks and months due 
to venous out fl ow and in fl ow artery dilation. This “matura-
tion” process is more rapid within the  fi rst month, which 
allows bridge graft accesses to be used earlier that an autog-
enous vein access. Overall, the autogenous forearm AVF and 
bridge graft has a lower  fl ow rate than an arm AVF or pros-
thetic bridge graft due to smaller diameter in fl ow radial/ulnar 
arteries and out fl ow vein conduit. Since volume  fl ow is an 
important criterion of dialysis access maturation, duplex 
testing prior to cannulation is an important and recommended 
evaluation. When a contrast  fi stulogram or duplex scan 
identi fi es a >50% diameter-reducing (DR) stenosis, interven-
tion should be based on the measured level of access volume 
 fl ow. Stenosis can be detected in one-quarter of patients with 
clinically functioning dialysis accesses. The goal of surveil-
lance is to use sequential testing to monitor access function 
and identify hemodynamic changes prior to access thrombo-
sis, which typically occurs when volume  fl ow falls below a 
level of 500–600 mL/min. 

   Contrast Fistulography 

 Access imaging by catheter injection of iodinated contrast 
agents is considered the “gold standard” for assessment of 
arterial in fl ow, anastomotic sites, venous/prosthetic conduit, 
and the central veins of the thorax. Using digital subtraction 
techniques and multiplanar imaging, the entire upper extrem-
ity arterial and venous anatomy can be evaluated. Grading of 
stenosis severity is accurate including the assessment of mul-
tilevel occlusive lesions. The  fi stulogram can also detect 
aneurysms (true and false) and conduit mural thrombus, con-
ditions that increase thrombotic risk and require repair. 
Fistulography is invasive, expensive, and has associated 
risks, and it should not be used as a primary method for eval-
uating dialysis access for anatomic lesions, but is better used 
to evaluate the “failing” access or perform endovascular 
therapy on a known abnormality. Administration of iodinated 
contrast in ESRD patients not yet receiving hemodialysis 
with recently constructed but dysfunctional access conduits 
should be avoided to prevent acceleration of renal failure. In 
such cases, duplex ultrasonography can be used to identify 
stenoses for intervention. A contrast study is always used in 
conjunction with a planned or anticipated endovascular 

 procedure. Duplex monitoring of a dialysis access angio-
plasty can be used to con fi rm improvement in volume  fl ow 
and absence of residual stenosis. A catheter-directed veno-
gram is the preferred technique to evaluate the central (axil-
lary, subclavian, brachiocephalic, superior vena cava) venous 
system for obstruction or stenotic lesions produced by prior 
venous dialysis catheters or cardiac pacemaker leads.  

   Access Recirculation 

 Recirculation within a hemodialysis access conduit is de fi ned 
as dialyzed blood returning through the venous needle that 
reenters the extracorporeal circuit through the arterial needle. 
If measured accurately,  access recirculation  does not occur 
unless the blood  fl ow rate through the access conduit is gen-
erally less than that prescribed through the dialyzer circuit 
 [  13  ] . Measurement of recirculation percentage of 12% or 
greater correlates with low volume  fl ow and is an indicator of 
inef fi cient hemodialysis. Access recirculation is calculated 
using the measured concentration of blood urea nitrogen 
(BUN) according to the formula

        

where  U  
s
  is the systemic [BUN],  U  

a
  is arterial line [BUN], 

and  U  
v
  is the venous line [BUN]. Existing methods (three-

needle, peripheral vein techniques) of measurement of sys-
temic [BUN] are prone to error and overestimation of 
recirculation because of arteriovenous and venovenous equi-
librium. Alternatively, a two-needle, slow/stop  fl ow method 
for urea recirculation may decrease these errors  [  14  ] . 
Recirculation measurements are made during hemodialysis 
and can be repeated serially over time, but have not generally 
been predictive of dialysis access thrombosis. Urea recircu-
lation values of greater than 15% at a dialyzer  fl ow rate of 
400 mL/min have had an acceptable accuracy for identifying 
access conduits with stenosis but not found to be useful in 
prospective studies in predicting access thrombosis  [  15–  18  ] . 
Measurement of access recirculation is not considered a pre-
ferred method for identi fi cation of a failing access and is not 
suited for surveillance. If an abnormal access recirculation 
value is measured, duplex testing should be performed to 
measure volume  fl ow.  

   Venous Line Pressure Measurement 

 Elevation of pressure measured in the drip chamber of the 
venous cannula downstream of the dialysis pump and mem-
brane unit can occur with venous out fl ow obstruction. Since 
venous stenosis is a common cause of access failure, serial 
measurement of venous line pressures is an accepted 
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 surveillance technique. Accuracy of the pressure measure-
ment is highly dependent on proper matching of the dynamic 
response of the catheter – transducer system, transducer 
zeroing relative to height differences in the system, and elim-
ination of air bubbles or blood clots. Both static (measured 
under no dialyzer  fl ow condition) and dynamic (with dia-
lyzer  fl ow) venous line pressures have been utilized. 
Measurement of line pressure with the dialysis  fl ow rate held 
constant at 200–250 mL/min for several minutes is the pre-
ferred technique. Testing is performed prior to proceeding 
with hemodialysis at a  fl ow rate of 300–400 mL/min with a 
line pressure <150 mmHg considered normal. 

 The diagnostic accuracy of venous line pressures in detec-
tion of >50% DR stenoses is suf fi cient for surveillance test-
ing. A dynamic venous pressures >150 mmHg during three 
consecutive dialysis sessions had an 86% sensitivity and 93% 
speci fi city for detection of >50% venous out fl ow stenosis by 
con fi rmed  fi stulography  [  10  ] . Mean dynamic venous line 
pressure was signi fi cantly higher in patients with >50% DR 
angiographic-con fi rmed stenosis (126 ± 35 mmHg) than in 
accesses without stenosis (95 ± 22 mmHg)  [  19  ] . When used 
alone, venous line pressure measurements have not been pre-
dictive of access thrombosis  [  5,   18,   19  ] . Testing is most sensi-
tive to the development of venous anastomotic or out fl ow 
stenosis since lesions proximal to venous cannula will not be 
detected. Serial venous line pressure measurements can rec-
ognize the “failing” access, and a threshold value in the 
150–200 mmHg is an appropriate indication to proceed with 
additional diagnostic testing such as duplex ultrasound.  

   Volume Flow Measurement 

 Serial volume  fl ow measurement of the patent dialysis access 
holds promise as the most accurate method for access sur-
veillance. The relationship between low-volume  fl ow rate 
and thrombosis risk has been clearly demonstrated. By com-
parison, the relationship between presence of stenosis and 
conduit  fl ow rates remains to be fully de fi ned. A duplex-
detected stenosis with a <2 mm residual lumen diameter, 
peak systolic velocity > 400 cm/s, and peak systolic velocity 
ratio > 2 across the stenosis indicates >50% DR but is not 
always associated with low (<500 mL/min) access volume 
 fl ow. Duplex-derived volume  fl ow calculations and Doppler 
ultrasonic techniques have been used to estimate time-aver-
aged blood  fl ow rates. Since the diameter of the vessel and 
time-averaged velocity can be measured by ultrasound meth-
ods, volume  fl ow can be calculated using the formula

        

where  v  is the time- and spatially averaged velocity over the 
lumen cross-section and  d  and  A  are the lumen diameter and 

cross-sectional area at the site of velocity measurement. 
Assumptions made in this calculation are that blood  fl ow is 
minimally disturbed and axial-symmetric at the recording 
site, and the lumen cross-section is circular. Testing should 
not be performed during or immediately after dialysis, since 
reduction in blood pressure caused by hypovolemia is a 
potential source of error by providing low volume  fl ow esti-
mates. Duplex ultrasound volume  fl ow should be measured 
on a nondialysis day in a normotensive patient. The software 
package for this calculation is available on essentially all 
contemporary duplex ultrasound units. For upper extremity 
autogenous accesses with variable vein diameters and 
branching patterns, volume  fl ow measurement from the 
in fl ow artery is an appropriate option. Sites of  fl ow measure-
ment should be carefully selected – no stenosis or lumen nar-
rowing should be imaged and pulsed Doppler velocity spectra 
should demonstrate only mild-to-moderate spectral broaden-
ing (Fig.  32.1 ). Vessel diameter (anterior-posterior dimen-
sion) is measured with transducer scanlines perpendicular to 
the long axis of the conduit in a longitudinal/sagittal view. 
The pulsed Doppler sample volume is sized to encompass 
the entire lumen, and the velocity spectra recorded at a 
Doppler angle of 60°. The time-averaged velocity is calcu-
lated over two to three pulse cycles. Measurements are 
obtained in the in fl ow artery and at two to three locations 
along the access conduit, typically several (3–4) vessel diam-
eters downstream of the arterial anastomosis, at mid-graft, 
and proximal to any venous anastomosis (Fig.  32.2 ). 
Experimental validation of duplex-derived volume  fl ow mea-
surements have been performed in baboons with an average 
error of 13% and good correlation ( r  = 0.9) with timed blood 
collection at  fl ow rates in the range of 300 mL/min  [  20  ] . 
Similar validation data does not exist for the high volume 
and disturbed  fl ow conditions present in arteriovenous access 
conduits but it is estimated that the reproducibility error is 
approximately 20–25%.   

 Access  fl ow can also be measured during hemodialysis 
sessions using the transit-time, ultrasonic dilution method. 
Separate ultrasound transducers are placed on the arterial 
and venous dialysis tubing and the lines are reversed so that 
the arterial line is downstream of the venous line within the 
access conduit. The dialysis circuit  fl ow is  fi xed at 200–
300 mL/min and ultra fi ltration turned off. Rapid injection of 
5–10 mL of normal saline at body temperature into the 
venous line dilutes the red cell mass in blood  fl owing through 
the access and results in alteration of the Doppler-derived 
velocity waveform recorded by the arterial line transducer. 
The measured areas under the perturbed velocity versus time 
curve at the venous ( S  

v
 ) and arterial ( S  

a
 ) lines and the known 

dialyzer  fl ow rate ( Q  
b
 ) allows calculation of the access  fl ow 

rate by the relation:

         

2( ) / 4Q vA v d= = p

( )b v a/ 1Q Q S S= -
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 Accuracy of the access  fl ow calculation appears indepen-
dent of dialyzer  fl ow rates between 177 and 350 mL/min but 
requires careful positioning of the arterial needle within the 
center stream of the access  fl ow  [  21  ] . Two or three access 
 fl ow measurements should be made for reproducibility as the 
error between consecutive measurements averages 5%  [  20  ] . 
Clinical comparison of ultrasound dilution and Doppler-
derived  fl ow rate measurements have yielded acceptable 
agreement (correlation coef fi cients 0.79–0.83) over a wide 
range of access  fl ows  [  17,   22,   23  ] . The ultrasound dilution 
technique does not have a tendency to over- or underestimate 

 fl ow rates except in accesses with conduit stenosis where 
dilution measurements were lower than obtained by duplex 
ultrasound  [  22  ] . 

 Low-volume  fl ow rates (<300–500 mL/min) have been 
shown to be predictive of PTFE bridge graft failure 
(Table  32.1 )  [  5,   17–  19,   24–  28  ] . The thrombotic risk increases 
whether measured by Doppler-derived or ultrasound dilution 
techniques. The association between low-volume  fl ow and 
AVF patency is not as strong as for prosthetic bridge grafts, 
felt due to lower thrombotic potential of the venous conduit. 
The combination of access stenosis with low-volume  fl ow is 
also predictive of access failure  [  5,   19  ] . Flow rates were 
signi fi cantly less in conduits with stenosis than in function-
ing conduits with a maintained stenosis-free patency. In fact, 
the  fl ow rate values in stenotic conduits were similar to those 
measured in accesses with subsequent thrombotic events  [  5  ] . 
These observations con fi rm access conduit stenosis associ-
ated with a low or reduction in volume  fl ow increases throm-
botic risk. It should be noted that in some access conduits 
with low volume  fl ow rates, a stenosis may not be detected. 
In these instances, a careful search for in fl ow or central vein 
occlusive disease should be conducted. Mechanisms of 
thrombosis in low  fl ow, nonstenotic access includes interval 
development of heart failure, hypovolemia, hypotension, 
hypercoagulability, or extrinsic pressure on the graft (e.g., 
during access decannulation).  

 Controversy exists regarding the threshold access volume 
 fl ow that should prompt intervention or additional imaging 
studies such as contrast  fi stulography. Based on current ret-
rospective and uncontrolled prospective data, PTFE bridge 
grafts with access  fl ow rates below 700–800 mL/min and 
reduced peak systolic velocities in the in fl ow brachial or 
radial artery <90 cm/s should be imaged with duplex 

  Fig. 32.1    Duplex ultrasound 
image of a 6 mm diameter 
dialysis bridge graft with a 
calculated volume  fl ow of 
1,280 mL/min. Note velocity 
spectra were recorded at a 60° 
Doppler angle, the pulsed-Dop-
pler sample volume encompasses 
the entire lumen, and time-aver-
aged, mean velocity measured 
over three pulse cycles       

Mean Access Volume Flow = (850 + 780 + 880 + 910)/
4 = 855 ml/min

Native Artery
PSV = 150 cm/s
Vd = 60 cm/s
Flow = 850 ml/min

Native Vein
PSV = 250 cm/s

Proximal Graft
PSV = 200 cm/s
Flow = 780 ml/min

Distal Graft
PSV = 250 cm/s
Flow = 910 ml/min

Mid-Graft
PSV = 240 cm/s
Flow = 880 ml/min

  Fig. 32.2    Schematic of forearm loop prosthetic bridge graft for dialy-
sis showing typical duplex scan recording sites of peak systolic velocity 
(PSV, cm/s) and volume  fl ow (mL/min) measurements. Mean graft  fl ow 
calculated as the average of measurements recorded from in fl ow bra-
chial artery and three graft sites       
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 scanning. Strauch et al.  [  7  ] . used a lower volume  fl ow cutoff 
(350 cm/s) to identify grafts that will likely fail without inter-
vention. Similarly, measured  fl ow rates less than 400 mL/
min in AVFs should prompt angiographic assessment. 

 Back et al.  [  27  ]  found a threshold volume  fl ow rate of 
800 mL/min was a better discriminate of failing and func-
tional AVFs and bridge grafts (with accuracy of 77%) than a 
 fl ow rate greater than or less than 500 mL/min (accuracy of 
67%). Regardless of the threshold levels chosen, grafts dem-
onstrated to have  fl ow-reducing stenosis should be monitored 
for concomitant reduction in volume  fl ow. Optimal intervals 
for surveillance measurement of access  fl ow rates have not 
been speci fi ed and may differ with access type and graft 
diameters. Since access failure is most common during the 
 fi rst postoperative year, surveillance at 3-month intervals 
may be appropriate.  

   Duplex Ultrasound 

 Duplex scanning of a dialysis access provides both imaging 
and hemodynamic assessment of the arterial in fl ow, conduit, 
and venous out fl ow with precision comparable to contrast 
 fi stulography. The subcutaneous location of the access 

 conduits allows the use of high-frequency (7.5–10 MHz) lin-
ear array transducers to obtain high-resolution vessel imag-
ing. Both transverse and longitudinal/sagittal B-mode, color 
Doppler, and power Doppler imaging can be used to image 
the access, anastomotic regions, and venous out fl ow includ-
ing the central veins to the extent possible. The technique of 
duplex mapping is identical to peripheral artery scanning 
with color/power Doppler imaging for stenosis and pulsed-
wave Doppler velocity spectra recording for stenosis 
classi fi cation in DR categories of <50% and >50% based on 
peak systolic (PSV), end-diastolic (EDV) velocity. The 
velocity spectra of dialysis access hemodynamics are one of 
high- fl ow and low resistance with “normal” dialysis conduit 
PSV > 150 cm/s (Fig.  32.1 ). The resistive index should be 
0.7 or less. Spectral broadening is typically present espe-
cially within the arterial anastomotic regions due to PSV > 
200 cm/s and vessel tortousity, producing highly disturbed 
 fl ow conditions. Proper selection of the color bar and veloc-
ity scale helps to minimize aliasing artifacts associated with 
color Doppler imaging. Access graft stenosis is identi fi ed by 
color  fl ow imaging of a narrowed lumen and at least dou-
bling of peak systolic velocities compared with adjacent 
graft segments (Fig.  32.3 ). A perivascular color artifact may 
be present and represents a tissue bruit caused by turbulent 

   Table 32.1    Correlation of hemodialysis access blood  fl ow rate measurements with arteriography and graft failure measures   

 Author  Access type  Technique  Threshold value (mL/min)  Validation angio?  Findings 

 Rittgers et al.  [  24  ]   PTFE  Doppler  <450  No  100% Failure 2 weeks 
 Shackleton et al.  [  25  ]   PTFE  Doppler  <450  No  83% Sensitivity,75% speci fi city 

failure 2–6 weeks 
 Sands et al.  [  23  ]   PTFE  Doppler  < 800  No  93% Failure 6 months* 
 Johnson et al.  [  28  ]   PTFE  Doppler  <400  No  64% Failure 3 months* 

 AVF  Doppler  <320  No  Lower 1° and 2° patency rates* 
 May et al.  [  17  ]   PTFE  Dilution  1,150  No  Relative risk failure 3 months = I 

 750  1.5* 
 300  2.4* 

 Bay et al.  [  18  ]   PTFE  Doppler  700–1,000  no  Relative risk intervention/failure 
6 months = 1 

 300–500  1.4* 
 <300  2.0* 

 Bosman et al.  [  19  ]   Graft  Filution  1,061  Yes  Nonstenotic 
 664  >50% Stenosis* 

 Besarab et al.  [  22  ]   PTFE  Dilution  1,121  Yes  No event 
 605  Stenosis/intervention* 
 540  Failure* 

 AVF  Dilution  1,057  Yes  No event 
 313  Stenosis/intervention* 
 475  Failure* 

 Back et al.  [  27  ]   AVF  Doppler  <800  No  77% Accuracy failure (thrombosis/
reintervention 6 months)* 

 PTFE  <800  No  63% Accuracy failure 
 AVF  <500  No  67% Accuracy failure 
 PTFE  <500  No  63% Accuracy failure 

  * p  < 0.05, statistically different group  
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 fl ow and vessel wall/tissue vibration. The duplex criteria for 
classi fi cation criteria dialysis access stenosis severity is 
based on PSV in the stenosis and reduction of conduit  fl ow 
velocity in a nonstenotic segment (Table  32.2 ). In general, a 
>50% DR,  fl ow-reducing stenosis is associated with PSV > 
400 cm/s and a conduit and in fl ow artery PSV < 150 cm/s. 
When the access is thrombosed, the in fl ow artery will 

 demonstrate multiphasic, high-resistance velocity spectra 
and no Doppler signal will be recorded within the occluded 
access conduit. In general, a hemodynamically signi fi cant 
(>50% DR) stenosis that impairs volume  fl ow and should be 
repaired has the duplex features of a PSV > 400 cm/s, EDV 
> 250 cm/s, a local PSV ratio > 2, and a residual color or 
power Doppler  fl ow lumen than 2–3 mm in diameter.   

 The diagnostic accuracy (sensitivity, speci fi city, positive 
predictive value) of duplex testing compared to contrast 
 fi stulogram for the detection of >50% DR stenosis is approx-
imately 80% (Table  32.3 )  [  17,   29–  34  ] . Several reports used 
direct measurement of DR by B-mode and color  fl ow imag-
ing for identi fi cation of >50% stenoses. Tordoir et al.  [  33  ]  
used duplex-measured velocity criteria for >50% DR steno-
sis within bridge grafts, AVFs, and venous out fl ow. In a 
smaller clinical series, Older et al.  [  34  ]  showed that 83% of 
duplex-detected lesions with >50% DR stenosis con fi rmed 
by  fi stulography had a threshold peak systolic velocity 
greater than 400 cm/s or peak systolic velocity ratio greater 
than 3. Diagnostic errors are primarily due to the limited 
ability of duplex testing to identify central vein obstruction 
or stenosis with reported a diagnostic sensitivity of 81% for 
>50% DR axillary, subclavian, or brachiocephalic venous 
stenosis or occlusion  [  31–  35  ] .  

 Routine surveillance of dialysis access has demonstrated 
the prevalence of >50% DR stenosis (based on PSV and PSV 
ratio values,  fi stulogram con fi rmation) in the range of 
30–48%  [  18,   31–  33  ] . Indicating access stenosis is a common 
duplex  fi nding, especially for PTFE bridge grafts, despite the 
access exhibiting suf fi cient functional patency such that 
hemodialysis and continued conduit cannulation is not com-
promised. The mean number of stenoses identi fi ed in the 
bridge graft conduit or out fl ow veins ranged from 1.4 to 1.8. 
Correlation studies of duplex-detected stenosis with subse-
quent access thrombosis have yielded mixed results. Although 
duplex-detected stenosis within a dialysis access has been 
associated with reduced primary patency compared to “nor-
mal” scans, prospective clinical trials and prophylactic endo-
vascular treatment of detected lesions did not demonstrate 
signi fi cant improvement in assisted primary patency for 
prosthetic bridge grafts  [  17,   18,   32  ] . These results suggest 
the presence of an access stenosis alone should not be the 
sole criteria for intervention. Since dialysis access failure is 
related to volume  fl ow, duplex surveillance should include 
both imaging for stenosis and measurement of volume  fl ow 
with repair of lesions associated with low (500–800 mL/min) 
volume  fl ow. The ratio of volume  fl ow (VF) to PSV at a 
duplex-identi fi ed stenosis (PSV 

stenosis
 ) may be a useful param-

eter to aid in decision making or predict access patency. A 
VF/PSV 

stenosis
  value <2 indicates a stenosis with a PSV of 

400 cm/s should be repaired; but if the value is >2, VF of the 
access is adequate, i.e., >800 mL/min, and the access can be 
used for hemodialysis. Site of stenosis should be monitored 

  Fig. 32.3    Contrast  fi stulogram and duplex scan of a >50% DR seg-
mental venous stenosis. Peak systolic velocity (PSV) of 600 cm/s, EDV 
of 400 cm/s, and velocity ratio of 4 across stenosis predictive of >50% 
stenosis. Volume  fl ow (VF) was measured at 700 mL/min; VF/
PSV 

stenosis
  < 1.5. Note red/blue color pixels outside the vessel in the 

duplex scan image caused by a tissue bruit       

   Table 32.2    Duplex classi fi cation of dialysis access stenosis   

 Scan 
interpretation  Recorded velocity spectra 

 Color Doppler 
imaging 

 Normal  Arterial anastomosis 
>200 cm/s 

 No graft stenosis 
imaged, patent 
venous out fl ow  Mid-graft PSV > 150 cm/s 

 <50% DR 
stenosis 

 PSV anastomosis 
200–400 cm/s 

 Decrease in lumen 
diameter 

 PSV conduit lesion <400 cm/s 
 Local PSV ratio < 2 
 Mid-graft PSV 100–150 cm/s 

 >50% DR 
stenosis 

 PSV anastomosis >400 cm/s  Focal lumen 
reduction, diameter 
<2–3 mm 

 PSV conduit lesion >400 cm/s 
 Local PSV ratio > 2 
 Mid-graft PSV < 100 cm/s 
 If volume  fl ow/PSV 

stenosis
  < 2; 

repair lesion 
 Occlusion  No Doppler signal in conduit  Conduit occluded 
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for progression with serial duplex testing at 1–2 month 
intervals. 

 Duplex testing can also detect other access abnormalities 
that interfere with hemodialysis or threaten patency. 
Aneurysms or pseudoaneurysm are readily detected by color 
 fl ow imaging and are easily distinguished from hematoma by 
the presence of  fl ow. Small pseudoaneurysm (5 mm diameter) 
caused by repetitive cannulation tend to remain stable while 
large pseudoaneurysm (>1 cm diameter) typically enlarge 
and should ideally be repaired. Lumen thrombus can also be 
detected by duplex scanning and is a sign of access dysfunc-
tion and associated with eventual access thrombosis.   

   Application of Duplex Surveillance 

 In our vascular group, duplex ultrasound is the preferred 
method for dialysis access surveillance (Table  32.4 ). Whether 
the testing is performed beyond the early postoperative 
period depends in part on the patient’s nephrologist’s will-
ingness to participate in the surveillance program. Following 
dialysis access construction, duplex testing is performed 
prior to initiation of hemodialysis. Thereafter, there should 
be a medical indication for testing. Since a minimum access 
volume  fl ow rate is necessary for hemodialysis, testing prior 
to initial access cannulation is perform to verify a suitable 
(>10 cm) length of normal conduit for needle access, con fi rm 
a volume  fl ow level indicative of “maturation” as well as 
assess whether any stenotic or other anatomic abnormality 
(patent vein side-branch) is present. Subsequent testing is 
performed to detect and manage “developing” stenotic seg-
ments based on both stenosis severity and level of access vol-
ume  fl ow. Clinical studies have showed volume  fl ow rates in 
PTFE bridge grafts to be the only reliable predictor of access 
thrombosis  [  17,   18  ] . Weekly measurement of dynamic 
venous line pressures has acceptable sensitivity for detection 
of venous out fl ow obstruction, and when a high (>200 mmHg) 
dynamic pressure is recorded, duplex testing that includes 
volume  fl ow measurement is appropriate  [  5,   15,   16,   19,   22  ] .  

   Table 32.3    Results of duplex surveillance of dialysis access grafts for detection of conduit stenoses   

 Author  Access type  Threshold value  Validation  fi stulogram  Diagnostic accuracy 

 Middleton et al.  [  29  ]   PTFE+  >50% DR  Yes  87% Sensitivity 
 AVF 

 Dousset et al.  [  30  ]   Graft  >50% DR  Yes  86% Sensitivity, 60% speci fi city 
 MacDonald et al.  [  31  ]   PTFE  >50% DR  Yes  84% Sensitivity 
 Lumsden et al.  [  32  ]   PTFE  >50% DR  Yes  76% Sensitivity 
 Tordoir et al.  [  33  ]   Graft  >50% DR  Yes 

  PSV > 300  92% Sensitivity, 84% speci fi city 
  PSV ratio > 3  75% Sensitivity, 96% speci fi city 

 AVF  PSV > 375  Yes  79% Sensitivity, 84% speci fi city 
 Venous out fl ow  PSV > 250  Yes  95% Sensitivity, 97% speci fi city 

 Older et al.  [  34  ]   PTFE+  PSV > 400 cm/s  Yes  83% Positive predictive value 
 AVF  PSV ratio > 3 

   Table 32.4    Guidelines for dialysis access testing using duplex 
ultrasound   

  Dialysis access imaging  
 Scanning performed in both longitudinal/sagittal and transverse planes 
 Document location and extent of perigraft  fl uid collections and masses 
 Mapping should proceed from artery in fl ow, through the arterial 
anastomosis, the entire length of the dialysis conduit, through the 
venous anastomosis if present, and into out fl ow central veins 
 Native artery is imaged proximal to the arterial anastomosis and 
volume  fl ow measured 
 Volume  fl ow measurements calculated at several locations along the 
access conduit at sites of normal lumen caliber and minimally 
disturbed  fl ow conditions 
 Sites of lumen abnormality (stenosis, thrombus, aneurysm) and large 
branches for nontransposed AVF are documented in a schematic of 
the dialysis access 
 Sites of lumen stenosis are classi fi ed based on velocity spectra 
recorded proximal to, at the site of stenosis, and distal to stenosis 
  Documentation  
 Peak systolic velocity (PSV) within native in fl ow artery (radial, brachial) 
 PSV in dialysis graft or along autologous venous conduit 
 PSV in arterial and venous anastomotic regions 
 Peak systolic and end-diastolic velocities at site of stenosis, 
including calculation of PSV ratio 
 Volume  fl ow measured and calculated at three to four sites – aver-
aged to determine a mean volume  fl ow rate for the access conduit 
 Images of all pathology (thrombus, hematoma, seroma, abscess), 
measurement of aneurysm or pseudoaneurysm size and document 
presence of thrombus 
  Diagnostic criteria  
 Normal artery in fl ow velocities: PSV 100–400 cm/s, EDV 
0–200 cm/s 
 Normal venous velocities: PSV 50–200 cm/s, central veins lower 
PSV with phasic velocity spectra 
 Conduit or anastomotic stenosis: PSV > 400 cm/s, PSV ratio > 2, 
luminal diameter <2–3 mm 
 High-resistance  fl ow pattern suggests low volume  fl ow and 
impending graft occlusion 
 Retrograde  fl ow in the native artery beyond conduit in fl ow anasto-
mosis indicates arterial steal 
 Severe arterial steal and hand/digit ischemia: digit pressures 
<60 mmHg 
 Perigraft  fl uid collections indicate absence of graft healing and may 
be sign of infection when found along entire prosthetic graft length 
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 The surveillance protocol begins with a precannulation 
duplex scan performed within 2 weeks after prosthetic 
bridge graft and 3–4 weeks after AVF constructions 
(Fig.  32.4 ). Testing includes both imaging and hemody-
namic assessment to verify healing of the subcutaneous 
perigraft region and absence of residual hematoma or seroma 
that could preclude successful needle cannulation and 
suf fi cient volume  fl ow for hemodialysis. In patients with 
symptoms of hand ischemia (numbness, grip weakness, 
pain), testing should include recording velocity spectra from 
the distal forearm radial and ulnar arteries, and digit pres-
sure measurements with and without access compression. A 
digit pressure <60 mmHg indicates clinically signi fi cant 
hand ischemia. Arterial duplex “mapping” and serial wave-
form comparisons along the limb may allow localization of 
arterial occlusive lesions responsible for ischemic steal and 
help plan intervention (in fl ow subclavian/axillary endovas-
cular intervention, distal revascularization/interval ligation 
(DRIL)) procedures and relocation of the access in fl ow 
anastomosis to a more distal artery or duplex-guided con-
duit plication. Patients developing signi fi cant limb edema 
early after access construction should have a detailed assess-
ment of venous out fl ow and central vein system to detect an 
occlusive lesion causing venous hypertension and to facili-
tate endovascular therapy. In the absence of distal arterial 
ischemic or venous hypertensive symptoms after access 
construction, if conduits are found to have a lower than 
expected volume  fl ow (<800 mL/min) with a detected steno-
sis or long length (>2 cm), small caliber (<4 mm) vein seg-
ment of an AVF, then repair is done to assure successful 
dialysis can be performed. Repeat duplex testing is per-
formed after endovascular or open surgical intervention to 
con fi rm improvement in access hemodynamics (volume 
 fl ow >800 mL/min and normalization of velocities across 

the repair site; Fig.  32.5 ). In access conduits possessing a 
poor thrill after initial construction and accompanied by 
extremely low volume  fl ow rates <500 mL/min without 
ultrasound-detectable stenotic segments, then contrast 
 fi stulography should be performed that includes arterial 
in fl ow and central venous out fl ow imaging to further identify 
 fl ow limiting lesions for repair. For access conduits having 
an acceptable thrill but possessing marginal (500–800 mL/
min) volume  fl ow with no identi fi ed stenosis, access cannu-
lation should be withheld and duplex scanning repeated in 
1 month to reassess volume  fl ow and to detect any evolving 
stenosis, usually resulting from early myointimal hyperpla-
sia. Thereafter, dialysis access surveillance is applied selec-
tively for documented medical indications based on signs or 
symptoms of access dysfunction, inadequate hemodialysis, 
cannulation dif fi culties, or conduit false aneurysm (Fig.  32.6 ). 
Data regarding “expected” volume  fl ow rate based on dialy-
sis access type is limited as evidenced by Table  32.1  data. It 
is known that the initial volume  fl ow of forearm autogenous 
AVFs is less than prosthetic bridge grafts constructed either 
in the forearm or arm. Basilic vein transposition accesses 
exhibit volume  fl ow and other duplex ultrasound characteris-
tics similar to 6- or 7-mm diameter prosthetic bridge grafts. 
Duplex surveillance of 125 consecutive dialysis access pro-
cedures (34 forearm  fi stulae, 53 arm  fi stulae, 38 prosthetic 
bridge grafts) performed in 108 patients demonstrated that 
precannulation mean volume  fl ow rates differed based on 
access con fi gura tion; radiocephalic AVF:771 ± 435 mL/min; 
brachiocephalic AVF:1,616 ± 790 mL/min; brachiobasilic 
transposition AVF: 185 ± 585 mL/min; and prosthetic bridge 
grafts: 1,270 ± 604 mL/min. Peak systolic velocity at the 
arterial anastomosis was approximately 400 cm/s and mid-
conduit PSV was approximately 250 cm/s, and similar in the 
various access types and con fi gurations  [  27  ] .    

Pre-cannulation or After Intervention Duplex Scan

Abnormal

Normal

Testing for Access Dysfunction
• Diminished thrill
• Difficult cannulation
• Clotting during dialysis
• Elevated venous line pressure
• Abnormal access recirculation

Verify adequate volume flow
>500-800 ml/min;
  Conduit PSV>100 cm/s

PSV>400 cm/s; Vr>2
Identify residual stenosis

>10 cm length; <1 cm depth
Confirm adequate cannulation

Central vei n stenosis – edema
Hand ischemia – digit pain

Contrast Fistulogram
&

Repair Identified Lesion(s)

Dialysis Access Procedure  Fig. 32.4    Recommended duplex 
ultrasound surveillance algorithm       
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 Based on initial duplex testing performed within 2–4 weeks 
of the procedure, the access sites were deemed “adequate” for 
dialysis or “nonmaturing” by the presence of detected high-
grade stenoses (peak systolic velocity >400 cm/s, velocity 
ratio >2, and minimal diameter <2–3 mm) and subjected to 

remedial interventions (endovascular or open). Remedial 
interventions were needed in 10 (26%) bridge grafts and 18 
(21%)  fi stulae “nonmaturing” due to occlusive lesions. 
Conduit  fl ow rates differentiated “nonmaturing” (606 ± 
769 mL/min) from “maturing” (1,140 ± 857 mL/min)  fi stulae 
( p  = 0.01). After remedial procedures to improve function in 
“nonmaturing” conduits, volume  fl ow increased to 
1,159 ± 502 mL/min and at a level similar to access conduits 
not requiring a remedial procedure (1,374 ± 805 mL/min). 
Analysis of subsequent patient outcomes over a 2- to 3-year 
period demonstrated a threshold conduit  fl ow rate of 800 mL/
min was a better discriminator of “failing” versus and func-
tional  fi stulae and bridge grafts (accuracy 77%) than  fl ow rate 
greater or less than 500 mL/min (accuracy 67%). Overall, 
remedial procedures were required in 42% of accesses with 
initial  fl ow <800 mL/min compared to 12% of accesses with 
initial  fl ow >800 mL/min ( p  < 0.05). The average mean dura-
tion of primary (no subsequent intervention performed) pat-
ency was similar in access requiring (11.5 months) or not 
requiring (12.9 months) a remedial procedure. 

 Routine duplex surveillance after dialysis access does not 
yield comparable assisted primary patency rates to those 

  Fig. 32.5    Contrast  fi stulogram 
and intraprocedural duplex scan 
of vein segment shown in 
Fig.  32.3  after 7 mm diameter 
transluminal balloon angioplasty. 
Volume  fl ow increased to 
1,400 mL/min (VF/PSV 

stenosis
  = 6) 

with reduction in PSV (330 cm/s), 
EDV (226 cm/s), and PSV ratio 
(1.8) indicating a <50% DR 
residual stenosis which corre-
sponds to  fi stulogram  fi ndings       

  Fig. 32.6    Color Doppler image of dialysis access false aneurysm with 
patent lumen and thrombus       
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obtained following lower extremity vein bypass grafting. 
Assisted patency rates are in the range of 50% compared to 
80–90%, respectively. Several prospective but uncontrolled 
studies documented a signi fi cant decrease in number of 
thrombotic events and increased conduit patency following 
elective surgical or endovascular intervention for duplex- or 
 fi stulogram-identi fi ed dialysis access stenosis  [  8–  10  ] . Bene fi t 
is most likely to occur when the surveillance technique is 
conducted by experienced clinicians and the lesion(s) treated 
are truly “hemodynamically” important based on both ana-
tomic and physiologic criteria. Since access stenosis is a 
relatively common  fi nding on imaging studies and is not 
independently predictive of thrombotic failure, duplex test-
ing with volume  fl ow measurement has the potential to 
improve the ef fi cacy of surveillance. 

 Based on the DOQI guidelines and available clinical 
reports, selected duplex surveillance of dialysis access proce-
dures is recommended. Re fi nements of the surveillance algo-
rithm including testing intervals, test interpretation criteria, 
and identi fi cation of “high-risk” access conduits and patients 
for ongoing evaluation require further development. At pres-
ent, a baseline duplex evaluation is recommended at the time 
of “anticipated” graft maturation followed by “expectant” 
subsequent evaluations based on development of access dys-
function (Fig.  32.7 ). Access imaging combined with the 

calculation of volume  fl ow by Doppler-derived techniques 
should be the primary surveillance methods for both autoge-
nous and prosthetic dialysis accesses. The “low- fl ow” 
(<800 mL/min) conduits typically harbor a stenotic lesion 
and should be considered for remedial intervention to improve 
access hemodynamics and functional patency. When  fl ow 
rates fall below 500–800 mL/min for either PTFE bridge 
grafts or AVFs, contrast  fi stulography should be considered 
unless duplex imaging clearly identi fi es a signi fi cant graft or 
anastomotic stenosis for directed intervention. Access  fl ow in 
this range is associated with an increased thrombotic risk and 
additional diagnostic testing is appropriate. If measurement 
of volume  fl ow is not possible or deemed unreliable, interven-
tion for a progressive duplex-identi fi ed stenosis with velocity 
spectra consistent with a critical stenosis (PSV > 400 cm/s, 
EDV > 250 cm/s, velocity ratio > 2, mid-graft velocity 
<150 cm/s, residual lumen <2–3 mm diameter) is recom-
mended. Elective surgical or endovascular treatment of 
 fi stulogram-con fi rmed >50% DR stenosis should be pursued. 
An important feature of a duplex surveillance program is 
con fi rmation of improved access  fl ow rate and hemodynamic 
correction of access stenosis after intervention. Validation of 
a broader, routine duplex surveillance program after access 
construction (beyond the selected algorithm detailed herein 
and supported by current DOQI recommendations) would 

No Stenosis
<800 ml/min

Non-matured
Access – rescan

in 1 mo.

Revise
Access

Stenosis
<800 ml/min

Proceed with
Dialysis

No Stenosis
>800 ml/min

Surveillance for
Stenosis progression

Stenosis
>800 ml/min

  Fig. 32.7    Precannulation duplex 
scan study demonstrating volume 
 fl ow <800 mL/min. Management 
based on presence or absence of 
duplex-identi fi ed stenosis. For 
nonmaturing autogenous vein 
access,  fi stulogram and balloon 
angioplasty of small caliber vein 
segments may be performed       

 



406 M.R. Back and D.F. Bandyk

require a well-designed, large, prospective, randomized clini-
cal trial. This may prove a dif fi cult task given the variable 
expertise in duplex ultrasound testing, and follow-up compli-
ance of the in fi rmed, renal failure patient population.       
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   Introduction 

 This chapter addresses the application of noninvasive vascu-
lar diagnostic laboratory (VDL) testing and comments on 
complementary imaging techniques, in the evaluation of vas-
cular anomalies containing arteriovenous  fi stulas (AVFs). In 

applying the methods described, it helps to have a concept of 
the hemodynamic or physiologic changes that characterize 
vascular anomalies (VA) ( Note : the commonly used term 
congenital vascular malformations (CVMs) is no longer in 
use, being redundant, and has been replaced by vascular 
anomalies). This chapter will focus on VAs containing arte-
riovenous  fi stulas (AVFs). Vascular anomalies can take sev-
eral forms: ranging from diffuse micro  fi stulas to macro 
 fi stulas that involve major artery distributions, and more 
mature maturational defects, which tend to involve a single 
artery. The anatomy of the VA are characterized in two 
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 categories using the Hamburg classi fi cation  [  1  ] : (1) predomi-
nantly AVFs (estimated to constitute just over one-third of all 
VAs) and (2) AVFs constituting part of more complex  mixed  
anomalies, e.g., those present in VAs that may  even  be pre-
dominantly venous  [  2  ] . The latter are the most dif fi cult to 
identify with noninvasive test and imaging studies. 
Nevertheless, noninvasive methods available in the vascular 
laboratory can provide useful clinical decision-making infor-
mation regarding such AVFs, with one important proviso; 
they must be located in the extremities – an important 
quali fi cation. Fortunately the majority of these vascular con-
ditions are. 

 Clinicians using vascular testing methods described in 
this chapter should have knowledge about clinical diagnosis, 
obtained by history and physical examination in addition to 
testing modalities available in the noninvasive vascular labo-
ratory. In general, vascular testing should be considered an 
adjunct to clinical  fi ndings and the anatomy depicted by 
magnetic or computed tomography imaging. Clinically 
signi fi cant AVMs will typically present well before adult life 
because a vascular “birthmark,” localized skin color change, 
overlying varicose veins, or other prominent blood vessels, 
or occasionally, a distinct vascular mass or tumor or enlarge-
ment of the limb (increase in the length or girth) has gained 
the attention of parent or child. Changes in limb dimension 
are unusual in very early childhood and in the absence of 
signi fi cant AVFs, but minor differences may be overlooked 
early on. Characteristically, these occur as the result of long-
standing AVFs present during the growth period, but it should 
also be noted such changes in girth or length also have been 
observed with pure venous anomalies, in the absence of 
AVFs, as in the von Klippel-Trenaunay syndrome. Whether 
or not the reported absence of AVFs relates to failure to 
detect micro  fi stulous AVFs in predominantly venous anom-
alies, described in an earlier era before noninvasive tests 
(NITs) were employed, is debatable, for it is true that such 
small AV  fi stulas are often missed by angiography, the imag-
ing technique most commonly applied in the past  [  3  ] . 

 One other sometimes confusing aspect should be men-
tioned here. The majority of “birthmarks” – often the signal 
to parents that something is “wrong” with their child – may 
indeed be a signal of a vascular anomaly, and some “birth-
marks that appear in childhood may indeed be sentinel 
lesions.” However, birthmarks in childhood can also repre-
sent true hemangiomatous lesions and others can be 
super fi cial VAs, i.e., cutaneous capillary or super fi cial venous 
malformations, which are still commonly referred to as “cav-
ernous malformations.” Differentiating between these two 
entities and true sentinel lesions is extremely important in 
early childhood and usually can be done on clinical grounds 
alone, based upon their time of appearance and their growth 
rate, or lack of growth with time. Importantly, juvenile 
hemangiomas are true tumors, with a rapid endothelial 

turnover, which characteristically are discovered shortly after 
birth, undergo rapid early growth then spontaneously invo-
lute, usually between 2 and 8 years of age, whereas true vas-
cular malformations, including cavernous malformations, 
and sentinel lesions overlying an arteriovenous malforma-
tion (AVM) are present at birth and characteristically main-
tain the same size relative to the growing child. Juvenile 
hemangiomas may leave an inelastic scar after involuting, 
but this can be dealt with later, as necessary. The point here 
is that intervention is unnecessary with the former lesions, 
although a number of treatment claim success (dry ice appli-
cations or super fi cial salves). Signi fi cantly, juvenile heman-
giomas may be found to have high  fl ow characteristics on 
ultrasound study. 

 The diagnostic methods described here are all aimed at 
detecting AVFs in VAs and can even be used, albeit with 
some differences, in diagnosing acquired AVFs, i.e., those 
due to iatrogenic and other penetrating trauma in an 
extremity. 

 The instrumentation employed is basically the same as 
used in diagnosing peripheral arterial occlusive disease: seg-
mental limb pressures and plethysmography, velocity wave-
form analysis, and duplex scanning  [  4  ] . The former three 
have been called “physiologic testing” by those who stress 
imaging methods, e.g., radiology-run vascular laboratories, 
but it is the hemodynamic or physiologic attributes of AVFs 
that distinguish them, so these methods will be described 
here. 

 A number of considerations govern how these diagnostic 
methods can be applied in diagnosing AVFs. First, a basic 
understanding of the hemodynamic characteristics of arterio-
venous  fi stulas is needed in order to perform and properly 
interpret these tests. (This has already been discussed above.) 
Second, the diagnostic capabilities and limitations of the dif-
ferent tests to be described must be understood in applying 
them. “Physiologic” VDL tests simply gauge the pressure, 
volume, or velocity changes associated with peripherally 
located AVFs but do not visualize the AVFs, as duplex ultra-
sound imaging can do. Third, most of these tests have limita-
tions, e.g., (a) they are primarily qualitative and not 
quantitative, and (b) they can only be applied to peripheral or 
extremity AVFs and AVMs. Fourth, congenital and acquired 
AVFs differ from each other signi fi cantly in terms of their 
anatomic localization. Congenital AVFs are rarely isolated 
lesions; they more commonly occur in clusters within major 
arterial distributions, but may be even more diffuse in loca-
tion, involving an entire limb segment. As a result, they can 
only be localized to a particular limb segment by these so-
called physiologic tests. They may be visualized, and their 
characteristics identi fi ed, by Doppler ultrasonography, but 
even this modality usually will usually not completely 
encompass them. Finally, the diagnostic goals may vary con-
siderably in different clinical settings and this signi fi cantly 
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affects the application of the tests. In this regard, appropri-
ately sized smaller cuffs will be needed for the very young 
who are brought in by their parents for evaluation. 

 The simplest diagnostic goal may be to determine the 
presence or absence of an AVF or AVFs, but beyond their 
presence, which may be clinically obvious, the relative mag-
nitude of the AVF’s peripheral hemodynamic effects should 
be gauged, or the lesion(s) overall effect on the peripheral 
circulation determined. For example, the presence or magni-
tude of a distal “steal” or, in other words, the severity of the 
associated distal ischemia can be determined. 

 An additional word of caution is appropriate at the outset. 
The AGA (Always Get an Angiogram) approach, commonly 
applied by practicing physicians faced with these problems 
must be actively resisted. Very few of these conditions con-
stitute true emergencies and the “urge” to obtain an angio-
gram prior to referral unfortunately opens the door to those 
who can’t seem to resist intervening, with embolo- or sclero-
therapy, which may be ill-advised and untimely in the very 
young patient. Pointedly, even in young children, any inter-
vention for AVFs is not only not an emergency, but is better 
done when the patients is old enough to be “cooperative.” 

 The main focus of this chapter will be on diagnostic 
approaches that should be available in most VDLs. The basic 
diagnostic methods and the instrumentation behind each of 
these diagnostic methods will be covered elsewhere in this 
book, and will not be described at length here. Rather their 
utility in this setting will be discussed, in terms of the instru-
mentation used, the interpretation or analysis of the test 
results, and appropriate clinical applications as well as diag-
nostic limitations.  

   Clinical Evaluation 

 Localized warmth and vascular-based color changes (birth-
marks), prominent veins, compressibility of vascular masses, 
the presence of a thrill or bruit, and inequalities in the dimen-
sions of the limb (as measured from the anterior iliac spines) 
all should be noted. However, while the triad of birthmark, 
varicose veins, and limb enlargement is well known, and 
usually sought, a limb presenting with these may or may not 
harbor major AVFs. In fact, the presence of AVFs in such 
limbs has been the basis for the traditional distinction 
between the Parkes Weber and von Klippel-Trenaunay syn-
dromes, the former being associated with AVFs and the latter 
not. (This might re fl ect the diagnostic limitations of the day, 
it being claimed that the latter are associated with micro 
AVFs.) The point is that these are not of clinical signi fi cance. 
The limbs harboring these anomalies may appear quite simi-
lar, i.e., their outward physical  fi ndings are similar, regard-
less of the presence of AVFs. In addition, this triad is 
not consistently found in congenital AVMs. In Sziylagyi’s 

classic study of 82 cases of angiographically proven congen-
ital AVFs, this classic triad was present in only 57%  [  3  ] .  

   Diagnostic Studies for Congenital 
AVFs or AVMs 

 The vascular diagnostic techniques described below, if used 
knowingly, can be valuable in ruling in or out the presence of 
AVFs in this setting, in patients presenting with atypical 
(location, age of onset) varicose veins and/or a birthmark, 
with or without limb enlargement  [  5  ] . Depending on the 
location and relative magnitude of the component AVFs, the 
same simple “physiologic tests” used in diagnosing periph-
eral arterial occlusive disease can also be employed in diag-
nosing AVFs or AVMs, and they can do it relatively 
inexpensively, avoiding the need for angiography, which is 
particularly important since many of the presenting patients 
are young children. Although qualitative in nature, the degree 
of abnormality observed in these tests in association with 
congenital AVFs should also give the clinician a rough 
impression of their relative magnitude, and thus be suf fi cient 
for clinical decision making and parental counseling. 
Increasingly, the current workhorse of the VDL, the duplex 
scan, has found useful application in evaluating AVFs. It 
adds important additional perspective; therefore its use will 
also be described here.  

   Characteristic Hemodynamic Changes 
Associated with AVFs: Diagnostic Implications 

 Arteriovenous  fi stulas can be considered a “short-circuit” 
between the high-pressure arterial and the low-pressure 
venous systems. If the AVFs present in vascular anomalies 
are hemodynamically signi fi cant enough, they will result in 
(1) an arterial pressure drop/decrease (“steal”) distally, due 
to a signi fi cant diversion of  fl ow into the venous system 
rather than through the peripheral microcirculation, (2) 
increased pulsatility (which can be measured as volume 
change), and (3) an increase in velocity, often with turbu-
lence (seen best with a duplex ultrasound probe). 

 The mean arterial blood pressure distal to an arteriovenous 
 fi stula is nearly always reduced to some degree, although 
minor degrees of change may be within the accuracy range 
of these methods. This lower distal pressure is the result of 
blood being shunted away from the distal arterial tree into 
proximal low-resistance pathways offered by the arterio-
venous communication(s). The reduction in mean pressure is 
greatest when the  fi stula is large and the arterial collaterals 
are small or poorly developed. On the other hand, when the 
 fi stula is small and the collaterals are well developed, there 
may be little or no perceptible pressure effects away from the 
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 fi stula itself. AV malformations (AVMs), usually containing 
a number of AVFs may, in combination, have the same hemo-
dynamic effects of a single large AVF. Thus, the magnitude 
of the pressure drop across an AVM, or the limb segment 
containing congenital AVFs, can provide a fair assessment of 
their hemodynamic signi fi cance. If the pressure drop and 
 fl ow diversion are signi fi cant enough, there may even be a 
measurable degree of distal ischemia, one that can be detected 
by standard VDL tests. If overall  fi stula  fl ow is great enough, 
there will also be associated venous hypertension. The latter 
is not readily measured noninvasively but increased  fl ow 
velocity in the major vein draining the affected limb, when 
compared to its normal contralateral counterpart, can and 
should be assessed, as it will add to the diagnostic impres-
sion. A large AVF or AVM can produce signi fi cant pressure 
swings, locally perceived as increased pulsatility, which are 
re fl ected in associated volume changes in the involved limb 
segment, and these can be detected plethysmographically .  
Finally, AVFs are associated with signi fi cant velocity changes 
that are greatest closest to the AVF. To appreciate the basic 
nature of these velocity changes, and how best to detect 
them, one must  fi rst appreciate that a pattern of low  fl ow and 
high resistance characterizes the normal resting extremity 
circulation. This is in contrast to the high- fl ow and low-resis-
tance pattern associated with exercise. The velocity patterns 
associated with peripherally located AVFs are similar to 
those associated with exercise, and readily distinguished 
from than those observed in the normal resting limb by 
studying arterial velocity in the VDL. Thus, by understand-
ing the characteristic underlying hemodynamic changes 
associated with AVFs, and thus knowing what to look for, 
congenital lesions containing AVFs can be detected and their 
relative severity assessed by studying the arterial pressure, 
volume, and velocity changes they produce, using VDL tests 
designed to gauge these same hemodynamic parameters.  

   Diagnostic Tests: Descriptions 
and Applications 

 The focus of this section will be on diagnostic approaches 
still available in most VDLs, which can be applied to the 
diagnosis of peripheral AVFs, whether they be single, or 
multiple, as characteristic of AVMs. The same noninvasive 
“physiologic” tests used for many decades in the diagnosis 
of peripheral arterial occlusive disease can be applied here. 
More recently, duplex scanning has greatly augmented these 
noninvasive tests. The basic diagnostic methods and the 
instrumentation behind these tests have been covered earlier 
in this book (Chaps.   21     and   22    ), and will not be described at 
length here, but their utility in this setting will be discussed, 
as will their interpretation, appropriate clinical applications 
as well as their limitations. It should be emphasized at the 

outset that while the pressure,  fl ow volume, and velocity 
changes associated with AVFs located in an extremity can be 
readily assessed in the VDL that, particularly with the nonin-
vasive physiologic tests, this application assumes that the 
 fi ndings in the abnormal extremity can be compared to those 
of the normal contralateral extremity. 

 Segmental limb pressure measurements are a standard 
technique described in detail in Chap.   21    . Noninvasive 
methods of measuring segmental systolic blood pressures 
are reasonably accurate and reproducible and are painless 
and simple in application. Brie fl y, a pneumatic cuff is 
placed around the limb segment at the chosen level and 
in fl ated to above systolic pressure. As the cuff is de fl ated, 
the systolic pressure at which blood  fl ow returns distal to 
the cuff is noted by some distally placed  fl ow sensor (e.g., 
Doppler probe, mercury-in-silastic strain-gauge, photopl-
ethysmograph, pulse volume recorder, or any other sensor 
capable of detecting  fl ow distal to the cuff). This is analo-
gous to taking a patient’s pressure in the arm using an aner-
oid or mercury manometer. In the upper extremity, pressure 
measurements can be made using cuffs placed at the upper 
arm, forearm, wrist, or  fi nger levels; in the lower extremity, 
segmental pressure measurements are usually made at the 
high or low thigh, and the calf, ankle, foot, or toe. Although 
ankle pressures are primarily used in screening for occlu-
sive disease (as in the ankle-brachial index [ABI]), multiple 
segmental cuffs can be used to detect and localize AVFs, 
particularly AVMs. Importantly, cuffs should be applied 
bilaterally to allow comparison with the normal contralat-
eral limb.  

   Interpretation of Findings 

 A hemodynamically signi fi cant arteriovenous  fi stula will 
reduce mean arterial pressure in the limb near and distal to 
the  fi stula. But these cuffs measure systolic pressure, and 
even though mean pressure is reduced in the arterial tree as 
one approaches an AVM, the pressure swings between sys-
tolic and diastolic (i.e., the pulse pressure) are increased, so 
that systolic pressure may well be measured as being ele-
vated proximal to, or at the level of a  fi stula or group of AVFs 
(e.g., an AVM). Again, the systolic pressure can be detected 
as being elevated only by comparison with that of the oppo-
site limb at the same level  [  5  ] . It will also be elevated if the 
pressure cuff has been placed directly over an AVM or its 
afferent branches. Compared to the contralateral extremity, 
cuffs at or above a hemodynamically signi fi cant  fi stula or 
group of  fi stulas (AVM) will usually record a higher systolic 
pressure, and those below the  fi stula will record a normal or 
lower systolic pressure, with major  fi stulas being associated 
with a detectable degree of distal steal or pressure decrease. 
Such pressure differences between equivalent limb segments 

http://dx.doi.org/10.1007/978-1-4471-4005-4_21
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or levels, greater than measurement variability, indicate a 
signi fi cant AVM or group of AVFs.  

   Segmental Plethysmography 

 Segmental plethysmography is also as standard technology 
described in Chap.   22    , which uses cuffs of precise dimen-
sions applied at various levels/locations along an extremity, 
much as for measuring segmental limb pressures. In this 
diagnostic setting, plethysmographic recordings are 
extremely helpful. Air- fi lled cuffs are normally used, but in 
some VDLs mercury-in-silastic “cuffs” are employed. The 
contour of the resulting tracing is generally assessed in terms 
of magnitude and shape. When the pulse-sensing cuff is 
placed over the  fi stula(s) or just proximal to an AVM, the 
pulse volume may be observed to be increased, re fl ecting 
increased pulsitility  [  5,   6  ] . In a limb with signi fi cant con-
genital AVFs, the increased pulsations observed plethysmo-
graphically are diagnostic in themselves (Fig.  33.1 ). Although 
the pulse contour (PVR) may be normal (or nearly so) in a 
limb distal to an AVF or AVM, it is frequently reduced, par-
ticularly in the presence of a “steal” (reduced pressure distal 

to an AVF) (Fig.  33.2 )  [  7  ] . As in the case of segmental limb 
pressure measurements, the reduction in pulse-volume 
recordings (PVRs) distally depends on the magnitude of the 
 fi stula(s) and the adequacy of the collateral development. 
Therefore, very much as described for segmental limb pres-
sures above, plethysmography tracings are increased in mag-
nitude above or at the level of an AV  fi stula, or group of AV 
 fi stulas (AVM) and, depending on the degree of  fi stula  fl ow 
and therefore the degree of distal “steal,” the tracings below 
the  fi stula will be reduced or, at best, normal in magnitude. A 
study of the tracings compared with the contralateral extrem-
ity will not only allow detection of AVFs in an extremity but 
allow their segmental location or level to be identi fi ed. The 
degree of change in these cuff tracings re fl ects the underly-
ing lesion’s hemodynamic signi fi cance and may help with 
counseling regarding prognosis and timing of intervention.    

   Velocity Waveform Analysis 

 Velocity tracings can be recorded over any extremity artery 
by a Doppler probe connected to the DC recorder and strip 
chart, or more commonly nowadays, by the velocity readout 
of a duplex scanner. This is increasingly being done by the 
latter technique nowadays, not only because the duplex scan 
has become the “workhouse” of most VDLs but also because 
it offers other valuable information in this setting (see below). 
The strip chart recording of velocity waveforms generated by 
a Doppler probe is uncommonly performed today as a sepa-
rate test. Nevertheless, the characteristic  fi ndings are the 
same with either instrument and will be described here. In 
evaluating for AVFs, the velocity is recorded over the major 
proximal in fl ow artery, e.g., femoral or axillary. The reason 
for selecting this location, rather than directly over the sus-
pected  fi stula(s) will become apparent later, in describing 
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  Fig. 33.1    Plethysmographic (PVR) tracings at thigh, calf, and toe lev-
els in a 4-year-old girl with multiple congenital AV  fi stulas involving 
the entire left leg (Reprinted from Rutherford  [  5  ] . With permission 
from Elsevier)       
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  Fig. 33.2    Toe plethysmographic tracings from a patient with a 
congenital AVM involving the left calf. The reduced PVRs re fl ect a 
distal steal from this, but not to critical ischemic levels for some 
pulsitility remains. The left ankle pressures was 55 mmHg (Reprinted 
from Rutherford  [  5  ] . With permission from Elsevier)       
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duplex scan  fi ndings. A high-velocity  fl ow pattern in an 
artery leading to the area of suspicion is good evidence that 
the artery is serving as the in fl ow for AVFs  [  7,   8  ] . For many 
if not most clinical purposes, a qualitative estimate of  fl ow 
velocity and the contour of the analog velocity tracings or 
“waveforms” obtained in this manner with a directional 
Doppler velocity detector, or duplex scanner, provides 
suf fi cient information for diagnosing the presence of AVF(s), 
and the magnitude of the changes provides some indication 
of the magnitude of  fi stulous  fl ow. 

 To recognize a tracing diagnostic of AVFs, one must real-
ize that, in contrast, the velocity tracings of a resting normal 
extremity is characterized by end-systolic reversal following 
peak systolic  fl ow, followed by low  fl ow in early diastole and 
negligible  fl ow in late diastole. Such a low- fl ow, high-resis-
tance pattern is most pronounced in the lower extremity. In 
the upper extremity, there may be little end-systolic reversal. 
However, high- fl ow low-resistance arterial velocity pattern, 
while seen in a number of high  fl ow visceral arteries (e.g., the 
renal, carotid, celiac arteries), in the extremities, such a high-
 fl ow pattern is seen after exercise, and after sympathetic 
blockade, but, importantly, also in association with AVFs. In 
these settings, peak systolic velocity may be quite high but, of 
more diagnostic signi fi cance, there is continuous  fl ow 
throughout diastole and a the “dip” in the tracing between 
systole and diastole does not approach the zero velocity base-
line, let alone show the typical end-systolic reversal of the 
normal resting extremity. The characteristic arterial pattern 
associated with arteriovenous  fi stulas, as shown in Fig.  33.3 , 
thus consists of (1) an elimination of end-systolic reversal and 
(2) a marked increase in diastolic velocity, which appears to 
“elevate” the entire tracing above the zero-velocity baseline. 
The degree of elevation in end-diastolic velocity correlates 
directly with the  fl ow increase caused by the  arteriovenous 

 fi stula  [  5,   6  ] . By using these characteristic Doppler velocity 
signals as a guide, one can detect and localize congenital arte-
riovenous communications that otherwise might escape 
detection  [  9,   10  ] . Peripheral AVFs constituting 5% of extrem-
ity  fl ow or more can be readily detected by this means alone. 
This test is more sensitive than segmental pressures and 
plethysmography, and can be detected by a duplex scan.  

 Although these changes are diagnostic enough that com-
parison with the other extremity would not seem necessary, 
this comparison still holds value, to rule out hyperemia and 
similar velocity signals there. Hyperdynamic  fl ow is associ-
ated with conditions such as beriberi or thyrotoxicosis but 
since, in these conditions, the effect is generalized, it would 
affect all extremities, emphasizing the importance of com-
paring with the contralateral normal extremity. False-
positives can occur in other hyperemic settings, e.g., 
in fl ammation associated with super fi cial thrombophlebitis, 
lymphangitis, bacterial infection, and thermal or mechanical 
trauma. Other causes of hyperemia isolated to an individual 
vessel or limb (e.g., exercise or reactive hyperemia following 
a period of ischemia) are transient. Externally applied heat, 
local infection (e.g., cellulitis or abscess), or sympathetic 
blockade (permanent or transient, as in epidural anesthesia) 
can also increase  fl ow velocity and give this pattern, but none 
of these should create any signi fi cant confusion in the usual 
patient referred to the VDL for evaluation of congenital 
AVFs, and some (e.g., throtoxicosis, beri-beri, high fever) 
should produce bilaterally equal changes.  

   Evaluation for Congenital Arteriovenous 
Fistulas Using These Three Physiologic 
Tests in Combination 

 These three tests are preferably done in combination for their 
 fi ndings and reinforce each other, and they share the advan-
tages that they are inexpensive, easily applied, and require 
only basic operator or interpretive skill. The instrumentation 
is simple and used on an everyday basis in most VDLs. Some 
limitations to the above tests must be noted, however. They 
include the following: (1) These tests give qualitative rather 
than quantitative information. (2) They can be applied only 
to arteriovenous  fi stulas located in the extremity proper (i.e., 
at or below the highest cuff or point of Doppler probe inter-
rogation). Thus, pelvic AVMs could not be studied by these 
methods. (3) It should again be noted that in children appro-
priately smaller cuffs are required. (4) These tests may not 
detect diffuse congenital micro  fi stulas or overall  fi stula  fl ow 
constituting less than 5% of total extremity  fl ow. (5) Single 
limb studies may not be diagnostic unless compared with a 
normal contralateral extremity. Nevertheless, in combina-
tion, these tests can be very useful for screening for congeni-
tal AVFs in the extremities of patients presenting with 
suggestive signs (e.g., a vascular “birthmark,” atypical (early 
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  Fig. 33.3    Velocity tracing from the femoral arteries in a 4-year-old girl 
with a large AVM involving the left thigh. Note that the tracing on the 
left, compared to the normal right tracing, has higher peak and mean 
( dashed line ) systolic velocity, and there is no end systolic reversal. 
Rather, there is high  fl ow continuing throughout diastole, as a result of 
which the tracing does not drop back to the zero baseline at the end of 
diastole, but is elevated well above the zero baseline (Reprinted from 
Rutherford  [  5  ] . With permission from Elsevier)       
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onset/unusual location) varicose veins, or limb enlargement), 
and for detecting, roughly localizing, and assessing the rela-
tive magnitude of such congenital lesions. With anatomically 
localized lesions, these tests, with or without duplex scan-
ning (see below) suf fi ce for most clinical decision-making.  

   Duplex Scanning 

 It is recognized that duplex ultrasound scanning plays an 
increasing role in today’s VDL. The basic duplex scanner 
combines an ultrasound image with a focused directional 
Doppler probe. In modern instruments, the velocity signal is 
color-coded so that red represents arterial  fl ow and blue rep-
resents venous  fl ow (going in opposite directions). The 
velocities are also displayed on the screen, as needed, for 
speci fi c applications (e.g., bypass graft surveillance, carotid 
artery interrogation). 

 Because the duplex scanner provides velocity informa-
tion, it can serve as a practical means of performing velocity 
waveform analysis, the observed patterns serving as a simple 
yet sensitive means of diagnosing an AVF. Because of the 
other additional information obtainable from duplex scan-
ning, it has mostly replaced using a simple Doppler probe 
connected to a DC recorder and strip chart for this purpose. 
High-peak mean velocity readings recorded over the main 
in fl ow artery of the involved extremity, compared with those 
at the same location of the contralateral normal extremity, 
will often con fi rm the presence of an arteriovenous  fi stula in 
that limb. As pointed out above, the characteristic pattern of 
the velocity tracing, with its elevated end-diastolic  fl ow, and 
its extended persistence over the in fl ow artery should distin-
guish this high-velocity reading from the more focused high-
velocity reading observed in association with a arterial or 
bypass graft stenosis. 

 The software of some of today’s duplex scanners also 
allows a rough estimation of volume  fl ow, with diameter 
measurements being used to estimate cross-sectional area 
and the velocity signals and the angle of incidence of the 
probe allowing the Doppler equation to be applied 
( fl ow = velocity (frequency shift) × cosine theta (angle of 
incidence of the ultrasound beam) × cross-sectional area, 
divided by  C  (velocity of sound in tissue, a constant)). 
However, a problem in using the duplex scan to obtain accu-
rate velocity or  fl ow measurements directly over an AVF is 
the presence of turbulence and multidirectional  fl ows associ-
ated with aliasing. On the other hand, the  fl ashes of yellow 
representing turbulent  fi stula  fl ow will be seen, and these 
along with higher than normal arterial velocities upstream 
are, in themselves, diagnostic of AV shunt  fl ow. So the diag-
nosis is readily made by this approach, but quanti fi cation is 
not possible at the  fi stula site. Congenital arteriovenous 
 fi stulas are more complex, especially when part of an AVM, 
but their high- fl ow patterns are readily recognized and, by 

moving the scan head, the nature and extent of the more 
localized super fi cial lesions can sometimes be delineated. 
This in itself can be diagnostic, and is particularly useful 
when applied to mass lesions, which often present with a 
network of varicosities near the surface of the skin. Higher 
than normal  fl ows in these veins will also betray an underly-
ing AVM. The diagnostic dilemma here is that these vari-
cosities may either be part of a venous malformation or be 
associated with an underlying arteriovenous malformation, 
but this be resolved by their  fl ow characteristics. 

 The problem not being able to directly measure  fi stula 
 fl ow can be accomplished indirectly by comparing velocity 
readings obtained proximally over the major in fl ow artery of 
the involved limb with those from the contralateral normal 
extremity recorded at the same level. The latter approach is 
recommended when quantitative measurements of  fi stula 
 fl ow are desired for decision-making purposes. Subtracting 
the contralateral normal limb  fl ow from that of the involved 
limb will provide a fair estimate of AV shunt  fl ow in the 
involved limb as long as the interrogation sites and monitor-
ing techniques are the same for both limbs. 

 Duplex scanners offer the advantage that they are in 
everyday use in today’s VDLs for many other applications, 
so the necessary instrumentation and the operator skills are 
available. The duplex scan is rather versatile in evaluating 
AVFs, used either to interrogate a penetrating wound or groin 
hematoma following a catheterization procedure, or the limb 
of a young patient suspected of harboring congenital AVFs. 
It may directly visualize and interrogate AVFs as well as pro-
vide velocity evidence of their existence, e.g., high  fl ow in 
the artery leading to suspected AVFs. On the other hand, in 
some congenital anomalies, where multiple AVFs may be 
spread out over a larger area, the duplex scanner may still be 
useful, even though not being able to directly visualize all 
the  fi stulous mass, and in larger mass lesions, it may not be 
able to delineate the full anatomic extent of an AVM. Like 
the previously described “physiologic” tests, it can be applied 
to extremity lesions but not to central lesions, e.g., in the 
trunk or pelvis. Much of its application is qualitative not 
quantitative, although rough  fl ow estimates are possible 
using the technique described. So, it can detect and generally 
localize AVMs and guide or monitor thrombotic or embolic 
therapy in those congenital lesions that are relatively 
super fi cially located and reasonably well localized.  

   Competing and Complementary 
Diagnostic Studies 

   Arteriography 

 Arteriography was the gold standard in the past, before non-
invasive tests and imaging became available. Unfortunately, 
many if not most primary care physicians presented with such 
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patients today perpetuate this primary reliance on angiogra-
phy due to lack of awareness of the value of noninvasive tests 
and imaging. This misguided “AGA” approach is particularly 
unfortunate because angiography is only required if the need 
for therapeutic intervention for congenital arteriovenous 
 fi stulas has been determined and will be undertaken soon, in 
which case it can be obtained at the same time as embolo-
therapy. The presence or absence of congenital arteriovenous 
 fi stulas, and their relative severity (the latter determining 
prognosis), can be determined by noninvasive methods in 
most cases, assuming comparison with normal limb and the 
additional use of duplex scanning as described. This overall 
approach allows management decisions to be made, and the 
parents advised, without the use of arteriography as a diag-
nostic tool. Furthermore, arteriography may fail to demon-
strate the  fi stula or  fi stulas either because they are too small or 
because the  fl ow is too rapid. Furthermore, arteriography is 
invasive, associated with certain risks (contrast allergy, idio-
syncratic reaction, renal toxicity), expensive, and uncomfort-
able and a major consideration in infants and young children 
is that it risks injury to their smaller arteries such that it usu-
ally requires either general anesthesia or heavy sedation and 
analgesia, and therefore hospital admission. 

 However, while this addiction to contrast angiography 
deserves opposition, there are a number of noninvasive or 
mini-invasive imaging approaches that have emerged in 
recent years that deserve mention here in that they offer 
signi fi cant additional perspectives over that which can be 
achieved by the “physiologic” VDL diagnostic methods 
described above, particularly in the evaluation of congenital 
AVFs. These diagnostic modalities include: (1) radionuclide 
quanti fi cation of AV shunting, (2) computed tomography 
(CT), and (3) magnetic resonance imaging (MRI). Additional 
discussion of these is included here to provide the reader 
with suf fi cient knowledge of their capabilities and clinical 
applications, as additional diagnostic options that must be 
considered in this setting. On the other hand, it must be real-
ized that these new imaging methods are considerably more 
 expensive  and time-consuming than VDL testing, and require 
a considerable degree of patient cooperation (dif fi cult in the 
very young or the claustrophobic) so that if the additional 
perspective they offer is not required for decision-making, 
their immediate use may be inappropriate or at least may be 
delayed until later, a particular advantage in dealing with 
very young children.  

   Radionuclide AV Shunt Quanti fi cation 

 Radionuclide-labeled albumen microspheres can be used 
to diagnose and more or less quantitative arteriovenous 
 shunting. Unfortunately, this method, one that is within the 

 capabilities of any modern hospital’s nuclear medicine labo-
ratory, has been largely overlooked. The basic principle 
behind the study is simple: radionuclide-labeled albumen 
microspheres too large to pass through capillaries are injected 
into the in fl ow artery proximal to the suspected AVM. Those 
passing through arteriovenous communications are trapped 
in the next vascular bed, in the lung, and may be quanti fi ed 
by counting the increased radioactivity in the lungs, with a 
gamma camera, or a discrete sample of it, by maintaining a 
rectilinear scintillation scanner in a  fi xed position over a lim-
ited pulmonary  fi eld  [  6,   11  ] . The fraction of microspheres 
reaching the lungs is determined by comparing these counts 
with the lung counts following another injection of micro-
spheres introduced into any peripheral vein, 100% of which 
should lodge in the lungs. (This latter injection is usually 
reduced to one-fourth, or less, than the arterial injectate to 
allow relatively equal counting ef fi ciencies.) The agent com-
monly used consists of a suspension of 35- m m human albu-
min microspheres labeled with technetium-99 m (similar to 
that commonly used in lung scans) but other radionuclide 
labels have been used. 

 The basic formula is: % AV shunt = the ratio of the lung 
counts after the arterial injection (lung counts A) to the 
amount of radioactivity injected (injectate A) divided by the 
ratio of the counts over  fi xed lung  fi eld after venous injection 
(lung counts V) to the amount of radioactivity injected (injec-
tate V). ( Note : “Injectate” in this formula is determined by 
counting of the injecting syringes before and after the 
injection.) 

 The study is minimally invasive, relatively simple to per-
form, causes little discomfort, and carries a negligible risk. It 
roughly quanti fi es the degree of AV shunting, something 
none of the other tests do. Because shunt  fl ow can be 
quanti fi ed, the results have prognostic value  [  5,   6  ] . One can, 
in this way, better estimate the hemodynamic signi fi cance of 
an AVF(s) or AVM and thus be better able to predict the need 
for and timing of intervention. Serial measurements can also 
be used to gauge the success of interventions designed to 
eliminate or control AVMs. The radionuclide-labeled albu-
men microspheres commonly used in lung scans can be used 
here, and so this approach is both practical and useful for 
studying patients with suspected congenital arteriovenous 
 fi stulae  [  2,   6  ] . In patients with diffuse or extensive congenital 
vascular malformations presenting with a vascular “birth-
mark,” varicose veins, and/or limb overgrowth, it may be 
dif fi cult to distinguish clinically between patients with mul-
tiple AVFs (so-called Parkes Weber syndrome), some so 
small they cannot be visualized arteriographically, and those 
with the same triad but with predominantly venous malfor-
mations (e.g., von Klippel-Trenaunay syndrome). The 
labeled microsphere study solves this dilemma. Importantly, 
the success of surgical or endovascular interventions in 
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 eliminating or controlling AVMs can be adequately gauged 
by pre- and post-intervention studies. Finally, serial mea-
surements will indicate whether the  fi stula is following a 
stable or a progressive course and whether previously dor-
mant arteriovenous communications have begun to open up 
or “grow,” as has been claimed to occur with the approach of 
puberty. In short, while it has a number of values, unfortu-
nately, it is currently underutilized. 

 Although naturally occurring “physiologic” arteriovenous 
shunts are present in normal human extremities, less than 3% 
of the total blood  fl ow (and usually much less) is diverted 
through these communications, so they normally do not pro-
duce an interpretive error  [  11  ] . However, measurements made 
during anesthesia are not accurate because anesthesia, both 
general and regional, signi fi cantly increases shunting through 
these naturally occurring arteriovenous communications. The 
examiner must be also be aware that the percentage of blood 
shunted through arteriovenous communications can be quite 
signi fi cant, in the range of 20–40%, in the limbs of patients 
soon after sympathetic denervation, and in patients with cir-
rhosis, or those with hypertrophic pulmonary osteopathy  [  12  ] . 
Finally, this study shares the limitation of the physiologic 
studies previously described in that it does not readily local-
ize the lesion. However, several injections can be made at key 
locations in the arterial tree at the time of arteriography, if a 
gamma camera is present, and these can quanti fi ed against a 
later venous injection, to give localizing information.  

   Magnetic Resonance Imaging and CT Scan 

 The previously described VDL studies cannot properly 
assess the anatomic extent of large or deep vascular malfor-
mations, and even angiographic studies tend to underesti-
mate their full anatomic extent. Computed tomography (CT) 
will usually demonstrate the location and extent of the lesion 
and even the involvement of speci fi c muscle groups and bone 
 [  13,   14  ] . Offsetting these desirable features of CT are the 
need for contrast, the lack of an optimum protocol for its 
administration, and the practical limitation of having to use 
multiple transverse images to reconstruct the anatomy of the 
lesion. A 3D reconstruction of CT angiography data over-
comes some of these limitations, but subtracting away mus-
cle, skin, and bone, as performed in most vascular applications, 
prevents the true anatomic extent of AVMs from being accu-
rately determined. 

 Magnetic resonance imaging (MRI) possesses a number 
of distinct advantages over CT in evaluating vascular malfor-
mations. There is no need for contrast (gadolinium, but not 
contrast in the usual sense), the anatomic extent is more 
clearly demonstrated, longitudinal as well as transverse sec-
tions may be obtained, and the  fl ow patterns in the congenital 
malformation can be characterized. An example is shown in 
Fig.  33.4a–c . As a result, MRI has become the pivotal diag-
nostic study in the evaluation of most vascular malforma-
tions presenting with mass lesions.    

a b c

  Fig. 33.4    ( a ) Arteriogram prior to referral of a 23-year-old male with 
a “localized” AVM, “suitable for surgical excision,” ( b ) MRI (cross-
sectional view) of AVM lesion, showing involvement of entire anterior 
muscle compartment, and ( c ) MRI (longitudinal view) of the same 

AVM. MRI views indicate resection not possible without including 
nerves that would leave patient unable to raise leg. He was therefore 
treated with embolotherapy (Reprinted from Pearce et al.  [  14  ] . With 
permission from Elsevier)       
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   Overall Diagnostic Strategy and Clinical 
Correlation 

 Although predominantly venous malformations are more 
common than arteriovenous malformations (roughly half vs. 
one-third of all vascular anomalies), determining whether or 
not a vascular anomaly or malformation contains AVFs is the 
usual starting point, even in presumed venous lesions, and 
particularly in presumed von Klippel-Trenaunay syndrome. 
The VDL can provide much useful information in this regard, 
using segmental limb pressures and plethysmography, veloc-
ity wave form analysis, and duplex scanning, and most vas-
cular malformations containing AVFs can be evaluated 
adequately enough with these basic VDL tests for clinical 
decision-making. A radionuclide-labeled microsphere shunt 
study can added if it is important to quantify the AV shunt-
ing, and magnetic resonance imaging (MRI) is used in mass 
lesions to determine their anatomic extent, particularly the 
involvement of adjacent muscle, bone and nerves, which in 
turn determines respectability of mass lesions. It also dem-
onstrates the lesion’s  fl ow characteristics (e.g., distinguish-
ing venous from arteriovenous malformations). 

 After utilizing the above diagnostic tests, without the use 
of contrast angiography, one should be able to categorize the 
lesion as either one of the following: a localized AVF, an 
extensive malformation with macro fi stulous AVFs (an 
AVM) fed by speci fi c named vessels, diffusely scattered 
micro fi stulous AVFs (which may or not be associated with 
venous malformations), venous angiomas (an extratruncular 
venous malformation consisting of multiple venous lakes 
located to the side of major veins), a congenital defect of the 
deep veins, or an arterial anomaly. In most cases, duplex 
scanning will aid in sorting these out if the noninvasive 
“physiologic” tests are not de fi nitive. Angiography should 
be rarely used initially, being saved to guide interventions 
once they have deemed necessary. The need for surgical 
intervention is limited to the more localized AV malforma-
tions that may be resectable (less than 10%). Larger AVMs, 
composed of macro AVFs can be “controlled” but rarely 
cured by modern embolotherapy, which is more effective 
for venous or lymphatic mass lesions. Diffuse micro AVFs 
and extensive or diffuse venous malformations usually 
require no treatment other than conservative management of 

the associated venous hypertension (e.g., by elastic stock-
ings and intermittent elevation). Thus, the noninvasive stud-
ies featured in the today’s VDL, and described above, can 
and should play a pivotal role in the diagnosis of AVMs, and 
in ruling in or out AVFs as signi fi cant components of other 
congenital vascular anomalies.      
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   Introduction 

 Over the past century, the surgical management of extremity 
vascular injuries has undergone dramatic changes. During 
the era of World War I and II, repair of vascular injuries was 
rarely performed and ligation of injured vessels was the stan-
dard practice. Unfortunately, this practice resulted in an 
unacceptably high amputation rate in excess of 70%  [  1  ] . The 
poor results from arterial ligation prompted surgeons Hughes 
and Spencer to reconsider the proper management of trau-
matic vascular injuries  [  2,   3  ] . As such, during the Korean 
War, vascular surgical techniques had advanced to allow 

  Abstract 

 For decades, the management of traumatic vascular injuries to the extremity has challenged 
surgeons. However, even during the dark times of con fl ict in the United States, where sur-
geon faced an inordinate amount of mangled extremities, surgical technique was advanced 
and not only bene fi ted military personnel but eventually civilian victims. Parallel to the 
course of surgery with movement toward minimally invasive techniques, the diagnosis of 
vascular trauma has progressed from an invasive, often low-yielding surgical exploration to 
a selective, noninvasive paradigm. Outside of overt signs of vascular injury (e.g., pulsatile 
bleeding), reliance solely on physical examination lacked the sensitivity to support an adop-
tion of a less invasive diagnostic approach. Ankle-brachial index (ABI) was paramount in 
guiding clinicians to proper selection of injured patients who bene fi ted from further diag-
nostic investigations or observation. Color- fl ow duplex scanning also contributed to a non-
invasive diagnostic testing for vascular injuries in the extremity. However, due to variability 
in results based on technician expertise, off-hour unavailability, and stagnant technological 
movement the role of color- fl ow duplex remained limited. Conversely, computed tomogra-
phy is emerging as the diagnostic modality of choice for vascular trauma. Current multi-
detector units allow accurate acquisition of long body segment in minutes. Due to the 
increasing application of computed tomography (CT) angiography, digital subtraction 
angiography has been relegated from the “gold standard” diagnostic modality to a treatment 
modality. This chapter discusses the progression of this overall change in the diagnostic 
management of patients with traumatic vascular injuries.  
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implementation of formal repair for peripheral vascular arte-
rial injuries. In the Vietnam War, further surgical re fi nements 
led to the repair of both arterial and venous injuries becom-
ing the standard of care in the majority of clinical situations 
 [  4,   5  ] . Continuing re fi nements in arterial surgery over the 
ensuing three decades have reduced limb loss in most civil-
ian series to less than 10–15%  [  6–  8  ] ; however, long-term 
disability, predominantly resulting from associated skeletal 
and nerve injuries, remains a persistent problem for 20–50% 
of patients  [  9  ] . To date, approximately 90% of all peripheral 
arterial injuries occur in an extremity. Civilian studies report 
the majority of arterial injuries to be in the upper extremity, 
while the past military experiences de fi nes lower extremity 
injuries to be more common  [  3  ] .  

   Mechanism of Injury 

 The initial and ultimate outcome of vascular injury depends, 
in large part, on the wounding agent or mechanism of injury. 
Determining the mechanism of injury, whether it be blunt, 
high velocity, or low velocity penetrating trauma, is of utmost 
importance if the surgeon is to utilize available diagnostic 
and treatment options appropriately. Peripheral vascular 
injuries in an urban environment most often result from pen-
etrating trauma from knives or bullets. In a series of penetrat-
ing injuries, arterial injuries were due to gunshot wounds in 
64%, knife wounds in 24%, and shotgun blasts in 12%  [  10  ] . 

 Traditionally, high-velocity  fi rearm injuries are thought to 
occur in the battle fi eld, but with increasing frequency, they 
are the causative agent in civilian vascular trauma. In addi-
tion to the vascular injury, extensive associated musculoskel-
etal injury is commonplace. Vascular injuries in this setting 
result from the dissipation of energy into the surrounding tis-
sues, fragmentation of the projectile or of bone, or transmis-
sion of the blast effect  [  11  ] . Experimental studies have 
demonstrated a positive correlation between muzzle velocity 
and the microscopic extent and “length” of damage to the 
vessel wall  [  12  ] . In many ways, these wounds mimic lower-
velocity shotgun injuries in their devastating combination of 
penetrating and blunt tissue injury  [  13  ] . 

 Falls and motor vehicle accidents are the most common 
causes of blunt injury and are becoming more frequent, 
owing to the ever-increasing mobility of modern society  [  12, 
  14  ] . The morbidity of blunt vascular injuries can be magni fi ed 
by associated fractures, dislocations, and crush injuries to 
muscles and nerves.  

   Diagnostic Evaluation 

 Due to the fact that the majority of signi fi cant vascular inju-
ries present with signs of either loss of extremity pulses, 
overt bleeding or shock, diagnosis is usually not a challenge. 

However, in some situations, the initial vascular injury may 
remain undiagnosed until life threatening hemorrhage or end 
organ ischemia becomes evident. 

   History 

 Paramount to the initial assessment for a vascular injury is a 
proper history. First responders should be questioned for the 
following  fi ndings at the scene of injury: presence or absence 
of shock, the amount and character of bleeding (bright-red 
pulsatile bleeding suggesting an arterial origin or dark blood 
suggesting a venous origin), or the use or application of a 
tourniquet. Upon arrival to the hospital, it is possible for the 
bleeding to have abated, falsely lowering the suspicion of a 
signi fi cant vascular injury. However, the clinician must 
remain aware of the remote possibility of a secondary hem-
orrhagic event at anytime. Determination of the mechanism 
of injury is paramount in the history evaluation. Additional 
questioning is obtained concerning underlying comorbidi-
ties, such as, long-standing diabetes mellitus, underlying 
peripheral arterial disease, or established peripheral neurop-
athies that may confound the evaluation of vascular system.  

   Physical Examination 

 Similar for all trauma patients, the initial physical assess-
ment must be performed after the patient is completely dis-
robed. In any penetrating trauma, evaluation of the location 
of possible entry and exit wounds in relation to anatomic 
structures should be sought. After completion of the primary 
and secondary survey of the trauma patient, attention should 
be focused on the exclusion of a vascular injury. 
Comprehensive pulse examination still remains one of the 
most important assessment measures and should be per-
formed on all patients with suspected vascular injury. 
Presence and strength of a pulse should be documented from 
the groin to the foot on both extremities. The clinician must 
be aware of the trauma patient who possesses underlying 
peripheral arterial disease (PAD). In this case, because of the 
bilateral distribution of chronic lower extremity PAD, the 
absence of pulses in the contralateral leg will serve as a vital 
comparison of the baseline circulatory status. 

 Clinical suspicion for a vascular injury should not be low-
ered based on the presence of a normal pulse palpated distal 
to the area of injury. As many as 50% of patients can harbor 
an occult vascular injury with a reported “normal” pulse 
examination. In addition to a thorough pulse examination, 
capillary re fi ll and temperature should be documented. 
Because of the close proximity of major nerves to the extrem-
ity vessels, a thorough neurologic examination is critical to 
assess the functional potential of the extremity. Interestingly, 
the incidence of nerve injury in the lower extremity is 
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reported to be one-third that of trauma to the upper extremity 
 [  15–  17  ] . In the infrageniculate region, the close proximity of 
major nerves has led to an incidence of associated nerve inju-
ries between 8% and 58%.  [  15,   16,   18,   19  ] . Therefore, it is 
extremely important to document a thorough neurological 
examination. Nerve injuries have been reported to result in 
long-term severe neurological de fi cit in up to 20% of patients 
and is a key determinant in the decision for limb salvage or 
primary amputation, con fi rming the need for a thorough ini-
tial evaluation  [  20,   21  ] . 

 Associated bony injuries are reported to occur in approxi-
mately 35% of lower extremity penetrating and blunt trauma 
 [  15,   22  ] . In patients who present with obvious deformities, 
bony injuries are easily appreciated. However, even the most 
minor appearing injured extremity may harbor an occult 
bony disruption. Christian et al. identi fi ed unrecognized arte-
rial injuries in 50% of patients presenting with severe tibial 
fractures  [  23  ] . Therefore, a series of plain radiographs to 
assure the absence of a fracture is obligatory in the evalua-
tion of lower extremity trauma. 

 Extremity arterial injuries have varied clinical presenta-
tions. A minority of patients present with obvious clinical 
evidence, or “hard signs,” of an arterial disruption such as 
pulsatile external bleeding, an enlarging hematoma, absent 
distal pulses, or an ischemic limb (Table  34.1 ). For patients 
with overt signs of arterial injury, immediate surgical explo-
ration in the operating room, without further diagnostic test-
ing, is preferred. In most instances, when arteriography is 
required, an intraoperative arteriogram is suf fi cient to iden-
tify the location and extent of injury and to guide the surgical 
repair. These signs aid clinicians by stratifying patients into 
those with or without severe ischemia.  

 A complete vascular examination should include an 
ankle-brachial index (ABI). Pressure readings from the lower 
of the two pedal vessels are compared to the arm blood pres-
sure. Doppler arterial pressure measurements and calculation 
of pressure indices was  fi rst introduced in the 1970s for the 
assessment of chronic PAD limbs. However, it was not until 
the early 1990s when ABI became an effective diagnostic 
modality in the workup of a patient with a possible traumatic 
vascular injury. In a study of 100 consecutive injured limbs, 
Lynch and Johanason showed arterial injuries that required 
intervention were discovered in 14 cases, and an ABI less 
than 0.90 predicted the injury with 87% sensitivity and 97% 

speci fi city  [  24  ] . Because two of the arteriograms were falsely 
positive, sensitivity and speci fi city of ABI less than 0.90 
were even higher—95% and 97%—when clinical outcome 
was the standard. As such, ABI became a routine part of the 
vascular assessment of the injured extremity.   

   Imaging Studies 

   Ankle-Brachial Indices and Selective 
Angiography 

 The diagnostic approach to extremity trauma has changed 
dramatically over the last few decades. Initially, the in fl uences 
from combat experience lead to the aggressive approach of 
mandatory exploration for all penetrating trauma to an 
extremity. However, application of this policy to civilian 
injuries resulted in negative exploration rate as high as 84% 
in penetrating trauma patients  [  25  ] . These patients had under-
gone expensive, nontherapeutic operations, which occasion-
ally resulted in additional morbidity. 

 With the availability of arteriography in most trauma 
centers, this diagnostic modality supplanted wound explo-
ration for penetrating extremity trauma. As was the case 
with wound exploration, mandatory or routine screening 
arteriography for proximity wounds, in the absence of other 
suspicious clinical  fi ndings, resulted in a large proportion 
of normal arteriograms (90%), at signi fi cant cost  [  1  ] . In 
addition, arteriograms were found to be less than perfect, 
having a low, but real, incidence of false-negative and false-
positive  fi ndings. Because of its invasive nature and the 
potential nephrotoxicity of contrast media, arteriography 
also occasionally results in serious complications, thus 
increasing patient morbidity and further increasing the cost 
of care. 

 It became apparent that many unnecessary angiograms 
were performed in the trauma setting. Intense evaluation of 
the role of proximity in predicting a vascular injury leads to 
a signi fi cant change in the management of penetrating 
extremity trauma. Weaver et al. examined the yield of a vas-
cular injury when proximity alone was the sole indicator for 
angiography in extremity trauma  [  26  ] . Over an 18-month 
period, 373 patients with penetrating trauma distal to the del-
topectoral groove in the upper extremity and distal to the 
inguinal ligament in the lower extremity were evaluated. 
Arteriograms were obtained for patients with “hard or soft 
signs” of vascular trauma (Table  34.1 ) or in the absence of 
these  fi ndings, when the path of the penetrating object was 
judged to be in close proximity to a major vascular structure. 
In the 216 patients with one or more abnormal physical 
 fi ndings, an arterial injury was identi fi ed by arteriography in 
65 (30%), whereas in the absence of physical  fi ndings (157 
patients) only minor injuries were identi fi ed in 17 (11%). 
Only a pulse de fi cit, neurologic de fi cit, or shotgun injury 

   Table 34.1    Traumatic vascular injury   

 Hard signs  Soft signs 

 Observed pulsatile bleeding  Signi fi cant hemorrhage by 
history 

 Arterial thrill by manual palpation  Neurological abnormality 
 Bruit auscultated over or near area 
of arterial injury 

 Diminished pulse compared to 
contralateral extremity 

 Absent distal pulse  Proximity bony injury or 
penetrating wound  Visible expanding hematoma 
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correlated ( p  < 0.05) with arteriographic evidence of a major 
arterial injury. 

 Later, authors from the same institution sought to validate 
the utility of ABI in assessing patients with penetrating vas-
cular trauma of the extremity. A follow-up study investigated 
the ability of Doppler indices to detect occult arterial injuries 
in a consecutive cohort of 514 patients with unilateral, iso-
lated penetrating extremity injuries  [  27  ] . Arteriography was 
limited to patients with a pulse de fi cit, neurologic de fi cit, 
shotgun injury, or one or more “soft” signs or a Doppler 
ankle/brachial index (ABI) of less than 1.00. All patients 
with arteriographic evidence of a major arterial injury had 
either a pulse de fi cit or ABI below 1.00. 

 A selective use of angiography in evaluation of patients 
with penetrating extremity trauma was recently con fi rmed by 
Conrad  [  28  ] . Five hundred and thirty-eight patients were 
reviewed retrospectively. Similar to previous studies, angiog-
raphy was limited to patients presenting with an abnormal 
pulse examination or Doppler indices less than 1.0. Patients 
with a normal physical examination and Doppler indices of 
1.0 or greater were discharged home without further workup. 
Three hundred patients with asymptomatic proximity wounds 
and normal physical examination were discharged home. 
Fifty-one percent of these discharged patients were available 
for an average follow-up of 9.8 months. There were no 
missed injuries or late complications identi fi ed in the group. 

 For blunt extremity trauma, the indications for arteriogra-
phy parallel what has been established for penetrating inju-
ries. A prospective study analyzed the results of arteriography 
in 53 patients with unilateral blunt lower extremity trauma 
 [  29  ] . Thirty-one patients had physical  fi ndings suggestive of 
an arterial injury, and an arterial injury was demonstrated in 
15. A pulse de fi cit or decrease capillary re fi ll correlated 
signi fi cantly ( p  < .05) with arteriographic evidence of injury. 
Of the 15 arterial injuries, 12 were found in patients who had 
one or both of these  fi ndings and four of those injuries 
required repair. In the remaining 22 patients with neither a 
pulse de fi cit nor decreased capillary re fi ll, three minor inju-
ries were found, none of which required repair. 

 Another series of blunt injuries focused speci fi cally on 
115 patients with knee dislocations  [  30  ] . Popliteal artery 
injury was demonstrated arteriographically in 27 of 115 
(23%) patients. An abnormal pedal pulse identi fi ed popliteal 
artery injuries with sensitivity of 85% and speci fi city of 93%. 
All injuries that required intervention were associated with a 
diminished pulse. Dennis reported an identical experience in 
37 patients with knee dislocations  [  31  ] . In all patients who 
required popliteal repair, pedal pulses were absent. More 
recently, Abou-Sayed and Berger con fi rmed the sensitivity 
of physical examination in 52 patients with blunt popliteal 
artery injuries  [  32  ] . Twenty-three patients, with a normal 
pulse examination, did not undergo angiography and required 
no vascular interventions. Angiography was performed in 13 

patients with normal pulse examinations (at the discretion of 
the attending surgeon); similarly, no clinically signi fi cant 
lesions were identi fi ed that required intervention. Again, the 
assertion that the clinical examination can de fi ne a subset of 
high-risk patients who need an arteriogram, and possibly 
surgical repair, was validated. 

 Based on these published reports, a consensus has devel-
oped that for penetrating or blunt extremity trauma, arteriog-
raphy is indicated only for patients with either an abnormal 
extremity pulse examination or Doppler index less than 1. 
Careful physical examination and pressure measurements 
appropriately select the vast majority of patients (>95%) who 
have signi fi cant arterial injury and require arteriography.  

   Plain Radiographs 

 Plain  fi lms are part of a standard diagnostic evaluation for a 
trauma patient. In patients with blunt trauma, fractures or 
dislocations in key anatomical areas may alert the clinician 
to the possibility of a vascular injury (i.e., posterior knee dis-
location). Radio-opaque markers placed at the point of entry 
and exit of penetrating trauma wounds may be helpful in 
determining the trajectory of the penetrating object. Attention 
to all foreign bodies should be given. In the special situation 
of a repeat trauma patient, the clinician must be aware of 
possible retained foreign bodies from prior trauma.  

   Color Flow Duplex Ultrasonography 

 Duplex ultrasonography is the melding of pulse-wave 
Doppler and high resolution B-mode ultrasound. Because of 
continued improvements in noninvasive vascular imaging, 
color  fl ow duplex ultrasonography (CFD) has been suggested 
as a substitute for or complement to arteriography  [  33  ] . CFD 
has several obvious advantages: it is noninvasive, painless, 
portable, and can easily be brought to the patient’s bedside, 
emergency room, or operating room. Repeated and follow-
up examinations are easily performed without morbidity and 
are relatively inexpensive. The duplex is also able to detect 
vascular injuries to non-conduit vessels such as the profunda 
femoris artery, where ABI measurements would be regis-
tered as normal. 

 Bynoe and colleagues reported sensitivity of 95%, 
speci fi city of 99%, and accuracy of 98% when CFD was 
used to evaluate blunt and penetrating injuries of the neck or 
extremities, and Fry and coworkers  [  34,   35  ]  documented 
100% sensitivity and 97.3% speci fi city in a similar series. In 
these two studies, however, a comparison arteriogram was 
available for only a minority of patients. Bergstein and asso-
ciates reported on 67 patients who had 75 penetrating extrem-
ity injuries, all of whom underwent both CFD and 
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arteriography  [  36  ] . Using arteriography as the gold standard, 
CFD had two false-negative results and one false-positive 
(sensitivity 50%, speci fi city 99%). Gagne and coworkers 
published a series of 37 patients with proximity injuries in 43 
extremities  [  37  ] . Arteriography identi fi ed three injuries to 
the deep femoral, super fi cial femoral, and posterior tibial 
arteries that were not identi fi ed by CFD. However, CFD did 
detect a super fi cial femoral artery intimal  fl ap that arteriog-
raphy missed. 

 Despite some uncertainty about the ability of CFD to 
detect all arterial injuries, these reports suggest that nearly 
all major injuries that require therapeutic intervention can be 
identi fi ed, potentially at considerable costs savings as com-
pared with arteriography  [  33  ] . Ordog has estimated a multi-
million dollar cost savings if CFD and outpatient follow-up, 
rather than arteriography and inpatient observation, were 
used to exclude extremity arterial injuries  [  38  ] . 

 Contrary to the success of these reports, use of CFD in the 
workup of trauma patients presents some challenges. 
Technician dependence, limited availability during off hours, 
and limited visualization of chest and in some cases, the 
abdomen are possible pitfalls of CFD. Our institutional expe-
rience with CFD in the evaluation of extremity trauma 
con fi rmed the operator dependence of CFD and, we felt for 
CFD to be used effectively, an institutional investment in 
experienced vascular technologists and interpreting physi-
cians would be required  [  39  ] . This expense could be lessened 
over the long term if the current effort to train surgeons in the 
use of diagnostic ultrasound for intracavitary trauma were 
extended to include extremity vessels.  

   Computed Tomography Angiography 

 Years ago, computed tomography angiography (CTA) began 
challenging the need for digital angiography in the evalua-
tion of trauma patients with suspected vascular injuries. 
However, now with advances in technology to newer 64-row 
multi-detector CT scanning, digital angiography is being 
supplanted by CTA in many trauma centers  [  40–  43  ] . Current 
scanners with multi-detector scanning and three-dimensional 
reformation capabilities provide rapid acquisition of isotro-
pic data sets of long vascular territories within seconds. 
Therefore, CT scanning can now integrate extremity images 
in the routine thoraco-abdominal trauma imaging without a 
signi fi cant increase in scanning time. When compared to 
digital angiography for trauma patients, CTA has the distinct 
advantage of being equivalent in accuracy, more time 
ef fi cient, less invasive, and less expensive in the diagnosis of 
traumatic vascular injuries. Current CT scanning is also read-
ily available and provides simultaneous imaging of surround-
ing body structures and adjacent anatomical locations in a 
single examination. Through remote computer access, set 

injection protocols and lack of arterial puncture complica-
tions, staff radiologists can provide diagnostic reading 
offsite. 

 CT scan evidence of a vascular injury includes the follow-
ing  fi ndings: contrast extravasation, extravasated contrast 
material collections (Fig.  34.1 ), loss of opaci fi cation or 
occlusion of arterial segment (Fig.  34.2 ), abrupt vessel nar-
rowing (signifying either spasm, dissection or external com-
pression), early venous opaci fi cation (signifying an 
arteriovenous  fi stula), and an abnormal vessel caliber or 
course  [  43  ] .   

 Soto and colleagues performed one of the early compari-
sons between CTA and digital angiography for evaluation of 
suspected vascular injuries in extremity trauma patients  [  44  ] . 
In this study, all extremity trauma patients referred for digital 
angiography underwent CTA. Two independent observers 
documented sensitivity and speci fi city levels greater than 
90% respectively for diagnosis of vascular injuries, with and 
interobserver agreement of 0.9 (kappa statistics). More 
recently, studies from institutions with more advanced CT 
scan technology con fi rmed the diagnostic utility and accu-
racy in the evaluation of trauma patients  [  41,   42  ] . Inaba and 
associates utilized multi-detector CT scan angiography for 

  Fig. 34.1    CFA injury + pseudoaneurysm. Right common femoral 
artery injury with pseudoaneurysm adjacent to the bifurcation. Small 
 fi lling defects seen within the right deep and super fi cial femoral arteries 
at the bifurcation, which may represent blood clot versus intimal 
injury       
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59 trauma patients with lower extremity injuries and docu-
mented 100% sensitivity and speci fi city in the diagnosis of a 
clinically signi fi cant vascular injury  [  45  ] . The one missed 
injury in their patient cohort was secondary to artifact from a 
retained missile fragment. Most recently, Inaba and col-
leagues followed up their earlier study and reported similar 
 fi ndings  [  46  ] . Sensitivity and speci fi city both reached 100% 
in detecting clinically signi fi cant traumatic vascular injuries 
of the lower extremity. The shortcoming of computed tomog-
raphy continued to appear in artifact formation from retained 
missile fragments. Other recognized disadvantages of CT 
angiography include artifact formation due to motion or 
calci fi ed plaques and high volume of iodinated contrast 
usage. If an endovascular treatment option is contemplated, 
deleterious effects of sequential intravenous contrast boluses 
must be considered in the patient management.  

   Magnetic Resonance Arteriography 

 Magnetic resonance arteriography (MRA) has increased in 
popularity for the diagnosis of vascular disorders; however, 
its application to trauma patients is not widely accepted. 
Compared with other modalities, MRA has the advantage of 
imaging multiple anatomical areas simultaneously and being 
noninvasive, preventing the need for contrast agents. 
Unfortunately, MRA is not easily accessible in the majority 
of hospitals, and the presence of metallic orthopedic instru-
mentation limits widespread usage for trauma patients  [  47  ] .       
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 Our understanding of the pathophysiology, clinical manifes-
tations, and natural history of peripheral vascular disorders 
 [  1,   2  ]  must constantly be coupled with an appreciation of 
current diagnostic and therapeutic tools (computed tomo-
graphic angiography [CTA], magnetic resonance angiogra-
phy, conventional angiography, and angioplasty/stenting). 
This chapter will provide an entry point into clinical problem 
solving by considering the areas of screening, assessment 
prior to and immediately after intervention, surveillance 
(long-term, usually after intervention), and certain special 
areas of the peripheral arterial system. 

   Screening: “Does Peripheral Arterial 
Disease Exist?” 

 The most practical, well-studied method is resting ankle-
brachial index (ABI)  [  3  ] . Values in the range of 0.85–0.90 
are usually chosen to signify a positive result. Attention to 
operator training is important for valid results  [  4  ] . Postexercise 
or reactive hyperemia studies are not usually performed for 
screening purposes. An individual with a positive test is at 
increased risk for all cardiovascular events (cardiac, cerebral, 
or extremity). 

 Kravos and Bubnic-Sotosek  [  5  ]  reported on the role of 
ankle-brachial index screening for peripheral artery disease 
(PAD) in asymptomatic patients between 50 and 70 years of 
age. They selected 107 patients and collected data on gender, 
age, risk factors, and laboratory tests and measured the ABI. 
Twenty (19%) patients were found to have PAD. Smoking, 
high total cholesterol, high triglycerides, and diabetes melli-
tus were associated with a low ABI and the presence of PAD. 
Smoking, diabetes, and age were identi fi ed as the strongest 
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predictors of PAD and having more risk factors was associ-
ated with a lower ABI. They felt that it is not necessary to 
measure the ABI in patients aged 50–70 years if they only 
have one risk factor, except for patients with diabetes and 
those who smoke. In contrast, it seems to be useful to mea-
sure the ABI in patients with multiple risk factors for PAD. 

 Mourad et al.  [  6  ]  conducted a prospective, observational, 
real-life, epidemiologic study (ELLIPSE) of screening 
unrecognized PAD using ABI in high cardiovascular risk 
patients free from symptomatic PAD. The prevalence of PAD 
(ABI < 0.9) was calculated in 2,146 asymptomatic patients 
 ³ 55 years of age who were at high cardiovascular risk and 
who were hospitalized in the departments of cardiology, dia-
betology, geriatrics, internal medicine, or neurology in met-
ropolitan France. The discriminatory power of the model 
was evaluated by calculating the area under the curve (AUC) 
of the receiver operating characteristic curve. The ABI was 
<0.9 in 41% of patients. In the multivariate analysis, arterial 
bruit (odds ratio [OR] 1.92,  p  < 0.0004), absence of  ³ 1 pulse 
(OR 2.18), regular smoking (OR 1.49,  p  < 0.0001), previous 
non-Q-wave myocardial infarction (OR 1.50,  p  = 0.02), crea-
tinine clearance <60 mL/min (OR 1.33,  p  = 0.008), and 
treated hypertension (OR 1.28,  p  = 0.03) were signi fi cantly 
associated with PAD. Although risk increased with the num-
ber of variables, the model, based on clinical symptoms and 
on medical history parameters, was not discriminatory 
(AUC = 0.66). They concluded that the high prevalence of 
asymptomatic PAD in this patient population suggests that 
ABIs should be systematically performed in high-risk hospi-
talized patients to ensure that appropriate secondary preven-
tion programs are initiated. 

 McDermott et al.  [  7  ]  also found that among 156 partici-
pants with PAD with and without intermittent claudication, 
lower ABI values were signi fi cantly associated with a poorer 
walking endurance.  

   Assessment of Location and Severity 
of Peripheral Vascular Disease 

 The primary use of noninvasive tests in patients with lower 
extremity vascular problems is to obtain objective, quantita-
tive determinations instead of the subjective categories 
resulting from physical examination. Both Doppler ultra-
sound (continuous-wave) and the pulse volume recorder 
(PVR) have proved useful in de fi ning the severity and the 
location of arterial occlusive disease  [  8–  12  ] . However, the 
application of duplex ultrasonography over the past 25 years 
has been more helpful in localizing and grading the severity 
of peripheral vascular disease  [  13  ] . 

 In patients presenting with lower extremity pain on exer-
cise, it is most important to distinguish symptoms due to 
neurologic or orthopedic diseases from those produced by 

vascular insuf fi ciency. In fact, both entities may coexist. If a 
true claudication is present, it is also important to accurately 
determine the patient’s degree of disability and to establish a 
quantitative baseline with which the effect of medical or sur-
gical therapy can be compared. 

 In the initial evaluation for the presence or absence of true 
claudication, the arterial leg Doppler study, using the seg-
mental pressure determination with the analog wave tracing 
or PVRs, should be used, preferably measured after tread-
mill exercise. The simplest, most reliable means of con fi rming 
peripheral vascular occlusive disease of the lower extremity 
is measurement of the ankle systolic pressure and the calcu-
lation of the ABI. As described in Chap.   21    , the normal rest-
ing ABI is generally around 1.0. In patients whose resting 
values are borderline, stress testing should be induced by 
treadmill exercise or reactive hyperemia. Although normal 
patients may transiently lower their ankle systolic pressure 
15–20 mmHg, those with even mild occlusive disease usu-
ally show a prolonged pressure decrease in excess of 
50 mmHg. In persons who become symptomatic during 
treadmill exercise, but whose ankle pressure remains normal, 
a nonvascular cause for their pain should be evaluated. 
Although an abnormal response to exercise con fi rms the 
presence of hemodynamically signi fi cant arterial disease, it 
does not exclude the possibility of coexistent neurospinal 
compression. The magnitude of the pressure drop should 
parallel the severity and location of the patient’s symptoms. 
The ABI has also been helpful in determining the severity of 
vascular occlusive disease as described in previous chapters. 
Raines et al.  [  9  ]  classi fi ed the PVRs into  fi ve categories, 
which, when combined with pressure data, were helpful in 
de fi ning various clinical states of ischemia, e.g., claudica-
tion, rest pain, or foot necrotic lesions. 

 Anatomic localization of hemodynamically signi fi cant 
peripheral vascular lesions by noninvasive testing is another 
important contribution to patient management. It is impor-
tant to note that laboratory  fi ndings and physical  fi ndings 
must be combined to localize a lesion accurately. One 
parameter (physiologic testing) is generally not suf fi cient. 
The case of combined disease (aortoiliac and femorop-
opliteal-tibial) is, by far, the most challenging. In 5–10% of 
patients with combined disease, noninvasive analysis, while 
de fi ning the hemodynamics, cannot accurately localize the 
main contributing lesion. In these cases, an invasive femoral 
artery pressure study may be indicated. Localization of the 
disease is of critical importance; e.g., in the patient who has 
thigh and buttock pain secondary to a neurospinal compres-
sion and a well-collateralized, asymptomatic super fi cial 
femoral artery occlusion, both resting and postexercise ABIs 
may be appropriately abnormal. Yet, if the postexercise 
thigh pressure and the PVRs are normal, a nonvascular 
cause for the patient’s symptoms is suggested. Furthermore, 
since angiography is notoriously inaccurate in assessing the 
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 functional signi fi cance of iliac artery stenosis, some physi-
ologic measurement of arterial in fl ow is essential before a 
distal bypass is constructed. 

 As described previously, the combination of the segmen-
tal Doppler pressures and the analog wave tracings could be 
helpful in the localization of peripheral vascular occlusive 
disease. However, determination of segmental pressure has 
certain limitations in patients with multilevel occlusive dis-
ease. In these patients, the proximal lesion might mask the 
distal disease; e.g., if both severe aortoiliac occlusive disease 
and femoral popliteal stenosis are present, the high-thigh 
pressure is low. The gradient between the high-thigh and the 
above-knee cuffs might be quite small, thus masking the dis-
ease present between these levels. Also giving a low high-
thigh pressure is the combination of isolated, hemodynamically 
signi fi cant, super fi cial femoral and profunda femoral occlu-
sive lesions. These problems in the interpretation of the pres-
sure may be solved in one of several ways. A normal femoral 
pulse and the absence of an iliac bruit suggest a more distal 
arterial disease as the cause of the low high-thigh pressure. 
The common femoral artery pressure may also be obtained 
noninvasively using an inguinal compression device. This 
pneumatic device presses the artery against the superior 
pubic ramus, thus allowing the pressure to be measured as 
the compression is slowly released. The return of the arterial 
Doppler signal distal to the groin establishes the endpoint. 
Despite the presence of a normal iliac segment, monophasic 
waveforms may occasionally be seen in the common femoral 
artery when there is a combination of super fi cial femoral 
artery occlusion and severe deep femoral artery stenosis. 

 Other physiologic methods, which might help in differen-
tiating aortoiliac occlusive disease from disease of the com-
mon femoral artery and/or disease of the super fi cial femoral 
artery and deep femoral artery, are the determination of the 
pulsatility index (PI) and the inverse damping factor. These 
were described in Chap.   21    . Hemodynamically signi fi cant 
aortoiliac stenosis is unlikely if the femoral artery PI is 
greater than 6.0 at rest, whereas signi fi cant disease is proba-
ble if the PI is less than 5.0. When the value is between 5.0 
and 6.0, the aortoiliac segment may be normal or abnormal, 
and further assessment is required by Doppler recording or 
direct pressure measurement after exercise or reactive hype-
remia. Super fi cial femoral artery occlusion or severe stenosis 
is usually present if the inverse femoral popliteal damping 
factor is less than 0.9. A value between 0.9 and 1.1 may be 
normal or abnormal. When the inverse tibial damping factor 
is less than 1.0, signi fi cant tibial arterial occlusive disease is 
present. 

 Another hemodynamic method of determining the loca-
tion of peripheral vascular occlusive disease relies on the 
amplitude of the calf pulse volume recording. With the use of 
a single large thigh cuff for lower extremity PVRs, the ampli-
tude of the calf PVR is constantly increased relative to that of 

the thigh when the super fi cial femoral artery is patent. This 
 fi nding is an artifact due to the relative volumes of the thigh 
and calf cuffs. Since the thigh cuff contains  fi ve to seven 
times more air than the calf cuff, segmental pulse volume 
changes that occur with each cardiac cycle result in relatively 
smaller pressure changes within the thigh cuff and, hence, 
relatively smaller thigh PVRs. Despite its basis in cuff arti-
fact, calf augmentation is a reliable indicator of super fi cial 
femoral artery patency. If the amplitude of the calf PVR is 
equal to or only slightly greater than that of the thigh (less 
than 25%), and if there is an obvious deterioration in the con-
tour of the waveform, super fi cial femoral artery stenosis or a 
short, well-collateralized occlusion should be suspected. For 
augmentation to occur, the super fi cial femoral artery must be 
patent to the origin of the sural artery in the midpopliteal 
region. When augmentation is noticed, but there is a 
20 mmHg or greater decrease in the segmental pressure from 
the thigh to the calf, distal popliteal or proximal tibial artery 
occlusions are usually found  [  14  ] . 

 Over the past two decades, duplex ultrasonography has 
been used more frequently for localizing and grading the 
severity of peripheral vascular disease with accuracies of 
greater than 90%  [  13,   15  ] . The  fi rst step prior to vascular 
intervention is segmental pressure determination, which is 
often followed by duplex mapping of the involved arteries. 

 If intervention is deferred, identi fi ed lesions can be fol-
lowed to detect changes. If surgical intervention is chosen, a 
CTA or operating room angiogram with or without magnetic 
resonance angiography may provide a cost-effective solu-
tion, bypassing the need for formal preoperation angiogra-
phy. If angioplastic intervention appears to be warranted, it is 
prudent to do it concurrently with the diagnostic study. A 
reasonable idea of lesion location and severity will help to 
make these practical decisions, along with the availability of 
ever improving operating room radiology apparatus. 

 Koelemay et al.  [  15  ]  evaluated the value of duplex scan-
ning in allowing selective use of arteriography in the man-
agement of patients with severe lower leg arterial disease. 
Management was based on duplex scanning and intraarterial 
subtraction angiography was performed only when indicated. 
A total of 125 limbs in 114 patients were evaluated (74% of 
which was for rest pain or tissue loss). In 97 (78%) of limbs, 
management was based on duplex scanning only. It compro-
mised conservative treatment [number = 33, 0% after intraar-
terial digital subtraction angiography (DSA)], PTA 
(number = 25, 16% intraarterial DSA), femoropopliteal 
bypass graft (number = 29, 17% intraarterial DSA), femoro-
tibial bypass graft (number = 29, 62% intraarterial DSA), and 
other surgical procedures (number = 8, 4% intraarterial 
DSA). Overall, the 30-day mortality rate was 4%, and the 
2-year survival rate was 83%. The 2-year primary and sec-
ondary patency and limb salvage rates were 75%, 93%, and 
93% after femoropopliteal bypass operations, respectively. 
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The 1-year primary and secondary patency and limb salvage 
rates were 35%, 73%, and 74%, respectively, after a femoro-
crural bypass operation. There was no difference in patient 
characteristics, indications for a speci fi c treatment, and 
immediate and intermediate term outcome between the study 
and reference population. They concluded that management 
of patients with severe lower leg ischemia could be based on 
duplex scanning in most patients without a negative effect on 
clinical outcome, whether early or at 2-year follow-up.  

   Prognosis and Medical Therapeutic 
Implications 

 Several noninvasive vascular tests, particularly the Doppler 
ankle pressures, have been applied to the study of the pro-
gression of peripheral vascular occlusive disease  [  16–  20  ] . 

 Wilson et al. in a study of nondiabetic patients with clau-
dication who were followed for 5 years, reported that symp-
tomatic improvement was likely without surgery when the 
ABI exceeded 0.60, but was unlikely when the ABI was less 
than 0.50  [  17  ] . In patients with severe ischemia, Paaske and 
Tonnesen found that 82% of those with a toe pressure index 
(toe pressure divided by brachial pressure) of less than 0.07 
underwent a major amputation within 2 years and 27% died 
 [  18  ] . These results indicate that toe pressures provide impor-
tant information that can be helpful in making clinical deci-
sions about the management of individual patients on a more 
rational basis. 

 Development of peripheral vascular occlusive disease in 
the second limb in patients with unilateral occlusive disease 
process is frequent  [  16  ] . The American Heart Association 
recognized that Doppler pressure measurements provide a 
sensitive index of arterial obstruction and can be performed 
repeatedly  [  20  ] . The brachial-ankle pressure difference was 
noted to correlate signi fi cantly with various risk factors of 
atherosclerosis, e.g., smoking, hyperlipidemia, and hyper-
tension  [  21  ] . Several researchers noted that such measure-
ments could also be used to quantitate the severity of the 
arterial sclerotic process and to evaluate the relationship to 
the factors that in fl uence its progression. Ankle pressure 
measurements were used to estimate prevalence of periph-
eral arteriosclerotic disease and were applied to the study of 
the prevalence of atherosclerosis in patients with diabetes 
mellitus  [  22–  24  ] . 

 McLafferty et al.  [  25  ]  reported that the ABI is relatively 
insensitive in identifying the progression of lower extremity 
arterial occlusive disease as demonstrated by the use of imag-
ing studies. They studied patients with prior suprainguinal or 
infrainguinal lower extremity revascularization. Progression 
of lower extremity arterial occlusive disease in native arteries 
was determined by comparing a preoperative (baseline) 
arteriogram with late follow-up arteriography or duplex 

scanning. Progression of lower extremity arterial occlusive 
disease was de fi ned as a decrease in the ABI of 0.15 or 
greater, and progression by imaging studies was de fi ned as 
an increase in one category of stenosis. They concluded that 
in studies of natural history or therapy for atherosclerosis, 
imaging studies should be used in preference to the ABI to 
evaluate progression of lower extremity arterial occlusive 
disease more accurately  [  25  ] . 

 Measurement of Doppler pressures can also be used to 
guide and evaluate medical therapy. Vasodilators have been 
noted to decrease digital blood pressure distal to occlusion 
and are probably not indicated, particularly in the presence 
of severe ischemia  [  26  ] . Meanwhile, clo fi brate resulted in a 
signi fi cant improvement in the response of ankle pressure to 
exercise in patients with intermittent claudication and a high 
plasma  fi brinogen level  [  27  ] . Quick and Cotton  [  28  ] , in a 
study of patients with intermittent claudication, noted that 
cessation of smoking was followed by signi fi cant improve-
ment in the walking distance, resting Doppler ankle pres-
sure, and ankle pressures after exercise, whereas patients 
who continued to smoke showed no signi fi cant changes. 
Segmental pressure measurements have also been helpful in 
the management of patients with arterial obstruction sec-
ondary to ergotism that may regress spontaneously  [  29  ] , and 
to assist in the treatment of severe ischemia with drug-
induced systemic hypertension by monitoring distal systolic 
pressure  [  26  ] .  

   Correlation of ABI and General Atherosclerosis 

 Several studies have analyzed the correlation of ABI, general 
atherosclerosis, and cardiovascular and overall mortality. 
Reich et al.  [  30  ]  conducted a study to determine whether 
elevated levels of in fl ammatory and hemostatic markers (von 
Willebrand factor [vWF], Fibrinogen, D-dimer, factor VII, 
factor VIII, PAI-1, tPA, beta-thromboglobulin [ b -TG], 
C-reactive protein, and white blood count) are associated 
with an increased prevalence of PAD, as measured by a low 
ABI. They studied 13,778 participants from the 
Atherosclerosis Risk in Communities (ARIC) study in a 
cross-sectional analysis after adjustment for major cardio-
vascular risk factors. PAD was positively associated with 
 fi brinogen, vWF, factor VIII, white blood count, D-dimer, 
 b -TG, and C-reactive protein ( p  for trend <0.05) but not with 
the other markers. They concluded that plasma levels of 
in fl ammatory and hemostatic markers are elevated in PAD, 
suggesting that these processes are involved in the pathophys-
iology of PAD. 

 Li et al.  [  31  ]  analyzed the relationship of ABI with all 
causes of mortality and cardiovascular mortality in Chinese 
inpatients after 3 years of follow-up. A total of 3,210 patients 
were followed until an end point was reached. The mean 
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follow-up time was 38 months. Patients with an ABI of  £ 0.4 
were signi fi cantly older than other ABI categories ( p  < 0.001) 
at baseline. The cardiovascular disease and all-cause mortal-
ity were highest (27.5% and 37.7%, respectively) after a 
3-year follow-up in patients with an ABI  £  0.4. There was a 
signi fi cant increasing tendency in mortality with decreasing 
ABI levels ( p  < 0.001). The Kaplan–Meier curves of survival 
showed a decreasing survival rate with the ABI decreasing, 
not only for all-cause mortality, but also for cardiovascular 
disease mortality ( p  < 0.001). After an adjustment for other 
risk factors, patients with an ABI  £  0.4 were 3.1 times as 
likely to die as those with an ABI in the range of 1.00–1.4; 
patients with an ABI  £ 0.4 were about  fi ve times as likely to 
die of cardiovascular disease as those with an ABI in the 
range of 1.00–1.4. Even patients with an ABI in the range of 
0.41–0.90 were more than 1.5 times as likely to die, or die of 
cardiovascular disease (relative risk = 2.1) as those with an 
ABI in the range of 1.00–1.4. They concluded that a low ABI 
is related to a higher cardiovascular disease and all-cause 
mortality, compared with a normal ABI. ABI should be rou-
tinely evaluated as a marker of atherosclerosis to assess the 
risk of cardiovascular disease mortality. 

 A low ABI is associated with atherosclerosis and an 
increased risk of cardiovascular and cerebrovascular events. 
Screening for a low ABI can identify asymptomatic higher 
risk group potentially amenable to preventive treatments. 
Fowkes et al.  [  32  ]  conducted a study to determine the effec-
tiveness of aspirin in preventing events in people with a low 
ABI identi fi ed by screening the general population. The 
Aspirin for Asymptomatic Atherosclerosis trial was an inten-
tion-to-treat double-blind randomized controlled trial con-
ducted from April 1998 to October 2008, involving 28,980 
men and women aged 50–75 years living in central Scotland, 
free of clinical cardiovascular disease, recruited from a com-
munity health registry, and had an ABI screening test. Of 
those, 3,350 with a low ABI ( £ 0.95) were entered into the 
trial, which was powered to detect a 25% proportional risk 
reduction in events. A once daily dose of 100 mg of aspirin 
or placebo was given. The primary end point was a compos-
ite of initial nonfatal or fatal stroke, coronary event, or revas-
cularization. There were two secondary end points: (1) all 
initial vascular events de fi ned as a composite of a primary 
end point event or angina, intermittent claudication, or tran-
sient ischemic attack; and (2) all-cause mortality. After a 
mean follow-up of 8.2 years, 357 participants had a primary 
end point event (13.5 per 1,000 person-years). No signi fi cant 
difference was found between groups (13.7 events per 1,000 
person-years in the aspirin group versus 13.3 in the placebo 
group; hazard ratio [HR], 1.03). A vascular event comprising 
the secondary end point occurred in 578 participants (22.8 
per 1,000 person-years) and no signi fi cant difference between 
groups (22.8 events per 1,000 person-years in the aspirin 
group versus 22.9 in the placebo group; HR 1.00). There was 

no signi fi cant difference in all-cause mortality between 
groups (176 versus 186 deaths, respectively; HR 0.95). They 
concluded that among participants without clinical cardio-
vascular disease, identi fi ed with a low ABI based on screen-
ing of the general population, the administration of aspirin 
compared with placebo did not result in a signi fi cant reduc-
tion in vascular events. 

 Meves et al.  [  33  ]  conducted a study of an open, prospec-
tive, cohort study in the primary care setting. A total of 6,880 
unselected patients who were older than 65 years were cate-
gorized according to the absence or presence of PAD and 
followed up for vascular events or deaths over 5 years. PAD 
was de fi ned as an ABI of <0.9 or history of previous periph-
eral revascularization and/or limb amputation and/or inter-
mittent claudication. During the 5-year follow-up (29,915 
patient-years), 183 patients had a stroke (incidence per 1,000 
patient-years: 6.1 cases). In patients with PAD ( n  = 1,429) 
compared to those without PAD ( n  = 5,392), the incidence of 
all stroke types standardized per 1,000 patient-years with the 
exception of hemorrhagic stroke was about doubled (for fatal 
stroke tripled). The corresponding adjusted hazard ratios 
were 1.6 for total stroke, 1.7 ischemic stroke, 0.7 for hemor-
rhagic stroke, 2.5 for fatal stroke, and 1.4 for nonfatal stroke. 
They found that lower ABI categories were associated with 
higher stroke rates. Other than an advanced age, previous 
stroke, and diabetes mellitus, PAD was a signi fi cant indepen-
dent predictor for ischemic stroke. They concluded that the 
risk of stroke is substantially increased in patients with PAD, 
and PAD is a strong predictor for stroke. 

 El-Manyar et al.  [  34  ]  also reported on the relation of ABI 
and the extent of atherosclerosis in patients from the Middle 
East (the AGATHA-ME study) in a cross-sectional multi-
center study. They concluded that the ABI is related to the 
risk factor pro fi le and to the site and extent of atherosclero-
sis. Gender and diabetes mellitus were associated with the 
worst parameters.  

   Perioperative Evaluation 

 Direct examination with the Doppler detector or duplex 
imaging has been applied preoperatively to determine 
whether there is a  fl ow in the distal vessels, which may help 
to plan distal bypass operations in the calf. 

 Ascher et al. reported previously on the ef fi cacy of duplex 
arteriography as the sole imaging technique (without con-
trast angiography) in the management of patients with 
chronic and acute lower limb ischemia  [  35,   36  ] . A reliable 
assessment of in fl ow and out fl ow arteries could be made 
with duplex ultrasonography, even in very low- fl ow situa-
tions  [  36  ] . Duplex arteriography is also an effective method 
for preoperative diagnosis of a thrombosed popliteal artery 
aneurysm and for identifying the available out fl ow vessels 
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for urgent revascularization. Duplex arteriography identi fi es 
the in fl ow, patent distal runoff vessels, and the presence of a 
suitable saphenous vein for revascularization. 

 Canciglia and Mandol fi no  [  37  ]  reported on the role of 
infrainguinal endovascular procedures based upon the results 
of duplex scanning. Their study included 120 arterial hemo-
dynamic relevant lesions that were treated with endovascular 
therapy, 47 were localized in the aortoiliac segment, 55 in the 
femoro-popliteal segment, and 18 were infrapopliteal. A 
total of 107 out of 120 lesions (89%) were successfully 
dilated, 105 lesions (88%) predicted by preoperative duplex 
scanning were con fi rmed by contrast arteriography at the 
time of surgery. Intraoperative arteriography revealed an 
additional 15 lesions (12%). Duplex scanning had an accu-
racy and sensitivity of 86% in the selection of aortoiliac 
lesions for endovascular procedures, 91% for femoro-
popliteal lesions, and 78% for infrapopliteal lesions. They 
concluded that duplex scanning may be a safe alternative to 
contrast arteriography for patients with chronic limb isch-
emia. However, adequate training and experience is neces-
sary to utilize this technique for the selection of patients for 
infrainguinal endovascular procedures. 

 Hingorani et al.  [  38  ]  conducted a study of 906 patients 
who had 1,020 duplex arteriograms. Overall, 207 duplex 
arteriographies were done intraoperatively and the remain-
der were done preoperatively. The procedure that were done 
based on duplex arteriography included: endovascular proce-
dures (363), bypass to an infrapopliteal artery (325), bypass 
to the popliteal artery (262), no intervention (75), in fl ow 
bypass procedures to the femoral arteries (46), thrombec-
tomy (11), embolectomy (9), amputation (8), and debride-
ment (4). The areas that were not well-visualized included: 
infrapopliteal (221), iliac (73) femoral (26), and popliteal 
(17). Additional imaging after duplex arteriography was nec-
essary in 102 cases to obtain enough information to plan 
lower extremity revascularization. They concluded that in 
90% of patients that were reviewed, duplex arteriography 
was able to obtain the necessary information for a lower 
extremity revascularization. Severe tibial vessel calci fi cation 
is the most common cause of an incomplete duplex arterio-
gram and determines when alternative imaging modalities 
are needed. 

 Although routine intraoperative arteriography might 
detect intraoperative accident or inadequate vascular recon-
struction, it is cumbersome and occasionally may be mis-
leading since it provides visualization in only one plane. 
Noninvasive intraoperative physiologic monitoring provides 
an immediate, quantitative assessment of the success or fail-
ure of arterial surgery. Doppler ankle systolic pressures can 
be measured intraoperatively or immediately after surgery. 
Depending on the nature of the arterial reconstruction and 
extent of uncorrected distal disease, the postoperative change 
in the ABI will vary. However, if the ABI has not risen to 

50% of preoperative levels within 1 h after declamping, the 
graft should be systematically checked for technical prob-
lems, and an intraoperative or immediate postoperative 
angiogram should be considered  [  39  ] . 

 Segmental plethysmography or duplex imaging for intra-
operative monitoring might be more practical than Doppler 
ultrasound because of the dif fi culty in preventing movement 
of the Doppler probe during operation. Also, some patients 
with multilevel disease arrive in the recovery room after suc-
cessful aortofemoral bypass so vasoconstricted that no 
Doppler signal can be detected in the lower legs. In the 
recovery room, serial determination of the ABI or the PVRs 
provide objective evidence of the graft function. Since pulses 
are palpable in only 25% of patients, and their feet frequently 
remain cold and pale for several hours following surgery 
 [  40  ] , such objective measurements provide nursing person-
nel with valuable parameters to monitor continued function 
of the vascular reconstruction. 

 Rzucidlo et al.  [  41  ]  found that intraoperative completion 
duplex ultrasound may also predict early graft failure. They 
reviewed the results of intraoperative duplex scans that were 
selectively performed after completion of 45 tibial/pedal 
vein bypass grafts at high risk for failure. A 10-MHz low-
pro fi le transducer was used to scan the entire graft at bypass 
completion, and all grafts were determined to be technically 
adequate (absence of retained valves, arteriovenous  fi stulas, 
or localized velocity increases, and the presence of bypass-
dependent distal pulses). Peak systolic and end diastolic 
velocities were measured at each anastomosis, in the out fl ow 
artery, and in the proximal and distal portions of each graft. 
Resistive indices were calculated at each measurement point 
(peak systolic velocity – end diastolic velocity/peak systolic 
velocity). Twenty infragenicular vein bypass grafts (44%) 
thrombosed within 12 months. Intraoperative hemodynamic 
parameters were signi fi cantly different between grafts that 
remained patent or thrombosed. The end diastolic velocity 
was lower (5 ± 1 cm/s versus 13 ± 3 cm/s,  p  = 0.02) and the 
resistive index was higher (0.90 versus 0.81,  p  < 0.01) in the 
proximal portions of grafts that thrombosed within 12 months. 
The distal end diastolic velocity was also lower (6 ± 1 cm/s 
versus 15 ± 2 cm/s,  p  < 0.01) and the distal resistive index was 
higher (0.89 versus 0.78,  p  < 0.01) in grafts that thrombosed. 
A multivariate analysis revealed that only a low distal end 
diastolic velocity was predictive of early graft failure 
( p  < 0.05). A distal bypass end diastolic velocity of <8 cm/s 
was a predictor of early graft thrombosis with a sensitivity of 
76% and a speci fi city of 75%. An absence of diastolic  fl ow 
predicted early graft failure with a 100% speci fi city and 
100% positive predictive value. They concluded that a low 
end diastolic velocity on the intraoperative duplex scan was 
associated with early thrombosis of tibial level vein grafts. 
When these values are observed, measures should be taken 
to improve graft hemodynamic parameters.  
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   Selection of the Arterial Reconstructive 
Procedure 

   Choice of Treatment Based on Duplex Scanning 

 Based on duplex  fi ndings, patients found to have unilateral 
focal stenosis or short (<5 cm) occlusions of recent onset 
(less than 3 months) involving the common iliac or super fi cial 
femoral arteries should be considered for PTA (balloon 
angioplasty/stent with or without catheter-directed throm-
bolysis). Such treatment results in high (>95%) technical 
success and can yield clinical results similar to those follow-
ing surgical intervention. When duplex scanning indicates 
features of more extensive disease, the use of PTA is possi-
ble, but to date endovascular treatment does not yield long-
term patency comparable to bypass grafting, especially in 
treatment of long arterial occlusions. PTA of these lesions 
should be considered only for patients with critical ischemia 
who are deemed a surgical risk, or patients with unfavorable 
anatomy for bypass grafts, or in the absence of a suitable 
autologous vein for use as a bypass conduit. 

 Most patients with critical limb ischemia have multilevel 
occlusive disease and require additional vascular imaging 
studies (contrast arteriography, magnetic resonance angiog-
raphy) beyond that afforded by duplex scanning. Duplex 
scanning can be used to determine whether iliac angioplasty 
is feasible for patients with combined aortoiliac and infrain-
guinal disease  [  42,   43  ] . The surgeon can then decide whether 
to proceed with a staged iliac PTA followed by distal bypass 
or perform a simultaneous in fl ow/out fl ow revascularization. 
For patients with unilateral or contralateral absence of femo-
ral pulses and long-segment arterial occlusion by duplex 
imaging, proceeding with aortofemoral, femorofemoral, or 
axillofemoral bypass grafting without arteriography is appro-
priate. In treatment of infrainguinal disease, surgical inter-
vention (endarterectomy, bypass grafting) without 
arteriography is possible in selected patients with single seg-
ment occlusive or aneurysmal disease. Femoral endarterec-
tomy with or without profundaplasty, femoropopliteal bypass 
grafting, and repair of femoral or popliteal aneurysms can be 
performed based on duplex scan  fi ndings. If imaging of the 
distal vessels is not optimal, intraoperative arteriography can 
be performed to exclude downstream lesions. Patients with 
arteriomegaly and diffuse atherosclerosis with multiple tibial 
artery involvement should undergo preoperative CTA or 
arteriography prior to bypass grafting.  

   Aortofemoral Popliteal Reconstruction 

 Garrett et al. suggested that if the ABI does not increase by 
0.1 or more immediately following aortofemoral bypass, 
concomitant distal bypass should be considered  [  44  ] . 

However, other authors have noted that the immediate index 
was the same or actually lower than the preoperative value in 
some of their patients with multilevel disease who subse-
quently improved signi fi cantly over the next 4–6 h  [  45  ] , thus 
seriously challenging the validity of this observation. Studies 
by Dean et al. indicate that 90% of femoral popliteal grafts 
inserted in limbs with an ABI of less than 0.20 failed in the 
early postoperative period  [  46  ] . This merely re fl ects the 
adverse effect of high runoff resistance of graft patency. 
Nevertheless, a few patients with an ABI less than 0.20 will 
obtain satisfactory results. A successful outcome can be 
expected in limbs with a preoperative ABI of greater than 
0.50  [  47  ] . 

 Others reported the importance of the pressure measure-
ments in the assessment of patients prior to vascular surgery 
or angioplasty, in the immediate and long-term follow-up 
after the procedures, and in the objective evaluation of the 
results  [  48,   49  ] .  

   Profundaplasty 

 The segmental systolic pressure determination can also be 
helpful in determining whether profundaplasty is successful 
or not. When performed for limb salvage, profundaplasty as 
an isolated procedure is effective in 33–86% of cases  [  50  ] . 
For a profundaplasty to be successful, the profunda femoris 
artery must be severely stenotic, and the profunda-popliteal 
collateral bed must be well developed. If the collateral resis-
tance is too high, profundaplasty will reduce the total limb 
resistance by an insuf fi cient amount, and the distal portions 
of the limb will remain ischemic. To predict the outcome of 
profundaplasty, Boren et al. developed an index of collateral 
arterial resistance across the popliteal segment  [  50  ] . This 
index is calculated by dividing the gradient across the knee 
(above-knee pressure minus below-knee pressure) by the 
above-knee pressure. When the index was less than 0.25, 
successful results were obtained in 67% of cases; but when 
the index was greater than 0.50, there were no successful 
results.  

   Lumbar Sympathectomy 

 With the advances in endovascular therapy, lumbar sympath-
ectomy is rarely done nowadays for critical limb ischemia. 
Sympathectomy does not relieve claudication and is per-
formed only as a means of improving the skin blood  fl ow in 
ischemic areas. Although pressure measurement does not 
directly indicate the magnitude of the local blood  fl ow, the 
level is correlated with the ability of the peripheral arteries to 
dilate. The arterioles tend to be maximally dilated in isch-
emic tissues. When the perfusion pressure is quite low, this 
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dilatation is necessary to maintain adequate tissue nutrition. 
Sympathectomy might also be questionable in patients with 
diabetes mellitus in which a signi fi cant number of patients 
had autosympathectomy; hence, the objective evidence of 
sympathetic activity in the terminal vascular bed is 
important. 

 During deep inspiration, an individual with normal sym-
pathetic activity has a prompt decrease in digital pulse vol-
ume  [  51  ] . This can be documented using a mercury-in-silastic 
strain gauge or the PVR. Another important point is whether 
the resistance vessels in the affected extremity are capable of 
further vasodilation. This can be answered by demonstrating 
a doubling of the resting digital pulse volume following the 
reactive hyperemia test (a 5-min period of ischemia induced 
by in fl ating a proximal pneumatic cuff above the systolic 
pressure) or by direct warming of the extremity. In normal 
extremities, the pulse volume after induced reactive hypere-
mia is several times that of the resting pulse, thus re fl ecting 
the ability of the peripheral arterioles to dilate further. This 
effect can be demonstrated even in the presence of proximal 
arterial occlusive disease. 

 Yao and Bergan  [  52  ] , in a study of patients with ischemic 
rest pain and pregangrenous changes of the foot who were 
not candidates for reconstructive surgery and who underwent 
lumbar sympathectomy, reported that 96% of limbs with an 
ABI below 0.21 failed to bene fi t from lumbar sympathec-
tomy and required amputation. All limbs with an ABI greater 
than 0.35 had a satisfactory response. Walker and Johnston 
 [  53  ]  observed that sympathectomy was unlikely to be suc-
cessful in an ischemic limb with associated neuropathy, 
regardless of the level of the ankle pressure. In the absence of 
neuropathy, a successful outcome was likely in limbs with 
rest pain or digital gangrene, provided that the ankle pressure 
exceeded 30 mmHg. Their analysis suggested that a favor-
able response might be expected in about 50% of limbs with 
more severe ischemia (forefoot or heel gangrene) when the 
ankle pressure was greater than 60 mmHg. Using these crite-
ria, their accuracy in predicting failure was 78%, and in pre-
dicting success was 93%. 

 In a prospective study of 85 lumbar sympathectomies for 
inoperable peripheral vascular disease, we analyzed the cor-
relation between lumbar sympathectomy, ABI, popliteal-
brachial index, and the clinical presentation. These patients 
were also studied to determine if predicted clinical criteria, 
single or combined, could be de fi ned for selection of patients 
who might bene fi t from lumbar sympathectomy. Good results 
were obtained if at 6 months after surgery pain at rest was 
absent, ischemic ulcers had healed, and there were no major 
amputations. In this study, 77% of all limbs with a preopera-
tive ABI  ³  0.3 had a good outcome in contrast to a 94% 
failure for an index of <0.3 ( p  < 0.001). Sixty-nine percent of 
all limbs with a popliteal-brachial index  ³ 0.7 had a good out-
come versus 52% if the index was <0.7 ( p  = 0.199). Patients 

with rest pain, simple leg ulcers, and toe gangrene had a good 
outcome if the ABI was  ³ 0.3 and if the postoperative ABI 
increased by  ³ 0.1. The popliteal-brachial index and diabetic 
status had no prognostic value  [  54  ] . 

 Tiutiunnik  [  55  ]  studied the microcirculation state in lower 
extremities using laser Doppler  fl owmetry in 37 patients with 
obliterating atherosclerosis before and after lumbar sym-
pathectomy performance. It was established that laser 
Doppler  fl owmetry may be applied for estimation of the 
microcirculation bed function state and prognosis of the 
lumbar sympathectomy results  [  55  ] . 

 In general, patients with an ABI of greater than 0.25% 
have a favorable response to lumbar sympathectomy. 
However, patients with indices even higher than that might 
fail to respond and eventually might require amputation, thus 
demonstrating that other factors such as infection, neuropa-
thy, and patency of the pedal vessels might adversely affect 
the outcome.  

   Postoperative Follow-Up 

 The vascular laboratory has also been helpful in detecting 
impending graft failure  [  56,   57  ] . Stenoses may develop in the 
femoropopliteal or femorotibial graft without producing any 
symptoms or alteration in the pulses of the graft or at the 
periphery. These silent stenoses, which often evolve into 
total occlusion, can be detected if the ankle pressure is fol-
lowed closely in the months and years after operation. Close 
observation is particularly important during the  fi rst year, 
since about 75% of such events occur within this period. A 
previously stable ABI that drops by 0.20 or more suggests 
the need for arteriographic investigation  [  39  ] . As a rule, 
operative correction is easy and the ankle pressure often 
returns to normal levels. 

 Over the past decade, duplex ultrasound has been fre-
quently used for postoperative graft surveillance, described 
in detail in Chaps.   24     and   25    . If one waits for a signi fi cant 
change in ABI or segmental pressures, the golden opportu-
nity to correct a stent or graft while still patent may be lost. 
Waiting for thrombosis and then doing a secondary proce-
dure carries a reduced chance for long-term success. 

 Duplex ultrasound can also be used to guide PTA of fail-
ing infrainguinal bypass grafts. Marks et al.  [  58  ]  reported 
their experience in duplex guided balloon angioplasty of fail-
ing infrainguinal bypass grafts in 25 patients. The site of the 
most signi fi cant stenotic lesion was in the conduit in 18 
cases, at the out fl ow in 11 cases, and at the in fl ow in four 
cases. All arterial (20) or graft (13) entry site cannulations 
were performed under direct duplex visualization. Duplex 
scanning was used to manipulate the guide wire and direc-
tional catheters from the ipsilateral common femoral artery 
to a site beyond the most distal stenotic lesion. Selection and 
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placement of balloons and stents were also guided by duplex. 
In 11 cases (33%), the contralateral common femoral artery 
was used as the entry site and a standard approach ( fl uoroscopy 
and contrast material) was employed. Completion duplex 
exams were obtained in all cases. The overall technical suc-
cess rate was 97% (32/33 cases). In only one case, the out fl ow 
stenotic lesion in the plantar artery could not be traversed 
with the guidewire due to extreme tortuosity. The overall 
local complication rate was 6% (two cases), and the overall 
30-day survival rate was 100%. The overall 6-month limb 
salvage and primary patency rates were 100% and 69%, 
respectively. They concluded that the duplex-guided endo-
vascular therapy is an effective modality for the treatment of 
failing infrainguinal arterial bypasses.   

   Healing Response 

   Ischemic Skin Lesions 

 Skin ulcers of the lower extremities may be arterial, venous 
stasis, neuropathic (e.g., diabetic), or occasionally related to 
other systemic causes. Raines et al.  [  9  ]  suggested that heal-
ing of ischemic ulcers was likely in nondiabetic patients at an 
ankle pressure >65 mmHg, and in diabetic patients if the 
ankle pressure was >90 mmHg. Healing was unlikely if the 
ankle pressure was <55 mmHg in nondiabetic patients and 
<80 mmHg in diabetic patients. They also emphasized the 
importance of the forefoot or digital plethysmography, stat-
ing that if a pulsatile, metatarsal PVR was present, the prob-
ability of healing was 90%. Carter reported that all limbs 
with ischemic ulcers required amputation when the ankle 
pressure was <55 mmHg  [  59  ] . With pressures >55 mmHg, 
92% of the lesions in nondiabetics healed. In diabetics, 33% 
healed with an ankle pressure in the 55–70 mmHg range. He 
also found that foot lesions usually healed if the toe pressure 
was >30 mmHg in nondiabetics or 55 mmHg in diabetics. 
Ramsey et al.  [  60  ]  reported that toe pressures had more prog-
nostic value than ankle pressures. Lesions failed to heal in 
92% of limbs with an ankle pressure <80 mmHg, but they 
also failed to heal in 45% of limbs with higher ankle pres-
sures. When the toe pressure was <30 mmHg, the failure rate 
was 95%; but when the toe pressure was >30 mmHg, only 
14% did not heal. 

 These  fi gures can help the vascular surgeon decide what 
therapy to use in patients with ulceration, e.g., revasculariza-
tion, amputation, or conservative therapy. For example, con-
tinuing to dress and debride an ulcer on the foot of a patient 
with diabetes and a toe pressure of 20 mmHg or an ankle 
pressure of 45 mmHg is probably a futile exercise; but this 
same regimen is likely to be valuable when the toe pressure 
is >30 mmHg. These  fi gures also serve to point out the 
bene fi cial effects that a relatively small increase in ankle 

pressure can have in regard to skin healing. If, for example, 
an iliac reconstruction or profundaplasty raises the ankle 
pressure only 20 mmHg, from 50 to 70 mmHg, or the toe 
pressure from 20 to 35 mmHg, the chance of healing an isch-
emic lesion may be greatly enhanced, despite the persistence 
of severe femoropopliteal or below-knee lesions. 

 Measurement of transcutaneous oxygen tension can be 
used to predict wound healing. Ruangsetakit et al.  [  61  ]  in a 
prospective study, investigated the threshold of transcutane-
ous oxygen tension (TcPO(2)) values in predicting ulcer 
healing in patients with critical limb ischemia. The study 
included 50 patients who had critical limb ischemia with 
chronic ischemic ulcers or gangrenous toes. Baseline ulcers 
were measured using a wound measurement system (Visitrak, 
Smith & Nephew). TcPO(2) was measured at rest in the 
supine position and with a 30° leg elevation. Infective and 
ischemic ulcers were debrided and gangrenous toes were 
amputated. Ulcer outcome was classi fi ed as: (1) a healing 
ulcer showing good epithelialization or granulation at both 
base and edges, or a decrease in ulcer area during the study; 
or (2) a nonhealing ulcer showing poor granulation tissue 
formation or a pale base and necrotic edges, or deterioration 
in an ischemic ulcer. The mean ABI was 0.75 ± 0.39. Thirteen 
patients (26%) had a TcPO(2) of <20 mmHg, of which none 
showed any improvement in ulcer healing ( p  < 0.001). Fifteen 
patients (30%) had a TcPO(2) of >40 mmHg, of which all 
progressed to complete ulcer healing ( p  < 0.001). In the 
20–40 mmHg group (22 patients, 44%), ten patients (45%) 
had a TcPO(2) drop of <10 mmHg with leg elevation of 30°, 
of which eight achieved complete ulcer healing ( p  < 0.001). 
Twelve patients (55%) had a TcPO(2) drop of >10 mmHg 
with leg elevation of 30°, of which 11 showed no ulcer heal-
ing ( p  < 0.001). They concluded that a TcPO(2) measurement 
is noninvasive, accurate, and a good predictor of ischemic 
ulcer healing for cutoff TcPO(2) values of <20 mmHg and 
more than 40 mmHg. In addition, the leg elevation method 
for TcPO(2) might provide an important adjunct in the 
assessment of patients with borderline values. 

 Open venous ulcers in patients with combined arterial and 
venous insuf fi ciency are dif fi cult to treat. Adequate compres-
sion therapy is contraindicated in patients with an ABI of 
<0.7, and patients with an ABI of 0.5–0.8 have been shown 
to heal poorly. Lantis et al.  [  62  ]  decided to undertake an 
aggressive approach of percutaneous revascularization for 
these patients. Twenty-seven patients with clinical and 
duplex scan evidence of chronic venous insuf fi ciency, active 
leg ulcers, and impaired arterial perfusion (ABI of <0.7) 
were treated using a protocol that required performing percu-
taneous revascularization before ambulatory compression 
therapy. Patients were followed at 2-week intervals before 
and after revascularization. Wound measurements and time 
to complete closure were also recorded. The patients’ heal-
ing rates were compared to previously published rates of 
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impaired arterial perfusionvenous wound closure; 25% clo-
sure at 10 weeks and 50% at 19 weeks. At the time of enroll-
ment, the average ABI and wound sizes were 0.56 and 
12 cm 2 , respectively. On average, the wounds had remained 
open for 17 weeks. After the intervention, the average ABI 
was 0.97, average time taken to complete closure was 
10 weeks, closure rate at 10 weeks was 75%, and absolute 
closure rate was 100%. They concluded that although previ-
ous studies have shown that closure of mixed arterial venous 
ulcers occur without arterial intervention, attaining a near 
normal ABI allows for a timelier wound closure. Therefore, 
they advocate an aggressive approach of percutaneous revas-
cularization in this population.  

   Amputation Sites 

 The selection of amputation site can make the difference 
between a bed or wheelchair existence versus successful 
prosthetic rehabilitation. A successful amputation must 
remove all necrotic or infected tissue, and it must be possible 
to  fi t the amputation stump with a functional and easily 
applied prosthesis with a good blood supply at the level of 
the proposed amputation to allow primary healing. This, par-
ticularly, is very critical when it comes to a mid-thigh ampu-
tation versus a below knee amputation, which deprives the 
patient of the opportunity for subsequent ambulation under 
most circumstances, even though the amputation might heal 
without dif fi culty if an above knee amputation is done. On 
the other hand, if a distal amputation site, e.g., a below knee, 
is selected and the blood supply is inadequate, this will 
necessitate further surgery with higher morbidity and mor-
tality. A below-knee amputation as opposed to above-knee 
amputation has several advantages including making it easier 
to ambulate, a consideration that is extremely important in 
older patients. In most series, older patients who undergo 
unilateral below knee amputation show a >90% success rate 
of rehabilitation to ambulation in contrast to only 30% for 
patients with above knee amputations. 

 The presence of pulses in the affected lower extremity, or 
nonobjective assessment of skin temperature based on clini-
cal judgment, or clinical judgment alone, does not yield 
information with consistent enough correlation to amputa-
tion healing to serve as a sound basis for clinical decision 
making. Robbs and Ray  [  63  ]  retrospectively analyzed the 
results of healing in 214 patients who underwent lower limb 
amputation in which the amputation level was determined by 
such objective criteria. They reported a failure rate of 9% for 
above-knee amputation in contrast to 25% for below-knee 
amputation. They concluded that skin  fl ap viability could not 
be predicted by the extent of the ischemic lesion in relation 
to the ankle joint, the popliteal pulse status, or angiographic 
 fi ndings. van Den Broek et al.  [  64  ]  challenged these  fi ndings 
in recent reports in which 53 patients undergoing  amputations 

of the lower limb were evaluated in terms of clinical criteria, 
PVR, Doppler pressures, photoplethysmographic skin perfu-
sion pressures, and angiography. They reported that although 
not as reliable as photoplethysmographic skin perfusion 
pressures, angiographic  fi ndings correlated signi fi cantly with 
the success of healing. 

 Various noninvasive methods were described to assess the 
level of amputation sites. These included Doppler ankle and 
calf systolic blood pressure measurements with or without 
PVR  [  65–  67  ] , xenon-133 skin blood  fl ow studies  [  68,   69  ] , 
digital or transmetatarsal photoplethysmographic pressures 
 [  70  ] , transcutaneous oxygen determination  [  71–  73  ] , skin 
 fl uorescence after the intravenous infusion of  fl uorescent dye 
 [  74–  76  ] , laser Doppler skin blood  fl ow  [  77  ] , skin tempera-
ture evaluation  [  78  ] , pertechnetate skin blood pressure stud-
ies  [  79,   80  ] , and photoelectrically measured skin color 
changes  [  81  ] . Transcutaneous oxygen pressure will be 
described in detail in a later chapter. 

   Skin Fluorescence 
 Skin  fl uorescence holds signi fi cant promise as a minimally 
invasive test. Initial studies measured skin  fl uorescence with 
a Wood’s ultraviolet light after the intravenous injection of 
 fl uorescence. This technique is somewhat more invasive than 
the Doppler ankle systolic pressure measurement or PVR, 
however, it is less complicated and less invasive than xenon-
133 skin blood  fl ow or pertechnetate skin perfusion measure-
ment. New  fl uorometers that can provide objective numerical 
readings quickly without the need for a Wood lamp have 
enhanced the value of this technique. Silverman et al.  [  82  ]  
reported on the use of  fi ber-optic  fl uorometry for selecting 
digital, transmetatarsal, below-knee, and above-knee ampu-
tation levels. In 86 cases with cellulitis at the site of amputa-
tion, preoperative  fl uorometry clearly distinguished between 
healing and nonhealing sites. The amputation healed in all 
but one patient whose dye  fl uorescence index was >42. This 
technique maintained its high accuracy even in patients with 
diabetes mellitus. These authors pointed out that dye 
 fl uorescence index values between 38 and 42 constitute a 
transitional zone in which the precision of  fl uorometric 
determination is unclear. Fluorometry has an advantage over 
other techniques such as laser Doppler perfusion and trans-
cutaneous oximetry in assessment of patients with multiple 
sites on the same limb.  

   Doppler Systolic Pressure Determinations 
in Amputation Sites 
 Raines et al.  [  9  ]  reported that primary healing of below-knee 
amputation was likely if the calf pressure was above 65 mmHg 
or the ankle pressure was above 30 mmHg. Healing was 
unlikely if the calf pressure was <65 mmHg or the ankle pres-
sure was <30 mmHg. Transmetatarsal amputation will gener-
ally heal primarily if any detectable amplitude is present at 
the transmetatarsal level. Toe amputation has a very good 
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prognosis for healing if an amplitude is measurable at the 
digit base. Others reported that in patients with a calf systolic 
pressure of 50–75 mmHg, primary healing of below-knee 
amputations can be expected in 88–100%  [  83  ] . However, in 
another study Barnes et al. concluded that there was no 
signi fi cant difference in the mean blood pressure between the 
groups with healed and failed amputations, regardless of the 
level of pressure measurement, and observed healing in 90% 
of below-knee amputations in extremities with unobtainable 
pressure at the below-knee or ankle levels  [  66  ] . 

 Verta et al.  [  84  ]  reported that there was little chance that 
toe amputations would heal if the ankle pressure was 
<35 mmHg. However, Nicholas et al.  [  67  ]  noted failure of 
60% of forefoot amputations when the ankle pressure was 
<75 mmHg. Thus, a low-ankle pressure appears to be an 
ominous sign. High-ankle pressure, on the other hand, does 
not signify a favorable prognosis, since this high pressure 
could be secondary to arterial calci fi cation and might not 
re fl ect the presence of pedal or digital arterial obstruction. 
Consequently, failure of toe amputations or transmetatarsal 
amputation is not unusual, even when the ankle pressure 
exceeds 100 mmHg  [  66,   85  ] . 

 In general, a calf pressure >40 mmHg or an ankle pres-
sure above 30 mmHg provides reasonable assurance that the 
below-knee amputation will heal, but lower values should 
not deter the surgeon from attempting an amputation at this 
level if other signs are favorable. 

 Apelquist et al.  [  65  ]  reported on the value of systolic 
ankle and toe pressure measurements in predicting healing in 
patients with diabetic foot ulcers and presented data for both 
patients who underwent amputation and those who did not. 
Primary healing was achieved in 85% of patients with a toe 
pressure of >44 mmHg, whereas 63% of patients with toe 
pressures of <45 mmHg experienced healing without ampu-
tation. In contrast, below-knee amputations with ankle pres-
sures in excess of 80 mmHg were associated with healing, 
and 20 of 21 of these patients who underwent amputation 
had toe pressures in excess of 50 mmHg. They concluded 
that different Doppler pressure levels have to be used to pre-
dict primary healing for diabetic ulcers compared to healing 
after minor amputation.   

   Compression Syndromes 

 Vascular laboratory testing can be helpful in thoracic outlet 
syndrome  [  86–  88  ]  and popliteal artery entrapment  [  89,   90  ] .  

   Thoracic Outlet Syndrome 

 Thoracic outlet syndrome occurs when there is a compres-
sion of the neurovascular bundle by shoulder structures 
that may include the cervical rib, costoclavicular space, or 

scalene muscle. The symptoms of this syndrome generally 
include numbness or tingling of the arm and pain or aching 
of the shoulder and forearm. Exercise and upward arm posi-
tions can increase the symptoms  [  86  ] . It should be noted that 
around 25% of the population have asymptomatic 
compression. 

 Most authorities believe that the pain associated with tho-
racic outlet syndrome is neurogenic, secondary to nerve 
compression at the lowest trunk of the brachial plexus by the 
 fi rst rib or occasionally a cervical rib. The subclavian artery 
or vein is occasionally compressed, and this might be associ-
ated with arterial ischemia of the upper extremity or symp-
toms and signs of axillary subclavian vein thrombosis. 

 Various noninvasive techniques can be used in the diagno-
sis of thoracic outlet syndrome, which may include plethys-
mographic techniques and/or Doppler waveform analyses to 
detect vascular changes. The photoplethysmograph (PPG) is 
attached to the index  fi nger, or the continuous wave Doppler 
is used to monitor the radial artery, or a brachial cuff is 
applied to monitor plethymographic pulse volume wave-
forms. Resting waveforms are obtained, and then the patient’s 
arm is placed in various positions as the pulsations are moni-
tored at each position. The following technique is applied for 
the application of PVR in patients with thoracic outlet 
syndrome. 

 The patient is  fi rst asked to sit erect on the side of an 
examining table. A PVR monitoring cuff is placed on the 
upper arm and is in fl ated to 65 mmHg. Recordings are taken 
in the following positions: (1) erect, with hands in lap; (2) 
erect, with arm at a 90° angle in the same plane as the torso; 
(3) erect, with arm at a 120° angle in the same plane as the 
torso; (4) erect, with arm at a 90° angle in the same plane as 
the torso, with the shoulders in extended military-type brace; 
(5) the same position as in (4), but with head turned sharply 
toward the monitored arm; and (6) the same position as in 
(4), but with the head turned sharply away from the moni-
tored arm. 

 In general, PVR amplitude increases as the arm is ele-
vated. Arterial compression is present if the PVR amplitude 
goes  fl at in any of the above positions. However, many 
asymptomatic patients (around 25%) may have a positive 
test in some of the positions outlined. Since the syndrome is 
often bilateral, the other arm should always be studied. 

 Duplex imaging with or without color can also be used to 
aid in the diagnosis of thoracic outlet syndrome where both 
axillary subclavian arteries or veins can be imaged at resting 
and at various maneuvers as described above. 

 Wadhwani et al.  [  88  ]  studied color Doppler sonographic 
 fi ndings in  fi ve clinically suspected cases of thoracic outlet 
syndrome. The subclavian artery and vein were studied in 
varying degrees of abduction to assess the severity of the 
syndrome. Signi fi cant changes, including increased veloci-
ties, preocclusion, and occlusion in the subclavian artery in 
varying degrees of abduction, were noted in four of  fi ve 
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cases. Blunted  fl ow in the axillary artery (four patients) and 
a rebound increase in velocities on release of abduction were 
noted in three patients. These changes suggested that 
signi fi cant narrowing was causing symptoms. They con-
cluded that color Doppler sonography is a noninvasive, effec-
tive method compared with digital subtraction angiography 
in the diagnosis of thoracic outlet syndrome. 

 Gillard et al.  [  87  ]  evaluated the diagnostic usefulness of 
provocative tests, Doppler ultrasonography, electrophysio-
logical investigations, and helical computed tomography 
(CT) angiography in thoracic outlet syndrome. They pro-
spectively evaluated 48 patients with clinical suspicion of 
thoracic outlet syndrome. Standardized provocative tests 
such as an electromyogram and somatosensory evoked 
responses, a Doppler ultrasonogram, and a helical CT arte-
rial and/or venous angiogram with dynamic maneuvers were 
done on each patient. The  fi nal diagnosis was established by 
excluding all other causes based on all available data. The 
agreement between the results of each investigation and the 
 fi nal diagnosis was evaluated. Provocative tests had mean 
sensitivity and speci fi city values of 72% and 53%, respec-
tively, with better values for the Adson test [positive predic-
tive value (PPV), 85%], the hyperabduction test (PPV, 92%), 
and the Wright test. Using several tests in combination 
improved speci fi city. Doppler ultrasonography visualized 
vascular parietal abnormalities and con fi rmed the diagnosis 
in patients with at least  fi ve positive provocative tests. 
Electrophysiologic studies were useful mainly for the dif-
ferential diagnosis in detecting concomitant abnormalities. It 
was concluded that although helical CT angiography pro-
vided accurate information on the locations and mechanism 
of vascular compression, the usefulness of this investigation 
for establishing the diagnosis of thoracic outlet syndrome 
and for obtaining pre-therapeutic information remains 
unclear.  

   Popliteal Artery Entrapment Syndrome 

 Ischemic pain with exercise (running, not walking) may 
occur because of intermittent compression of the popliteal 
artery by the medial head of the gastrocnemius muscle  [  89  ] . 
In such cases, the popliteal artery passes medial to or through 
the  fi bers of the medial head of the gastrocnemius muscle, 
which may have an anomalous origin on the femur either 
cephalad or lateral to its normal position on the posterior sur-
face of the medial femoral condyle. This will cause episodic 
and functional occlusion of the popliteal artery that occurs 
with each active plantar  fl exion. The syndrome may be char-
acterized by a history of unilateral intermittent claudication 
in young men and the laboratory  fi ndings of diminution of 
ankle PVRs with sustained plantar  fl exion and/or passive 
dorsi fl exion of the foot or abnormal Doppler pulse waves 

with decreased ankle systolic pressure  [  89  ] . The demonstra-
tion of the medial deviation of the popliteal artery on arterio-
gram will con fi rm it. Popliteal artery entrapment syndrome 
can also be induced during reconstruction of femoral popliteal 
bypass, and this can also be detected by using PVR. Duplex 
ultrasound can also be helpful in the diagnosis of this syn-
drome  [  90  ] .  

   Penile Circulation 

 Impotence can be psychogenic, neuorogenic, hormonal, vas-
cular, or drug-related. Diabetes mellitus is often a factor in 
both neurogenic and vasculogenic impotence. Doppler eval-
uation in erectile dysfunction has a signi fi cant role in deter-
mining the cause of erectile dysfunction. The advantages of 
penile Doppler and pharmacologic duplex ultrasonography 
include objective, minimally invasive evaluation of penile 
hemodynamics at a relatively low cost. Various parameters, 
such as diameter of the cavernosal artery, peak systolic  fl ow 
velocity, degree of arterial dilatation and acceleration time, 
have been suggested for the diagnosis of arteriogenic erectile 
dysfunction, but peak systolic  fl ow velocity is the most accu-
rate indicator of arterial disease  [  91  ] . Doppler penile pres-
sure studies are helpful in identifying a possible vascular 
cause  [  92  ] . Similarly, plethysmography has been used effec-
tively to quantitate penile blood  fl ow  [  93  ] . 

 A pneumatic cuff measuring 2.5 cm in width (2.5 × 12.5 cm 
or 2.5 × 9 cm) is applied to the base of the penis. A return of 
blood  fl ow when the cuff is de fl ated can be detected by a 
mercury strain-gauge plethysmograph, a photoplethysmo-
graph applied to the anterolateral aspect of the shaft, or a 
Doppler  fl ow probe (Fig.  35.1 ). Although some investigators 
have positioned the probe over the dorsal penile arteries, oth-
ers have emphasized the importance of detecting  fl ow in the 
cavernosal artery. Because the penile blood supply is paired, 
an obstruction may occasionally be limited to only one side. 
It has been recommended that the pressures be measured on 
both sides of the penis  [  94  ] . In normal individuals under 
40 years of age, the penile-brachial index (penile pressure 
divided by the brachial systolic pressure) was found to be 
0.99 ± 1.15  [  92  ] .  

 Patients over the age of 40 years without symptoms of 
impotence tend to have lower indices. Penile-brachial indi-
ces >0.75–0.8 are considered compatible with normal erec-
tile function; an index of <0.60 is diagnostic of vasculogenic 
impotence  [  92,   95  ] . 

 Knowledge of the penile pressure can be used to guide the 
surgeon in planning the operative approach to aneurysmal or 
obstructive occlusive disease of the aortoiliac segment. 
Maintenance of blood  fl ow to the internal iliac artery will 
preserve potency and restoration of  fl ow to this artery and 
will often improve penile pressure and erectile function. 



43735 Clinical Implications of the Vascular Laboratory in the Diagnosis of Peripheral Arterial Disease

 However, Mahe et al.  [  96  ]  found that a normal penile 
pressure cannot rule out the presence of lesions on the arter-
ies supplying the hypogastric circulation in patients with 
arterial claudication. They evaluated the diagnostic accuracy 
of the penile brachial index (PBI) <0.60 to investigate arte-
riographic lesions on arteries supplying the hypogastric cir-
culation in 88 male patients referred for Fontaine stage II. A 
ROC curve was used to de fi ne the diagnostic performance of 
the PBI and search for a speci fi c cutoff point in this popula-
tion. The accuracy for detecting an arterial stenosis or occlu-
sion on at least one side was 69%. A PBI of  £ 0.45 had a 
sensitivity of 74% and a speci fi city of 68% in discriminating 
the 19 patients with bilateral arterial occlusion from the other 
66 patients. They concluded that the PBI is relatively insen-
sitive for the detection of proximal abnormal blood  fl ow 
impairment, except in cases of bilateral occlusion of the 
arteries supplying the hypogastric circulation in patients with 
claudication. 

 Inuzuka et al.  [  97  ]  conducted a study to assess the pelvic 
circulation during endovascular abdominal aortic aneurysm 
repair (EVAR) with a new monitoring system measuring 
penile and buttock blood  fl ow. They measured the PBI dur-
ing EVAR by pulse-volume-plethysmography. They also 
measured bilateral gluteal tissue oxygen metabolism with 
near-infrared spectroscopy to provide a gluteal tissue oxy-
genation index. They studied 22 men who underwent aorto-
uni-iliac stent graft with crossover bypass for exclusion of 
abdominal aortic aneurysms. Twelve patients underwent 
aorto-uni-common iliac artery stent graft and ten underwent 
aorto-uni-external iliac artery stent graft. They reported an 
immediate reduction in the PBI during the EVAR procedure 
in all patients. After revascularization of the ipsilateral limb 
of the stent graft, the recovery of the PBI was signi fi cantly 
less in the aorto-uni-external iliac artery stent graft group. 
After completion of the crossover bypass, the PBI returned 

to baseline values. There was a bilateral reduction in gluteal 
tissue oxygenation index during malperfusion of the internal 
iliac artery in both groups. After revascularization of the 
ipsilateral limb of the stent graft, the ipsilateral tissue oxy-
genation index returned to the baseline level in the aorto-uni-
common iliac artery stent graft patients, but recovery was 
incomplete in the aorto-uni-external iliac artery stent graft 
patients. In contrast, the contralateral tissue oxygenation 
index remained low in both groups after revascularization of 
the ipsilateral limb of the stent graft. Only after completion 
of crossover bypass did the contralateral tissue oxygenation 
index recover to the baseline level in both groups. They con-
cluded that both the tissue oxygenation index at the buttocks 
and the PBI are a sensitive re fl ection of pelvic hemodynam-
ics. Penile blood  fl ow and bilateral gluteal blood  fl ow are 
supplied via different circulations and both should be moni-
tored for full assessment of the pelvic circulation. 

   Duplex Imaging Techniques for Penile Circulation 
 Duplex imagings can be used to assess penile circulation as 
follows. The cavernous arteries are measured bilaterally in 
an A/P transverse orientation. Color Doppler imaging is also 
a sensitive means of detecting cavernous artery blood  fl ow, 
thus permitting more rapid identi fi cation of these vessels 
(Figs.  35.2  and  35.3 )  [  98  ] . The examiner measures the PSVs 
in the dorsal and cavernous arteries bilaterally (Figs.  35.4  
and  35.5 ). This is followed by injections of speci fi c medica-
tions, e.g., papaverine and/or prostaglandin by the urologist 
utilizing the lateral aspect of the proximal shaft of the penis 
(Fig.  35.6 ). Repeat velocity measurements are obtained 
postinjection. These can be measured at 1 or 2 min after 
injection; multiple measurements may be obtained at various 
increments for up to 6 min after the injection. PSV and end-
diastolic velocity measurements are obtained from the proxi-
mal cavernous arteries before full erection is achieved. This 

  Fig. 35.1    Method for measuring the penile Doppler pressures using a 
Doppler  fl ow probe on the dorsal penile artery       

  Fig. 35.2    Position of the scan head (duplex ultrasound) for examina-
tion of the cavernous artery. Notice the scan head is positioned on the 
ventral aspect of the penis       
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may require taking several measurements to obtain the high-
est velocity recording. The deep dorsal vein  fl ow velocity is 
also measured from a dorsal approach, with light probe pres-
sure. The dimensions of the cavernous arteries are also mea-
sured in the A/P and transverse views during systole. The 
examiner should observe the time elapsed since injection and 
document when velocities are recorded.      

 It has been noted that PSVs generally increase after injec-
tion: a normal velocity is equal to or greater than 30 cm/s, 
25–29 cm/s is a marginal value, and <25 cm/s is considered 
an abnormal velocity. To be noted, since the time when the 
highest PSV is reached after injection varies among individ-
uals, it is imperative to obtain serial measurements. These 
velocities may occur 5, 10, 15, or 20 min after injection, with 
a nearly equal distribution. Postinjection, the deep dorsal 
venous  fl ow velocity should not increase with the following 
criteria to be followed: normal, <3 cm/s; moderate increase, 
10–20 cm/s; and markedly increased, >20 cm/s. It has been 

suggested that an increase to >4 cm/s may indicate a venous 
leak, which could contribute to the erectile dysfunction. The 
diameter of the cavernous arteries normally increases 
(dilates) after injection. 

 Measurement of PSVs in the cavernousal arteries after 
intracavernousal injection currently appears to be the best 
ultrasound approach for evaluating patients with suspected 
arteriogenic impotence  [  98–  100  ] . 

 Several other studies recently reported on the value of 
color duplex ultrasonography in the diagnosis of vasculo-
genic erectile dysfunction  [  101–  105  ] . 

 Roy et al.  [  103  ]  conducted a study to evaluate the role of 
duplex sonography for  fl accid penis and the potential role in 
the evaluation of impotence. Their goal was to assess the 
potential value of PSV measurements on the  fl accid penis in 
the diagnosis of arteriogenic impotence. Forty-four men 
underwent duplex Doppler sonography with peak systolic 
measurements before and after intracavernous injection of 
prostaglandin E(1). Three different cutoff values for lowest 
normal PSV before injection—5, 10, and 15 cm/s—were 
tested. Thirteen patients had arteriogenic insuf fi ciency based 
on post intracavernous injection duplex sonography and clin-
ical response. Results for different cutoff PSV values of 5, 
10, and 15 cm/s in diagnosing arteriogenic impotence were: 
sensitivity 29%, 96%, and 100%; speci fi city 100%, 92%, 
and 23%; negative predictive value 80%, 92%, and 100%; 
positive predictive value 100%, 81%, and 41%; and overall 
accuracy 79%, 93%, and 44%, respectively. In the  fl accid 
state, there was a signi fi cant difference in mean PSV between 
the “normal” group (12.6 ± 0.9 cm/s) and the arteriogenic 
impotence group (7.7 ± 1.1 cm/s). Twenty-nine patients with 
a bilateral PSV of 10 cm/s or less before intracavernous 
injection had a normal clinical response. They concluded 
that a cutoff PSV value of 10 cm/s in the  fl accid state had the 
best accuracy in predicting arterial insuf fi ciency. Duplex 
Doppler sonography is proposed as the initial test to evaluate 
the penile arterial supply and to determine whether patients 
are good candidates for therapy with intracavernous 
injection. 

 Gontero et al.  [  106  ]  conducted a study regarding the fact 
that an increased sympathetic tone may cause an equivocal 
response to a prostaglandin E1(PGE1) penile Doppler ultra-
sound examination interpreted as a venous leak. They evalu-
ated the ultrasound parameters and erectile response to the 
addition of phentolamine to a PGE1 penile Doppler ultra-
sound examination to ascertain whether the addition of phen-
tolamine would abolish a suboptimal response. This study 
included 32 patients who had either a clinical suspicion of 
venogenic impotence or a previous Doppler ultrasound pat-
tern of venous leakage. These patients underwent a Doppler 
ultrasound after a total dose of 20  m g of PGE1. The peak 
systolic velocity (PSV), end diastolic velocity (EDV), and 
grade of erection were documented. If erectile response was 

  Fig. 35.3    Position of the scan head to show the dorsal penile artery. 
Notice the position of the scan head on the dorsal aspect of the penis       

  Fig. 35.4    A color duplex image of the cavernous artery. Please note 
the color  fl ow as indicated by the  arrow        
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suboptimal, regardless of the EDV measurement, 2 mg of 
intracavernosal phentolamine was administered and mea-
surements were repeated. Six patients had a normal erectile 
response, and the remaining 26 received phetolamine. A 
signi fi cant increase in PSV between baseline and 20  m g 
PGE1 ( p  < 0.001) was observed in all cases. There was a 
signi fi cant increase in the grade of erection ( p  = 0.0001) and 

a signi fi cant reduction in the EDV ( p  = 0.0001) after phen-
tolamine. They observed a reduction in the EDV to below 
0.0 cm/s (−1) in 16 patients. Four patients with an EDV < 
5.0 cm/s (−1) but >0.0 cm/s (−1) had an improved erectile 
response following phentolamine, while six showed persis-
tent EDV elevation >5 cm/s (−1). No priapism was docu-
mented. They felt that it is essential to ensure cavernosal 

a

b

  Fig. 35.5    ( a ) A color duplex 
image of the cavernous artery 
(see  arrow ). The Doppler  fl ow 
velocity spectrum with a peak 
systolic velocity of approximately 
40 cm/s is shown at the bottom of 
the  fi gure. ( b ) A color duplex 
image of the cavernous artery 
(see  arrow ). The Doppler  fl ow 
velocity spectrum with a peak 
systolic velocity of approximately 
15 cm/s is shown at the bottom of 
the  fi gure       
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relaxation using phentolamine before a Doppler ultrasound 
diagnosis of venous leak is made. This two-stage assessment 
will allow this to be done ef fi ciently and with a low risk of 
priapism.   

   Upper Extremity Ischemia and Vasospastic 
Diseases 

 Upper extremity ischemia is relatively infrequent and can be 
caused by atherosclerosis, vasospasm, emboli, and trauma, 
which might be caused by diagnostic arterial catheterization. 
The segmental pressures and Doppler  fl ow or PVRs can be 
measured at the level of the upper arm, forearm, and wrist, as 
well as in one or more digits to aid in diagnosing and local-
izing the obstructing lesion. Doppler ultrasound can accu-
rately assess the patency of the palmar arch, which should be 
considered in all patients suspected of having intrinsic small 
vessel disease of the hand, or prior to cannulation of either 
the radial or the ulnar arteries. After catheterization, pressure 
data can be used to determine whether an accident has 
occurred. With spasm, the blood pressure drops only moder-
ately and recovers rapidly. 

 Sumner and Strandness  [  107  ]  described the characteristic 
peaked pulse seen in the digit volume pulse contours of 
patients with cold sensitivity secondary to collagen vascular 
disease or other forms of intrinsic digital artery disease. This 
is in contrast to patients with pure vasospasm where the con-
tour is normal in con fi guration, but of decreased amplitude. 
Figure  35.7  shows three typical digit pulse contours obtained 
with a mercury-in-silastic plethysmograph. The normal pulse 
contour has a sharp systolic upswing that rises rapidly to a 

peak, and then drops off rapidly toward the baseline. The 
downslope of this curve is bowed toward the baseline and 
usually contains a prominent dicrotic notch midway between 
the peak and baseline. In contrast, the pulse found distal to an 
arterial obstruction is considerably more rounded as seen in 
the obstructive contour. The upswing is delayed, the 
downslope is bowed away from the baseline, and there is no 
dicrotic notch. In several cases of arterial obstruction, no 
pulse is perceptible. The peaked pulse has a somewhat more 
delayed upswing than the normal pulse. Near the peak there 
is an anacrotic notch. On the downslope, a dicrotic notch is 
present that is less prominent and located closer to the peak 
than normally seen.  

 At room temperature, digital perfusion may be normal in 
persons with early vasospastic disease. To examine these 
patients, baseline PVRs of all digits are obtained. The hands 
are then immersed in iced water for 3 min, or as long as toler-
ated. Serial digital PVRs are measured as rewarming occurs. 
If they fail to return to baseline levels within 5 min, a patho-
logic degree of vasospasm is likely. Measuring digit or toe 
pressure might also be helpful in distinguishing between pri-
mary vasospastic Raynaud’s disease and obstructive organic 
disease or Raynaud’s syndrome. In the primary disease, the 
digital pressure is almost normal, but in the obstructive dis-
ease, the digital pressure is markedly decreased. It should be 
noted that the toe pressure is normally a few millimeters of 
mercury less than the arm pressure and the  fi nger pressure is 
a few millimeters higher than the arm pressure in young 
adults, but almost equal to the arm pressure in old patients. 
After the hands are immersed in iced water, the digital pres-
sure in a normal individual will drop very slightly, but will 
return to normal very rapidly. In patients with primary vasos-
pastic disease, the digital pressure will drop more signi fi cantly 
and might take a few minutes or more to come back. The 
digital pressure in organic obstructive disease will drop very 
dramatically (from 60 to 0 mmHg) and will take longer to 
return to normal. Further details of upper extremity vascular 
evaluation will be described in another chapter.  

   Arteriovenous Malformations 

 Arteriovenous malformations (AVMs) or  fi stulas can be con-
genital or acquired (e.g., traumatic). They consist of an 

  Fig. 35.6    An illustration of the structure of the penis with the position 
of the needle used for injection of vasodilators       

  Fig. 35.7    Digit pulse contours. From  left to right : normal contour, 
obstructive contour, peaked contour       
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abnormal connection between a high-pressure arterial sys-
tem and a low-pressure venous system, causing marked 
hemodynamic and anatomic changes. AVMs may involve 
proximal and distal arteries and veins as well as collateral 
arteries and veins. Its diameter and length predict the resis-
tance it offers. If the  fi stula is proximal in its location (close 
to the heart), the potential for cardiac complications, primar-
ily cardiac failure, increases. This is in contrast to peripheral 
 fi stulas, which are less likely to cause congestive heart fail-
ure, but more likely to cause limb ischemia. Generally,  fl ow 
in the artery proximal to the  fi stula is greatly increased, espe-
cially during diastole, because the  fi stula markedly reduces 
resistance, and this is in contrast to what is seen in a normal 
artery. The proximal venous  fl ow is also increased and 
becomes more pulsatile in character. The blood pressure dis-
tal to the  fi stula is somewhat reduced. The direction of the 
blood  fl ow, on the other hand, is normal if the  fi stula resis-
tance exceeds that of the distal vascular bed. If the  fi stula is 
chronic and large, arterial blood  fl ow may be retrograde. A 
long-standing chronic  fi stula tends to elevate venous pres-
sure, and blood  fl ow is retrograde in the distal vein, which is 
associated with an incompetent valve. 

 Diagnosis of AVM may be evident on physical examina-
tion by (1) the presence of a characteristic bruit, (2) the pres-
ence of secondary varicosities and cutaneous changes of 
chronic venous insuf fi ciency, (3) the obliteration of the thrill 
producing bradycardiac response, or (4) the association of a 
birthmark and limb overgrowth in patients with congenital 
AVM. However, such combinations are often lacking. 
Szilagyi et al.  [  108  ]  reported in one of the largest series of 
AVMs that the classic triad of birthmark, varicosities, and 
limb enlargement was present in only 30% of patients, with 
various other combinations of signs present in 38% and 32% 
of those presenting with only a single physical  fi nding. 
Various noninvasive diagnostic tests have been used for the 
diagnosis of extremity AV  fi stula including (1) Doppler seg-
mental limb systolic pressure determination, (2) segmental 
limb plethysmography or PVRs, and (3) analysis of arterial 
velocity waveforms. 

 The reduced peripheral resistance associated with AVM 
decreases the mean arterial pressure proximally, but increases 
the pulse pressure  [  109  ] . Accordingly, proximal to the mal-
formation, segmental systolic pressures are usually increased 
compared with the contralateral normal extremity. Beyond 
the malformation, they are normal, except in the case of 
stealing from distal arterial  fl ow, when they may be decreased. 
The decreased peripheral resistance eliminates the reverse 
 fl ow, which is seen in the normal Doppler analog wave trac-
ing and increases the forward  fl ow, particularly during dias-
tole. Consequently, the end-diastolic velocity waveforms are 
elevated above the zero baseline in direct proportion to the 
decrease in peripheral resistance. However, this pattern can 

be seen in cases of reactive hyperemia, after vasodilator 
drugs, in warming of the extremity, in in fl ammation, and 
after sympathectomy. In the absence of these conditions, it is 
diagnostic of AVM. 

 The PVR can also be helpful in the diagnosis of these 
malformations. The AVM increases the segmental limb vol-
ume changes normally produced by pulsatile arterial  fl ow 
and can be detected with the PVR. The PVRs proximal to the 
 fi stula are uniformly increased. The anacrotic slope and peak 
are sharper with loss of the dicrotic wave. Distal to the  fi stula, 
the PVRs are often entirely normal. The same principles can 
be applied in evaluating patients with angioaccess for kidney 
failure, premature atypical varicose veins, unequal limb 
growth, or hemangiomas of the extremity. 

 Labeled microsphere methods can be used to estimate the 
AV shunt  fl ow of an extremity. The percentage of total 
extremity  fl ow that passes through AVMs may be measured 
by comparing the relative levels of pulmonary radioactivity 
following an arterial, and then a peripheral venous injection 
of a radionuclide-labeled human albumin microsphere  [  109  ] . 
These methods may be used to con fi rm or exclude the diag-
nosis of AVM, particularly if the results of the noninvasive 
vascular tests are equivocal. They also provide a quantitative 
estimate of the AV shunt  fl ow, which may be helpful in deter-
mining its prognosis and the need for any therapeutic inter-
ventions. Patients with congenital AVM may also present 
primarily as venous pathology, e.g., varicose veins. Some of 
these may harbor AVM and have secondary venous 
insuf fi ciency, whereas others may have a venous anomaly, 
but no AVM (e.g., Klippel–Trenaunay or Parks–Weber syn-
drome). These can be investigated by various venous nonin-
vasive studies that will be described later. Various venous 
abnormalities can be detected, including deep venous valvu-
lar insuf fi ciency, which can be diagnosed by simple Doppler 
ultrasound or venous duplex imaging or PPG. 

 In spite of the role of various noninvasive vascular tests 
described earlier, other testing may be necessary in many 
patients with AVM of the extremities to achieve suf fi cient 
information on which to base major clinical decisions. 
Magnetic resonance imaging, which is preferable to con-
trasted enhanced CT, might be necessary in evaluating con-
genital vascular malformation  [  110  ] . Magnetic resonance 
imaging gives a better de fi nition of the anatomic extent and 
the feasibility of surgical resection than CT and allows mul-
tiplanar views (Fig.  35.8 ). This topic is described in more 
detail in Chap.   33    .   

   Hemodialysis Access Graft Imaging 

 Duplex scanning of hemodialysis access grafts documents 
abnormalities and abnormal velocity or volume  fl ow 
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 measurements commonly associated with a graft malfunc-
tion. Imaging of these grafts is indicated in the following 
circumstances: elevated venous pressure, dif fi cult needle 
placement, loss of graft thrill, swelling around the graft site, 
perigraft mass, recirculation, abnormal laboratory values, 
and underdeveloped Cimino  fi stula. 

   Technique 
 No speci fi c preparation is required prior to the examination. 
The patient may sit or lie in the supine position and clothing 
may need to be removed, depending on the location of the 
access graft. The extremity is inspected for raised or  fl attened 
areas of edema, or discoloration of the hand or digits. The 
presence of a pulse is abnormal and the presence of a palpa-
ble thrill is a normal  fi nding. Brachial pressures should be 
obtained and should be equal bilaterally. A 5–10 MHz linear 
transducer can be used and the graft should be examined in 
both transverse and longitudinal scan planes. Both the in fl ow 

artery, the entire length of the graft, and the out fl ow veins 
should be imaged. Velocities or volume  fl ow measurements 
must be done at the anastomotic sites, mid-graft, puncture 
sites, and sites of obvious lumen reduction. If color  fl ow 
imaging is available, observe the image for frequency 
increases, turbulence, and  fl ow channel changes. The follow-
ing can be some of the limitations of this technique: exces-
sive swelling, infection, anatomic variations, uncooperative 
patients, and visualization of the graft less than 48 h after 
placement. The technician or examiner should be familiar 
with the type of hemodialysis access graft to facilitate map-
ping. Figure  35.9  is an example of these grafts.   

   Interpretations 
 As indicated earlier, the following should be identi fi ed and 
documented as to location, extent, and type: aneurysmal 
changes (including pseudoaneurysms), puncture sites for 
hematomas or leaks, thrombus, and perigraft  fl uid collection. 

 PSVs vary according to the graft type and normally can 
be quite elevated. Presently, there are no standardized veloc-
ity criteria for hemodialysis access grafts. It is generally rec-
ommended to have follow-up studies, which will provide 
speci fi c comparisons to previous studies. A low PSV obtained 
throughout the graft could suggest an arterial in fl ow dys-
function. It is generally believed that the venous anastomosis 
and out fl ow veins are the most common sites of stenosis in 
these grafts, which can be caused by an increased arterial 
pressure introduced through the vein and/or intima hyperpla-
sia. Occasionally, steal syndrome can be observed whereby 
the distal arterial blood  fl ow is reversed into the venous cir-
culation of the lower systems. This can be manifested by 
pain on exertion of the affected extremity as well as pallor 
and coolness of the skin distal to the shunt. 

 Table  35.1  summarizes a generally agreed upon interpre-
tation criteria that is adapted from an Advanced Technology 
Laboratory manual.   

   Volume Flow Criteria 
 Low blood  fl ow volume through a hemodialysis graft can be 
predictive of graft failure. A noninvasively derived value of 
<450 mL/min has been associated with graft stenosis or 

  Fig. 35.8    Magnetic resonance imaging of the lower extremity show-
ing a vascular mass with high  fl ow changes in the anterior medial com-
partment of the thigh region (involving the vastus medialis muscle) as 
noted in the upper portion of this transverse view       

Autogenous

Synthetic
Gore-Tex®: 6-8mm diameter

– straight graft forearm or upper arm

– forearm loop

Radial artery: Cephalic vein commonly
known as Brescia-Cimino fistula

  Fig. 35.9    Illustration showing 
various AV grafts. As noticed in 
this  fi gure, these grafts can be 
autogenous (radial artery to 
cephalic vein) or synthetic 
(Gore-Tex graft between the 
brachial artery and the ante-
cubital vein or between the 
brachial artery and the distal 
axillary or proximal brachial 
veins)       
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 dysfunction and impending failure, and some investigators 
use this  fi nding as additional diagnostic criteria. However, it 
is to be noted that determination of the  fl ow volume through 
a graft can produce variable results due to variations in tech-
nique and instrumentation as well as fundamental limitations 
of Doppler for this procedure.  

   Interpretation Pitfalls 
 This includes the following: low systemic pressure, poor 
Doppler angle, central venous stenosis or occlusion, well-
collateralized occlusion, velocity acceleration without lumen 
reduction, and degree of stenosis is not absolute in predicting 
access failure  [  111,   112  ] . This subject will be covered in 
more depth in a later chapter.   

   Arterial Aneurysms 

 An arterial aneurysm is generally de fi ned as an abnormal 
dilatation of an artery of equal to or more than one and a half 
of the normal adjacent arterial segments. These aneurysms 
can be true aneurysms, which are de fi ned as a dilatation of 
all layers of the arterial wall, differentiating it from a pseudo-
aneurysm, which does not contain arterial wall layers, but 
rather is a pulsating hematoma completely separate from the 

artery except for the communicating neck or channel through 
which the blood travels to reach it. The false or pseudoaneu-
rysm is usually secondary to an injury that produces a hole in 
the arterial wall that permits the blood to escape under pres-
sure, generating a false aneurysm. Once the hematoma is 
formed, and if con fi ned by the surrounding structures and if 
there is continuous blood  fl owing from the artery to this 
region, a false aneurysm is created that is covered by a  fi brous 
capsule. These are usually secondary to arterial catheteriza-
tion as seen after a cardiac catheterization or peripheral arte-
rial interventions, particularly if a larger sheath is used. 

 A dissecting aneurysm occurs when a small tear of the 
intima allows the blood to form a cavity between the two 
walls, a new lumen (false lumen) is formed, and blood may 
 fl ow through this lumen as well as through the original true 
lumen to supply branch arteries. This condition is usually 
secondary to weakening of the media of the artery and the 
development of an intimal tear through which the blood then 
leaks into the media. Arterial dissection is most often seen or 
noted in the thoracic aorta, which may not be secondary to 
atherosclerosis. 

 The most common location of arterial aneurysms is the 
infrarenal abdominal aorta (Fig.  35.10 ), but they can occur in 
nearly any artery of the body. Peripheral arterial aneurysms 
are commonly seen in the femoral and popliteal artery 

   Table 35.1    Dialysis access graft imaging: interpretation criteria   

 Classi fi cation  Velocity (cm/s)*     Image characteristics 

 Normal  Mid-graft  Anastomotic sites  No visible narrowing 
  >150 cm/s   >300 cm/s  Distended out fl ow veins 

 Aneurysms, puncture sites, perigraft 
 fl uid may be visible 

 Moderate stenosis  Mid-graft  Anastomotic sites  Decrease in lumen diameter 
  100–150 cm/s   >300 cm/s at stenosis  Echogenic narrowing 

 Wall abnormalities 
 Severe stenosis  Mid-graft  Intraluminal echogenicity 

  <100 cm/s  <2 mm lumen 
 >50% diameter reduction 
 Marked velocity acceleration 
 Marked reduction in lumen diameter 
with color Doppler 

 In fl ow stenosis  In fl ow anastomosis site  Mid-graft  Intraluminal echogenicity 
  >300 cm/s with turbulence   <100 cm/s  <2 mm lumen at velocity acceleration 
 Monophasic spectra with 
graft compression 

 No velocity acceleration at out fl ow 
anastomosis 

 Out fl ow stenosis  In fl ow anatomosis site  Focal velocity acceleration (could be mild, 
out fl ow, or distal vein) 

 Intraluminal echogenicity 

  <300 cm/s (decreases as 
distal stenosis progresses) 

  >300 cm/s  <2 mm lumen velocity acceleration 

 Mid-graft  Prominent collateral veins around 
out fl ow   <100 cm/s 

 Occlusion  No Doppler signal  Intraluminal echogenicity 
 Graft walls appear collapsed 
 Occluded vein may not be visible 

  *Denotes measurement of velocity in cm/s  
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regions. These peripheral aneurysms can be bilateral (over 
50%), as seen in Figs.  35.11  and  35.12 .    

 The causes of aneurysms are unknown, but may include 
atherosclerosis, poor arterial nutrition, congenital defects, 
infection, and iatrogenic injury. Aneurysms are usually fusi-
form, i.e., diffuse circumferential dilatation of the arterial 
segment, but can be sacular. The major complications of arte-
rial aneurysms include rupture and distal embolizations. As 
noted in Figs.  35.10 ,  35.11 , and  35.12 , these aneurysms have 
the propensity to form thrombotic material at the walls. 

 Abdominal aortic aneurysms are usually discovered inci-
dentally in about 50% of patients, i.e., asymptomatic patients, 
25% of patients present with symptoms that may vary from 
abdominal and/or back pain, and the remaining 25% of 
patients present with rupture with the classical triad of abdom-
inal or back pain, pulsating mass, and hypotension. Peripheral 
arterial aneurysms can also be discovered incidentally as a 
pulsating mass, or can present with distal arterial emboliza-
tion. The diagnosis is usually con fi rmed by B-mode 

ultrasonography or duplex ultrasound (Figs.  35.10 ,  35.11 , 
and  35.12 ). Other modalities used to con fi rm aneurysms 
include CT scanning and magnetic resonance imaging. This 
subject will be covered in more depth in a later chapter.  

a

b

  Fig. 35.10    ( a ) A duplex ultrasound image of an abdominal aortic 
aneurysm measuring 8.8 cm in AP diameter and 8.16 cm in transverse 
diameter. Please notice the presence of thrombus between the inside 
and outside  arrows . ( b ) A color duplex ultrasound image of the same 
abdominal aortic aneurysm showing the lumen as noted in  color  and the 
thrombus as indicated by  arrows        

a

b

c

  Fig. 35.11    ( a ) A color duplex ultrasound image showing a right com-
mon femoral artery aneurysm in transverse view that measures around 
4.51 cm in transverse diameter, and 3.51 cm in AP diameter. Please 
notice the presence of thrombus between the outside wall as indicated by 
the outside  arrow , and the inside lumen as indicated by the inside  arrow . 
( b ) A color duplex ultrasound image showing the same patient as in ( a ) 
with measurement of the inside lumen (3 cm in transverse diameter and 
3 cm in AP diameter). Notice the thrombus between the inside lumen 
and the outside wall ( arrows ). ( c ) A color duplex ultrasound image 
showing the same patient as in ( a ) with an aneurysm measuring 5.6 cm 
in length and 4.01 cm in AP diameter ( longitudinal view )       
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   Endothelial Dysfunction 

 Long before atherosclerosis becomes clinically manifest, 
endothelial dysfunction is evident and can be demonstrated 
by changes in brachial artery size during reactive hyperemia. 
The fact that brachial artery dysfunction correlates with cor-
onary artery dysfunction is an important discovery  [  113  ] . 

 Vinet et al.  [  114  ]  reported on vascular reactivity at rest 
and during exercise in middle-aged obese men and the effects 
of short-term, low-intensity, exercise training. They con-
cluded that that in obese men, conduit (brachial artery) and 
resistance vessel reactivity is depressed, but a short-term 
low-intensity exercise training improves distensibility and 
endothelium dependent vasodilation in the large conduit 
artery, but not post ischemic or exercise muscle blood  fl ow.       
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   Anatomy and Pathophysiology 

 The main function of the venous system is to act as a reservoir 
and conduit to return blood to the heart. Unlike the well-
de fi ned layered structure of the arterial wall, the majority of 
veins only have a single layer, and some of the large veins pos-
sess an internal elastic lamina, therefore veins can be distended 
signi fi cantly, which can contribute to venous disorders. 

 As the blood is  fi ltered at the capillary level, the entire 
cardiac output volume (an average of 5 L/min) will be received 
into the peripheral venous system. Since a well-developed 

muscular layer is lacking, blood return to the heart depends 
on a complex series of extrinsic (muscle pump) and intrinsic 
factors (one way valves) to achieve antegrade venous  fl ow to 
the heart. The main and simple classi fi cations of the venous 
system are super fi cial, perforating, and deep, depending on 
the relationship to the deep fascia. 

 In 2001, an International Interdisciplinary Committee 
was designated by the presidents of the International Union 
of Phlebology (IUP) and the International Federation of 
Anatomical Associations to update the of fi cial  Terminologia 
Anatomica   [  1  ] . The committee with the participation of 
members of the Federative International Committee for 
Anatomical Nomenclature (FICAT) outlined a Consensus 
Document at a meeting held in Rome on the occasion of the 
14th World Congress of the IUP. Terminological recommen-
dations of the committee were published  [  2  ]  and these new, 
possibly unfamiliar terms are used throughout this chapter 
(Table  36.1 ).  

  Abstract 

 There is growing recognition of the importance of venous pathology in our daily practice. 
With a better understanding of venous insuf fi ciency distribution and its consequences, it is 
being proved that the main pathology of venous disease is not an obstructive process as 
previously thought. There are several methods to classify venous diseases, such as distribu-
tion and severity; however, the most effective way is to assess the severity based on clinical, 
etiological, anatomical, and pathophysiological aspects. This international classi fi cation is 
not only an ef fi cient description, but is imperative in determining appropriate management. 
It is crucial to understand the new terminology, not only to keep up with the American 
Venous Forum updates, but also to serve as a common language among venous specialists. 
This chapter is an overview of venous disorders, both from anatomical and pathophysiolog-
ical aspects, with a brief update on the new horizons in the management of venous 
disease.  
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 The super fi cial venous system consists of a variable web-
like plexus of veins, which are located super fi cial to the deep 
fascia and serve as a conduit to allow blood to pass centrally 
to the deep system, and eventually to the right atrium. The 
main super fi cial veins of the lower extremity are the great 
and short saphenous veins. The great saphenous vein (GSV) 
originates in the medial aspect of the dorsum of the foot and 
ascends anteriorly to the medial malleolus and becomes 
more posteromedially at the knee level and more medially at 
the thigh, where it ends by piercing the deep fascia at the 
cribriform fascia to join the common femoral vein at the 
saphenous-femoral junction (SFJ). The majority of patients 
have at least two major tributaries above the knee, the ante-
rior and posterior circum fl ex. Three important pelvic tribu-
taries join the GSV at the SFJ: the super fi cial inferior 
epigastric, the super fi cial external pudendal, and the 
super fi cial circum fl ex iliac veins. The clinical relevance of 
some of these veins will be discussed later. A duplicated 
main GSV is not uncommon, and many patients will have 
anterior or posterior accessory veins that run parallel to the 
main GSV. 

 The short saphenous vein (SSV) originates in the lateral 
aspect of the dorsum of the foot, passes posterolaterally to 
the Achilles tendon and runs posteriorly at midline super fi cial 
to the deep fascia, where it enters the popliteal fossa between 
the two heads of gastrocnemius. Most commonly, it joins the 
popliteal vein above the knee, but in some cases, it may join 
the GSV or deep muscular veins of the thigh. 

 The principal return of blood  fl ow from the lower extrem-
ities is through the deep veins. In the calf, the deep veins are 
paired and named for the accompanying arteries. Therefore, 
the anterior tibial, posterior tibial, and peroneal artery are 
accompanied by their paired veins, which are interconnected. 
These join to form the popliteal vein, which may also be 
paired. As the popliteal vein ascends, it becomes the femoral 
vein  [  3  ] . Near the groin, this is joined by the deep femoral 
vein, which becomes the common femoral vein and then the 
external iliac vein proximal to the inguinal ligament. 

 The perforating veins are a communicating plexus of 
veins between the super fi cial and deep systems. They are 

named according to their location (Table  36.2 ). Understanding 
the anatomy of these veins will not only aid in determining 
the location of certain venous ulcers, but also in planning for 
therapy.  

 These veins penetrate anatomic layers, which gives them 
the name perforating veins. Veins that interconnect on the 
same anatomic layer are called communicating veins. In the 
leg, and using the now disfavored eponyms, the principal 
perforating veins have been named after an English surgeon, 
Frank Cockett. The Cockett I perforating vein is approxi-
mately 6 cm, measured from the  fl oor in the standing patient. 
The Cockett II perforating vein clusters at about 12 cm, and 
the Cockett III is at 18 cm. These, and the 24 cm perforating 
vein, may need to be identi fi ed as tibial perforating veins in 
limbs with severe chronic venous insuf fi ciency as they 
become targets for the surgeon. These perforating veins con-
nect the posterior arch circulation to the posterior tibial 
veins. 

 In the upper anteromedial calf, a perforating vein is found 
and in the distal thigh, there are perforating veins. Above 
these in the mid-thigh, the perforating veins are named after 
John Hunter (Fig.  36.1 ).   

   Normal Physiology of Venous Flow 

 Under normal conditions, about 90% of the venous return in 
the lower extremities is via deep veins, mainly facilitated 
through compartmental muscular contraction of the foot, 
calf, and thigh against tight fascia. The highest pressure is 
generated by the calf muscle and is estimated to be about 
65%, in comparison to 15% generated by the thigh muscles 
 [  4  ] . As the muscle contracts, the pressure raises within the 

   Table 36.1    Important changes in the nomenclature of lower extremity 
veins   

 Old nomenclature  New nomenclature 

 Femoral vein  Common femoral vein 
 Super fi cial femoral vein  Femoral vein 
 Sural veins  Sural veins; soleal veins; gastrocnemius 

veins (medial and lateral) 
 Huntarian perforator  Mid-thigh perforator 
 Cockett’s perforators  Paratibial perforator 

 Posterior tibial perforators 
 May’s perforator  Intergemellar perforator 
 Gastrocnemius point 

   Table 36.2    Perforating veins (PV) of the leg   

 Gluteal perforators  Superior gluteal, midgluteal, lower gluteal PV 
 Thigh perforators  Medial thigh PV (formerly Hunter’s 

perforator) 
 (PV of the femoral canal or Inguinal PV) 
 Anterior thigh, lateral thigh PV, Posterior 
thigh PV (posteromedial, sciatic, posterolat-
eral PV) Pudendal PV 

 Knee perforators  Medial knee PV (formerly Boyd’s perforator) 
Suprapatellar, lateral knee, infrapatellar, 
popliteal fossa PV 

 Leg (calf) 
perforators 

 Paratibial, posterior tibial PV (formerly 
Cockett’s perforators) Anterior leg, lateral leg 
PV 
 Posterior leg PV (medial and lateral 
gastrocnemius, Intergemellar, para-achillean 
PV) 

 Ankle perforators  Medial ankle, lateral ankle, anterior ankle PV 
 Foot perforators  Dorsal foot or intercapitular PV 

 Medial, lateral, plantar foot PV 
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compartment which allows antegrade  fl ow to the heart. In the 
meantime, valve closure prevents reverse venous  fl ow or 
re fl uxing to the super fi cial system. As the muscle relaxes, the 
pressure within the compartment decreases and allows ante-
grade  fl ow of venous blood from the super fi cial to the deep 
system (Figs.  36.2  and  36.3 ).   

 There are many methods to classify venous diseases, 
depending on factors such as distribution and severity; how-
ever, the most effective method is to assess severity based on 
clinical, etiological, anatomical, and pathophysiological 
aspects. This international classi fi cation is not only an 
ef fi cient description, but useful in determining appropriate 
management. Understanding the new terminology is crucial, 

not only to keep up with the American venous forum update, 
but also to serve as a common language among venous 
specialists. 

   Revised CEAP Classi fi cation of Venous Disorders 

   C: Clinical Findings 
 The letter “C” is based on clinical  fi ndings, usually seen on 
physical examination  [  5,   6  ] :
   C 

0
  = no visible venous disease  

  C 
1
  = telangiectatic or reticular veins  

  C 
2
  = varicose veins  

  C 
3
  = edema  

  C 
4
  = skin changes without ulceration  

  C 
5
  = skin changes with healed ulceration  

  C 
6
  = skin changes with active ulceration    
 More than one number may be assigned if the patient has 

several  fi ndings on clinical examination. After the numeric 
subscript, the letter “a” is assigned if the patient is asymp-
tomatic or “s” if the patient experiences symptoms. Lastly, 
an additional number may follow the “s” to denote the sever-
ity of the symptom. The clinical disability scores for chronic 
venous insuf fi ciency are:
   0 = a patient who is asymptomatic, and thus has no 

disability  
  1 = a patient who is symptomatic, but can function without a 

support device  
  2 = a patient who can work an 8-h day with a support device  
  3 = a patient who is unable to work, even with a support 

device     
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  Fig. 36.1    The main super fi cial veins and perforating 
veins. Note that the Cockett perforating veins are part 
of the posterior arch circulation and that important 
tributaries to the saphenous vein at the groin include 
the anterolateral and posteromedial tributaries, either of 
which may simulate a duplication of the saphenous 
circulation       

  Fig. 36.2    B-mode duplex ultrasound for normal saphenofemoral junc-
tion showing the Mickey Mouse duplex sign, GSV, CFV, and CFA       
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   E: Etiology 
 The “E” stands for etiology, with subscript “c” for congenital 
disease, “p” for primary disease (not due to another cause), 
or “s” for secondary venous disease, usually due to prior 
deep vein thrombosis.  

   A: Anatomic Findings 
 The “A” refers to the anatomic  fi ndings, usually based on 
duplex ultrasound examination. The options are as follows:
    Super fi cial veins  (A 

s
 )

    1.    Telangiectasias or reticular veins   
   2.    Great saphenous vein—above the knee  
    3.    Great saphenous vein—below the knee  
    4.    Small saphenous vein  
    5.    Nonsaphenous      
   Deep veins  (A 

d
 )

    6.    Inferior vena cava  
    7.    Common iliac  
    8.    Internal iliac  
    9.    External iliac  
    10.    Pelvic: gonadal, broad ligament  
    11.    Common femoral  
    12.    Deep femoral  
    13.    Femoral (between the groin and the knee)  
    14.    Popliteal  
    15.    Crural: anterior tibial, posterior tibial, peroneal  
    16.    Muscular: gastrocnemius, soleus      
   Perforating veins  (A 

p
 )

    17.    Thigh  
    18.    Calf         

   P: Pathophysiologic Component 
 The “P” refers to the pathophysiologic component, with sub-
script “r” for re fl ux, “o” for obstruction, or “r, o” for both 
re fl ux and obstruction. 

 There are multiple ways to understand venous disorders:
    1.    Obstructive

    (a)    Acute
   Super fi cial  
  Deep     

    (b)    Chronic
   Super fi cial  
  Deep         

    2.    Valvular dysfunction (Incompetence)
    (a)    Super fi cial  
    (b)    Deep  
    (c)    Perforators      

    3.    In fl ammatory
    (a)    Super fi cial thrombophlebitis      

    4.    Congenital
    (a)    May–Turner syndrome  
    (b)    Paget–Schrotter syndrome  
    (c)    Klippel–Trenaunay syndrome            

   Super fi cial Thrombophlebitis 

 Super fi cial thrombophlebitis (STP) is an in fl ammatory con-
dition associated with thrombus formation within the 
super fi cial veins. It commonly occurs in the lower extrem-
ity; however, the incidence in the upper extremity is increas-
ing, secondary to intravenous instrumentation. It usually has 
a benign and self-limited course. Clinical presentations 
include pain, redness, and swelling along the course of the 
affected vein. Fever and malaise are not uncommon. The 
pathophysiology can be explained in light of Virchows’s 
triad consisting of blood stasis, endothelial injury, and 
hypercoagulability. Therefore, a history of minor trauma or 
long travel may be the initial nidus for STP. Proper diagno-
sis and appropriate treatment is crucial to alleviate the pain 

  Fig. 36.3    B-mode duplex 
ultrasound for signi fi cant re fl ux 
at the saphenofemoral junction 
elicited with Valsalva maneuver 
(>0.5 s)       
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and discomfort. A venous duplex scan will delineate the dis-
tribution of the STP and rule out the presence of DVT  [  7,   8  ] . 
The incidence of DVT is estimated to be as high as 40% in 
patients with STP. Migratory STP should raise the suspicion 
for underlying malignancy or other thrombophilias. Some 
diseases, such as Buerger’s disease, may be associated with 
migratory STP. Treatment is usually conservative and 
includes graduated compression stockings (30–40 mmHg), 
ambulation, and nonsteroidal antiin fl ammatory medications 
(Ibuprofen). Antibiotics are not recommended unless there 
is surrounding cellulitis. Special attention should be paid to 
a free- fl oating GSV thrombus at the SFJ, which should be 
treated with anticoagulation, or an IVC  fi lter in those who 
have a contraindication to anticoagulation. Patients with 
iliofemoral DVT that meet the free- fl oating criteria are 
at signi fi cant risk for a pulmonary embolism, despite the 
administration of heparin  [  9  ] .  

   Deep Venous Thrombosis (DVT) 

 Venous thromboembolism (VTE) is the fourth leading cause 
of death in Western countries. It is a common cause of mor-
bidity and mortality. Although it is a preventable disease, the 
incidence of VTE exceeds 1/1,000 persons, with almost 
400,000 new cases annually in the United States. Of patients 
who survive the initial event of VTE, 30% will have some 
kind of recurrence and 30% will develop postphlebitic syn-
drome within 10 years. Despite overwhelming evidence for 
the effectiveness of regimens  [  10–  13  ] , the concern over bed-
side prophylaxis and management often dissuades physi-
cians from complying with guidelines. 

 The Virchow triad is often used to explain the develop-
ment of perioperative DVT. Vascular stasis occurs primarily 
in the great veins of the body, which act as a reservoir system 
for circulation. At any given moment, approximately 70% of 
the total blood is contained in the venous system. Stagnation 
of venous blood is more likely when the patient is lying  fl at 
under the effect of anesthesia, particularly during laparo-
scopic surgery. The second component, hypercoagulability, 

occurs as a consequence of decreased clearance of the proco-
agulant factors (as seen in Table  36.3 ), or depletion of the 
lytic system (with or without underlying coagulopathies). 
The third component, endothelial damage, results from direct 
trauma to the vessel or by placement of a prosthetic graft. 
The combined in fl uence of these factors promotes the devel-
opment of venous thrombi in low- fl ow areas (e.g., subadja-
cent to the venous valves or adjacent to foci of intimal 
disruption). The propagation of thrombus leads to the devel-
opment of overt DVT  [  14–  20  ] .  

 Leg swelling causes passive muscle engorgement and 
dilation of the muscle  fi brils. These, in turn, activate pain 
receptors located in the muscle spindle and account for mus-
cle discomfort. Stretching of the muscle aggravates the dis-
comfort; this is the physiologic basis for the Homan’s sign 
(calf tenderness on dorsi fl exion of the foot). 

 Additional factors that contribute to the pain are the 
in fl ammatory mediators released from stable clots that can 
contribute to the redness and leg swelling. DVT can be 
caused by numerous etiologies, including traumatic, vascu-
litic, hematologic, and drug-induced (Figs.  36.4  and  36.5 ).   

   Causes of DVT 

      – General    Age, immobilization longer than 3 days, preg-
nancy and the postpartum period, major surgery in pre-
vious 4 weeks, long plane or car trips (>4 h) in previous 
4 weeks     

   • Medical 
   Cancer, previous DVT, stroke, acute myocardial infarc- –
tion (AMI), congestive heart failure (CHF), sepsis, 
nephrotic syndrome, ulcerative colitis, multiple trauma, 
CNS/spinal cord injury, burns, lower extremity frac-
tures, vasculitis, systemic lupus erythematosus (SLE) 
and the lupus anticoagulant, Behçet syndrome, 
homocystinuria     

   • Hematologic 
   Polycythemia rubra vera, thrombocytosis, inherited  –
disorders of coagulation/ fi brinolysis, antithrombin III 

   Table 36.3    Hypercoagulability factors   

 Thrombophilia  Normal  Incident VTE  Recurrent VTE  Incidence (95% CI) 

 Factor V Leiden  3–7  12–20  30–50  150 (80–260) 
 Antithrombin III de fi ciency  0.02–0.04  1–2  2–5  500 (320–730) 
 Protein C de fi ciency  0.02–0.05  2–5  5–10  310 (530–930) 
 Protein S de fi ciency  0.01–1  1–3  5–10  710 (530–930) 
 Hyperhomocysteinemia  N/A  N/A  N/A  N/A 
 Antiphospholipid Ab  N/A  N/A  N/A  N/A 
 Prothrombin G20210A  1–3  3–8  15–20  350 
 Combined thrombophilias  N/A  N/A  N/A  840 (560–1,220) 
 Factor VIII (>200 IU/dL)  N/A  N/A  N/A  N/A 
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de fi ciency, protein C de fi ciency, protein S de fi ciency, 
Factor V Leiden, dys fi brinogenemias, and disorders of 
plasminogen activation     

   • Drugs / medications 
   IV drug abuse, oral contraceptives, estrogens, heparin- –
induced thrombocytopenia         

   Pulmonary Embolism (PE) 

 Pulmonary embolism (PE) is one of the most dreaded com-
plications of DVT. The true prevalence of perioperative PE 
is unknown; it varies according to the type of surgery, the 
use and type of prophylaxis, and the mode of diagnosis. 
Estimates indicate that without prophylaxis, fatal PE 
occurs in 0.1–0.8% of patients undergoing elective general 
surgery, 2–3% of those undergoing elective hip replace-
ment, and up to 4–7% of those undergoing surgery for a 
fractured hip. The incidence of VTE increases after the age 
of 60  [  10,   11  ] . 

 Secondary to a potential lethal outcome of PE, early diag-
nosis is imperative for prompt therapy. Clinical presentation 
(shortness of breath, chest pain, and hemoptysis) and certain 

clinical criteria have been validated in the literature. The 
most commonly used validated criteria are the Wells score, 
which has been modi fi ed from year 1995 to 2001.
    (a)    Previous history of PE or DVT—1.5 points  
    (b)    Clinical suspicion of DVT—3 points  
    (c)    Tachycardia—3 points  
    (d)    Alternative diagnosis is less likely than PE—3 points  
    (e)    Active or previous diagnosis of cancer within 6 months—1 

point  
    (f)    Recent surgery ± immobilization within 4 weeks—1.5 

points  
    (g)    Recent history of hemoptysis—1.0 points     

 Score:
    (a)    <2 points—low probability  
    (b)    2–6 points—moderate probability  
    (c)    >6 points—high probability     

   Testing for Pulmonary Embolism 

  D - Dimer Testing : It is very sensitive but less speci fi c for PE; 
therefore negative  D -Dimer may exclude the presence of PE 
with great certainty. 

a

b

  Fig. 36.4    Duplex ultrasound 
showing acute DVT of popliteal 
vein with both B-mode ( arrow ) 
( a ) and colored duplex 
( arrow ) ( b )       
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  CT Pulmonary   Angiography  ( CTPA ): Pulmonary angio-
gram was used to be the standard diagnostic tool to con fi rm 
a diagnosis of PE; however, advances in the multidetector 
CT machines with thinner slices have surpassed conventional 
pulmonary angiography as the diagnostic golden test for 
diagnosis of PE. 

  Ventilation / Perfusion Scan  ( V / Q Scan ): It detects areas of 
the lung that are still ventilated but not perfused secondary to 
an occluded main pulmonary artery or its segmental branches. 
This test can be utilized in certain patients with an iodine 
allergy or in pregnant women, as radiation exposure for this 
test is signi fi cantly less than conventional pulmonary angiog-
raphy. A positive V/Q scan is strengthened by a positive 
duplex ultrasound for DVT of an extremity. 

  Pulmonary Embolism   Rule - Out Criteria  ( PERC )  Rule : 
This is sensitive for ruling out PE: it includes age >50, heart 
rate >100, RA SAO2 94, prior DVT, or PE. If all are nega-
tive, the risk of PE is less than 2%  [  21  ] .   

   Isolated Soleal and Gastrocnemius Vein 
Thrombosis (ISGVT) 

 At the time of writing this chapter, there is no consensus 
regarding ISGVT and the ideal treatment for this condition 
remains unde fi ned. Also, the recent guidelines (8th edition) 
on the  Antithrombotic and Thrombolytic Therapy  by the 
American College of Chest Physicians  [  22  ]  did not arrive at 
a consensus regarding this issue. A recent study has shown 
that in patients with ISGVT, there was no difference whether 
anticoagulation therapy was used or not  [  23  ] . 

 Another study demonstrated a 16% extension of ISGVT to 
deep veins, mainly the tibial veins. The presence of malig-
nancy in this study was the only predictor of extension with-
out the use of anticoagulation. Therefore, we think that the 
ideal management for ISGVT is to recommend early ambula-
tion, compression stockings (30–40 mmHg), and repeating 
the venous duplex in 72 h, preferably by the same technolo-
gist. Any sign of thrombus extension to deep veins will war-
rant use of full anticoagulation, if there are no contraindications. 
The subset of patients who are at higher risk for thrombus 
extension, such as cancer and hemodialysis patients, may 
warrant more surveillance or treatment with anticoagulation.  

   Venous Thrombosis in Unusual Sites 

 In the modern era of increasing rates of cardiac and infusion 
device implantations, the incidence of upper extremity DVT 
is increasing. VTE can occur in different venous territories, 
such as cerebral venous sinuses, renal, and visceral veins. 
Generally there is no consensus for treating these VTEs, 
therefore treatment should be individualized according to the 
presenting symptoms for each patient. 

   Upper Extremity Venous Thrombosis 

 With the expanding and increasing indications for the use of 
de fi brillators, pace makers, infusaports, and temporary dial-
ysis accesses, the prevalence of asymptomatic UEVT is 
almost 50% in hospitalized patients. Other causes should be 
evaluated in patients with a sudden onset of UEVT, such as 
thoracic outlet syndrome (TOS) and neoplasms  [  20,   24,   25  ] . 
Fortunately, the risk of PE from UEVT is lower than for 
iliofemoral DVT: the rate of PE in patients with DVT involv-
ing the axillosubclavian system is 10–20% in comparison to 
30–50% from the iliofemoral system. Until now, there has 
not been a validated consensus for treating these patients; 
however, UEVT with TOS should be treated with catheter-
directed thrombolysis in conjunction with anticoagulation, 
followed by decompression surgery  [  26–  30  ] . The current 
consensus for central line catheters (CLC) is removal of the 

b

a

  Fig. 36.5    Duplex ultrasound showing chronic DVT of femoral vein 
with both B-mode ( arrow ) ( a ) and colored duplex ( b )       
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catheter and full anticoagulation. Secondary to a signi fi cant 
high risk of line-induced DVT, catheter placement in the 
subclavian vein is not recommended.  

   Renal Vein Thrombosis (RVT) 

 The epidemiology of RVT is not well characterized; how-
ever, nephritic syndrome has been shown to be a high risk 
factor for developing RVT. Other conditions, such as renal 
cell carcinoma, have the propensity to invade renal veins in 
25% of patients, and are usually a sign of a worse prognosis. 
Full anticoagulation is advisable if there are no contraindica-
tions, however its duration is not well established.  

   Mesenteric Vein Thrombosis (MVT) 

 This was  fi rst described in 1935, and many factors can con-
tribute to MVT, such as inherited thrombophilias, malignan-
cies, liver diseases, and even pregnancy. Treatment with full 
anticoagulation is warranted; however, surgical exploration 
with bowel resection may be needed in severe cases.  

   Ovarian Vein Thrombosis (OVT) 

 OVT is a rare, but serious complication in the postpartum 
phase. It is more common on the left side and can be associ-
ated with thrombus extension to the left renal vein or even 
PE. The current treatment is a 7-day course of heparin and 
antibiotics. In the absence of neoplasm, the outcome of OVT 
is quite benign with a durable long-term outcome  [  31,   32  ] .   

   Advanced Venous Thrombosis 

    (a)     Phlegmasia alba   dolens  (PAD): This is indicated by 
signi fi cant swelling without cyanosis. 

  Plegmasia cerula   dolens  (PCD): This is indicated by 
signi fi cant swelling and cyanosis. It is the intermediate 
phase between PAD and venous gangrene. Expeditious 
intervention can salvage the limb  [  33  ] .  

   (b)     Venous gangrene  (VG): This is indicated by full thick-
ness skin necrosis, resulting in advanced cases of iliofem-
oral DVT. Partial thickness skin necrosis, e.g., blebs or 
blisters, can be noted in the early phase of VG.     

  Phlegmasia cerula   dolens  (PCD): This is characterized by 
massive limb swelling with cyanosis. It is caused by massive 
thrombosis and occlusion of the major venous system with 
signi fi cantly compromised venous out fl ow  [  34  ] . Multiple 
triggering factors can be involved including hypercoagulable 

syndrome, trauma, surgery, and even malignancy, which is 
the most common triggering factor and is present in approxi-
mately 20–40% of patients  [  35–  38  ] . PCD has been reported 
with external compressive conditions such as May–Thurner 
syndrome and during the third trimester of pregnancy. 

 PCD was described by Gregoire in 1938, who made a clear 
distinction between PCD and plegmasia alba dolens (PAD). 
The  fi rst treatment for this condition is credited to Leriche 
and Geissendorfer, who performed the  fi rst thrombectomy in 
1939 for cases of PCD. Historically, surgical thrombectomy 
has been the procedure of choice for PCD, after failure of 
anticoagulation and in pending venous gangrene cases. 

 Venous thrombosis is very extensive and patients present 
with signi fi cant pain and swelling of the extremity. Extension 
of the thrombosis to small venous capillaries will result in 
massive sequestration of  fl uid within tight facial compart-
ments, which can compromise arterial in fl ow to the extrem-
ity. Salvage of the limb can be achieved if intervention is 
pursued before venous gangrene occurs. 

 PCD is more common in the lower extremities, especially 
on the left side, and involvement of the upper extremity can 
occur in up to 5% of cases. Up to 50% of cases will be pre-
ceded by PAD and characterized by pain with blanching 
edema (alba). In untreated cases, more venous thrombosis 
will contribute to cyanosis, which is pathognomonic to PCD 
and arterial ischemia. When venous gangrene develops, it 
echoes the distribution of the cyanosis. Arterial pulses can 
still be present in the early phase when the venous gangrene 
is super fi cial; however, in advanced scenarios, gangrene can 
involve muscular compartments with a subsequent increase 
in compartment pressures. At this phase, pulse de fi cit and 
arterial ischemia are inevitable.  

   Super fi cial Venous Incompetence (SVI) 

 SVI is the most common form of venous disease that can 
occur secondary to valve dysfunction. Valve dysfunction can 
occur as a result of direct injury, phlebitis, DVT, or from a 
hormonal effect on the venous wall. Also, congenital weak-
ness of the venous wall may allow venous dilation under nor-
mal pressure with subsequent valve failure (Fig.  36.3 )  [  39  ] . 

 Valvular dysfunction will allow retrograde  fl ow through 
the affected segment, which will initiate a vicious circle of 
venous dilation, more valvular dysfunction, and venous 
hypertension. Over time, these incompetent veins become 
visibly dilated, elongated, tortuous, and at this stage they are 
recognized as varicose veins (CEAP 2). 

 There are two clinical syndromes of venous hypertension 
in the super fi cial venous system:
    1.     Junctional : usually occurs at the junctions between GSV 

and CFV at the SFJ, or between the SSV and popliteal 
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vein. As its name indicates, disease starts proximal and 
proceeds distally.  

    2.     Perforator : usually occurs when the primary perforator 
valve fails, and is common at the mid-proximal thigh and 
proximal calf. Patients usually present with a cluster of 
veins distally and disease starts to proceed proximally 
 [  40,   41  ] .      

   Incidence 

 Among the different types of chronic venous disorders 
(CVD), chronic venous insuf fi ciency (CVI) is considered 
the most common. CVI is the seventh leading cause of 
debilitating disease in the United States. It is estimated 
that up to 35% of the adult population has some form of 
CVD  [  41  ] . 

 SVI is a signi fi cant morbid condition, and the risk of 
DVT is three times higher in patients with SVI. 
Approximately 500,000 Americans have ulceration due to 
super fi cial venous disease, and approximately 100,000 are 
disabled because of their condition. Also, the population-
based cost in the United States  [  42–  44  ]  for the treatment of 
CVI and venous ulceration has been estimated to be over $1 
billion/year. As many as 50% of patients with untreated 
varicose veins will develop super fi cial thrombophlebitis 
(STP) at some time, and unrecognized DVT is present in as 
many as 45% of patients with STP.  

   Pathophysiology 

 Under normal conditions with ef fi cient valves and muscle 
pumps, pressure is almost zero in the lower extremity dur-
ing ambulation. During standing, pressure may rise, but it 
is relatively low. However, with dysfunctional valves, 
venous pressure is high during ambulation and standing 
and this contributes to venous hypertension. High venous 
pressure contributes to edema, impaired arterial in fl ow, 
protein deposition, perivascular  fi brin cuf fi ng, and red cell 
extravasation  [  45–  49  ] . 

 Both red cell extravasation and perivascular  fi brin cuf fi ng 
are the main theories to explain venous ulcers in the lower 
extremity. Red cell extravasation allows disposition of 
hemosidrin, which is remarkably irritant to skin with subse-
quent itching and skin breakdown. Fibrin cuf fi ng is another 
valid theory, which outlines poor tissue oxygenation to be 
the inciting factor for developing venous ulcers  [  50  ] . 

 Among chronic nonhealing ulcers of the lower extremity, 
the most common type is venous ulcers. Because most 
venous ulcers are mainly caused by venous re fl ux that is 
con fi ned to the super fi cial venous system  [  51  ] , we can 

 conclude that the majority of lower extremity ulcers are 
 secondary to SVI, and only a minority are caused by chronic 
DVT or valvular insuf fi ciency in the deep veins.  

   Congenital Venous Disorders 

  Paget Schroetter   Syndrome PSS  ( Effort Thrombosis ): This 
was initially described in relation to thoracic outlet syndrome 
(TOS), secondary to compression of the subclavian-axillary 
system between the scalene muscles and the  fi rst rib. This 
syndrome is considered to have lower incidence than the 
neurogenic TOS, however, it is more frequently secondary to 
catheterization of the subclavian vein. It is estimated that up 
to two-thirds of patients with subclavian lines will develop 
some sort of central venous stenosis. The clinical presenta-
tion includes severe, painful, upper extremity swelling with 
signi fi cant super fi cial venous engorgement. Treatment 
should include thrombolysis followed by TOS decompres-
sion. Iatrogenic PSS should be treated with thrombolysis fol-
lowed by angioplasty in a select group of patients. 

  May – Thurner Syndrome  ( MTS ;  Iliac Vein   Compression 
Syndrome ): This syndrome was  fi rst described in 1957. 
After evaluation of 430 cadavers, May and Thurner hypoth-
esized that extensive DVT is common in the left lower 
extremity secondary to external compression of the left 
iliac vein by the right iliac artery. Patients usually present 
with acute extensive DVT of the left lower extremity  [  52  ] . 
The true prevalence of this syndrome is still unknown, but 
it has been estimated to occur in 2–5% of patients who 
undergo evaluation for lower extremity venous disorders. 
The pathology of this condition is secondary to partial 
obstruction of the vein by the overlying artery, which con-
tributes to subsequent physical entrapment of the left com-
mon iliac vein and may contribute to intimal hypertrophy 
of the vein. Regardless of the mechanism, this will cause 
iliac vein out fl ow obstruction with subsequent extensive 
ipsilateral DVT. Treatment of MTS includes staged therapy 
of thrombolysis with prophylactic retrievable IVC  fi lter 
placement, followed by angioplasty/stenting of the left iliac 
vein. IVUS is an excellent tool to calibrate the diameter of 
the iliac vein, and a self-expanding stent is appropriate in 
this setting  [  49  ] . 

  Klippel – Trenaunay Syndrome  (KTS): This includes port-
wine stains, varicose veins, and bony or soft-tissue hypertro-
phy. These patients are likely to have an anomalous super fi cial 
venous system with signi fi cant re fl ux. Due to atresia of the 
deep venous system, careful diagnostic evaluation is required. 
Treating the super fi cial venous re fl ux may require conserva-
tive measures since any surgical intervention may cause a 
loss of venous out fl ow in the affected limb. As in other con-
ditions of venous insuf fi ciency, capillary hemangiomas 
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(port-wine stains) of KTS can lead to local skin ulceration, 
bleeding, and possible infection.  

   Diagnostic Evaluation of Chronic Venous 
Disease 

 Diagnosis is based on a thorough physical exam in conjunc-
tion with a duplex ultrasound  [  53  ] . The clinical evaluation 
will determine the severity and distribution of the CVI. 
Symptoms and signs should be evaluated in light of CEAP 
classi fi cations, including telangiectasias, varicose veins, 
venous edema, skin discoloration, and venous ulceration. 

  Duplex Ultrasonography  ( DU ): Using standing venous 
re fl ux protocol, DU for CVD is substantially different from 
that used for DVT. The study for re fl ux is tedious and requires 
more time to evaluate the level and severity of re fl ux and to 
include the assessment of both re fl ux and obstruction in the 
deep, super fi cial, and perforating veins from iliac to calf 
veins  [  54  ] . DU can be tailored according to the degree of 
clinical exam, for example in telangiectasias (clinical class 
1), examination of the super fi cial veins is suf fi cient. For vari-
cose veins, edema, skin discoloration, and ulcerations (clini-
cal class 2–6), full examination of the entire three components 
(super fi cial, deep, perforator) are essential, especially if 
intervention is planned. With DU, it is feasible to distinguish 
between primary and secondary CVI, as the former has val-
vular re fl ux and varicose changes while the latter has luminal 
scarring and recanalization in postphlebitic syndrome. The 
main limitation of the DU is that it is operator and equipment 
dependent, and also appreciating re fl ux in early post-phle-
bitic syndrome may be dif fi cult. 

  Physiologic Noninvasive   Tests  ( PT ): These are volumetric 
studies that quantify the re fl ux and can be helpful in estab-
lishing a baseline before therapy and a comparison scale 
afterward. Among many PT, air plethysmography (APG) is 
of clinical signi fi cance and can be used to give a quantitative 
estimate of venous re fl ux  [  55  ] . However with the advent and 
advances in DU, the clinical applicabilities of all PT tests are 
decreasing  [  56  ] . 

  Venography : This was the gold standard test, however its 
role is decreasing with the advances in DU. Descending 
venography can be used in obstructive conditions to estimate 
the severity of re fl ux and to provide additional information 
regarding the patent venous channels. Ascending venogra-
phy can be used to provide a road map for venous return and 
characterize the anatomy of the patent collaterals.  

   Management of Varicose Veins 

 The initial treatment is multidisciplinary and includes exer-
cise  [  57  ]  and compression stockings  [  58–  60  ] . When conser-
vative therapy fails, surgical intervention should be offered. 

The main components of therapy are to defunctionalize GSV 
from the circulation and to minimize the effect of venous 
hypertension on varicose veins. With the advent of minimally 
invasive procedures, vein stripping is now considered a part 
of history. Laser or radiofrequency ablation of the affected 
vein is replacing standard vein stripping  [  61–  67  ] . Details of 
this therapy are beyond the scope of this chapter; however, 
ablation is associated with less pain, a shorter stay, more 
patient satisfaction, and a faster recovery.      
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 The term “plethysmography” is derived from the Greek words 
 plethynein  (to increase) and  graphein  (to record), yielding a 
de fi nition of to record changes in volume. In venous disease, 
plethysmography is a noninvasive way to record the changes 
in limb volume with various maneuvers to diagnose venous 
disease. In limbs, tissues like bone, adipose tissue, muscle 
and skin have a relatively constant volume and changes in 
volume are attributable to changes in blood volume. 

 Various techniques of plethysmography have been devel-
oped to evaluate venous function in the lower extremity. 

They have been extensively investigated, but have been 
replaced with color duplex scanning for the anatomic exami-
nation of the deep and super fi cial venous systems. While 
duplex ultrasonography has become the noninvasive test of 
choice to diagnose obstruction and re fl ux in the lower extrem-
ity, this modality cannot determine the hemodynamic 
signi fi cance of the anatomic abnormalities identi fi ed. In the 
current management of venous disease, plethysmography is 
useful to assist in the management of complex venous dis-
ease when multiple anatomic abnormalities are identi fi ed 
and to document improvement in venous function after inter-
ventions are performed. In this way, it functions similarly to 
an ankle-brachial index to document improvement after arte-
rial revascularization is performed. 

 Several plethysmographic techniques have been devel-
oped employing different sensors to measure changes in 
blood volume in a limb including strain-gauge plethysmog-
raphy (SGP), impedance plethysmography (IPG), photopl-
ethysmography (PPG), and air plethysmography (APG). 

  Abstract 

 Various techniques of plethysmography have been developed to evaluate venous function in 
the lower extremity. They have been extensively investigated, but have been replaced with 
color duplex scanning for the anatomic examination of the deep and super fi cial venous 
systems. In the current management of venous disease, plethysmography is useful to assist 
in the management of complex venous disease when multiple anatomic abnormalities are 
identi fi ed and to document improvement in venous function after interventions are per-
formed. In this way, it functions similarly to an ankle-brachial index to document improve-
ment after arterial revascularization is performed. 

 Several plethysmographic techniques have been developed employing different sensors 
to measure changes in blood volume in a limb including strain-gauge plethysmography 
(SGP), impedance plethysmography (IPG), photoplethysmography (PPG), and air plethys-
mography (APG). These will be described in detail after the general concepts of plethysmo-
graphic evaluation for re fl ux and obstruction are reviewed.  
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These will be described in detail after the general concepts of 
plethysmographic evaluation for re fl ux and obstruction are 
reviewed. 

   Plethysmographic Measurement of Venous 
Obstruction 

 Thrombi in the deep venous system increase venous 
out fl ow resistance and decrease venous compliance. These 
are the parameters that plethysmography measures as a 
means of detecting DVT. The increase in out fl ow resis-
tance depends on whether the thrombi are totally or only 
partially occlusive, their length, the number of venous seg-
ments involved, and the location and extent of collateral 
development  [  1  ] . Venous pressure distal to the site of 
thrombosis is elevated depending on the increase in out fl ow 
resistance. Since the volume of blood leaving the leg is 
ordinarily unchanged in the presence of a thrombus, the 
same volume of blood traversing an elevated resistance 
will result in an increase in venous pressure. If, however, 
clots are very extensive, involving both the deep and 
super fi cial systems, there may be a decrease in blood  fl ow. 
This occurs in the condition known as phlegmasia cerulea 
dolens. 

 Thrombi may reduce apparent venous compliance in sev-
eral ways. First, when venous pressure is already elevated, 
the volume of blood in veins peripheral to an obstruction is 
already increased, and further rise in venous pressure will 
result in less additional  fi lling. Second, venous walls become 
stiffer as they are distended by increased pressure. The third 
way is actually a re fl ection of the method used for measur-
ing venous compliance. Compliance is usually measured as 
the volume change that occurs with a given rise in pressure 
divided by the baseline limb volume. If the veins are par-
tially  fi lled with thrombus, the degree to which they can 
expand by increasing their volume is limited since the resid-
ual capacity is limited. Finally, thrombi actually alter the 
elastic properties of venous walls, making them stiffer 
(Fig.  37.1 )  [  2  ] .  

 To diagnose chronic venous insuf fi ciency, these tests rely 
on the fact that the lower extremity veins are not  fi lled to 
maximum capacity when the patient is in the supine position. 
With positional changes or when out fl ow is occluded by a 
pressure cuff, the venous system can accommodate increased 
volume before reaching maximal venous capacitance. With 
subsequent rapid positional changes or release of an exter-
nally in fl ated pressure cuff, patients with normal out fl ow 
exhibit rapid emptying of their lower extremity veins. These 
tests now routinely use an occlusion cuff, which has increased 
standardization by avoiding active patient movement and 
positional changes. 

 Positioning of the patient is critical in these tests. The 
patient is placed supine with the leg elevated 20–30° on a 
soft heel support to enable venous drainage. The knee is 
 fl exed 10–20° to prevent obstruction of popliteal vein out fl ow. 
The volume sensor (air cuff, mercury strain gauge, or imped-
ance electrodes) is placed around the calf or leg. An “occlud-
ing cuff” consisting of an air- fi lled bladder is wrapped around 
the thigh. When this cuff is suddenly in fl ated to a pressure 
exceeding that in the underlying veins (usually 50–60 mmHg), 
venous out fl ow is prevented by the collapse of the veins  [  3  ] . 
Pressures of this level, which are well below diastolic arterial 
pressure, have little effect on the diameter of the underlying 
arteries. Since arterial in fl ow is not affected by cuff in fl ation, 
blood is trapped in the leg distal to the cuff until the venous 
pressure rises to equal that in the cuff. At this point, venous 
out fl ow resumes. 

 When the veins are  fi rst occluded, the volume of blood in 
the calf rises in proportion to the rate of arterial in fl ow, grad-
ually decreasing as the calf veins  fi ll and their intraluminal 
pressure rises. Once venous pressure becomes equivalent to 
the cuff pressure, the calf volume ceases to increase and the 
recorded curve reaches a plateau. The volume increase that 
occurs from baseline to the plateau is a measure of venous 
compliance. Once a stable plateau is reached, the cuff is sud-
denly de fl ated, allowing the underlying thigh veins to expand. 
The blood trapped in the calf then rushes out, initially pro-
pelled by a pressure gradient equivalent to the 50 mmHg 
developed during the time of occlusion. The initial rate of 
out fl ow, as re fl ected by the initial slope of the out fl ow curve, 
is inversely proportional to venous resistance. As blood 
leaves the calf, distal venous pressure falls, thus decreasing 
the pressure gradient and the rate of out fl ow. The out fl ow 
curve is, therefore, curvilinear, with the convexity facing the 
baseline. When the venous pressure again returns to the 
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  Fig. 37.1    Calf venous pressure–volume curve. Pressure in the normal 
limb is low ( A ), but is elevated in the limb with acute deep venous 
thrombosis ( A ’). In fl ating the thigh cuff to 50 mmHg increases the vol-
ume of the normal limb by almost 3% ( A  to  B ); however, in the abnor-
mal limb, the volume increase is less than 1% ( A ’ to  B ) (Reprinted from 
Sumner  [  2  ] . With permission from Elsevier)       
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baseline level, the volume curve also returns to baseline 
(Figs.  37.2  and  37.3 )  [  5  ] .   

 Plethysmography suffers from poor sensitivity in the 
diagnosis of acute venous thrombosis as nonocclusive or 
minor thrombi in areas with well-developed collateral  fl ow 
may result in little change in the measurement of volume 
changes. However, plethysmography may be useful in the 
evaluation of out fl ow obstruction to determine the hemody-
namic importance of an anatomic abnormality or to docu-
ment improvement following venous stenting  [  6  ] .  

   Plethysmographic Measurement 
of Venous Re fl ux 

 Plethysmography can be used to identify abnormal re fl ux in 
the lower extremity by examining volume changes when 
moving the limb from the supine to standing position. The 
test exploits the concept that the volume of the leg increases 
when placed in a dependant position. If venous valve func-
tion is good, this increase in volume occurs slowly compared 
to the rapid increase in volume that occurs with poor valve 
function. Again, plethsymography cannot identify the 
speci fi c area of valve dysfunction, but the overall sequelae of 

venous re fl ux. Protocols using calf muscle contraction can 
also be performed with plethysmography to examine calf 
muscle pump function as a further measure of venous hemo-
dynamics. These measures can be useful in the separation of 
venous re fl ux from other potential causes of limb pain. A 
patient may have re fl ux in a venous segment, but if their 
plethysmographic test measures are normal, the re fl uxing 
vein may not be causing symptoms and a search for other 
causes is warranted.  

   Strain-Gauge Plethysmography (SGP) 

 The technique of SGP employs a silastic conductor tube 
connected to a plethysmograph via electrical contacts. As 
the gauge is stretched by a change in calf circumference 
the resistance increases in the conductor and a voltage 
change is recorded. The strain gauge is calibrated such that 
a 1% increase in voltage corresponds to a 1% change in 
limb volume. The venous volume (VV) is de fi ned as the 
difference between baseline volume and the volume at 
peak venous capacitance, while the maximal venous 
out fl ow (MVO) is measured from the steepest portion of 
the out fl ow curve  [  7  ] . 
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  Fig. 37.2    Venous out fl ow plethysmography.  Above : 
correct positioning of the leg, cuff, and electrodes. 
 Below : Typical normal tracing (Reprinted from 
Wheeler and Anderson  [  4  ] . With permission from 
Elsevier)       
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 SGP has primarily been utilized in the diagnosis of DVT, 
based on evaluation of the MVO. Normal values for venous 
volumes average 2–3% above baseline, while limbs with 
venous out fl ow pathology would record a VV of less than 
2%. This however is an unreliable diagnostic criterion, with 
MVO being a more reliable diagnostic tool  [  8  ] . Barnes and 
associates  [  9  ]  reported the MVO to have a sensitivity of 90% 
for above the knee DVT, but only 66% for below the knee 
DVT, while the overall speci fi city was 81%. Rooke et al.  [  10  ]  
evaluated patients during exercise using strain-gauge plethys-
mography by plotting volume against time for each limb, 
calculating the volume of blood expelled and the time 
required for veins to re fi ll following exercise. They observed 
that a shortened postexercise re fi lling time accurately 
identi fi ed limbs with incompetence, the clinical severity of 
incompetence was inversely related to re fi lling time, and the 
type of exercise performed had little effect on the study 
results. 

 Prolonged recumbency, postural changes, muscle wast-
ing, arterial insuf fi ciency, and cardiac failure may alter 
venous  fi lling and lead to measurement errors with this tech-
nique. Thrombosis in tributary veins, partially occlusive 
clots; clots in one of a paired vein; or the presence of 
signi fi cant collaterals from previous episodes of thrombosis 

may not affect capacitance or out fl ow signi fi cantly and could 
result in normal or nearly normal VV and VO recordings. 
For these reasons, SGP is rarely used for the measurement of 
venous obstruction or re fl ux at the current time.  

   Impedance Plethysmography (IPG) 

 Changes in limb circumference produce a comparable change 
in the electrical resistance, which is proportional to relative 
volume change. Impedance plethysmographs consist of elec-
trodes wrapped around the leg. An increase in blood volume 
decreases impedance and is ampli fi ed to re fl ect volume 
change. 

 Increased limb volume results in decreased resistance. 
Two electrodes are placed 10 cm apart on the calf muscle to 
be evaluated. The voltage output is used to derive the resis-
tance based on Ohm’s law (voltage = current × resistance) 
and is then displayed as a continuous tracing. A thigh occlu-
sion cuff is in fl ated and the tracing change across the elec-
trodes is measured as it rises. After rapid cuff de fl ation, the 
tracing falls to baseline levels in 3–4 s. 

 The “rise” of the tracing from the baseline to the plateau 
measures venous capacitance, and the “fall” of the tracing 
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  Fig. 37.3    Venous out fl ow plethysmography. 
Typical abnormal tracings. The 3-s out fl ow is 
markedly reduced with recent deep venous 
thrombosis (Reprinted from Wheeler and 
Anderson  [  5  ] . With permission from Elsevier)       
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from the peak value over a 3 s period measures venous 
out fl ow. These measurements are plotted on a graph with the 
vertical axis representing the “fall” and the horizontal axis 
representing the “rise”  [  11  ] . 

 In general, high capacitance and out fl ow indicate normal 
venous function and a low probability of DVT; conversely, 
low capacitance and out fl ow are highly suggestive of abnor-
mal venous function with a high probability of DVT. The 
sensitivity of IPG in diagnosing DVT ranges from 33% to 
96%, with accuracy improving when a  fi ve-test sequence is 
used. The test is more sensitive in patients with symptomatic 
and proximal DVT. Asymptomatic patients or those with 
DVT below the knee have signi fi cantly lower test sensitivity. 
The difference can be attributed to nonocclusive thrombi and 
well-developed collaterals  [  12–  15  ] . 

 The inaccuracies of this technique are due to the same 
issues that affect SGP; speci fi cally, any condition that pre-
vents patient cooperation obstructs access to the limb, ele-
vates venous pressure, or reduces blood supply will produce 
false-positive or false-negative results. For these reasons, 
given the reliability of duplex ultrasound techniques, SGP 
and IPG are now rarely used to diagnose DVT. Neither 
modality has been well characterized as a diagnostic tech-
nique in the hemodynamic evaluation of chronic venous 
insuf fi ciency (CVI).  

   Photoplethysmography (PPG) 

 PPG uses light absorbance by hemoglobin as a re fl ection of 
blood volume in the venous and capillary networks in the 
skin to estimate the degree of venous stasis. 

 PPG uses a transducer that emits infrared light from a 
light-emitting diode into the dermis. The amount of light 
absorbed from the transducer is a good estimation of blood 
volume in the venous and capillary networks of the skin. The 
backscattered light is measured by an adjacent photo detec-
tor, and net absorption is displayed as a line tracing. 
Absorption of light is high when skin venous and capillary 
blood is increased during sitting or standing; conversely, it is 
decreased during exertion when venous blood is expelled 
from the limb by the action of the calf muscles. 

 The patient is asked to sit comfortably with the legs hang-
ing freely. The transducer is applied to the leg and a baseline 
recording is obtained. The patient is then asked to perform 
 fi ve consecutive ankle  fl exion/extension maneuvers. The 
tracing drops as the calf muscles empty the veins. The time 
taken to recover to 90% of the original baseline tracing after 
the exertion is completed is recorded as the venous re fi ll time 
(VRT, Fig.  37.4 )  [  16,   17  ] .  

 In normal individuals, VRT tends be longer than 20 s and 
can extend to as long as 60 s. Signi fi cant venous re fl ux results 
in a VRT of less than 20 s, and reducing times generally 

re fl ect increasing severity of re fl ux. In the presence of abnor-
mal  fi ndings, the test can be repeated with a tourniquet 
in fl ated (50 mmHg) eliminating re fl ux in the super fi cial sys-
tem to identify the source of re fl ux (Fig.  37.5 ).  

 Although PPG can provide an assessment of the overall 
physiologic function of the venous system, it is most useful 
as a relatively simple measure to detect the presence of 
venous re fl ux. Quantitative measurements are not obtained. 
PPG measurements have not been proved to be a strong dis-
criminator of the severity of CVI. 

 In addition to being inversely proportional to the degree 
of re fl ux, re fi ll time is also affected by arterial in fl ow. In the 
presence of occlusive arterial disease, VRT may be reduced 
despite an absence of venous re fl ux. This test also requires 

  Fig. 37.4    Photoplethysmography (PPG): patient positioning       
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  Fig. 37.5    Venous re fl ux measured by photoplethysmography (PPG). 
Incompetent valves result in venous re fi lling time of less than 20 s         
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full patient cooperation, and inability to perform the contrac-
tion maneuvers or inability to access the calf for proper 
placement of the transducer will preclude accurate results. 
VRT can vary depending on the site of photosensor place-
ment, the small sample area obtained, and the type and 
amount of exercise performed during the recording. 
Placement near the site of a varicose or perforating vein may 
also affect the results. The test has limited reliability in dif-
ferentiating deep from super fi cial re fl ux despite the addition 
of tourniquet testing. Because of its inability to reliably grade 
the severity of CVI, PPG has limited utility for assessing the 
results of corrective venous surgical procedures. Therefore, 
PPG is a reasonable measure of the presence or absence of 
CVI that is best used when no further information concern-
ing the venous hemodynamic situation is desired. If informa-
tion on the severity of CVI or evaluation of improvement 
after venous surgery is required, a quantitative test will be 
more useful  [  18  ] .  

   Air Plethysmography (APG) 

 Air plethysmography utilizes a technique to improve on the 
shortcomings of PPG and other types of plethysmography that 
have limited sampling areas. It employs a low pressure air-
 fi lled cuff measuring 30–40 cm in length that is applied to the 
lower leg from knee to ankle. The cuff is connected to a 
plethysmograph that is very sensitive to volume changes in the 
cuff allowing precise quantitative evaluation of volume 
changes of the entire lower leg from knee to ankle. The patient 
lies supine initially with the leg elevated and supported at the 
heel, allowing the cuff to be applied to the lower leg. The cuff 
is in fl ated to a pressure of 6 mmHg to provide snug apposition 
to the limb without compressing the super fi cial veins. A base-
line volume in the supine position is obtained with the patient 
resting. The patient then moves to a standing position sup-
ported by a walker to remove weight from the tested limb. The 
volume tracing gradually increases until a plateau is reached. 
The patient then performs one calf contraction/tiptoe maneu-
ver followed by rest. A subsequent series of ten tiptoe maneu-
vers completes the test procedure. The test protocol may be 
repeated with the use of a thigh tourniquet to isolate the deep 
venous system from the super fi cial system (Fig.  37.6 ).  

 The data calculated from the tracings obtained are illus-
trated in Fig.  37.7 . The venous volume (VV) is the difference 
in limb volumes obtained in the resting and standing posi-
tions. The venous  fi lling index (VFI) is calculated by measur-
ing 90% of the VV and dividing this volume by the time the 
limb requires to re fi ll to 90% of the VV after moving to the 
standing position. Expressed in cc per second, VFI measures 
the average  fi lling rate of the dependant leg and is slow in 
normal limbs. The volume of blood ejected with one tiptoe 
movement divided by the VV gives the ejection fraction (EF), 
and the limb volume remaining after ten tiptoe  movements 
divided by the VV gives the residual volume fraction (RVF).  

  Fig. 37.6    Air plethysmography ( APG )       
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  Fig. 37.7    Diagrammatic representation of typical 
recording of volume changes during standard sequence of 
postural changes and exercise. The patient is in a supine 
position with the leg elevated 45° ( a ); patient standing with 
weight on the nonexamined leg ( b ); single tiptoe 
movement ( c ); ten tiptoe movements ( d ); same as in ( b )/
( e ).  VV  functional venous volume,  VFT  venous  fi lling time, 
 VFI  venous  fi lling index,  EV  ejected volume,  RV  residual 
volume,  EF  ejection fraction,  RVF  residual volume fraction 
(Reprinted from Marston et al.  [  19  ] . Copyright © 1987 
with permission from The Society of Vascular Surgery)       
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 Limitations of both PPG and APG methodology are seen in 
patients with limited ability to stand unassisted or perform vig-
orous tiptoe maneuvers. Also, in patients with advanced CVI, 
particularly in classes 5 and 6, the ankle joint range of motion 
is frequently limited, as reported by Back et al.  [  20  ] . It is unclear 
whether some of the changes in EF and RVF seen in these 
groups are related to intrinsic dysfunction of the calf muscle 
pump, or an inability of the patient to activate the pump due to 
reduced ankle range of motion. APG is also limited in patients 
with obesity due to a maximum cuff size at the ankle. PPG 
therefore may be the only option in patients with larger limbs. 

 A VFI < 2 mL/s was associated with clinically normal 
limbs, and increasing levels of VFI were associated with 
more severe symptoms (Table  37.1 )  [  21  ] . The VFI is believed 
to provide a reasonable approximation of the global function 
of the lower extremity venous system in resisting re fl ux in 
the standing position. The EF and RVF are measures of the 
ef fi cacy of the calf muscle to pump blood out of the leg. The 
RVF was found to correlate closely with ambulatory venous 
pressure (AVP) throughout the range of AVP measurements, 
with lower RVF values representing better calf pump func-
tion (normal RVF de fi ned as <35%)  [  22  ] .  

 In an evaluation of 186 limbs, Criado et al. assessed the 
ability of APG parameters to predict the clinical severity of 
CVI. This is important primarily in the objective use of these 
tests for selection of patients for venous surgery and the 
monitoring of results and prediction of improvement after 
surgery. They reported that, of the APG parameters mea-
sured, VFI was the best predictor of the clinical severity of 
CVI. Ninety-three percent of limbs with a VFI < 2 mL/s were 
clinically Class 0 and only 9% of patients with a VFI > 5 
were Class 0. VFI was found to have 80% sensitivity and 
99% positive predictive value for detecting abnormal re fl ux. 
A successful surgical intervention in patients with CVI low-
ered the VFI to a normal level  [  23  ] . 

 APG can be utilized as other techniques to evaluate 
venous out fl ow and diagnosis of DVT utilizing same method 
of the “pulse volume recorder”. It is used in much the same 
way as the strain-gauge plethysmograph. A single pneumatic 
cuff placed around the calf and in fl ated with 10 cm 3  of air 
serves as the volume sensor. An occlusion cuff is placed 

around the thigh and in fl ated to 50–80 mmHg; then venous 
capacitance and MVO are measured. A venous score is cal-
culated based on the 1 s out fl ow, the venous capacitance, a 
ratio of the venous capacitances of the two legs, the presence 
or absence of respiratory variations in limb volume, and 
Doppler ultrasonographic  fi ndings. A venous score of 4 or 
less excludes DVT, 5–7 is uncertain, and a score greater than 
eight implies venous obstruction  [  24,   25  ] . Nicolaides and 
Sumner have calculated the out fl ow fraction by dividing the 
1-s VO by VV. Nicolaides has reported that the out fl ow frac-
tion is higher than 38% in limbs with normal VO, 30–38% in 
patients with partial VO obstruction, and less than 30% in 
limbs with severe obstruction  [  22  ] . 

 The VFI is useful for monitoring improvement in venous 
function and in predicting long-term outcome after venous 
surgical procedures. In a review of 71 patients undergoing 
venous surgery, Owens and associates reported that 94% of 
patients in whom the VFI corrected to less than 2 mL/s after 
venous surgery were asymptomatic after a mean follow-up 
of 44 months  [  6  ] . 

 The VFI predicts recurrence of venous ulcers. In patients 
with healed leg ulcers, a VFI higher than 4 mL/s was associ-
ated with an increased risk for recurrence when compared 
with those with a VFI lower than 4 mL/s. For each 1 mL/s 
greater than 4 mL/s, the risk of ulcer recurrence increased 
17%. Based on this information, APG parameters can be 
used to assist in the selection of patients at higher risk for 
recurrent ulceration who may wish to consider corrective 
venous procedures  [  26  ] .  

   Comparison of APG to PPG 

 APG, by sampling a large portion of the calf area, provides a 
better measure than PPG of the global venous function of the 
limb. APG accurately separates normal limbs from those 
with CVI, and the parameters that signi fi cantly ( p  < 0.05) dif-
ferentiated the two groups were VFI, VV, EF, and RVF. The 
PPG re fi ll time has a sensitivity of 100% to identify re fl ux; 
however, the speci fi city is only 60%. Furthermore, the kappa 
coef fi cient between duplex and APG is 0.83, whereas 
between duplex and PPG it was only 0.47, concluding that 
APG is a better method of evaluating venous re fl ux than 
PPG. APG provides a quantitative analysis that appears to be 
useful in the selection and follow-up of patients undergoing 
venous reconstructive or ablative surgery  [  27  ] .  

   Selective Use of Noninvasive Venous Studies 

 When considering the need for venous noninvasive testing, 
several factors must be considered, including the clinical sta-
tus of the patient, the question(s) being asked in each  individual 

   Table 37.1    Prevalence of the sequelae of venous disease in relation 
to VFI in 134 limbs with venous disease studied with air 
plethysmography   

 VFI (mL/s) 
 Sequelae of venous disease 

 Swelling (%)  Skin changes (%)  Ulceration (%) 

 <3  0  0  0 
 3–5  12  19  0 
 5–10  46  61  46 
 >10  76  76  58 

  Reprinted from Christopoulos et al.  [  21  ] . With permission from John 
Wiley & Sons  
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patient, and the ability of the patient to comply with the 
requested study. Also, for routine clinical use, the technician 
time required and use of vascular lab resources are important 
issues. Less experienced technicians, or those in low volume 
labs would likely require longer examination times. The fre-
quent use of multiple tests results in a large use of vascular 
technician time, a resource that may be in short supply in some 
situations. Therefore, studies should be ordered only when the 
information generated is important to the clinical management 
of the patient, unless involved in a research protocol. Some 
patients are technically poor candidates for study. Morbidly 
obese patients with suspected venous disease are poor candi-
dates for APG due to cuff size limitations. These patients can 
generally be studied by PPG but the results may be less reli-
able. Duplex examination is more dif fi cult in patients with 
obesity, but some re fl ux information can usually be generated, 
particularly in the lower leg. Patients who have dif fi culty 
standing without assistance are occasionally unable to perform 
proper tiptoe movements, rendering some APG and PPG mea-
surements unreliable. These patients can often have a VFI per-
formed with APG if they can move from a lying to standing 
position with assistance. In our clinic population, we estimate 
that 25–35% of patients with venous leg ulcers are unable to 
comply with the requirements for a full venous duplex and 
APG evaluation including calf muscle exercises. 

 If the only question asked is whether or not venous dis-
ease is present, and no details concerning anatomy or sever-
ity of CVI are necessary, PPG is a reasonable choice. It can 
determine the presence or absence of venous disease and is 
relatively rapid to perform. But if the primary question con-
cerns the anatomic site of re fl ux in order to plan intervention, 
a supine and standing duplex evaluation should be performed. 
If the primary question concerns the severity of CVI, or 
whether improvement has occurred after intervention, APG 
measurements should be performed. 

 Speci fi c situations in which hemodynamic measurement 
of venous function are important in clinical management:
    1.    Differentiation of venous symptoms from other causes of 

lower extremity pain  
    2.    Evaluation of the hemodynamic signi fi cance of incompe-

tent perforator veins  
    3.    Evaluation of the improvement in venous hemodynamics 

in a patient with multisystem valvular incompetence after 
intervention to correct one area of incompetence.  

    4.    Prediction of long-term outcome after surgical or endolu-
minal venous procedures.          
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   Introduction 

 Venous thromboembolism (VTE) has been recognized as 
an important health problem for decades, and yet, decreas-
ing its incidence has been elusive. Recently, the Surgeon 
General of the United States has issued a document widely 
distributed to healthcare workers highlighting the impor-
tance of this disease  [  1  ] . The exact incidence of deep venous 
thrombosis (DVT) is not known since up to half of the cases 
con fi rmed at autopsy went unrecognized antemortem  [  2  ] . 
In the United States, it is estimated that nearly 900,000 
cases of DVT are identi fi ed annually and 300,000 deaths 
occur due to pulmonary embolism (PE)  [  3  ] . The incidence 
of DVT in hospitalized patients is variable. Without pro-
phylaxis, the lowest incidence is found in medical patients, 
10–20%, while the highest incidence is 40–60% in patients 
undergoing major orthopedic procedures  [  4,   5  ] . The long-
term morbidity in patients suffering from an acute episode 

of DVT is also considerable  [  6–  9  ] . The development of 
chronic venous insuf fi ciency with its dreaded sequelae of 
chronic swelling, pain, and ulceration leads to increased 
costs in healthcare in addition to the loss of work produc-
tivity for patients. The objective of this chapter is to describe 
the role of venous duplex ultrasonography in the diagnosis 
of lower extremity DVT.  

   Pathophysiology of Acute DVT 

 Historically, venous disease has been recognized since 1550 
BC in the Ebers papyrus. However, in 1856, it was the 
German physician Rudolf Virchow (1821–1902) who postu-
lated that thrombosis in a blood vessel occurs due to abnor-
malities in  fl ow, viscosity, or vessel wall injury  [  10  ] . 
Subsequently, this has been referred to as “Virchow’s triad.” 
In clinical practice, patients on prolonged bed rest develop 
stasis due to inactivity and the loss of the foot and calf mus-
cle pumps, normally activated by walking. Abnormal blood 
viscosity is recognized in patients suffering from thrombo-
philia (e.g., antithrombin III, protein C & S de fi ciency, factor 
V gene mutations, etc.) or other blood dyscrasias (e.g., poly-
cythemia, multiple myeloma, etc.). Finally, vessel wall injury 
can occur due to extrinsic (trauma) or intrinsic (atherosclero-
sis) causes  [  2  ] . Thus it is evident that there are many risk 
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factors that have been recognized to predispose a patient to 
VTE  [  2–  9  ] . The initiation of thromboprophylaxis in hospi-
talized patients should be based on risk assessment at the 
time of admission  [  3–  5  ]  (Table  38.1 ).   

   Venous Duplex Scanning 

 Prior to the development of ultrasound scanners, contrast 
venography was considered the “gold standard” for the diag-
nosis of lower extremity DVT. Currently, venous duplex scan-
ning is considered the gold standard, and contrast venography 
is reserved for special circumstances such as when an endo-
vascular intervention is planned  [  2,   11–  14  ] . Other invasive 
techniques include CT and MR venography, which are indi-
cated in the evaluation of abdominal and pelvic veins or lower 
extremity vascular malformations. The other noninvasive 
techniques are described in Chaps.   36     and   37     (Table  38.2 ).  

   Indications 

 The symptoms and signs of acute lower extremity DVT are 
nonspeci fi c. The most common indications to test for a lower 
extremity DVT include localized pain, swelling, or redness 
in the calf or thigh, and calf pain with passive dorsi fl exion 

(Homan’s sign)  [  2,   13,   14  ] . In order to decrease the probabil-
ity of a negative test, many physicians obtain a D-dimer level 
 [  15  ] . D-dimer is a  fi brin degradation product released in the 
circulation when  fi brinolysis starts on a formed blood clot. 
The value of D-dimer testing is when it is negative, meaning 
that it is unlikely that a blood clot is present. A positive 
D-dimer is present in many conditions, including trauma, 
pregnancy, in fl ammatory conditions, and recent surgery  [  15–
  18  ] . The Wells clinical score uses a point system to assess the 
probability of a DVT (Table  38.3 ).   

   Instrumentation 

 Venous duplex scanning of the lower extremity can be per-
formed with several transducers. In a normal adult of average 
body weight, a 5–10 MHz linear transducer is selected. In a 
larger or morbidly obese individual, a 3–5 MHz curved trans-
ducer will be required to image a deeper plane  [  9,   11  ] . In 
some patients, it may be necessary to use more than one 
transducer, a lower frequency for the abdomen and groin, 
and a higher frequency in the calf. In a complete lower 
extremity venous duplex examination, all three functions are 
utilized: B-mode, Doppler  fl ow, and color  fl ow.  

   Technique 

 Since most ultrasound equipment is portable, venous duplex 
scanning can be performed in the vascular lab or at the bed-
side in the Emergency Department or Intensive Care Unit. 
The patient is positioned supine, and ideally the bed can be 
tilted for a reverse Trendelenberg or modi fi ed Fowler posi-
tion. When possible, the thigh and calf are slightly externally 
rotated. To image the abdominal veins, patients should be 
fasting for 6 h prior to the exam. 

 The exam starts by placing the probe in the groin area. 
Examination of the deep veins, the femoral and common 

   Table 38.1    Risk factors for VTE   

 Increasing age 
 Immobility, paralysis 
 Previous DVT 
 Malignant disease 
 Surgery 
 Trauma 
 Obesity 
 Pregnancy 
 Estrogen therapy 
 Nephrotic syndrome 
 Heart failure 
 Indwelling venous catheters 

  Modi fi ed from Caprini  [  3  ]   

   Table 38.2    Comparison of diagnostic modalities for lower extremity 
DVT   

 Test  Accuracy  Limitations 

 Venous duplex  Sens: 93–100%  Operator-dependent, 
experience  Spec: 97–100% 

 Contrast venography  Sens: 100%  Up to 15% indetermi-
nate, invasive  Spec: 100% 

 IPG  Sens: 73–96%  Inaccurate if 
nonocclusive thombus  Spec: 83–95% 

 CT venography  Sens: 93–100%  Invasive 
 MR venography  Sens: 87–100%  Cost 

 Spec: 95–100% 
 Nuclear scintigraphy  Sens: 21–83%  Invasive 
 (I 125 -Fibrinogen)  Spec: 54–97%  Not available in U.S. 

   Table 38.3    Wells scoring   

 Clinical characteristic  Point 

 Malignancy  1 
 Paralysis, paresis, cast  1 
 Recently bedridden for 3 days or more  1 
 Localized tenderness along course of a deep vein  1 
 Entire leg swollen  1 
 Calf swelling, 3 cm or increased circumference  1 
 Pitting edema in the symptomatic leg  1 
 Collateral super fi cial veins on symptomatic leg  1 
 Alternative diagnosis at least as likely as DVT  −2 

  Modi fi ed from Wells et al.  [  15  ]  
  Probability : 
  High >3 points 
  Intermediate 1–2 points 
  Low 0 points  

http://dx.doi.org/10.1007/978-1-4471-4005-4_36
http://dx.doi.org/10.1007/978-1-4471-4005-4_37
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femoral veins, is performed in both the transverse and longi-
tudinal views  [  9,   11,   14  ] . The great saphenous vein is imaged 
as it enters the saphenofemoral junction (Fig.  38.1 ). With 
each venous segment identi fi ed, gentle compression is 

exerted to see if the vein walls collapse (Fig.  38.2 ). This 
maneuver should be done every 3–5 cm along the length of 
the medial thigh and popliteal fossa. In addition to compres-
sion, Doppler  fl ow is documented by placing the cursor in 

  Fig. 38.1    Saphenofemoral 
junction showing thrombus by 
B-mode, and near absence of 
color  fl ow       

  Fig. 38.2    Acute DVT of the 
popliteal vein with hyperechoic 
material  fi lling and distending the 
vein. The popliteal artery is 
adjacent showing normal 
echodensity of  fl owing blood       
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the middle of the  fl ow channel in longitudinal view. Here, the 
examiner is observing for spontaneous and phasic  fl ow, as 
well as the presence of distal augmentation that normally 
occurs when the calf is gently squeezed (Fig.  38.3 ). Color-
 fl ow is also documented in each segment. For the popliteal 
vein, the probe is positioned behind the knee and requires 
that the patient cooperate (Fig.  38.4 ). All segments of this 

vein should be thoroughly examined, above, at, and below 
the knee, with compression, Doppler, and color  fl ow as pre-
viously described.     

 Next, the tibioperoneal trunk, posterior tibial and peroneal 
veins are examined (Fig.  38.5 ). Imaging starts at the ankle and 
proceeds cephalad. The probe is aimed in a posteromedial plane. 
It is most helpful, but not necessary, if the patient is able to sit 

  Fig. 38.3    Normal color- fl ow and 
biphasic Doppler  fl ow in a patent 
right common femoral vein       

  Fig. 38.4    Acute DVT in the 
popliteal vein, normal arterial 
 fl ow in the popliteal artery       

 

 



47738 Venous Duplex Ultrasound of the Lower Extremity in the Diagnosis of Deep Venous Thrombosis

dangling the legs. After compression is demonstrated, Doppler 
and color  fl ow are documented in the often paired posterior and 
peroneal veins. The anterior tibial veins can be imaged from an 
anterolateral plane. In the absence of trauma or fractures, the 
likelihood of an anterior tibial DVT is less than 1%, and there-
fore, it is not included in the routine lower extremity exam.  

 After the tibial veins, the soleal and gastrocnemial veins 
are imaged near their con fl uence with the popliteal vein at 
the popliteal skin crease. The soleal veins are found just 
below the sural triangle as the soleus muscle is the  fi rst struc-
ture under the fascia (Fig.  38.5 ). The veins are traced in both 
directions toward the posterior tibial or peroneal veins, and 
compressed against the posterior surface of the tibia and 
 fi bula. The medial and lateral gastrocnemius veins are 
identi fi ed at the con fl uence with the popliteal vein, and traced 
to their respective muscle belly, with compression and  fl ow 
demonstrated along the course. If compression is not possi-
ble, the examiner will have to rely on color  fl ow imaging at a 
low- fl ow setting (PRF less than 1500 Hz). 

 To complete the lower extremity venous duplex exam, the 
small and great saphenous veins should be imaged. The small 
saphenous vein courses posterior in the calf until it joins the 

popliteal vein around the knee level (Fig.  38.6 ). The great saphen-
ous vein courses medially from just anterior to medial malleolus 
to the saphenofemoral junction in the groin (Fig.  38.7 ). Of course, 
the examiner should be aware, from a careful history, if the 
saphenous veins have been either partially or totally harvested 
for a previous bypass procedure, or if the veins were ablated or 
stripped to treat super fi cial venous insuf fi ciency.   

 In order to have a complete evaluation, the pelvic and 
abdominal veins should be ideally imaged (Fig.  38.8 ). However, 
this is quite a challenging task and usually requires an experi-
enced sonographer. The inferior vena cava may be obscured by 
bowel gas. Similarly, the common and external iliac veins may 
be dif fi cult to visualize. Obtaining information on the out fl ow 
vein is especially important in cases when there is continuous 
 fl ow in the femoral vein (Fig.  38.9 ). For pelvic veins, the usual 
compression maneuvers are obviously not possible, so the 
examiner has to rely on Doppler and color- fl ow. In experienced 
hands, occlusive and partially occlusive iliac vein thrombi can 
be detected as well as left iliac vein stenosis, such as in the 
May–Thurner Syndrome. Venous duplex can also be used to 
follow-up on patients who had endovascular recanalization of 
occluded iliac veins and venous stents.    

  Fig. 38.5    Anatomy of the popliteal fossa        
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  Fig. 38.6    Acute thrombus 
in small saphenous vein       

  Fig. 38.7    Thrombus  fi lling the 
saphenofemoral junction, with 
failure to compress the vein due 
to thrombus (this picture is 
sometimes called “Mickey Mouse 
ears” view)       

 

 



47938 Venous Duplex Ultrasound of the Lower Extremity in the Diagnosis of Deep Venous Thrombosis

   Diagnosis of DVT 

 In order to make the diagnosis of DVT, several criteria have to 
be present on B-mode imaging, Doppler, and color- fl ow. The 
classic completely occlusive thrombus distending the vein is 
not always present. On B-mode, failure to oppose the vein 
walls, or compression, is pathognomonic (Fig.  38.10 ). Finding 
echogenic material in the vein lumen, a  fi lling defect on color 

 fl ow imaging and absence of Doppler signal in the affected 
segment will con fi rm the diagnosis. On the other hand, com-
plete vein compression, detection of phasic Doppler venous 
 fl ow, and normal wall-to-wall color  fi lling indicate a normal 
vein without evidence of DVT. As the acute deep venous 
thrombosis ages, the sonographic characteristics change. The 
clot becomes more echogenic with brighter echoes, and par-
tial recanalization is detected by improved color  fl ow and 

  Fig. 38.8    Iliac vein with absence 
of phasic  fl ow, suspected 
thrombus in inferior vena cava       

  Fig. 38.9    Patent femoral vein 
and saphenofemoral junction. 
Continuous  fl ow seen in patients 
with congestive heart failure or 
 fl uid overload       
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formation of collateral veins around the obstructed segment. 
As the clot organizes and scars down, permanent changes 
occur including a stiffer vein wall, irregular lining or synechia 
and brighter echoes  [  2  ]  (Table  38.4 ).   

 In some instances, the venous duplex scan may be nega-
tive or inconclusive. It is advisable in these cases to perform a 
follow-up duplex scan in 5–7 days. It is even more important 
to do a repeat scan if the patient is not receiving anticoagula-
tion. The treating clinician has to decide whether or not treat-
ment is indicated based on a negative or inconclusive scan.  

   Reporting 

 The interpretation of the venous duplex scan should include 
all the  fi ndings and a summary of the diagnosis. The  fi nal 

report should state: (1) acute or chronic DVT, (2) segment 
or segments involved, (3) involvement of the super fi cial 
venous structures, if present, (4) the status of the contralat-
eral femoral vein, even in cases when a unilateral study is 
ordered, and  fi nally (5) any observed incidental  fi ndings 
that could explain or obscure the diagnosis, e.g., the pres-
ence of a Baker’s cyst in the popliteal fossa. A preliminary 
report is most often required to determine the treatment 
course (admission, anticoagulation). Critical  fi ndings on 
the test, such as acute arterial occlusion, the presence of a 
popliteal aneurysm or free- fl oating thrombus, should be 
communicated person to person immediately to the order-
ing physician.  

   Special Considerations 

 The hallmark  fi ndings of acute DVT previously described 
are not always present. The accuracy of duplex scans for 
acute DVT should be greater than 90%  [  2,   11,   14  ] . However, 
the exam may be technically dif fi cult to perform in obese 
patients, or in the presence of edema. In some trauma cases, 
proper imaging may be dif fi cult because of injured structures 
or the presence of hardware, such as external  fi xators. The 
sonographer should be aware that imaging the iliac, deep 
femoral, and peroneal veins are technically the most chal-
lenging. The diagnosis of acute on chronic DVT also requires 
some experience. 

   Table 38.4    Acute versus chronic DVT on duplex scan   

 Diagnostic criterion  Acute DVT  Chronic DVT 

 Compressibility  Spongy  Firm 
 Vein diameter  Dilated  Decreased 
 Echogenicity  Echolucent  Echogenic 
 Composition  Homogenous  Heterogenous 
 Lining  Smooth  Irregular, rough 
 Collaterals  Absent  Present 
 Flow channel  Con fl uent  Multiple 
 Free- fl oating tail  May be present  Absent 

  Modi fi ed from Meissner et al.  [  2  ]   

  Fig. 38.10    Complete obstruction 
of common femoral and deep 
femoral with acute deep venous 
thrombosis. Normal  fl ow in 
arteries       
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 Despite the existence of a plethora of clinical studies on 
DVT, there is still controversy on whether bilateral scans 
should be performed on all patients or if patients with iso-
lated calf DVT should be treated. ICAVL recommendations 
are in favor of scanning the contralateral femoral vein even 
in asymptomatic patients. The University of Washington 
group has proposed the initiation of a prospective random-
ized controlled study for patients with isolated calf DVT 
comparing anticoagulation to no treatment. Until further evi-
dence is reported, it is probably prudent to obtain a follow-up 
duplex scan in a week if the patient is not receiving 
treatment.       
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  Abstract 

 Upper extremity deep vein thrombosis (UEDVT) accounts for 10% of all DVT cases. Upper 
extremity DVT may be primary (30%) or secondary (70%). Upper extremity DVT has been 
inaccurately regarded as a rare and benign disease and is an understudied condition with 
severe consequences. Most primary cases have associated underlying anatomic anomalies; 
however 20% of episodes are idiopathic. Indwelling catheters are the most common risk 
factor for secondary UEDVT. Pulmonary embolism (PE) is the most devastating complica-
tion reported in up to 36% of cases. Pulmonary embolism is twice as common with second-
ary UEDVT than with primary UEDVT. Venous anatomy, including zones of the upper 
extremity and a venous duplex scanning protocol for the upper extremity, is described. 
Indications for duplex imaging, thrombus characteristics and locations, and soft tissue 
abnormalities including abscesses, cysts, aneurysms, and pseudoaneurysms are all pre-
sented. Limitations and potential pitfalls are de fi ned for duplex imaging of the upper extrem-
ity. Requirements for the Intersocietal Commission for the Accreditation of Vascular 
Laboratories (ICAVL) certi fi cation for upper extremity duplex imaging are presented. A 
comparison of upper extremity and lower extremity DVT is given. Duplex ultrasonography 
is the method of choice for the initial diagnosis of patients suspected with thrombosis of the 
upper extremities. However, in patients with isolated  fl ow abnormalities, contrast venogra-
phy should be performed. The use of CT scanning and MRV are also discussed. In children, 
more than 50% of the UEDVT events are due to the presence of central venous lines. 
Treatment options are brie fl y reviewed for UEDVT. The concept of venous patency restora-
tion followed by relief of extrinsic compression is the accepted therapeutic approach for the 
treatment of primary UEDVT. Three different types of thrombi can occur in association 
with central venous catheters. The catheter adherent  fi brin sleeve is the most common. The 
likelihood of developing catheter-related UEDVT is related to the number of punctures dur-
ing catheter insertion, the number of catheters inserted, the location of the catheter tip, the 
duration of catheterization, the type of catheter used, the type of  fl uid administered, cathe-
ter-related infection, hypercoagulable states, and the presence of congestive heart failure. 
The incidence of UEDVT is increasing perhaps due to the increased use of central lines or 
due to increased awareness of the disease process. The  fi rst step in treatment is to evaluate 
the need for continued catheter use and to establish vessel patency.  

      Venous Duplex Ultrasound of the Upper 
Extremities       

     Joann   M.   Lohr               
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   Introduction 

 The number of patients who come into the vascular labora-
tory for evaluation of upper extremity problems is far smaller 
than the number who come for lower extremity testing. 
However, this number has recently grown, accompanied by 
the increase in radial artery harvesting for coronary bypass 
grafting and the Dialysis Outcomes Quality Initiatives 
(DOQI) recommendations for increased establishment of 
arteriovenous  fi stula (AVF)  [  1  ] . Preoperative vein mapping 
for dialysis access has had a signi fi cant impact on the use of 
the vascular laboratory. Unfortunately, the ability of the vas-
cular laboratory to provide information is limited by reim-
bursement issues, scheduling problems, and technologist 
availability. 

 The age-adjusted incidence and total rates of upper 
extremity deep vein thrombosis (UEDVT) are 15 (95% 
con fi dence interval [CI], 12–19) and 16 (95% CI, 13–20), 
respectively, as compared with 74 and 91 per 100,000 popu-
lation for lower extremity deep vein thrombosis. The inci-
dence per 100,000 in total rates of UEDVT is not signi fi cantly 
different by sex  [  2  ] . 

 About 10% of all episodes of deep venous thrombosis 
occur in the upper extremity  [  3  ] . Venous thrombosis of the 
upper extremity may be divided into primary or secondary. 
Associated risk factors for primary UEDVT include thoracic 
outlet, anatomic anomalies, and coagulation defects. 
However, 20% of episodes are unexplained  [  3  ] . Risk factors 
for secondary UEDVT include a central indwelling catheter, 
nonmalignancy-related coagulopathies, malignancy, infec-
tion, previous surgery, renal failure, immobility, history of 
lower extremity DVT, concurrent lower extremity DVT, car-
diomyopathy, sarcoidosis, trauma, pacemaker, stroke, vascu-
litis, and medications. 

 Upper extremity DVT had previously been regarded as a 
benign and rare disease. This should no longer be the case. 
Patients may present with swelling and pain but they may 
also be completely asymptomatic and objective con fi rmation 
is mandatory prior to determining a treatment path. Upper 
extremity DVT is an understudied condition with serious 
consequences  [  4  ] . 

 Risk level is assessed in the article by Shah et al. It ranges 
from a high of 72% for a central indwelling catheter to as low 

as 4% for medication  [  4  ] . The most devastating complication 
of UEDVT is the potential for progression to pulmonary 
embolism (PE). In the past, this has been thought to be a rare 
complication; however, recent data suggest that it may be 
present in as many as 36% of cases  [  5  ] . Pulmonary embolism 
is found more often in catheter-related upper extremity DVT 
and is twice as likely to be seen in connection with secondary 
DVT as with primary  [  6,   7  ] . One recent study reported a 
higher mortality rate and greater incidence of PE when 
UEDVT cases were compared with the lower extremity deep 
vein cases  [  8  ] . 

 Most cases of UEDVT are thought to be asymptomatic. 
Among patients who do have symptoms pain is the most 
common, occurring in 63% of cases. Edema is the most com-
mon physical  fi nding, occurring in 98% of cases  [  9  ] . Signs 
and symptoms of UEDVT are nonspeci fi c. The differential 
diagnosis includes super fi cial venous thrombophlebitis, lym-
phedema, neoplastic compression leading to outlet obstruc-
tion, hematoma, contusion, muscle tears, occult fractures, 
hypertrophic ossi fi cation, and chronic regional pain syn-
drome  [  4  ] . Clinical examination  fi ndings are extremely unre-
liable for making the diagnosis. Prevalence of the disease is 
greater than 50% in symptomatic patients  [  5  ] . Objective test-
ing is needed for con fi rmation of the diagnosis before begin-
ning treatment. The incidence of DVT in the upper extremities 
appears to be increasing. This may be real or due to the great 
incidence of use of indwelling catheters. 

 Primary UEDVT is also known as Paget–Schroetter syn-
drome or effort vein thrombosis. It is most common in young 
male athletes or laborers who repeatedly abduct and extend 
their arm. It most commonly occurs in the dominant arm and 
is often related to obstruction of the thoracic outlet and the 
underlying venous stricture. The obstruction may be due to 
compression from the  fi rst rib or an anomalous cervical rib, 
congenital  fi brous bands, or compression from the anterior 
scalene muscle  [  10  ] . Extrinsic compression causes repetitive 
trauma that leads to venous stenosis. This will be completely 
discussed in Chap.   40     by Dr. Julie Ann Freishlag. 

 The prevalence of complications of UEDVT has been 
reported in several observational studies  [  3  ] . Mortality ranges 
from 0% to 50%. Pulmonary embolism ranges from 2% to 
36%. Fatal PE is reported 0% of the time or as often as 20% 
of the time. The occurrence of UEDVT has been reported to 
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range from 4% to 11% and post-thrombotic syndrome has 
been reported to occur 4–35% of the time  [  3  ] . Upper extrem-
ity phlegmasia cerulea dolens constitutes 2–5% of all phleg-
masia cases  [  11  ] . These cases are all secondary to either an 
underlying hypercoagulable state or malignancy. The con-
sensus is that early diagnosis followed by intervention pro-
vides the most favorable results  [  12,   13  ] .  

   Imaging 

 Upper extremity evaluations have increased to 13.9% of all 
studies performed annually in this vascular laboratory, up 
from 4.8% only 5 years ago. Table  39.1  lists the indications 
for upper extremity scans conducted over a 12-month inter-
val. Only 43% (191/442) of the upper extremity evaluations 
were done to rule out thrombosis.  

 A total of 701 upper extremity venous duplex scans to rule 
out thrombosis were analyzed. Some 38% were positive for 
thrombosis and isolated super fi cial venous thrombosis was 
identi fi ed in 85 patients. Distribution and sites of veins are 
presented in Table  39.2 . When considering the anatomic dis-
tribution of acute UEDVT, the subclavian and internal jugular 
veins were the most commonly involved sites. Multiple 
patients have been reported to have concomitant deep and 
super fi cial system involvement  [  15  ] . The rate of asymptom-
atic catheter-related DVT is high and may be lowered by cor-
rect initial positioning of the central venous catheter tip either 
positioned in the superior vena cava or at the junction between 
the right atrium and the superior vena cava  [  16  ] .  

 Patients with suspected UEDVT should undergo duplex 
scanning. Diagnostic accuracy of upper extremity duplex 
scanning is very good with sensitivity and speci fi city of 
78–100% and 82–100%  [  10  ] . Accuracy can be improved by 
having the patient perform Valsalva maneuvers, the sniff test, 
or by utilizing further tests. Duplex ultrasound may also 
detect axillary and cervical lymphadenopathy possibly sec-
ondary to malignancy. Compression is limited with poor 

visualization of the proximal subclavian vein. The brachio-
cephalic vein and the superior vena cava are beyond the clav-
icle and sternum  [  10  ] . CT scanning may detect a central 
thrombus as well as extrinsic compression of the vessel. 
However, it has the disadvantage of requiring a contrast load 
and has not been fully validated. Magnetic resonance studies 
accurately detect central thrombus and provide a detailed 
evaluation of collaterals and blood  fl ow; however, it has lim-
ited availability, the patient may be claustrophobic and it 
may be not be suitable in some patients with implants (see 
Table  39.3 )  [  17  ] .   

   Anatomy 

 Veins of the arm drain via the brachial or cephalic system. 
The brachial vein  fl ows into the axillary vein, which is then 
joined by the cephalic vein to form the subclavian vein. The 
axillary vein is contiguous to the brachial vein traveling in 
the tunnel formed by the clavicle and subclavius muscle, 
anterior on the scalene muscle laterally, the  fi rst rib poste-
rior-inferiorly, and the costo-clavicular ligament medially. In 
the subscapular region, the axillary vein receives both the 
subscapular and suprascapular veins. There are many anasto-
motic collateral pathways that can potentially bypass the 
axillary subclavian venous system. They may be divided into 
the shoulder to chest wall, the shoulder to ipsilateral anterior 
neck, the shoulder to ipsilateral posterior neck, and the shoul-
der to contralateral neck. In the event of axillary vein throm-
bosis, collaterals will usually develop from the shoulder to 
the chest wall. If the thrombosis extends to the subclavian 
vein, the collaterals generally develop to the posterior ipsilat-
eral neck or from the shoulder to the contralateral neck  [  18  ]  
(see Fig.  39.1 ).  

 Thoracic outlet syndrome (TOS) refers to compression of 
the neurovascular bundle including the brachial plexus, sub-
clavian artery, and subclavian vein as it exits the thoracic 
inlet delimited by the scalene muscles, the clavicle, and the 

   Table 39.1    Indications for upper extremity scans   

 Indications  Number 

 Upper extremity venous duplex to rule 
out thrombosis 

 191 

 Upper extremity dialysis evaluations  142 
 Upper extremity radial artery bypass 
harvest 

 16 

 Upper extremity graft surveillance  35 
 Evaluation for line placement  9 
 Upper extremity arterial duplex  8 
 Upper extremity symptoms with/
without cold challenge 

 35 

 Thoracic outlet evaluation  6 
 Total  442 

  Adapted from Lohr  [  14  ] . With permission from Elsevier  

   Table 39.2    Veins involved in thrombosis a    

 Veins involved  Total 

 Subclavian  103 
 Cephalic  99 
 Internal jugular  78 
 Axillary  59 
 Brachial  56 
 Basilic  61 
 External jugular  19 
 Radial  6 
 Antecubital  8 
 Ulnar  3 
 Total  492 

  Adapted from Lohr  [  14  ] . With permission from Elsevier 
  a Several patients had multiple vein segments involved  
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 fi rst rib. Cervical ribs, musculofascial bands, and clavicular 
 fi rst rib anomalies have also been described as other causes. 
Symptoms include a combination of vascular and neurologic 
 fi ndings  [  19  ] .  

   Duplex Imaging Technique 

 The upper extremity examination begins with a detailed 
assessment of signs, symptoms, past medical history, and risk 
factor analysis. The patient is then placed in a supine position 
and the radial vein is visualized from the wrist to the brachial 
vein. Next, the ulnar vein is followed from the wrist to the 
antecubital fossa; where the ulnar and radial veins form the 
brachial vein; the brachial vein is followed into the upper 
arm. At the junction of the basilic and brachial veins, the axil-
lary vein is formed. The axillary vein is followed under the 

shoulder in the direction of the clavicle. The junction of the 
cephalic and axillary veins forms the subclavian vein. The junc-
tion of the subclavian and jugular veins originating at the 
innominate vein is not visualized routinely because of its 
depth; however, Doppler signals analyzed in this area provide 
indirect information about the patency of the central veins 
and newer color scanners have increased the ability to image 
them. Doppler signals of the subclavian vein are assessed. 
Normally, the  fl ow is spontaneous and phasic with augmenta-
tion, and no re fl ux is identi fi ed. The internal jugular vein is 
examined from the clavicle cephalad until it dives under the 
mandible. Doppler signals of the internal jugular vein also 
are obtained to assess spontaneous and phasic  fl ow. Finally, 
the super fi cial veins are assessed by following the basilic 
vein along the ulna until it joins the brachial vein. The larg-
est-diameter antecubital vein connects the basilic and cephalic 
systems at the antecubital fossa. The antecubital perforator 
also is seen connecting the cephalic and brachial veins. The 
cephalic vein is traced along the radius and up the arm, where 
it joins with the axillary vein. The antecubital, cephalic, and 
basilic veins are the super fi cial veins of the upper extremity. 

 For reporting convenience and ease of communication, 
the upper extremity is divided into zones (see Fig.  39.2 ). In 
each examination, the position of the probe and localizing 
abnormal  fi ndings are reported. Each zone covers approxi-
mately 10 cm in length. Zone 1 is located at the suprasternal 
notch, Zone 3 at the acromial clavicular process, Zone 5 at 
the anticubital fossa, and Zone 8 at the wrist. Zones are used 
to report thrombus location allowing accurate comparison 
between studies and technologists.  

 When a visible intraluminal thrombus is identi fi ed, sev-
eral of its characteristics are assessed to determine its 
relative age. These characteristics include clot occlusive-
ness, clot retraction, clot distention, vein compressions, 
echogenicity and homogeneity, the development of col-
lateral venous channels, and recanalization. The clot may 
be partially or totally occluding. A totally occluding clot 
indicates an acute process. Free- fl oating thrombi actually 
are tethered distally but extend cephalad in the vein with-
out a more proximal attachment to the vessel wall. These 

   Table 39.3    Advantages and disadvantages of imaging modalities used to diagnose upper extremity deep vein thrombosis   

 Advantages  Disadvantages 

 Ultrasound  Inexpensive  May fail to detect central thrombus that is directly 
below the clavicle  Noninvasive 

 Reproducible 
 CT scan  May detect central thrombus  Contrast dye 

 May detect the presence of extrinsic vessel compression  Not fully validated 
 Magnetic resonance  Accurately detects central thrombus  Limited availability 

 Provides detailed evaluation of collaterals and blood  fl ow  Claustrophobia 
 Not suitable for some patients with implanted metal 

  Adapted from Joffe and Goldhaber  [  17  ] . With permission from Lippincott Williams and Wilkins  

  Fig. 39.1    Chronic subclavian occlusion with well-developed 
collaterals       
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free- fl oating thrombus tails exhibit a side-to-side waving 
in the venous lumen that can be induced by gently bounc-
ing the probe on the skin or with respiration. Free- fl oating 
tails usually become attached to the venous wall within 
1–2 weeks. Characteristics of thrombi help age the throm-
bus (see Table  39.4 ).  

 Because of the limited ability to compress the deep venous 
system, especially in the area where the subclavian passes 
beneath the clavicle, technical modi fi cations such as the use 
of adjunctive procedures and color  fl ow duplex analysis are 
critical for correct assessment. In the areas where the vein 
may not be accessible to compression color Doppler, it is 
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  Fig. 39.2    Zones of reference for 
upper extremity venous scanning: 
midline = 1.0, acromion = 3.0, 
elbow = 5.0, wrist = 8.0, and 
 fi ngertips = 9.0 (Adapted from 
Lohr  [  14  ] . With permission from 
Elsevier)       

 Characteristic  Acute value  Chronic value 

 Degree of occlusion  Total  ***  Partial  *** 
 Free- fl oating  Free  ****  Stationary  ** 
 Clot retraction  Retracted  ***  Adherent  *** 
 Clot distention  Distended  ***  Contracted  ** 
 Clot compressibility  Soft  ****  Firm  * 
 Surface character  Smooth  **  Irregular  * 
 Echogenicity  Faint  *  Bright  * 
 Homogeneity  Homogeneous  **  Heterogeneous  ** 
 Collaterals  Absent  *  Present  **** 
 Recanalization  Absent  *  Present  **** 

  Adapted from Lohr  [  14  ] . With permission from Elsevier 
  Four asterisks  (****) indicate a diagnostic level,  three asterisks  (***) good,  two asterisks  (**) fair, and  one 
asterisk  (*) poor (nondiagnostic). Each asterisk indicates the relative value to be given to each criterion in 
interpretation of clot age. Many criteria are valuable only when present, and the overall decision represents 
a weighted average  

 Table 39.4    Clot characteristics: 
relative value in clot aging  
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important to pay close attention to color  fl ow gain settings to 
avoid oversaturation, which may obscure small intraluminal 
clots or areas of incomplete thrombosis  [  20  ] . 

 It is important to document the full extent of the disease 
including the contralateral neck and proximal arm. Radio-
nuclide venography may be of further bene fi t to diagnose 
Port-A-Cath thrombosis in clinical practice  [  21  ] . Duplex 
ultrasonography is the method of choice for the initial diag-
nosis of patients suspected with thrombosis of the upper 
extremities. However, in patients with isolated  fl ow abnor-
malities, contrast venography should be performed  [  22  ] . 
Imaging pitfalls to avoid include the cephalic vein being 
diagnosed as the axillary vein. Probable occlusion of the 
internal jugular vein may also occur and mirror image arti-
fact may result in the appearance of two subclavian veins in 
the supraclavicular region  [  23  ] . 

 The use of duplex imaging of the upper extremity has 
increased dramatically. In the instance of dialysis access, 
upper extremity evaluations increasingly are being requested 
before placement. Preoperative evaluation of dysfunctional 
dialysis grafts allows operative planning  [  24  ] . Vein mapping 
improves graft durability in patients with disadvantaged 
out fl ow and vein size, and continuity can be established. The 
protocol implemented in the author’s vascular laboratory 
evaluates both veins and arteries (see Fig.  39.3 ). Blood  fl ow 
in the super fi cial palmar arch is assessed at baseline with 
radial and ulnar comparison. In addition, calci fi cations and 
aberrant arterial anatomy are identi fi ed. Veins are evaluated 
using tourniquet distention if less than 3 mm at rest.  

   Venous Abnormalities on Duplex Exam 

 Clot retraction is de fi ned as the concentric separation of the 
thrombus from the vein walls; there appears to be a very thin 
gap between the thrombus and the circumference of the 
venous wall. Retraction is thought to occur within a few 
hours of thrombus formation through clot contraction of the 
platelet  fi brin mesh formation and extrusion of serum. Clot 
retraction usually lasts only 1–2 weeks, and then the clot 
becomes adherent to the vein wall. 

 Clot distention occurs when the vein is dilated to a larger-
than-normal diameter by a thrombus in a cross-sectional 
area. In this context, clot distention differs from venous dis-
tention caused by obstruction or by venous hypertension in 
the absence of an intraluminal thrombus. In the latter, it is 
possible to completely collapse the wall of the vein with the 
pressure of the probe and receive a Doppler signal. Veins 
exhibiting clot distention gradually shrink over several weeks 
to months. 

 An acutely thrombosed vein may be partially compress-
ible. Unlike a chronically thrombosed vein, acute thrombi 
can be deformed by only light probe pressure. When viewed 

transversely, the round vein appears oblong. A thrombus 
remains soft for approximately 24 h after formation. The clot 
surface may be smooth or irregular; this usually is best 
assessed by a longitudinal view of the thrombus tip. Acute 
thrombi tend to have smooth, rounded tips because of contin-
ued surrounding  fl ow (Fig.  39.4a, b ).  

 Echogenicity is de fi ned as the overall brightness of the 
clot compared with the surrounding tissues. Brightly echo-
genic thrombi tend to be chronic because serum reabsorption 
makes them denser. Apparent changes in echogenicity may 
be in fl uenced by electrical gains of the instruments, depth of 
the structure being assessed, and acoustic shadow of the 
overlying tissues, making echogenicity a somewhat subjec-
tive  fi nding. Homogeneity is also assessed. Acute thrombi 
tend to be homogeneous, whereas chronic thrombi tend to be 
heterogeneous. 

 Development of collateral venous channels is an absolute 
sign of chronic thrombosis. These channels are very small, 
lie parallel to the main vein trunk, and do not contain valves. 
Normal venous tributaries are larger, enter the main venous 
channel at an acute angle, and contain valves. Collateral 
venous channels are best visualized in a transverse  fi eld and 
may be seen as early as 1–2 weeks after initial thrombosis; 
however, they usually are not visible for a month or more 
after venous occlusion. 

 Recanalization is evidenced by an open, collapsible 
channel that runs through a thrombus. The recanalized chan-
nel, which is surrounded entirely by a clot, tends to occur 
rather late. 

 Using the aforementioned characteristics, thrombi are 
classi fi ed as acute, chronic, or indeterminate. Classi fi cation 
must be based on the characteristics of the entire thrombus 
rather than on an isolated segment because the deep venous 
thrombosis is a continuing process. For this reason, a single 
thrombus may manifest various aging characteristics in dif-
ferent regions. Repeat duplex scans are often necessary and 
commonly show the evolution of characteristics that are 
equivocal with the initial scans.  

   Upper Extremity DVT in Children 

 Venous thrombolic events are recognized as a growing clini-
cal problem in children. The incidence of these events in pro-
spective population based studies reported by International 
Registries (Canadian, German, and Dutch) revealed the pres-
ence of at least one associated underlying medical condition 
in most cases. Among all of the registries, the presence of a 
central venous line was the most common etiologic factor. In 
children more than 50% of the upper extremity venous 
thromboembolic events are due to the presence of central 
venous lines. Spontaneous venous thromboemboli are rare in 
children and usually involve the renal veins in the neonatal 
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period or the lower extremity venous system in the older age 
groups  [  25–  28  ] .  

   Soft-Tissue Abnormalities on Duplex 
Examination 

 Some scans are performed to evaluate soft-tissue abnormali-
ties, which can be differentiated by their characteristics. The 
features of a pseudoaneurysm include visible intraluminal 
swirling and turbulent Doppler spectra. Further, common 
associated  fi ndings include a centrifugal thrombus with a 
superimposed arterial spectrum and a visible arterial lacera-
tion or communication. 

 Abscesses, on the other hand, have hyperechoic contents, 
give off no Doppler signal, have inducible eddy motions and 
often have an echo-dense capsule. Commonly associated 
 fi ndings include regional solidi fi cation. 

 Hematomas exhibit a variable echo density, are non-com-
pressible, have no  fl uid movements, or clear margins and 

give off no Doppler signal. If hematomas are less than 12 h 
old, they may be hypoechoic with focal liquefaction. If they 
are more than 2 weeks old, dissection through the soft tissues 
is commonly seen. 

 Edema  fl uid is radiolucent, follows tissue planes, and is 
not compressible. Lymph nodes are spherical and encapsu-
lated with a mixed internal echogenicity, and are noncom-
pressible. Small lymph nodes may be invisible or dif fi cult to 
see. Large lymph nodes are seen in the presence of infection, 
cellulitis, or tumors. In fact, the duplex scan image of large, 
swollen lymph nodes shows architecture strikingly similar to 
the cross-section of a lymph node that is depicted in pathol-
ogy textbooks. 

 Cysts are slightly echogenic and are best seen in a transverse 
view, where they can be distinguished from the surrounding 
tissue structures. Cysts may be partially compressible and at 
times, may compress an artery or vein, causing an increase in 
peak velocity signals. 

 Duplex scanning holds special value for the evaluation of 
aneurysms, pseudoaneurysms and for the surveillance of 
grafts. In the past 5 years, there has been rapid expansion in 
the use of duplex imaging for the diagnosis and evaluation of 
upper extremity venous thrombosis, arterial suitability, and 
soft-tissue abnormalities and for the evaluation of grafts. 
Requests for examination of the upper extremity have 
increased and this area of clinical interest likely will con-
tinue to expand (Fig.  39.5 ).  

 A multicenter collaborative study that assessed the accu-
racy of lower extremity duplex scanning reported that the 
procedure was 97% sensitive in extremities with positive 
phlebograms  [  29  ] . However, the phlebogram was negative in 
191 extremities and was considered to be incorrect in 6 
instances. Thus the phlebogram was not a perfect standard 
when negative, and the duplex scan was slightly more accu-
rate  [  30,   31  ] . 

 It has not been possible to generate similar data for the 
upper extremity because there is a blind area behind the clav-
icle. Thus a negative duplex scan does not absolutely rule out 
thrombosis of the subclavian vein. In the author’s study, a 
phlebogram was requested when there was doubt; unfortu-
nately, only 10 were obtained. Although all were con fi rmatory, 
it is possible that some subclavian vein thromboses were 
missed. In most cases, however, a negative duplex scan and 
normal Doppler signals in the subclavian vein were accepted 
as evidence of normal venous  fl ow. Rapid-sequence spiral 
CT scanning offers another modality to evaluate this area. 

 In the author’s vascular laboratory, all scans are performed 
with commercially available high-resolution duplex instru-
mentation. Both black-and-white and color scanners are 
used. The interpreting physician grades all scans for quality 
using a three-part system:

    • Poor  indicates that a portion of the scan was not interpre-
table or a segment of the extremity was not visualized.  

a

bb

  Fig. 39.4    ( a ) Acute internal jugular vein partially occlusive DVT. 
( b ) Subclavian vein occlusion       
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   • Fair  indicates that diagnosis could be made but the entire 
extremity was not well visualized.  
   • Good  indicates that all structures were well visualized.    
 Because duplex scanning has become the standard of 

practice to evaluate extremity veins, grading and assessment 
are an important means to ensuring the accuracy and reli-
ability of a vascular laboratory. 

 To perform at the level required for ICAVL certi fi cation, a 
vascular laboratory must conduct phlebography in less than 
10% of patients. Because duplex scanning is signi fi cantly 
dependent on the technologist’s skill, quality control issues 
are central to continuing validation of this test. Formal com-
parison with phlebography is no longer available in this labo-
ratory. When possible, blinded duplicate scanning programs 
by different technologists are used as a method to document 
quality control and improve test reliability. Further, physi-
cians who are responsible for interpreting  fi ndings and over-
seeing the vascular laboratory must be personally skilled in 
the techniques of venous duplex imaging and the use of 

equipment. Finally, better scanner resolution also has 
improved the results of venous duplex imaging  [  32–  37  ] . 

 Catheter-induced thrombosis is an increasingly common 
event because the central veins are used more often for 
access, nutrition, chemotherapy, and monitoring. In the 
author’s study, the most common associated risk factor for 
upper extremity thrombosis was a central or peripheral 
venous catheter. Indwelling catheters and malignancy were 
the most commonly combined risk factors; however, no 
identi fi able risk factors were present in 10% (11/107) of 
patients with thrombosis. Hyperalimentation (TPN) was 
infused in 27% of patients with thrombosis. Further, screen-
ing and venography demonstrate that 30–60% of patients 
with central venous catheters will have a thrombus in the 
axillary subclavian venous segment, and 3% of these patients 
will develop clinically symptomatic subclavian vein throm-
bosis. Pulmonary emboli have been reported in 5–12% of a 
series of upper extremity thrombosis and it is estimated that 
1% of these patients will die. Major vein thrombosis in the 
upper extremities, much like that in the lower extremities, 
may spread from a super fi cial vein into the deep system; 
therefore, upper extremity surveillance of isolated super fi cial 
vein thrombosis (SVT) is recommended  [  38,   39  ] .   

   Comparison of Upper and Lower 
Extremity DVT 

 Thrombosis of the upper extremity has distinct characteris-
tics when compared to the venous thromboembolism of the 
lower extremity. The American DVT Registry Database 
enrolled over 5,000 consecutive adult patients with acute 
DVT between October 2001 and October 2010, which 
reported approximately 11% of patients with UEDVT. The 
database included catheter-related venous thromboembolic 
disease of the upper extremity (6% of total cases), noncathe-
ter-related venous UEDVT (5% of total cases), and lower 
extremity DVT (89% of total cases)  [  40  ] . 

 When compared with lower extremity DVT, UEDVT 
patients were younger, less often white, leaner, had a lower 
body mass index, and most frequently presented with edema 
and less commonly with extremity discomfort, dyspnea, or 
chest pain  [  41  ] . Patients with UEDVT also had symptomatic 
PE less frequently (3% vs. 16%,  P  < 0.001)  [  40  ] . The differ-
ences reported in comparison of lower extremity DVT in the 
upper extremity includes patients less frequently had a fam-
ily history of venous thromboembolism (18% vs. 31%, 
 P  = 0.06) or concomitant PE (8% vs. 31%,  P  = 0.001). 
Additionally, they were less frequently carriers of Factor V 
Leiden (12% vs. 30%,  P  = 0.009) and had lower thrombin 
generation marker levels  [  41  ] . 

 Recurrence occurred in 2 of 50 patients (4%) with UEDVT 
versus 15% of those with lower extremity DVT. After 5 years, 

aa

bb

  Fig. 39.5    ( a ) Transverse and longitudinal view of brachial artery aneu-
rysm, zone 5.5. ( b ) Aneurysmal segment measures 1.40 × 1.65 cm. Note 
the normal diameter vessel to the right of the image       
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the likelihood of recurrence was 2% in the UEDVT patients 
versus 19% among those with lower extremity DVT  [  41  ] . 
Clinical presentation complications of UEDVT including 
embolism recurrence appear to be different from lower 
extremity DVT. A lower rate of symptomatic PE was reported 
in previous studies  [  2,   40,   41  ] . Recurrence of DVT is far 
more likely in patients who have an unprovoked or idiopathic 
DVT  [  2  ] . There are few data to identify individuals with 
idiopathic UEDVT who are at highest risk of recurrence. The 
optimal duration of anticoagulation is not clear. Recurrence 
rates for UEDVT over a period of 3–6 months are very low. 
It is likely that prolonged anticoagulation is not required for 
most patients. It is not possible, however, to identify those 
who are at highest risk of recurrence and who therefore might 
bene fi t from long-term anticoagulation  [  42  ] . 

 Cancer patients who have a central venous catheter have 
an increased incidence of thromboembolism of the arm  [  43  ] . 
The risk in the presence of injury and during the puerperium 
was twofold or more increased although not signi fi cantly. In 
contrast, hormone replacement therapy, unusual exercise, 
travel, and obesity do not increase the risk of UEDVT. 
Hormone users had an increased risk in the presence of pro-
thrombotic mutations or surgery. Obese persons (BMI greater 
than 30 kg/m 2 ) undergoing surgery had a 23-fold increased 
risk of arm thrombosis compared to nonobese persons under-
going surgery. Most risk factors for thrombosis in the leg are 
also risk factors for arm thrombosis  [  43  ] . 

 Unexplained or recurrent UEDVT should prompt a search 
for an inherited hypercoagulable state or underlying malig-
nancy. Upper extremity DVT is frequently asymptomatic 
until complications ensue; a high index of suspicion is 
required for patients with one or more risk factors for throm-
bosis  [  43,   44  ] . 

 Pulmonary embolism and postthrombotic syndrome are 
the most common sequelae of UEDVT. Traditionally, anti-
coagulant therapy is giving way to a multimodal approach 
involving transcatheter thrombolytic therapy followed by a 
minimum 3 months of warfarin sodium anticoagulation, 
venous decompression as needed, and balloon angioplasty 
with stenting for the residual stricture. Low-dose anticoag-
ulant therapy can safely and effectively mitigate the 
increased risk of UEDVT associated with central venous 
catheters  [  44  ] . 

 Gene mutations associated with UEDVT include Factor V, 
prothrombin 20210A, methylenetetrahydrofolate reductase 
MTHFR (C677T1), protein C de fi ciency, protein S de fi ciency, 
 fi brinogen, and antithrombin III de fi ciency. Acquired throm-
bophilias include malignancy, congestive heart failure, preg-
nancy, antiphospholipid syndrome, nephrotic syndrome, 
liver disease, disseminated intravascular coagulation, sepsis, 
heparin-induced thrombocytopenia, vasculitic disorders, and 
in fl ammatory bowel disease. Other risk factors include 
implanted pacemakers, trauma, previous thrombosis, 

antineoplastic agents, oral contraceptives, thoracic outlet 
syndrome, strenuous exercise, and central venous catheter 
use (both percutaneous and subcutaneous)  [  44  ] .  

   Secondary Upper Extremity Thrombi 

 Three different types of thrombi can occur in association 
with central venous catheters. The most common is a “cath-
eter adherent  fi brin sleeve,” which starts at the point of entry 
of the catheter into the vein and extends toward the catheter 
tip, with the length proportional to the duration of the cathe-
terization. Catheter adherent  fi brin sleeves are asymptomatic 
but fragments can detach when the catheter is removed and 
embolize to the lungs. Additional types of thrombi include 
the nonocclusive mural thrombus and thrombus causing 
complete occlusion of the vein  [  44  ]  (Fig.  39.6a, b ).  

 The likelihood of developing catheter related UEDVT is 
also affected by additional mechanical factors including the 
number of punctures during catheter insertion, the number 
inserted and the changing of catheters, the location of the 
catheter tip, the duration of catheterization, the type of cath-
eters used, the type of  fl uid administered, catheter-related 
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  Fig. 39.6    ( a ) Occluded subclavian vein related to catheter ( blue arrow ) 
with collateral  fl ow ( yellow arrow ). ( b ) Catheter adherent thrombus       

 



49339 Venous Duplex Ultrasound of the Upper Extremities

infection, hypercoagulable states, and the presence of con-
gestive heart failure  [  44  ] . Kearns and colleagues found that 
UEDVT occurred in 60% of patients with catheter tips placed 
in the axillosubclavicular and innominate veins compared to 
21% of patients with the tips in the superior vena cava at the 
caval atrial junction  [  45  ] . Koksoy and associates found that 
two factors correlated signi fi cantly with the development of 
central venous catheter related thrombosis. First, the number 
of vein punctures (1 vs. 2,  P  < 0.01) and second the composi-
tion of the infusion solution (crystalloid versus parenteral 
nutrition,  P  = 0.01)  [  46  ] . 

 The incidence of UEDVT with implanted pacemakers has 
been reported to be less than 5%; however, since a large num-
ber of these are asymptomatic the incidence may actually be 
higher  [  44  ] . Upper extremity DVT may also complicate the 
use of peripheral venous catheters and peripherally inserted 
central venous catheters. Intravenous drug abusers also have 
an increased risk of UEDVT, resulting in the spread of 
super fi cial phlebitis to the deep venous system. Occasionally 
drugs may be injected directly into the subclavian vein and 
thrombosis may result from repeated trauma or infection. 
Other reported causes of UEDVT include intravenous 
immune globulin infusion and seat belt injuries  [  44  ] . Another 
study by Bauersachs et al. suggests that ovarian stimulation 
and development of ovarian hyperstimulation syndrome 
(OHSS) are signi fi cant risk factors for the appearance of 
UEDVT. Hemo concentration, increased activation of coagu-
lation, possibly in addition to thrombophilia, and the under-
lying hematologic changes during pregnancy were suggested 
as potential pathophysiologic factors triggering the UEDVT 
during OHSS  [  47  ] . UEDVT has also been reported to com-
plicate coronary artery bypass, whole blood donation and 
ambulatory blood pressure monitoring  [  48–  50  ] . 

 Girolami et al. reported that lung cancer and lymphomas 
represented a majority of cancers found in patients present-
ing with UEDVT  [  51  ] . Ulnar vein thrombosis as a manifesta-
tion of Loa loa  fi lariasis has also been reported  [  52  ] . 
Kuriakose et al. recently reported chest ports and peripheral 
ports have a signi fi cantly associated high incidence of 
UEDVT  [  53  ] . Sarcoidosis may also result in lymphadenopa-
thy, which can cause venous compression. 

 Patients who developed new or worsening central vein 
stenosis or occlusion have signi fi cantly ( P  = 0.03) longer 
catheter dwell times than patients without central vein abnor-
malities. New central vein stenosis or occlusion occurred in 
7% of patients following upper extremity placement of 
venous access devices. Patients with longer catheter dwell 
time as were more likely to develop central vein abnormali-
ties. In order to preserve vascular access for dialysis  fi stulae 
and grafts and adhere to the Dialysis Outcomes Quality 
Initiative guidelines, alternative venous access sites should 
be considered for patients with chronic renal insuf fi ciency 
and end-stage renal disease. This group of authors also 

suggest a 7% risk of developing central vein stenosis or 
occlusion occurs in patients who undergo placement of a 
peripherally inserted central catheter (PICC) or venous infu-
sion port in the upper arm  [  54  ] . In a review of pediatric 
patients, the incidence of DVT related to PICCs 11–50% was 
lower than the incidence related to central venous catheters 
as described in the pediatric literature,  [  55  ] . 

 In patients receiving chemotherapy the cytotoxic effects 
of 5- fl uorouracil on the vascular endothelium are the likely 
link to thrombotic complications. Alternative methods for 
administering chemotherapy should be considered, namely 
continuous infusion versus bolus dose administration  [  56  ] . 
Thrombosis rates associated with PICC may be as low as 
3.9%. The smallest acceptable catheter diameter should be 
used to decrease the incidence of thrombosis  [  57  ] . Thrombosis 
may be a complication of central venous catheter-associated 
 Staphylococcus aureus  bacteremia. In 2008, Crowley et al. 
suggested that patients with central venous catheter-associ-
ated with  S. aureus  bacteremia should undergo ultrasound to 
detect thrombosis even if physical examination is normal 
 [  58  ] . Hemostasis at the puncture site for transradial cardiac 
catheterization using an Elastoplast compression bandage 
supported by a tourniquet has also been reported to cause 
UEDVT  [  59  ] . Circumferential taping should be avoided.  

   Treatment 

 The treatment of primary and secondary UEDVT is undergo-
ing evolution but upper extremity DVT should not be consid-
ered a benign event. Risks factors for UEDVT associated 
with the use of central venous catheters in cancer patients 
were identi fi ed by Verso et al. Using logistic regression, they 
found that 50 of 310 (16.1%) had either the catheter tip mis-
placed in the upper half of the superior vena cava, left-sided 
central venous catheter insertion, or chest radiotherapy as 
independent risk factors for thrombosis. In addition to these 
risk factors, the presence of distant metastatic disease 
increased the risk of thrombosis in patients compared to 
those receiving placebo  [  60  ] . 

 In cancer patients treated with chemotherapy, 7.3% had 
VTE during or within 3 months of chemotherapy treatment. 
The annual incidence was 10.9%. The incidence of VTE was 
speci fi cally high in patients treated with a combination of 
 fl uorouracil and leucovorin because of colorectal cancer. 
Trials are underway to evaluate the use of prophylactic anti-
coagulant treatment in this study group  [  61  ] . 

 Approximately 30% of all primary UEDVTs are associated 
with exercise induced venous compression, 20% with throm-
bophilic defects and 26% with oral contraceptives. Obesity 
and hyperlipidemia do not appear to be associated with 
primary UEDVT  [  62  ] . The debate exists over UEDVT as a 
manifestation of a hypercoagulable state. In a patient with 
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 primary UEDVT, screening for de fi ciencies in antithrombin 
III, protein C, protein S, and APC resistance would not be 
justi fi ed although it might be reasonable to determine if the 
carrier state of prothrombin G20210A mutation is present for 
oral contraceptive users as this has been shown to increase the 
risk  [  63  ] . 

 In a meta-analysis of the impact of inherited thrombo-
philia on venous thromboembolism in children, it was found 
that 11.4% of children with nonidiopathic thrombosis, over-
all regardless of their thrombophilic status developed a sec-
ond VTE. Secondary events were mainly in adolescents and 
occurred in approximately 80% of affected children after 
withdrawal of anticoagulant therapy. In the present meta-
analysis, a signi fi cant association with recurrent VTE in chil-
dren was found for protein C, protein S, and antithrombin 
de fi ciency, the Factor II variant; and two or more genetic 
traits. Pediatric carriers of the Factor V mutation or elevated 
lipoproteins (a) did not show an increased risk for recurrent 
VTE in this present analysis  [  64  ] . 

 D-dimer may have very limited usefulness in clinical 
management of the patient with suspected UEDVT. There is 
limited speci fi city in patients with UEDVT. There is a high 
prevalence of cancer, permanent catheter, and inpatients in 
this population with signi fi cant concomitant disease, all of 
which can contribute to elevated D-dimer levels  [  65  ] .  

   Conclusions 

 Upper extremity DVT should no longer be regarded as an 
uncommon or benign disease. It is usually associated with 
risk factors including central line, malignancy, coagula-
tion defects; however, up to 20% of UEDVTs are appar-
ently spontaneous. The clinical picture is characterized by 
swelling, pain, and functional impairment, although 
UEDVT may be completely asymptomatic. Up to 36% of 
patients develop PE, which may be fatal. Postthrombotic 
sequelae and recurrent thromboembolism are frequent 
complications. Unfractionated or low-molecular-weight 
heparin followed by anticoagulation should be regarded 
as the treatment of choice. Thrombolysis and surgery may 
be indicated in select cases. Prophylaxis with low-dose 
heparin or low-dose warfarin therapy is necessary when-
ever central venous catheters are positioned  [  66  ] . 

 Despite active treatment PE and postthrombotic syn-
drome may arise during follow-up with patients. Pulmonary 
embolism may develop in up to 36% of cases and appears 
to be more frequent in patients with central venous cathe-
ters. Mortality rate in patients with UEDVT range from 
10% to 50% and are mainly related to underlying condi-
tions such as end-stage cancer and age. Fatal PE may 
occasionally contribute to the overall mortality rate  [  66  ] . 

 In the most recent CHEST guidelines looking at clinical 
outcomes of patients with UEDVT and results from the com-
puterized Registry of patients with Venous Thromboembolism 
(RIETE) it was concluded that patients at presentation with 

UEDVT have less often clinically overt PE than those with 
lower limb DVT but their 3-month outcome is similar. 
Among patients with UEDVT, those with cancer have a far 
worse outcome  [  67  ] . 

 Dr. Hingorani and colleagues recently tried to pre-
dict morbidity and mortality associated with UEDVT 
based on thrombus location and treatment. They con-
cluded that contrary to the initial hypothesis of a rela-
tionship between the site of the thrombosis and 
incidence of PE and mortality, their data demonstrated 
no statistical differences in mortality or incidence of PE 
among the groups studied. Additional data suggested 
that both isolated internal jugular and isolated brachial 
DVT needs to be treated with equal consideration com-
pared to other sites of UEDVT. Since many of these 
patients with UEDVT did not die of clinically apparent 
PE but rather multiorgan system failure, UEDVT may 
be thought of as a marker for the severity of systemic 
illness of the patient rather than just as a cause of venous 
thromboembolism  [  68  ] . 

 Outpatient low-molecular-weight heparin may be 
safely used for treatment of UEDVT  [  69,   70  ] . In looking 
at the hemodynamic and morphologic evaluation and 
sequelae of primary UEDVT treated with anticoagulant 
therapy, patients who were treated conservatively had 
signi fi cantly reduced venous out fl ow capacity and a resid-
ual thrombus was common. Swelling of the arm was the 
most common symptom and one-third had a moderate 
grade of postthrombotic syndrome. However, there was 
no clear relation between hemodynamic and morphologic 
factors and the development of postthrombotic syndrome 
in this study, which was limited to 31 patients with a mean 
follow-up of 5 years after the acute DVT episode  [  71  ] . 
Symptomatic UEDVT carries a low risk of recurrent 
thromboembolism. The rates of recurrent thromboembo-
lism and postthrombotic syndrome are lower than those 
observed in cohorts of patients with thrombosis of the 
lower extremities  [  72  ] . The  fi rst step in treatment is to 
establish vessel patency. Evaluation of the need for contin-
ued catheter use is critical (see Fig.  39.7 ). The treatment 
for primary proximal UEDVT is presented in Chap.   40      .  

 Postthrombotic syndrome of the upper extremity is 
associated with signi fi cant functional disability and 
reduced quality of life. Patients in whom the dominant 
arm is involved appear to fare much worse than those who 
have involvement of the nondominant arm. This study 
used the Villalta postthrombotic scale modi fi ed for the 
upper extremity to diagnose the postthrombotic syn-
drome. Patients also completed questions on degree of 
functional disability (DASH questionnaire) and generic 
(SF-36) and disease-speci fi c (VEINES-QOL) quality of 
life surveys. Larger prospective studies to identify prog-
nostic factors that lead to postthrombotic syndrome after 
UEDVT are needed  [  74  ] .  

http://dx.doi.org/10.1007/978-1-4471-4005-4_40
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   Summary 

 The growing number of uses for duplex imaging for upper 
extremity veins and arteries has expanded the indications 
and frequency of the application  [  75  ] . Currently, upper 
extremity venous imaging and duplex scans are used to assist 
peripherally inserted central catheter (PICC) line and central 
line insertion. Duplex imaging can also facilitate access to 
central veins for lytic treatment. Increasingly, upper extrem-
ity venous imaging is moving not only from the diagnostic 
realm but also into that of therapeutics and treatment. 

 Duplex imaging is a practical method of diagnosis for 
upper extremity venous thrombosis. The small mass of the 
upper extremity, as compared to the lower extremity, makes 
scanning easier and more likely to be accurate. Upper extrem-
ity venous imaging can effectively assist in the diagnosis of 
a spectrum of conditions including aneurysms, cysts, hemor-
rhages, and thrombosis of grafts. Although the blind area 
behind the clavicle requires careful insonation, the area may 
be decreased by recent color- fl ow imaging. Still, thorough 
evaluation of the Doppler signal in this area is important in 
preventing false-negative interpretations of central vein 
thrombosis. The use of duplex scanning is growing to include 
the evaluation of upper extremity abnormalities and arterial 
anomalies. This growth is expected to increase as venous 
imaging proves useful in diagnostic, as well as therapeutic 
and treatment situations. 

 Upper extremity DVT is an increasing clinical problem 
which requires immediate and accurate diagnostic techniques. 

Optimal treatment for upper extremity thrombosis is not 
known with certainty. Two general goals of therapy are to 
alter propagation of thrombi and reduce the risk of secondary 
events. Secondary treatment aims to allow recanalization of 
thrombus, which should ideally preserve normal anatomy. 
Patients with secondary thrombosis rapidly become asymp-
tomatic with use of anticoagulant therapy and removal of the 
thrombogenic stimulus, for instance the catheter. 

 Superior vena caval  fi lter placement should be considered 
if the patient cannot tolerate even a small PE, anticoagulation 
is contraindicated, anticoagulation therapy fails to prevent 
embolization, or the patient suffers a major bleeding episode 
while undergoing anticoagulation therapy. The Green fi eld 
 fi lter is the best  fi lter for this location. 

 In general, therapy for primary thrombosis is directed at 
minimizing long-term sequelae of venous insuf fi ciency, 
often requiring a multimodal approach. There is a spectrum 
of four different treatment options available for UEDVT, 
including anticoagulant therapy,  fi brinolytic therapy, surgery, 
or interventional radiology techniques. 

 Evidence from large clinical trials is lacking. Anticoagulant 
therapy is however considered to be the cornerstone of ther-
apy for thrombosis of the upper extremities. There are a few 
studies that have prospectively compared the safety and 
ef fi cacy of anticoagulant therapy and thrombolytic therapy. 
The advantages of thrombolytic therapy are more complete 
resolution to thrombi and better restoration of patency of the 
veins. It is assumed and has been shown in small studies that 
patent veins will result in fewer postthrombotic complica-
tions. The great disadvantage of  fi brinolytic therapy is the 

*Standard therapy = 5–7 days heparin followed by more than 3 months Vit K antagonist
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  Fig. 39.7    Algorithm for therapy of deep vein thrombosis of the upper extremities (Modi fi ed from Baarslag et al.  [  73  ] . With permission from 
Springer-Verlag)       

 



496 J.M. Lohr

greater risk of bleeding. Catheter-directed thrombolysis may 
decrease the risk of bleeding; however, there are no con-
trolled trials or more recent data looking at either systemic 
thrombolysis or catheter directed thrombolysis in patients 
with UEDVT. Data on mechanical thrombolytic therapy is 
also severely lacking. 

 In patients with secondary thrombosis, maintenance of 
venous patency is mandatory for indwelling lines and life 
support, for each restoration of  fl ow is vital. In addition, 
preservation of the functional line can be achieved. Venous 
mechanical thrombectomy does appear to be safe and is easy 
to perform with good immediate results. Multimodality ther-
apy including surgical intervention may be needed in effort 
vein thrombosis or to reestablish venous patency  [  73  ] . The 
treatment of UEDVT is continuing to evolve.      
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   Introduction 

 The thoracic outlet is an area encompassing the structures 
above and below the  fi rst rib. It provides passage for the axil-
lary and subclavian artery, subclavian vein, and brachial plexus 
as they travel from the neck and chest down the upper arm  [  1  ] . 

An abnormality anywhere along this pathway can result in 
impinged blood  fl ow, impaired neurologic transmission, or 
combination of both, which ultimately results in a condition 
known as thoracic outlet syndrome (TOS). The term TOS was 
 fi rst used in 1956 by Peete, and remains in use today for a 
complex array of signs and symptoms  [  2  ] . Two of the most 
common culprits in aggravating this syndrome are enlarge-
ment of the muscles within the scalene triangle, speci fi cally 
the scalene anticus, and abnormalities of the  fi rst or cervical 
ribs, which is seen in about 10% of the population  [  3  ] . 

 The clinical symptoms of TOS can vary depending on the 
type of structure compressed and therefore is divided into 
two subgroups: neurologic TOS and vascular TOS. The 
symptoms in both groups are primarily brought on by changes 
in arm position, which compress blood vessels and/or nerves 
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in the thoracic outlet  [  4  ] . Neurogenic TOS is the most common, 
seen in 95% of cases, and results when there is compression 
of the brachial plexus with positional changes of the arm. 
Clinically in this group of patients, the presentation of neuro-
genic TOS can be vague. Symptoms can range in severity 
from parethesias and intermittent aches of the arm and hand 
to severe weakness, fatigue, and wasting of the hand or fore-
arm muscles. An initial conservative approach to treatment is 
taken in this patient population. The focus is primarily on 
physical therapy and scalene block with possible consider-
ation for an operation based on the outcome of nonsurgical 
management. Conversely, vascular TOS, although less com-
mon, results in the compression, irritation, or direct injury of 
the subclavian vein or artery and the symptoms are well 
established  [  5  ] . In the acute stage, symptoms of venous TOS 
include pain, swelling, and cyanosis. Subclavian vein com-
pression in TOS is the potential cause of axillosubclavian 
thrombosis, also known as Paget–von Schroetter syndrome 
or “effort thrombosis.” [  4  ]  Effort thrombosis is an uncom-
mon, but not rare entity. The annual incidence reported is 
estimated at about 2 per 100,000 people  [  6  ] . The incidence of 
venous TOS is 3%. Arterial TOS is even rarer and the least 
frequently encountered form of TOS at 1% incidence. 
Clinically, acute arterial TOS presents differently from 
venous TOS with common symptoms of ischemic  fi ngers 
and severe arm claudication. Both the venous and arterial 
groups of patients are managed aggressively with a surgical 
approach compared to the neurogenic TOS group. 

 In the nonacute stage, the majority of the vascular TOS 
patients present clinically with the same vague symptoms as 
the neurogenic TOS patients, making diagnosis and subse-
quent treatment dif fi cult. Noninvasive testing combined with 
a detailed history and thorough physical examination are the 
initial steps in differentiating and diagnosing when patients 
present with clinical symptoms of TOS without a clear etiol-
ogy established. 

 Useful physical examination tools to determine the pos-
sible extent of compression within the thoracic outlet 
include the Elevated Arm Stress Test (EAST), Adson’s test, 
assessing for scalene tenderness, upper extremity strength, 
and range of motion. Initially plain X-ray studies of the 
chest and cervical spine should be obtained. These X-rays 
provide important information regarding the evidence of 
cervical ribs, rudimentary ribs, and abnormal transverse 
processes  [  7  ] . 

 The EAST involves the patient elevating their arms over-
head at 90° while moving each  fi nger tip to the thumb as 
rapidly as possible until stopping by command, reproduction 
of symptoms, or fatigue. TOS patients will often complain 
during the EAST examination of some combination of pain, 
parethesias, and pallor of the affected hand  [  1  ] . Normally, 
patients without TOS can perform the EAST for 3 min. This 
test replicates in most TOS patients the same symptoms they 

have been experiencing in their daily lives and is highly 
 valued in the initial assessment process. The Adson’s maneu-
ver is also used as a means of evaluating for TOS. This test is 
performed with patient sitting upright while the clinician 
palpates the radial pulse. The patient is then asked to turn 
their head toward the symptomatic side while inhaling. If the 
radial pulse on the affected side decreases signi fi cantly or 
disappears, the test is considered positive. However, a posi-
tive Adson’s test can occur in the asymptomatic patient and 
so this  fi nding alone can be used to support but not con fi rm 
arterial TOS  [  8  ] . 

 For many years, the physical examination and indirect 
physiological examination were the only noninvasive ways 
to evaluate these clinically suspicious TOS patients. However, 
with rapidly changing advancements in ultrasound technol-
ogy, a greater emphasis is being placed on this modality in 
establishing a TOS diagnosis. Direct imaging and  fl ow anal-
ysis of the upper extremity vasculature is growing in favor as 
a reliable diagnostic tool in the clinically suspicious TOS 
patient.  

   Indirect Physiological Testing 

 Historically the role of the noninvasive laboratory in a patient 
with a clinical suspicion of TOS has been limited to physio-
logical nonimaging tests speci fi c to the arterial compression 
component of this syndrome. Plethysmographic techniques 
and Doppler waveform analysis with arm maneuvers have 
been utilized to detect arterial changes with this testing 
modality. To detect changes in blood  fl ow in the subclavian 
artery, three techniques have been heavily utilized including: 
a photoplethysmograph sensor (PPG) placed on the patient’s 
index  fi nger, continuous wave Doppler is used to monitor the 
radial artery, and brachial cuff is applied to monitor plethys-
mographic pulse volume waveforms  [  9  ] . Waveforms are 
obtained at rest and then the patient’s arm is moved into vari-
ous positions while the pulsations are documented at each 
position. 

 Standard positioning to examine plethysmographic pulses 
in the radial artery requires the patient to sit erect on the 
examination table with their legs dangling off. The patient is 
asked to remain relaxed with hands in their lap for resting 
waveforms. The patient is then asked to place their arms at a 
90° angle in the same plane as the torso, 180° angle in the 
same plane as torso, and in an exaggerated military stance. In 
addition, the Adson maneuver positioning is included in the 
TOS protocol of many vascular labs. Adson maneuver posi-
tioning is described as exaggerated military stance with head 
turned sharply toward the arm being tested initially and then 
with the head turned sharply away from the arm being tested. 
During all of these maneuvers, the arterial waveforms are 
obtained for interpretation and analysis. Additionally, since 
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TOS is often bilateral, the patient’s noninvasive testing 
should include examination of both arms. 

 In the normal patient, the initial resting waveform is main-
tained throughout the various arm positions; however, if the 
initial resting waveform changes with any of the patient’s 
arm positions this is considered abnormal. The change in the 
waveform can be as subtle as a partially reduced waveform 
and as obvious as a completely obliterated waveform (see 
Fig.  40.1 ). It has been estimated that as high as 25% of 
asymptomatic patients have an abnormal test in some of the 
positions outlined  [  10  ] . This fact, in addition to the disagree-
ment among vascular clinicians regarding how to treat the 
symptomatic patient with abnormal waveforms during non-
invasive physiological test, additional testing modalities are 
sought by many to con fi rm the diagnosis of TOS.   

   Direct Testing with Duplex Ultrasound 

 Duplex ultrasound has become increasingly accepted as a 
diagnostic tool in the evaluation of patients suspected of 
upper extremity arterial disease and venous thrombosis in 
the vascular community for well over 10 years. With the 

recent vast improvements in ultrasound equipment, there has 
been considerable emphasis placed on the expanded role of 
duplex imaging in the upper extremity. Advances in gray-
scale resolution and color Doppler technology permit direct 
visualization of thrombus, stenosis, collateral vessels, as well 
as sensitive spectral waveform analysis  [  11  ] . These recent 
advances have greatly reduced, if not eliminated, in most 
patients, the previous upper extremity ultrasound challenges 
of insonating the area under the clavicle. With these advance-
ments in duplex imaging, the noninvasive vascular lab has 
the potential to help aid in the con fi rmation, treatment, and 
follow-up care of patients who present with the clinical sus-
picion of TOS. 

 Recent studies have been directed toward de fi ning the 
role of duplex imaging and color Doppler ultrasound with 
and without maneuvers in diagnosing patients suspected of 
vascular TOS. In 2001, Wadhwani et al.  [  15  ]  reported on 
the effectiveness of duplex imaging with color Doppler 
ultrasound with maneuvers in  fi ve patients clinically sus-
pected of arterial TOS. In 2009, Pacheco et al. published a 
case study that demonstrated comparable results of duplex 
ultrasound examination with abduction maneuvers to diag-
nose venous TOS  [  5  ] . Ultimately, both studies found the 
changes in Doppler waveforms and velocities with and 
without maneuvers to be an effective method in con fi rming 
vascular TOS.  

   Our Clinical Experience or Experience 
from Our Institution 

 As a referral center for TOS at a university medical center, 
we have seen and evaluated well over 1,000 patients for TOS 
in the past 6 years. Working closely with the vascular surgery 
clinical team, our Intersocietal Commission for the 
Accreditation of Vascular Laboratories (ICAVL) accredited 
Non-Invasive Vascular Lab has gained extensive experience 
in the evaluation, diagnosis, treatment and follow-up of this 
large volume of TOS patients. A total of 312 patients have 
undergone thoracic outlet syndrome surgical intervention 
between January 2004 and June 2010. Noninvasive vascular 
lab studies were performed on these patients as part of the 
initial evaluation process based on an established algorithm 
(see Fig.  40.2 ).  

   TOS Ultrasound Evaluation 

 All venous and arterial TOS ultrasound examinations were 
performed by the use of a Phillips iU22 or Phillips 5000 
(Bothell, WA) with an 8–4 MHz linear array and 8–5 MHz 
curved array transducer by a registered vascular sonographer 
in an ICAVL accredited lab.  

Gain:100%

Gain:100%

b

c

a

Gain:100%

Amp: 12 mm

Amp: 29 mm

Amp: 1 mm

  Fig. 40.1    Photoplethysmographic waveforms (PPG). ( a ) Normal 
waveforms. ( b ) Borderline abnormal with partial attenuation of wave-
forms. ( c ) Abnormal with complete  fl attening of the waveforms       
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   TOS Protocol 

 The examination begins with the patient supine, arms relaxed 
in the neutral resting position, and without any elevation of 
the head. Evaluation of the patient’s symptomatic side is 
performed  fi rst with head turned slightly to the contralateral 
side. The transducer is placed in the transverse plane on the 
patient’s neck and the internal jugular vein (IJV) is identi fi ed. 
The IJV is examined with gray scale imaging with and with-
out compression cephalad to caudad to evaluate for the pres-
ence of occlusive or nonocclusive thrombosis. The IJV is 
then examined with color Doppler imaging in the longitudi-
nal plane, taking care not to induce manual compression on 
the vein. Doppler waveform tracings are obtained during 
quiet respiration. The transducer is then moved back into the 
transverse plane in the mid-neck region and the IJV is fol-
lowed inferiorly to the junction of the proximal subclavian 
vein. The ultrasound probe is placed transversely and slightly 
medially just superior to the proximal part of the clavicle for 
the complete evaluation of the proximal subclavian vein. In 
gray scale, the proximal subclavian vein is examined with 
and without compression to assess for the presence of occlu-
sive or nonocclusive thrombosis. Doppler angle correction 

is then utilized in order to obtain waveform and velocity 
measurements during quite respiration in this proximal 
region of the subclavian vein. The transducer is then reposi-
tioned beneath the clavicle and directed medially to identify 
and evaluate the mid to distal portion of the subclavian vein 
as it travels beneath the clavicle in the costoclavicular space 
 [  12  ] . Attention is directed to the location of the subclavian 
vein as it relates to the subclavian artery. Anatomically, the 
subclavian vein normally lies super fi cial and caudal to the 
subclavian artery and courses with the artery when imaged 
in the transverse plane  [  13  ] . Any deviation in expected ana-
tomic location or inability to identify the subclavian vein 
should be documented. Identifying the location of subcla-
vian vein to its adjacent subclavian artery is important in 
differentiating the main vein from enlarged venous collater-
als in the subclavicular area (see Fig.  40.3 ). Gray-scale 
imaging with and without compression is performed to 
assess for the presence of occlusive or nonocclusive throm-
bus in the mid-distal subclavian vein. Color Doppler imag-
ing is then utilized with the probe in the longitudinal plane 
to evaluate for color  fi lling in the mid through distal subcla-
vian vein. Any reduction or absence of color  fi lling in the 
vein in this region is documented. Doppler angle correction 

Algorithm for evaluation of suspected Thoracic Outlet Syndrome

Physical evaluation and X-ray

Unknown etiology

VenousArterial

Vague symptoms to include
Intermittent aches, Severe Weakness
or fatigue of upper extremityKnown arterial thrombus, ischemic

changes or Severe arm Claudication

TOS arterial duplex
TOS venous duplex

Stenosis, dilatation, increased or
decreased arterial velocity by 50%

Non-significant
change with Positive
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Non-significant
change with negative
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Conservative Management OperationOperationOperation

Positive Response Negative Response

Scalene Block

Confirmation of thrombus,
50% velocity decrease or complete loss of

doppler signal

TOS Venous and arterial duplex

Known venous thrombosis, arm swelling or
cyanosis

  Fig. 40.2    Algorithm for evaluation of suspected thoracic outlet syndrome       
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  Fig. 40.3    ( a ) Duplex image of normal anatomic position of subclavian vein and artery. ( b ) Duplex scan demonstrating abnormal occluded sub-
clavian vein with large collateral vein. ( c ) Corresponding venogram con fi rming occluded subclavian vein with large collateral       
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is then utilized in order to obtain waveform and velocity 
measurements during quiet respiration in the distal region of 
the subclavian vein just proximal to the con fl uence with the 
cephalic vein.  

 Next, duplex ultrasound imaging is performed to evaluate 
the axillary vein. For consistency purposes within a lab, the 
axillary vein is de fi ned as the vein just distal to the con fl uence 
of the cephalic and subclavian vein. The axillary vein contin-
ues to the armpit or axilla. The axillary vein lies medial and 
inferior to the axillary artery in its normal anatomic position. 
It is important to identify the location of the axillary vein in 
relationship to the axillary artery in transverse. This view is 
necessary in order to differentiate the axillary vein from the 
presence of any possible enlarged venous collaterals. The 
cephalic vein can be confused with the axillary vein in the 
clinical setting of axillary vein thrombosis  [  11  ] . Both gray 
scale and color Doppler imaging are performed with and 
 without compression to asses for occlusive or nonocclusive 
thrombus of the axillary vein. Doppler analysis with angle 
correction is then utilized in order to obtain waveform and 
velocity measurements during quite respiration in the axil-
lary vein. 

 All studies are bilateral using the same TOS venous pro-
tocol described previously. We have noted from our experi-
ence, similar to the Rochester, NY group, that a signi fi cant 
number of patients experience venous compression of the 
contralateral side warranting a bilateral examination  [  14  ] . 

 For patients who are suspected to have an arterial compo-
nent of TOS by means of physical and clinical examinations, 
a scanning technique similar to the venous TOS protocol is 
employed. As with venous TOS examination, the anatomic 
location and course of the upper extremity vessels should be 
carefully noted and documented. Examination in gray scale 
and color  fl ow imaging of the subclavain artery and axillary 
artery is done to assess for nonocclusive or occlusive throm-
bus and evidence of stenosis or vessel dilatation. Angle-
corrected Doppler analysis and velocity measurements are 
documented in the subclavian and axillary artery. 

 Duplex imaging  fi rst must assess for acute and/or occlu-
sive thrombus in the subclavian and axillary vein or artery 
with patient’s arm in the neutral position. Once this has been 
established, attention is directed toward assessing for any 
changes of velocities in these vessels with patient’s arm in 
full abduction. The transducer is positioned once again 
beneath the clavicle and directed medially to visualize the 
distal subclavain and proximal axillary vein, or artery if clin-
ically indicated, in the resting position. Next the patient is 
asked to slowly abduct their arm while visualization of the 
vessel is maintained during the maneuvering. Once the 
patient has fully abducted their arm, an angle-corrected 
Doppler waveform and velocity is obtained in these locations 

in both the veins and/or arteries (see Figs.  40.4  and  40.5 ). 
Gray-scale and color Doppler imaging are performed as well 
to access for any stricture of these vessels.     

   Diagnostic Interpretation of TOS 
Duplex Examination 

 Venous compression is diagnosed when a 50% or greater 
reduction in velocities is demonstrated or when there is a 
complete loss of Doppler signal in subclavain and/or axillary 
vein upon arm abduction maneuvers (see Table  40.1 ). An 
increase in velocities in the subclavian and axillary vein from 
resting position to abduction is not considered to be signi fi cant 
evidence for venous narrowing.  

 Normal velocities in the subclavian and axillary artery are 
in the range of 50–110 cm/s  [  15  ] . Aneurysmal dilatation or 
stenosis in the subclavian or axillary artery are measured and 
documented. The diagnostic criterion for signi fi cant arterial 
compression is based on a 50% or greater increase or decrease 
in these normal velocities or complete cessation of  fl ow in 
the subclavain and/or axillary artery during arm abduction 
maneuvers (see Table  40.2 ) .    

   TOS Postoperative Protocol 

 Noninvasive testing is also useful in assessing a patient’s 
progress after surgical intervention, particularly in the vas-
cular TOS group. Patients with TOS complicated by a 
venous thrombosis undergo a venogram 2 weeks after the 
operation to determine vessel patency and venoplasty is 
done as indicated to dilate the vein. If dilation occurs, the 
patient remains on warfarin bridged to subcutaneous hepa-
rin  [  16,   17  ] . A follow-up upper extremity venous duplex 
with maneuvers is done 1 month after the venogram to 
reevaluate vessel patency. If there is no  fl ow within the vein 
with abduction maneuvers, the patient remains on this medi-
cation and follows up in vascular lab for duplex imaging 
reassessment. We feel this residual compression, seen on 
duplex, is due to postoperative in fl ammation, which sub-
sides practically in all patients by 8–12 weeks after surgery. 
Once  fl ow within the vessel is con fi rmed, the patient will 
undergo vascular lab studies at 6 and 12 month intervals. 
This vascular lab noninvasive duplex imaging study with 
maneuvers and velocity measurements is instrumental in 
guiding the surgical team when making recommendations 
for the duration of anticoagulation medication. Patients who 
have hypercoagulable disorders, such as Factor V Leiden, 
may need lifelong anticoagulation and their needs are 
addressed on an individual basis. 
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 Noninvasive testing is also useful in monitoring the prog-
ress of a patient postoperatively with arterial TOS. Patients 
have their  fi rst follow-up study 1 month after surgery. For the 
arterial TOS patients who required an upper extremity bypass 
graft duplex scanning, established protocol and frequency of 
studies are followed thereafter. The arterial patients who pre-
sented with embolization of the upper extremity will remain 
on anticoagulation for 6 months with follow-ups including 
vascular lab evaluations at 6 and 12 month intervals after 
embolization. 

 The results of these noninvasive vascular imaging evalu-
ations are useful in determining how the vessel is recovering 

from vascular compression associated with TOS. During 
the recovery period, if the patient complains of persistent 
pain, currently prescribed refractory pain management is 
done or begins to experience vascular changes in the upper 
 extremity, aggressive management is undertaken with an 
appointment made as quickly as possible with the vascular 
lab. Obtaining either an upper extremity venous or arterial 
duplex with maneuvers, depending on the diagnosis, is 
essential to determine vessel health. The data received from 
this test gives the surgical clinician accurate information in 
order to plan the next step of the treatment plan in the TOS 
vascular group.  

a

b

  Fig. 40.4    ( a ) Normal venous  fl ow velocities 
at rest. ( b ) Abnormal (complete cessation 
of  fl ow) venous  fl ow velocities with 
maneuvers       
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a

b

  Fig. 40.5    ( a ) Normal arterial  fl ow velocities 
at rest. ( b ) Abnormal (>50% increase) 
arterial  fl ow velocities with maneuvers       

   Table 40.1    Venous TOS diagnostic interpretation   

 Normal  Abnormal 

 Veins are free of echoes  Veins have echogenic or echolucent material (nonocclusive or 
occlusive) 

 Color  fl ow  fi lls lumen  Absent or reduced color  fi lling 
 Vein walls collapse where anatomically appropriate with slight probe 
pressure 

 Noncompressible or spongy compression of the vein walls where 
anatomically appropriate 

 Normal spontaneous and phasic Doppler signal at rest and with 
abduction 

 Vein maybe dilated 

 No signi fi cant change or loss in velocities from resting position to 
abduction 

 Possible collaterals veins demonstrated 
 Absent, continuous or nonphasic Doppler  fl ow signal at rest 
 Signi fi cant change in velocities from resting position to abduction 
  50% Decrease in velocities from resting 
  Complete loss of Doppler signal or a velocity of 0 
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   Conclusion 

 The role of the noninvasive vascular laboratory in the 
evaluation of patients with thoracic outlet syndrome has 
been expanded and perfected over the years. The use of 
color duplex imaging is con fi rmatory in identifying sub-
clavian as well as axillary vein thrombosis avoiding more 
expensive computed tomography scans and magnetic res-
onance  imaging. In cases where there is signi fi cant arte-
rial compression, demonstrated by color duplex imaging 
with abduction maneuvers, the patient can be operated on 
in a timely manner to prevent thrombosis or embolization. 
Subclavian artery aneurysms can also be easily visualized 
which avoids other expensive scans with radiation expo-
sure. Postop eratively, color duplex imaging can evaluate 
patency of vessels and help determine the length of time 
anticoagulation should be employed. The mastery of TOS 
duplex imaging does require dedication and experience. 
Attention to the anatomic relationship of upper extremity 
vessels and close evaluation of velocity measurements 
with abduction maneuvers are key diagnostic tools 
obtained in the noninvasive vascular laboratory for the 
con fi rmation, treatment, and follow-up of TOS.      
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  Abstract 

 Chronic venous disease is very prevalent and has signi fi cant socioeconomic impact in the 
society. After physical examination is performed duplex ultrasound (DU) has become the 
method of choice for evaluating venous disease. This is because it is noninvasive, portable, 
easily repeatable, has great resolution, evaluates anatomy and function, offers very good 
differential diagnosis, and has relatively low cost. DU examination should be performed 
with the patient in the standing position to increase its diagnostic yield. Cutoff values for 
venous re fl ux have been established and generally accepted with a retrograde  fl ow of 
>500 ms for super fi cial, deep calf veins, deep femoral, and perforator veins and >1,000 ms 
for common femoral, femoral, and popliteal veins. Anatomic variations in both the 
super fi cial and deep venous systems are very common (i.e., duplication of the popliteal or 
femoral vein, hypoplasia of the great saphenous vein); hence, careful examination is man-
datory. Segmental re fl ux has a mild to moderate clinical presentation, while extensive 
involvement is associated with skin changes. Around 80% of patients with chronic venous 
disease have re fl ux alone, 17% have re fl ux and obstruction, while obstruction alone is 
uncommon. The combination of re fl ux and obstruction has usually the worst prognosis. 
Site-speci fi c DU examination is important in tailoring therapeutic interventions according 
to pertinent  fi ndings. DU is important for obtaining venous access, performing endovenous 
ablation, foam sclerotherapy, while it can also be useful for vein angioplasty and stenting, 
insertion of inferior vena cava  fi lters, and guide thrombolysis. The introduction of intravas-
cular ultrasound has facilitated the development of strategies to overcome limitations of 
ultrasound technology. Examination of lower extremities can be challenging especially in 
obese patients, in the presence of edema, while inability of the patient to cooperate during 
the examination can impact the quality of testing. Despite these limitations, DU remains the 
standard of care in detecting vein disease.  
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   Introduction 

 Venous re fl ux is de fi ned as retrograde blood  fl ow which is 
in the opposite direction from physiological centripetal 
 fl ow  [  1  ] . Retrograde  fl ow occurs physiologically just before 
valve closure and pathologically due to valve absence or 
incompetence. 
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 Pathologic etiologies include vein dilatation, post-
thrombotic recanalization, or local in fl ammation and remod-
eling  [  2,   3  ] . Physiologic venous  fl ow reversal accounts for 
the fraction of the second that it takes for the valve lea fl et 
apposition  [  2  ] . However, acceptable physiologic  fl ow rever-
sal is diverse for different veins. This may be due to the fact 
that larger veins have a larger diameter and fewer valves 
compared to smaller ones; hence, the expected time for their 
valve lea fl ets to come together is longer. Venous valves are 
typically bicuspid and they are implemented to direct the 
 fl ow from the super fi cial to the deep system and from proxi-
mal to distal. These valves along with the venous “pump” are 
major determinants of venous  fl ow  [  4  ] . 

 Currently, the best way to evaluate venous re fl ux is by 
Duplex ultrasound (DU). Its superiority over contrast-enhanced 

venography has been demonstrated in several studies  [  5–  11  ] . 
During the ultrasound examination, color- fl ow imaging is 
used to detect the artery (red) and then the adjacent veins 
(blue). Absence of retrograde color  fl ow on release of the 
compression indicates competent valves, while the appear-
ance of red color in the vein indicates the presence of re fl ux 
(Fig.  41.1 ). The latter is documented by recording the 
Doppler waveform. Multi-frequency linear array transducers 
are typically used for assessment of super fi cial and deep 
re fl ux. For veins located within 1 cm of the skin, high-fre-
quency transducers are used with ample gel to facilitate 
imaging. For veins located >6 cm from the skin, a 3-MHz 
transducer is preferred. This is necessary for the deep veins 
in obese patients and in the scanning of the abdominal and 
pelvic veins (Fig.  41.2 ).   

  Fig. 41.1    Re fl ux in the GSV in the lower thigh is demonstrated with 
color  fl ow ( left panel ) and with Doppler waveform ( right panel ).  Red 
 fl ow  (positive signal) going toward the transducer in the GSV is retro-

grade  fl ow indicating re fl ux. The duration of the retrograde  fl ow is >4 s 
as seen by the Doppler waveform       

  Fig. 41.2    Use of lower frequency transducer to examine deeper veins 
in thigh and pelvis. Examination of the sciatic nerve veins in the poste-
rolateral thigh is seen on the ( left panel ). Two veins are seen below the 

sciatic nerve. The right internal iliac vein is normal during the Valsalva 
maneuver on the ( right panel )       
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 Previous studies utilized diverse methodologies for 
de fi ning cutoff values regarding Doppler velocities and 
physiologic re fl ux time. The vast majority of these studies 
utilized either the cuff de fl ation and/or the Valsalva maneu-
ver to establish cutoff values for re fl ux >500 ms  [  5–  11  ] . 
The only study that evaluated most of the lower extremity 
veins (16 vein sites examined on each limb), with the larg-
est sample size ( n  = 80 healthy limbs and  n  = 60 CVD 
limbs), provided the following cutoff values for venous 
re fl ux: reverse  fl ow >500 ms for super fi cial, deep calf veins, 
and deep femoral vein >1,000 ms for common femoral, 
femoral, and popliteal veins (PVs), and >350 ms for perfo-
rating veins (Fig.  41.3 )  [  1  ] . This study demonstrated that 
patients should be examined in the erect position in order to 
increase the yield of the DUS examination for the detection 
of re fl ux  [  1  ] .  

 DUS may further contribute in the classi fi cation of 
chronic venous disease into primary, secondary, or con-
genital based upon the pathophysiology of the detected 

re fl ux. Primary chronic venous disease, without a 
demonstrable cause, is by far the most common type 
(64–79%) compared to the secondary (18–28%) that is 
frequently the sequelae of deep venous thrombosis 
(DVT). Congenital re fl ux (<5%) is rarely recognizable 
early on, although it exists since birth, due to an insulate 
in early symptoms and signs  [  2,   12  ] .  

   General Ultrasound Examination and Clinical 
Considerations 

 Evaluation of venous re fl ux should start with the patient in 
the standing position, facing toward the examiner, and with 
the examined limb being in slight  fl exion and external rota-
tion. If the patient is unable to stand, the veins from the 
midthigh and below can be assessed in the sitting position. If 
the test is performed on a bed, the torso should be elevated 
>45°. The supine position is inappropriate for detection of 

  Fig. 41.3    High velocity prolonged re fl ux is seen in the thigh segment 
of GSV ( upper left panel ). A dilated incompetent lower calf perforator 
measuring 4.9 mm from the same patient is shown on the ( right upper 
panel ). Physiologic  fl ow reversal is seen in both the popliteal vein ( left 

lower panel ) and the GSV ( right lower panel ). The duration of retro-
grade  fl ow was <1 s in the popliteal vein and <0.5 s in the GSV as 
shown by the timescale (distance between two large divisions is 1 s)       
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re fl ux and measurement of vein diameters  [  1,   12  ] . 
Compression with release distal to the point of examination 
is referred to as augmentation. The former may be applied 
with several methods: release after a calf squeeze for proxi-
mal veins or a foot squeeze for calf veins, manual compres-
sion of vein clusters, pneumatic cuff de fl ation, active foot 
dorsi fl exion and relaxation, and Valsalva maneuver. The vein 
behaves as a low pressure, collapsible conduit: with com-
pression, its  fl ow is increased in a distal-to-proximal direc-
tion and upon release, the blood  fl ow reverses instantaneously 
 [  2  ] . Hence, if valves are competent no retrograde  fl ow is 
documented. In contrast, if valves are incompetent blood 
continues to  fl ow in the opposite direction. In an effort to 
standardize procedures, automated pneumatic cuffs with 
rapid in fl ation and subsequent rapid de fl ation are used  [  12  ] . 
However, in patients with increased BMI or signi fi cant 
edema, the compression technique is dif fi cult to apply, there-
fore dorsi fl exion/plantar  fl exion or the Valsalva maneuver 
can be used. The latter is commonly used to evaluate the 
groin veins especially if the initial compression technique 
applied provides negative results. 

 DUS examination protocol starts with the CFV, femoral 
with deep femoral veins, and continues with the saphenofem-
oral junction (SFJ) at the terminal and preterminal valves 
and the associated tributaries, followed by the popliteal 

vein (PV) and deep calf veins. Thereafter, the super fi cial 
veins examined include: great saphenous vein (GSV), small 
saphenous vein (SSV), their tributaries, and the nonsaphen-
ous veins (Fig.  41.4 ). Two layers of fascia surround the 
GSV and with ultrasound imaging (transverse) is referred 
to as the saphenous eye. SSV is located in the triangular 
fascia, surrounded by the crural fascia and the gastrocne-
mius muscle heads. Perforator veins of the lower extremity 
are usually the last to be evaluated by DUS. They connect 
the super fi cial and deep veins traversing the deep fascia, 
which is visualized easily on B-mode due to its echogenic, 
collagen-derived structure. Outward  fl ow in perforator 
veins is seen only in conjunction with super fi cial and deep 
vein re fl ux.  

 Anatomic variations in both the super fi cial and deep veins 
are common. Careful examination and identi fi cation of these 
variations is necessary. Duplication of the PV and femoral vein 
is common and rare in GSV and SSV. Triple systems may be 
seen (popliteal, and femoral), and some veins may be hypoplas-
tic or aplastic (e.g., posterior tibial, GSV, and SSV)  [  13,   14  ] . 

 Re fl ux con fi ned to the super fi cial veins often has a mild to 
moderate clinical presentation (C1–C3), while involvement 
of the deep and perforator veins is more often associated 
with skin damage (C4–C6)  [  15  ] . Patients with chronic venous 
disease exhibit 80% re fl ux, 17% re fl ux and obstruction, and 
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  Fig. 41.4    Duplex ultrasound 
report showing the distribution 
and extent of re fl ux. The patient 
presented with varicose veins in 
both extremities but she was 
symptomatic only in the left side. 
She had burning sensation, 
itching, and pain on prolong 
standing that was relieved with 
limb elevation. On the  right side , 
re fl ux was found in the GSV from 
the upper thigh to the knee and at 
a medial calf tributary of the GSV. 
SSV and deep veins were normal. 
On the  left side , there was re fl ux 
throughout the extent of GSV, in 
the anterior accessory saphenous 
vein, a medial calf tributary, two 
medial calf perforator veins, SSV 
throughout its length, and a lateral 
calf tributary. The deep veins 
were normal       
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only 2% obstruction alone  [  16  ] . Old thrombus and/or scar 
tissue often produces bright echoes within the lumen of the 
vein of similar brightness to surrounding tissues. In cases of 
partial recanalization,  fl ow channels are seen and are often 
incompetent. The vein lumen may be reduced in size and is 
sometimes not well seen by DUS throughout its length. The 
vein walls may be thickened and collateral veins are often 
seen around the area of obstruction (Fig.  41.5 )  [  2  ] .  

 The combination of obstruction and re fl ux has a worse 
prognosis for the development of skin lesions, also known as 
lipodermatosclerosis  [  17–  20  ] . 

 Recently, ultrasound-guided-catheter-directed thrombol-
ysis, which involves administration of thrombolytics 
directly through the side ports of a catheter traversing the 
thrombus, has been employed in the treatment of venous 
thrombosis. This technique has been shown to reduce the 
incidence of post-thrombotic syndrome. A randomized trial 
has compared catheter-directed thrombolysis followed by 
6 months of warfarin with medical treatment alone (intrave-
nous heparin followed by warfarin). This study enrolled 35 
of 207 screened patients with acute iliofemoral DVT. Six 
months after treatment, the patency rate was signi fi cantly 
higher in the group that received catheter-directed throm-
bolysis (72% vs. 12%), and the prevalence of venous re fl ux 
was signi fi cantly lower (11% vs. 41%)  [  21  ] . Furthermore, 
the largest observational series from the National Deep 
Venous Thrombosis Registry demonstrated that patients 
with iliofemoral DVT had signi fi cantly greater 1-year pat-
ency rates than patients with femoropopliteal DVT (64% 
vs. 47%)  [  22  ] . The above data demonstrate the multifacto-
rial role of DUS in the diagnosis and monitoring of venous 
disease.  

   Site-Speci fi c Ultrasound Examination 

   Great Saphenous and Accessory 
Saphenous Veins 

 The standard ultrasound examination in the groin should 
begin by identifying the saphenofemoral junction (SFJ), 
which is located medially to the common femoral artery. 
Adjacent to the SFJ, various tributaries can be visualized 
along with the terminal and preterminal valves of the GSV 
 [  23,   24  ] . Re fl ux is generated by various sources such as SFJ 
incompetence or lower extremity and pelvic vein insuf fi ciency. 
The latter is suspected whenever there is a sudden increase in 
GSV diameter and represents one of the signs of pelvic con-
gestion syndrome along with re fl ux, which is de fi ned as 
chronic pelvic pain caused by incompetent ovarian veins. 
Approximately 10% of women have incompetent ovarian 
vein valves and of them around 40% experience chronic pel-
vic signs and symptoms directly as a result of venous con-
gestion (Fig.  41.6 )  [  25–  27  ] . Also, imaging should include 
the inguinal lymph node area, as well as the full length of the 
GSV and associated tributaries should be followed up to the 
ankle. Documentation of the GSV diameter and its distance 
from the skin is essential since these are used to guide 
endovenous treatment options  [  28  ] .   

   Small Saphenous Vein and Its Thigh Extension 

 Examination starts in the popliteal fossa with the patient 
standing. Transverse views to visualize the veins within the 
popliteal fossa and longitudinal views to identify the presence 

  Fig. 41.5    Post-thrombotic changes in the left common femoral vein ( left panel ). Intraluminal echoes are seen demonstrating partial recanaliza-
tion. Popliteal vein re fl ux on the same patient ( right panel ). The vein is partially recanalized and has prolonged re fl ux       
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of the saphenopopliteal junction (SPJ) are applied. It is impor-
tant to rule out SPJ incompetence with SSV re fl ux  [  28  ] . The 
latter may occur during calf muscle contraction or compres-
sion (systolic phase) and suggests possible PV and/or FV 
obstruction; however, re fl ux is typically more obvious during 
calf release (diastolic phase)  [  29  ] . The SSV may join the PV 
medially, posteriorly, or laterally, hence it is advisable to doc-
ument its location in relation to the PV circumference  [  30  ] . A 
central interconnection element of the local venous circuit is 
the SSV thigh extension that most often unites GSV near the 
groin  [  29  ] . Documentation of the re fl ux direction from SFJ to 
SSV or from saphenopopliteal joint (SPJ)/SSV to GSV should 
be recorded  [  31  ] .  

   Perforator Veins 

 Veins are identi fi ed as perforators only if they pierce through 
the deep fascia. Their locations are recorded as above or below 
the knee. The above-knee perforators are further divided as 
upper, middle, and lower thigh. Those in the below-knee seg-
ment are divided as upper, middle, and lower thirds of the calf 
 [  32  ] . Both transverse and oblique scanning are used to evalu-
ate these veins because their long axis is visualized in these 
planes. Re fl ux or outward  fl ow in perforator veins is observed 
in combination with the super fi cial and deep veins. 
Bidirectional  fl ow may be seen in some perforator veins, how-
ever, only the net outward  fl ow (from deep to super fi cial) is 
being evaluated to determine re fl ux  [  33  ] . The examination 
starts from the medial malleolus, following the cross-sectional 
image of the posterior arch and GSV upward to the knee 
region. The anterior arch, the anterior and posteromedial 

accessory veins, and other thigh tributaries are scanned only if 
they are varicose  [  34  ] . The SSV is imaged from the lateral 
malleolus until its insertion in the PV. Medial and lateral vari-
cose tributaries of this vein are also scanned. Finally, any area 
with varicose veins or a vein cluster is scanned for detecting 
perforators.  

   Deep Veins: Deep Thigh Veins – Popliteal 
Vein – Deep Crural Veins 

 The CFV is examined in the longitudinal view for phasic 
 fl ow with respiration, cessation of  fl ow with deep inspira-
tion, possible re fl ux with the Valsalva maneuver, and  fl ow 
during the compression of the thigh or the calf. Whenever 
continuous  fl ow is detected in the CFV, the scanning proto-
col is extended to the inferior vena cava and to the iliac ves-
sels in search of a possible obstruction  [  35  ] . Presence of 
retrograde  fl ow distal to the SFJ corresponds to true deep 
venous re fl ux. 

 PV is examined in its full length, above and below the 
SPJ, while its anatomic and hemodynamic relationship with 
the gastrocnemius vein should be clari fi ed. The last part of 
the examination of the deep veins of the leg involves the 
depiction of the deep crural veins with the patient usually in 
the standing or sitting position. Posterior tibial and peroneal 
veins should be examined in all patients with past and/or 
present DVT, as especially the latter are the most commonly 
affected veins of the calf  [  36  ] . These veins are imaged well 
from the medial aspect of the calf. If the peroneal veins are 
not seen from this window, then imaging is performed from 
the posterolateral aspect of the calf.  

  Fig. 41.6    Re fl ux in the left ovarian vein in a female patient who had two pregnancies and presented with pelvic pain ( left panel ). Multiple incom-
petent ovarian veins are seen in the ( right panel ) in a female patient who presented with pelvic pain and dysuria       
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   Nonsaphenous Veins 

 Nonsaphenous veins are super fi cial venous segments that are 
not part of the GSV or SSV system. Nonsaphenous venous 
re fl ux occurs more commonly in females with previous preg-
nancies  [  37  ] . Nonsaphenous segments that are usually 
involved are the gluteal, posterolateral thigh perforator, vul-
var, lower posterior thigh, popliteal fossa tributaries, knee 
perforator, and sciatic nerve veins. Patients are examined in 
the erect position and DUS evaluation is also directed in 
identifying possible connections with the saphenous and 
deep veins  [  38  ] . The presence of gluteal and/or vulvar varices 
directs the DUS examination to the pelvic veins  [  25  ] . 
Adjunctive imaging modalities are magnetic resonance 
venography, CTV or contrast-enhanced venography with 
selective views of the left renal vein, ovarian, and iliac veins 
to increase the diagnostic yield and guide therapeutic inter-
ventions in cases of pelvic re fl ux  [  25–  27  ] .   

   DUS-Guided Management for Combined Deep 
and Super fi cial Re fl ux 

 Presence of combined super fi cial and deep venous re fl ux is 
common (~25%)  [  38  ] . Patients with combined deep and 
super fi cial re fl ux might improve clinically when the saphen-
ous system is treated  [  39  ] . The ESCHAR randomized study 
showed that in patients with active ulceration, saphenous 
treatment combined with compression versus compression 
alone reduced ulcer recurrence risk at 4 years by 25%; how-
ever, it did not increase the wound healing rate  [  40  ] . The 
results of saphenous treatment in patients with combined 
super fi cial and deep venous re fl ux are still vague. Despite the 
fact that CFV re fl ux can be corrected in most cases, com-
bined femoropopliteal or popliteal vein re fl ux corrects less 
often  [  40  ] . Deep venous re fl ux may arise by both primary 
valve failure and post-thrombotic valve damage, while 
venous overload is considered another important factor  [  38  ] . 

 Finally, there may be patients who exhibit remaining deep 
venous re fl ux despite treatment of the super fi cial re fl ux. In 
these patients, specialized treatment options such as valvulo-
plasty or axillary vein transfer can be applied  [  32–  34  ] . 
However, patients with post-thrombotic valves are dif fi cult 
to treat  [  32–  35  ] .  

   DUS-Guided Interventions 

 DUS provides vital information before the ablation of 
super fi cial and perforator veins such as the vein diameter, ana-
tomic topography of the area, and possible variations. During 

ablation, DUS is used to guide vascular access and wire or 
catheter placement  [  41  ] . DUS-guided foam sclerotherapy has 
been used to treat varicose veins of all sizes; however, the pro-
cedure may need to be repeated to achieve secondary success 
 [  42  ] . For foam sclerotherapy, DUS is important in pretreat-
ment diagnosis, treatment monitoring/guidance, post-
treatment ef fi cacy evaluation, and surveillance  [  43  ] . 

 In a recent British study, it was demonstrated that DUS-
guided foam sclerotherapy had the lowest initial cost, but a 
higher requirement for further interventions  [  44  ] . 

 Vein angioplasty plus stenting has replaced surgery in 
several clinical cases such as the iliofemoral and caval 
out fl ow obstruction. Hence, DUS can be used preoperatively 
to establish the diagnosis, intraoperatively to guide vascular 
access, and postoperatively to assess the patency of the stent 
 [  45  ] . DUS-guided placement of IVC  fi lters may be consid-
ered in cases of critical care patients as the method can be 
easily applied at the bedside and offers the advantage of 
decreased irradiation  [  46  ] . The introduction of intravascular 
ultrasound (IVUS) facilitated the development of strategies 
to overcome the limitations of standard ultrasound technol-
ogy. IVUS is a promising new technique that is superior to 
single-plane venography in the investigation of patients with 
venous obstruction  [  47  ] . IVUS shows intraluminal details, 
trabeculations, and webs that may be hidden by the contrast 
dye. Other advantages of IVUS are its ability to demonstrate 
external compression directly, wall thickness, and neointi-
mal hyperplasia. Recently, it has been suggested that suc-
cessful placement of IVC  fi lters using IVUS-guided imaging 
at the bedside in critically ill patients can be established 
through an evidence-based prospectively implemented algo-
rithm  [  48  ] .  

   Recurrent Varices After Surgery (REVAS) 

 Following surgery to correct re fl ux, the occurrence of recur-
rent varices (REVAS) is frequently seen  [  49  ] . Hence, a con-
sensus was developed to classify patients with REVAS and 
incorporate this classi fi cation as a complement into the 
advanced CEAP classi fi cation  [  50  ] . REVAS is a clinical 
de fi nition that includes true recurrences, residual re fl uxing 
veins, and varicose veins caused by the progression of the 
disease, and its frequency ranges from 20% to 80% depend-
ing upon the de fi nition of the condition and the duration of 
follow-up  [  48  ] . DUS has been used to monitor these patients 
following therapeutic interventions. The sources of re fl ux 
in patients with REVAS were of multiple origins and 
occurred in almost 50% of them at the SFJ  [  51,   52  ] . The 
below-knee saphenous trunks exhibit higher prevalence of 
re fl ux compared to the above-knee trunks because the GSV 
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is oftentimes stripped to the knee level and the SSV is 
ligated without stripping. Finally, no apparent source of 
re fl ux is documented in approximately 10% of the patients 
and in 17% of them is of pelvic or abdominal origin  [  52  ] . 
Patients with REVAS especially at the SFJ are treated with 
DUS guided foam sclerotherapy.  

   Limitations of Ultrasound 

 DUS exhibits inherent technical limitations and is an opera-
tor dependent imaging modality  [  1,   2  ] . Examination of the 
lower extremities can be challenging especially regarding 
small calf veins which may be hard to visualize clearly  [  2  ] . 
Detection of partial thrombotic obstruction within the lumen 
of the vein may be dif fi cult to interpret  [  49  ] . However, com-
plete DUS examination (proximal and distal) has become the 
standard of care in detecting DVT and venous re fl ux in recent 
years  [  1–  12  ] . Several anatomic limitations exist that may 
in fl uence the examination of different venous segments such 
as the presence of bowel gas in the detection of abdominal or 
pelvic veins. Presence of diffuse or localized edema in 
patients with heart and renal failure or following surgery, 
respectively, may cause dif fi culties in the DUS examination 
of the venous system of the lower extremities  [  15,   38  ] . Also, 
anatomic variations, morbid obesity, inability of the patient 
to cooperate during the examination, and inability of the 
operator to perform a full scanning due to wounds and ban-
dages has lead to the utilization of other noninvasive as well 
as invasive imaging modalities in routine practice such as 
catheter-based contrast-enhanced venography, magnetic res-
onance venography, and computed tomography  [  2,   14,   38, 
  49  ] . Despite the above mentioned limitations, DUS remains 
a simple, noninvasive, and yet dynamic method with low 
relative cost for the detection of venous pathology.      
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 Forty-three years ago, Lazar Green fi eld reasoned that there 
had to be a better way to prevent pulmonary emboli  [  1  ] . 
His inspiration for development of a vena cava  fi lter 
occurred after a 23-year-old multi-trauma patient died sec-
ondary to complications of an open pulmonary embolec-

tomy. Two years later, the IVC  fi lter was introduced as a 
safe and reliable means of preventing fatal pulmonary 
emboli. Mechanical caval interruption has since evolved 
with technological advances with decreasing introducer 
sizes from a procedure performed exclusively in the oper-
ating room with venotomy to bedside percutaneous proce-
dure  [  2–  23  ] . The latter has become a convenient, reliable, 
and safe alternative for critically ill patients (Figs.  42.1 , 
 42.2 ,  42.3 , and  42.4 ).     

 Transabdominal duplex ultrasound (DUS) and intravas-
cular ultrasound (IVUS) have emerged as familiar and 
adaptable techniques for vena cava  fi lter insertion 
(Table  42.1 ). Accordingly, our rapid advances in diagnostic 

  Abstract 

 Pulmonary embolism from deep venous thrombosis reduces the cross-sectional area of the 
pulmonary vascular bed, resulting in an incremental increase in pulmonary vascular resis-
tance and subsequent increased right ventricular afterload. Thus, large or recurrent pulmo-
nary emboli can be fatal. Anticoagulation alone can decrease the mortality rate to less than 
5%, but cannot be used universally in all patient populations. The advent of the inferior 
vena cava  fi lter has drastically changed the management of patients with lower extremity 
deep venous thrombosis and a contraindication to anticoagulation. Developed in the 1940s, 
this device has evolved into a modality that has proven effective at preventing life-threaten-
ing pulmonary emboli. Mechanical caval interruption devices have since improved as well, 
including a signi fi cant decrease in delivery sheath size, which aids in achieving post-proce-
dural hemostasis. Because of these improvements, IVC  fi lter placement has changed from 
a procedure performed exclusively in the operating room with venotomy to a bedside per-
cutaneous procedure using ultrasound guidance. Successful use of transabdominal duplex 
ultrasound and IVUS eliminate the need for radiocontrast dye administration thus avoiding 
the known risk of renal failure and anaphylaxis. Other advantages include decreased radia-
tion exposure to the patient and hospital personnel, reduced need for patient transport, and 
decreased cost compared to traditional placement in the operating room suite. In a cost 
containment era, it is feasible to think that future mechanical caval interruption will occur 
more commonly at the bedside than in the traditional operating theater.  
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  Fig. 42.1    Global- and close-up view of modern intensive care unit suite. Note space limitations at the head of the bed in the  fi rst image       

  Fig. 42.2    Same obese male s/p 
incarcerated inguinal hernia 
repair requiring paralysis for 
open abdominal decompression 
postoperatively. Pt is high risk for 
DVT due to immobility and 
anticoagulation is contraindicated 
given his recent operation       

  Fig. 42.3    A morbidly obese 
patient at high risk for DVT 
prior to bedside  fi lter placement       
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imaging quality have allowed us to push the envelope of 
making  fi lter placement less invasive to the patient. It is 
natural to think that this technology will eventually be so 
robust that it makes bedside placement the new norm in IVC 
 fi lter placement.  

 Pulmonary embolism reduces the cross-sectional area of 
the pulmonary vascular bed, resulting in an incremental 
increase in pulmonary vascular resistance and subsequent 
increased right ventricular afterload  [  24  ] . In its most severe 

form, cardiopulmonary collapse ensues leading to death. Ten 
percent of patients who develop pulmonary embolism die 
within the  fi rst hour, and 30% die subsequently from recur-
rent embolism, making prevention and prompt recognition, 
when prevention fails, a priority  [  25  ] . Anticoagulation alone 
can decrease the mortality rate to less than 5%, but cannot be 
used universally in all patient populations. Thus, absolute 
and relative indications for IVC  fi lter placement include, and 
are largely unchanged (Table  42.2 ).  

  Fig. 42.4    Same patient as in 
Fig.  42.3  after sterile preparation 
of the groin. Note that an 
assistant may be needed to retract 
excess skin and fat in morbidly 
obese patients       

   Table 42.1    Series of ultrasound-guided vena cava  fi lter placement   

 Author  Year   N   Modality  Location  Technical success (in %)  Misplacement (in %)  Overall complication rate (in %) 

 Killingsworth  [  2  ]   2010  109  IVUS  Bedside  97  6  5 
 Aidinian  [  4  ]   2009  14  IVUS  Bedside  100  0  0 
 Spaniolas  [  3  ]   2008  47  IVUS  IR/Angio/OR  100  2  15 
 Kardys  [  5  ]   2008  31  IVUS  OR  97  3  3 
 Corriere  [  9  ]   2005  382  DUS  Bedside  97  5  2 
 Rosenthal  [  10  ]   2004  94  IVUS  Bedside  97  3  6 
 Garrett  [  11  ]   2004  28  IVUS  Bedside  93  8  15 
 Gamblin  [  12  ]   2003  36  IVUS  OR  94  0  0 
 Wellons  [  13  ]   2003  45  IVUS  IR/bedside  94  3  6 
 Conners  [  14  ]   2002  284  DUS  Bedside  98  2  4 
 Ashley  [  15  ]   2001  21  IVUS  OR  100  0  0 
 Ebaugh  [  16  ]   2001  26  IVUS  Bedside  92  4  12 
 Bonn  [  17  ]   1999  30  IVUS  IR Suite  100  0  0 
 Sato  [  18  ]   1999  53  DUS  Bedside  98  0  2 

   DUS  duplex ultrasound,  IVUS  intravascular ultrasound,  OR  operating room,  IR  interventional radiology  
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   Absolute Indications 

 Generally accepted absolute indications for IVC  fi lter inser-
tion include:
    1.    Contraindications to anticoagulation*  
    2.    Documented VTE while in the therapeutic anticoagula-

tion range  
    3.    Complications arising from anticoagulation  
    4.    Concurrent pulmonary embolectomy  
    5.    Failure of alternate caval interruption methods 

 *Examples of contraindications to anticoagulation include 
clinical evidence of active or recent hemorrhage (i.e., 
intracranial, gastrointestinal) recent or planned major 
operation, or severe traumatic injuries.      

   Relative Indications 

 Traditional relative indications for IVC  fi lter placement include:
    1.    Detection of a proximal free- fl oating iliofemoral throm-

bus (>5 cm free- fl oating tail)  
    2.    Propagation of an iliofemoral thrombus despite therapeu-

tic anticoagulation  
    3.    VTE in certain high-risk populations including those with 

severely compromised cardiopulmonary function (e.g., 
severe pulmonary hypertension) undergoing high-risk 
operations (e.g., spine or bariatric operations)  [  22,   26  ]       

   Prophylactic Indications 

 Prophylaxis against VTE remains the most common indica-
tion for IVC  fi lter insertion in most modern series  [  22  ] . While 
not supported by randomized trials, a growing clinical 

experience drives prophylactic  fi lter placement following 
trauma in patients at highest risk for PE including severe 
head injury and coma, spinal cord injuries with neurological 
de fi cit, spine fractures with immobility, pelvic and multiple 
long bone fractures, and perhaps, direct venous trauma. 
Other recommended prophylactic indications include malig-
nancy, hemorrhagic stroke, recent neurological surgery, or 
concurrent open bariatric surgery  [  15–  18  ] .  

   Technique 

   Equipment 

 The bedside  fi lter insertion techniques that are described 
below have been developed through extensive clinical expe-
rience and have been optimized with the following equip-
ment: Stainless Steel Over-the-Wire Green fi eld Vena Cava 
Filter (Boston Scienti fi c, Natick, MA), Gunther Tulip Vena 
Cava Filter (Cook Medical, Bloomington, IN), a portable 
duplex ultrasound system (Philips Medical Systems, 
Andover, MA), and a portable IVUS imaging system (Galaxy 
IVUS imaging system with an Atlantis PV Peripheral 
Imaging Catheter, 15 MHz, SF pro fi le, Boston Scienti fi c, 
Natick, MA). Although our experience with ultrasound-
guided cava  fi lter insertion has been dominantly accom-
plished with the retrievable Gunther Tulip  fi lter and to a 
lesser extent the stainless steel Green fi eld  fi lter, the described 
techniques can be readily applied to placement of other com-
mercially available IVC  fi lters.   

   Technique for Transabdominal Duplex 
Ultrasound 

   Preprocedural Imaging 

 Our preferred technique for both transabdominal duplex and 
intravascular ultrasound guided  fi lter placement has been 
previously described  [  23  ] . Though not always available, any 
CT images of the abdomen are reviewed to allow preproce-
dural determination of the IVC  fi lter diameter. Initial trans-
abdominal duplex ultrasound is performed to de fi ne the 
suitability of bedside  fi lter placement under ultrasound guid-
ance. The inferior vena cava is interrogated transversely and 
longitudinally at the renal vein con fl uence. Adequate visual-
ization of a renal vein (or right renal artery) is mandatory to 
guide accurate  fi lter insertion. Before proceeding, it is impor-
tant to con fi rm an IVC diameter <28 mm, and patency of the 
iliocaval and femoral venous systems, respectively. 
Visualization of intraluminal thrombus should steer the clini-
cian toward conversion to conventional cavography under 
 fl uoroscopic guidance. Alternate central venous access, such 
as the internal jugular or brachial, in the setting of bilateral 

   Table 42.2    Indications for IVC  fi lter placement   

 Absolute indications  Documented VTE w/contraindications to 
anticoagulation*    
 Documented VTE despite adequate 
anticoagulation 
 Complications arising from 
anticoagulation 
 Concurrent pulmonary embolectomy 
 Failure of alternate caval interruption 
methods 

 Relative indications  Proximal free- fl oating iliofemoral 
thrombus (>5-cm-free- fl oating tail) 
 Propagation of an iliofemoral thrombus 
despite therapeutic anticoagulation 
 VTE in certain high-risk populations 
including those with severely compro-
mised cardiopulmonary function 
(e.g., severe pulmonary hypertension) 
undergoing high-risk operations 
(e.g., spine or bariatric operations) 



52342 Ultrasound-Guided Cava Filter Placement

common femoral or iliac venous thromboses is possible, but 
routine use of the internal jugular vein is discouraged due to 
the space limitations inherent to critical care rooms and 
achieving wire access to the inferior vena cava without 
 fl uoroscopic guidance can be challenging (Fig.  42.1 ).  

   Filter Placement Technique 

 After the administration of a local anesthetic, ultrasound-
guided seldinger technique is used to cannulate the common 
femoral vein and place a 0.035-in. guide-wire into the IVC. 
The device delivery sheath is inserted to the level of the renal 
vein-IVC con fl uence. The delivery catheter containing the 
preloaded IVC  fi lter (whether permanent or temporary) is 
placed into the sheath and advanced to the tip of the sheath. 
When implanting a Green fi eld  fi lter, the wire should be 
removed to precisely identify the tip of the  fi lter. Once the 
renal vein-IVC con fl uence is clearly recognized in the trans-
verse orientation, the sheath and  fi lter are positioned caudal 
to the renal vein ostium. At this stage, the ideal deployment 
position is reached. When visualized longitudinally, the  fi lter 
should be easily recognized and its tip should approach the 
right renal artery, a reliable landmark for the renal vein-IVC 
con fl uence. The  fi lter is then deployed under continuous 
ultrasound guided visualization.  

   Completion Imaging 

 After deployment, correct  fi lter position, complete leg expan-
sion, and presence/lack of tilt are con fi rmed via immediate 
transabdominal ultrasound and subsequent abdominal plain 
 fi lm. Gentle manual compression to the site where the device 
entered the vein (as opposed to the needle mark in the skin) 
provides rapid and lasting hemostasis.   

   Technique for Intravascular Ultrasound 

   Preprocedural Imaging 

 The location and patency of the common femoral veins at the 
intended venous puncture sites are con fi rmed with duplex 
ultrasonography, similar to the transabdominal approach. 
Then, the puncture site and surrounding 1 cm of the tissue is 
in fi ltrated with local anesthesia. The common femoral vein 
is cannulated and a guidewire is inserted into the IVC percu-
taneously. An 8-Fr sheath is then inserted into the common 
femoral vein through which the IVUS probe is advanced into 
the IVC to the level of the right atrium. Venous anatomy is 
sequentially identi fi ed during a “pull-back” technique includ-
ing the right atrium, hepatic veins, renal veins, infrarenal 
IVC, and iliac venous con fl uence (Figs.  42.5 ,  42.6 ,  42.7 , 

 42.8 , and  42.9 ). The IVUS catheter is withdrawn to a site 
immediately caudad to the lowest renal vein and the IVC 
diameter is determined.       

   Dual Venous Access 

 We recommend a dual venous access technique for IVC  fi lter 
placement. This technique employs contralateral venous 

  Fig. 42.5    IVUS view of the IVC       

  Fig. 42.6    Renal vein ostium       
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cannulation to assist with  fi lter insertion. Occasionally, 
contralateral femoral venous thrombosis necessitates dual 
ipsilateral venous cannulation through dual ipsilateral 
sheath insertion. A 0.035-in. guidewire is advanced through 
the contralateral venous access site and advanced to the 
renal vein con fl uence as con fi rmed with IVUS imaging. 
The device delivery sheath is then inserted above the renal 

vein-IVC con fl uence. The IVC  fi lter (whether permanent 
or temporary) is placed into the sheath and advanced to 
the tip of the sheath. Then as a unit and under IVUS guid-
ance, the sheath and  fi lter delivery catheter are withdrawn 
to a level immediately caudad to the renal vein con fl uence 
(Fig.  42.10 ). Once an appropriate  fi lter position is veri fi ed, 
the IVUS probe and wire are withdrawn and the  fi lter is 
deployed (Fig.  42.11 ).    

  Fig. 42.7    Infrarenal aorta, IVC, and right renal artery       

  Fig. 42.8    IVC, left renal vein, and aorta       

  Fig. 42.9    Wire visualized from contralateral access       

  Fig. 42.10    Undeployed  fi lter still within delivery sheath       
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   Single Venous Access 

 Venous anatomy is similarly de fi ned with IVUS as in the 
dual venous access technique. Once “pull-back” venous sur-
veillance is accomplished, the IVUS probe is removed. The 
IVUS catheter is then premeasured against the  fi lter delivery 
catheter in order to determine the length from the hub of the 
sheath to the tip of the  fi lter. The premeasured length is then 
noted on the IVUS probe by calibration markings or a 
securely placed tie. The IVUS probe is inserted via the device 
delivery sheath and advanced to a position corresponding to 
the length of the  fi lter delivery catheter. The sheath and IVUS 
probe are withdrawn until a position immediately below the 
lowest renal vein is reached. After removal of the IVUS 
probe, the  fi lter delivery catheter is fully inserted and 
deployed. Thus, in the single venous access technique, IVUS 
guides sheath positioning and subsequently,  fi lter position-
ing is assumed relative to the sheath.  

   Completion Imaging 

 To con fi rm complete leg expansion and appropriate position, 
the IVUS probe may be carefully inserted until the  fi lter legs 
are visualized con fi rming apposition to the caval wall 
(Fig.  42.11 ). Further, cephalad advancement of the IVUS 
catheter is strongly discouraged to avoid entrapment in the 
 fi lter and/or  fi lter movement. A standard radiograph of the 
abdomen is obtained to evaluate  fi lter position, tilt, and leg 

expansion. Gentle manual compression at the venous access 
site achieves hemostasis.   

   Advantages 

 Successful use of transabdominal duplex ultrasound and 
IVUS eliminate the need for radiocontrast dye administra-
tion. Although the risk of contrast-induced nephropathy is 
low in the general medical population, critically ill patients 
not uncommonly experience renal dysfunction from associ-
ated hypotension, volume depletion, and acute critical ill-
ness. Moreover, ultrasound guidance avoids the risk of 
adverse contrast-related reactions, which affect 4–8% of the 
US population  [  27  ] . Utilization of ultrasound imaging elimi-
nates radiation exposure to the patient and patient care area 
including attendant care personnel and neighboring patients. 
Importantly, ultrasound-guided  fi lter placement facilitates 
bedside insertion and circumvents the effort and risk of trans-
porting critically ill or injured patients  [  4  ] . Multiple case 
series report that complications during patient transport 
occur up to 70% of the time  [  28–  30  ] . Whether related to 
equipment failure or lack of experience in transport person-
nel, patient safety is compromised by transport from the con-
trolled environment of the critical care unit. Finally, bedside 
 fi lter insertion also eliminates interventional suite or operat-
ing room charges, anesthesia, and the need for additional 
support for the surgical team. In an era of medical cost con-
tainment, the reduced expense of bedside  fi lter insertion is 
quickly realized and yields signi fi cant cost savings.  

   Disadvantages 

 The principle disadvantage of transabdominal duplex ultra-
sound is occasional inadequate preprocedural IVC visualiza-
tion. Obesity, pregnancy, bowel distention, abdominal 
wounds, and anasarca from large volume resuscitation or 
acute illness may impair IVC imaging and thereby interfere 
with  fi lter insertion using transabdominal ultrasonography 
 [  31  ] . Furthermore, immobilization from orthopedic  fi xation 
or spine fracture precautions impedes maneuvers to improve 
visualization. Nonetheless, adequate IVC visualization is 
achievable in 85–92% of the trauma patients  [  4,   14,   18,   19  ] . 
Intravascular ultrasound, an imaging modality not impaired 
by body habitus or bowel gas, can often overcome the limita-
tions of transabdominal duplex ultrasound and retain the 
advantages of bedside  fi lter insertion. Although operator 
expertise is a perceived limitation of ultrasound-guided  fi lter 
placement, clinical experience is rapidly acquired, and it is 
unusual that pro fi ciency is a limiting factor of the technique 
 [  14  ] . Another potential disadvantage of ultrasound is its 
inability to reliably detect venous anomalies. The clinical 

  Fig. 42.11    Deployment of  fi lter con fi rmed by visualization of  fi lter 
prongs       
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signi fi cance of this shortcoming should be considered, but 
careful review of available CT images (which are usually 
available) can help.  

   Complications 

 The overall complication rate associated with ultrasound-
guided IVC  fi lter placement is consistently low. Series 
employing transabdominal duplex ultrasound report an over-
all complication rate of 1.8–8.2%; a similar complication 
rate is reported with IVUS (Table  42.1 ). 

   Misplacement/Malpositioning 

 The most commonly reported complication of IVC  fi lter 
insertion under ultrasound guidance is misplacement, occur-
ring in 0–8% of the insertions in various series (Table  42.1 ). 
Image misinterpretation can lead to misplacement in the 
common iliac vein and suprarenal vena cava, respectively. 
Filter retrieval and repositioning, or secondary deployment 
of a correctly positioned  fi lter are methods of managing com-
mon iliac vein deployment.  

   Insertion Site Thrombosis (IST) 

 Deep venous thrombosis at the venous access site occurs in 
up to 16.7% of the patients, and appears to be related to post-
procedural compression of the access site. Although not con-
sistently associated with sheath size, the double venous 
puncture technique may be associated with a higher incidence 
of IST  [  23  ] . The reported incidence of IST is a function of the 
intensity of duplex ultrasound surveillance of the venous 
access site. With routine surveillance, IST may occur in up to 
one-third of the patients following IVC  fi lter insertion  [  22  ] .  

   Filter Migration 

 Filter migration, de fi ned as movement >1 cm from the 
implantation site, is an often dramatic, although usually 
insigni fi cant observation  [  32,   33  ] . Migration occurs in 
approximately 5% of Green fi eld  fi lters and is similar among 
contemporary devices. Rarely has migration to the heart and 
pulmonary arteries been described.  

   Tilting/Incomplete Deployment 

 Filter tilting or asymmetric    position is frequently described 
in conical-shaped models, but is rarely associated with 

inadequate embolic protection  [  34,   35  ] . Partial or complete 
deployment failure is an uncommon event with modern IVC 
 fi lter designs.  

   Device Failure/Pulmonary Embolism (PE) 

 Device failure, or failure of the  fi lter to provide adequate 
embolic protection, is fortunately uncommon but consistent 
among available devices (2.6–3.8%)  [  22  ] . The incidence of 
fatal pulmonary embolism is typically <1%. No particular 
factors have been attributed to device failure other than  fi lter 
misplacement and malpositioning.  

   IVC Thrombosis 

 IVC thrombosis is an uncommon clinical event following 
 fi lter insertion but may occur in up to 3.6% of the  fi lter inser-
tions  [  21,   34–  39  ] . Notably, IVC thrombosis may predispose 
to recurrent deep venous thrombosis and the post-thrombotic 
syndrome. The rate of IVC thrombosis is similar among cur-
rently available  fi lters, and is independent of infrarenal or 
suprarenal position.  

   Fracture 

 With long-term follow-up,  fi lter fracture is unusual. The 
Simon nitinol  fi lter, however, is associated with a dispropor-
tionate rate of limb fracture (14.1%)  [  22  ] . Nonetheless, no 
adverse events, including device failure, have been associ-
ated with its presence.  

   Caval Penetration 

 Caval penetration by  fi lter prongs, strut fracture, or from 
device migration or tilting is an infrequent (4.4%) and over-
whelmingly asymptomatic (0.4%) event. However, penetra-
tion of the vena cava with perforation of adjacent retroperitoneal 
viscera (i.e., duodenum) has been reported. Although not 
uncommon, IVC penetration is rarely associated with adverse 
clinical consequences  [  7  ] .   

   Long-Term Outcomes 

 The Green fi eld  fi lter is the most studied vena caval  fi lter, 
and offers excellent long-term patency and protection 
from recurrent embolism. Prevention of recurrent embo-
lism is approximately 96% at 20 years while patency con-
sistently exceeds 95% despite discontinuation of systemic 
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anticoagulation  [  37  ] . Equivalent patency and protection is 
observed in the suprarenal position and though studied 
less frequently, in the superior vena cava  [  38  ] . Shorter, yet 
reasonable, follow-up from more modern  fi lters suggests 
similar trends in success.  

   Financial Considerations 

 Ultrasound guidance for IVC  fi lter insertion is cost-effective. 
Eliminating patient transportation, attendance of ancillary 
personnel, professional fees, and the use of an operating 
room or interventional suite reduce expense associated with 
 fi lter insertion. 

 According to Conners and associates  [  14  ] , bedside  fi lter 
placement with duplex ultrasonography yielded overall sin-
gle institution annual savings of $124,000 ($2,388 per 

inserted  fi lter) when compared to  fi lter placement by 
 fl uoroscopy. Other investigators have reported similar 
economic advantages in addition to reduced OR utilization 
 [  16,   18,   19,   21  ] .  

   Suggested Algorithm for IVC Filter Placement 

 A suggested algorithm is provided to guide clinical decision-
making and to maximize utilization of ultrasound imaging 
for  fi lter placement (Fig.  42.12 ). When IVC anatomy cannot 
be visualized by surface ultrasound or IVUS, transport to the 
angiography suite for contrast venography is indicated. 
Though a rare event, when the IVC diameter exceeds 28 mm, 
options for caval interruption include placement of a Bird’s 
Nest  fi lter (Cook Medical, Bloomington, IN) or bilateral 
common iliac vein  fi lters.       

Absolute/Relative indication for IVC
                     filter placement

Review available CT/MRI for venous
                      anomalies

Principle diagnosis requires
      operative intervention

No

No

Pre-procedureal transabdominal
   duplex ultrasound of the IVC

Inadequate IVC visualization

Yes

Yes

Contraindication to contrast venography
                          and/or
availability of clinician with IVUS expertise

IVC filter placement with contrast
                 venography

IVUS-guided filter
      placement

Duplex ultrasound-directed
     IVC filter placement

Post-procedural abdominal x-ray

Adequate IVC
 visualization

   Assess vessel
patency at venous
    access site

  Fig. 42.12    Suggested algorithm 
for ultrasound-guided cava  fi lter 
placement.  IVC  inferior vena 
cava,  IVUS  intravascular 
ultrasound,  DUS  duplex 
ultrasound       
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 Intravascular ultrasound (IVUS) was introduced in the late 
1990s. It was initially used to aid arterial endovascular inter-
ventions and was shown to be bene fi cial for complex proce-
dures and diagnostic dilemmas  [  1  ] . Later, IVUS was 

introduced to assist venous endovascular procedures. 
Phlebography with the contrast dye injection delineates the 
lumen of the vessel but does not give any information of the 
wall or surrounding tissue. Indirect signs may suggest 
impingement of the vessel wall or luminal irregularities in 
the presence of post-thrombotic disease. To delineate the 
lumen adequately, several oblique images have to be acquired. 
Contrarily, the intravascular ultrasound (IVUS) visualizes 
the vessel from inside the lumen outward and penetrates the 
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adjacent structures. It gives the full 360° view of the crosscut 
vessel lumen, the character of the luminal wall, and possible 
external compression. Although the bene fi ts are obvious, the 
cost of the technology has hampered its widespread use. 
Presently venous IVUS is mainly used to diagnose venous 
stenosis, to guide stenting of venous obstruction, and to assist 
in placement of IVC  fi lters. 

   The IVUS Catheter Technique 

 The IVUS catheters are disposable and designed in two 
con fi gurations: rotating mirror catheter and multiple array 
transducers catheter. The rotating design type consists of an 
acoustic mirror and transducer assembly at the tip of the 
catheter. The mirror is rotated by a wire inside the catheter 
attached to a motor drive. The chamber in which the mirror 
rotates is  fi lled with saline, taking care to avoid introduction 
of air bubbles. The signal travels from the rotating mirror 
through the  fl uid- fi lled chamber to the transducer, producing 
a 360° cross-sectional image. An example of this design is 
the Atlantis® SR Proimaging catheter used with the iLAB® 
imaging system (Boston Scienti fi c Corporation, Natick, MA, 
USA). The multi-array IVUS design incorporates multiple 
crystals surrounding the tip of the catheter (360°), has no 
movable parts, and no chamber, and thus does not require 
any  fl uid injection. The multiple signals from each crystal 
are integrated into a cross-sectional image. An example of 
this con fi guration is the Visions ®  PV8.2F imaging catheter 
connected to the s5 imaging system either based in a separate 
movable tower or integrated into the interventional labora-
tory setup (Volcano ™  Therapeutics Inc., Rancho Cordova, 
CA, USA). 

 Each individual catheter comes with a preset frequency. 
The depth of penetration is greater with lower frequency, 
while the resolution improves with higher frequencies. For 
appropriate coverage of the entire lumen in the ilio-caval 
system, a catheter of ~12.5 MHz or lower is usually utilized. 
This frequency will penetrate to a depth of at least 30 mm. 
Optimal visualization is obtained when the catheter runs in 
the center of the vessel with the crosscut area perpendicular 
to the wall. Owing to the curvature of the vessel, the catheter 
is, however, not always tracking in the center but runs along 
the wall in an eccentric position. The resulting crosscut 
lumen area is, therefore, not necessarily perpendicular to the 
longitudinal axis of the vessel (Fig.  43.1 ). The oblique cross-
cut area may be oblong and may not represent the true lumen 
area. With the off-center position, the ultrasound must 

commonly penetrate the entire diameter of the large venous 
capacitance vessels. With outside compression and oblique 
projection, the longest diameter may even exceed 30 mm.  

 The IVUS catheter is placed in the vein percutaneously. 
Following an ultrasound-guided cannulation, a guidewire 
(usually 0.035 in.) is inserted and manipulated into the 
intended position depending on the type of intervention. A 
sheath (usually 8–9F) is placed percutaneously to facilitate 
repeated access. The IVUS catheter is threaded over the guide-
wire to assist the passage of the catheter within the venous 
lumen. The catheter rides either coaxially over the guidewire, 
which is placed in a central lumen along the catheter, or in a 
monorail fashion, where the catheter is attached only at the 
distal 1–2 cm of the tip. The coaxial placement of the guide-
wire improves tracking and prevents kinking, and thus has an 
advantage in that aspect. A monorail-style catheter may be 
problematic when a tight stenosis or severe tortuosity of the 
vein is encountered. Advancing the catheter and the guide-
wire as one unit may sometimes facilitate passage. After 
advancing the IVUS catheter to a level above the area of 
interest, images are obtained during catheter withdrawal 
through the lumen. This is performed slowly manually or by 
a mechanical pullback device. This allows a smooth and con-
tinuous image acquisition, which is not always possible dur-
ing insertion of the catheter. The images are seen in real time 
and may be stored digitally for later analysis by the built-in 
software of the ultrasound imaging system. 

 Bright echoes are produced close to the high frequency 
ultrasound tip, which is more noticeable with the multi-array 
IVUS catheter (Fig.  43.1 ). This catheter allows digital sub-
traction of the artifact, the so-called ring down, but in so 
doing limits the visualization close to the catheter. This 
maneuver is not necessary with the rotating mirror catheter. 
The guidewire in the monorail system often creates an acous-
tic shadow, hiding a wedge of the crosscut area. This error is 
not seen with coaxial guidewires. By rotating the IVUS cath-
eter, the “shadowed” areas can be visualized (Fig.  43.1 ). 

 The anatomic orientation of the visualized structures is 
often not accurate. The image is variably rotated. The only 
way to correctly orientate the  fi eld during ilio-caval imaging 
is to relate the image to the position of constant anatomic 
landmarks. The right renal artery most commonly crosses 
posterior to the IVC; the right common iliac artery crosses 
above the left common iliac vein, which is anterior to the 
dense bone; and the iliac artery is usually lateral and anterior 
to the iliac vein (Fig.  43.2 ). The anatomic orientation, how-
ever, is not a major issue in diagnosis of venous obstruction 
or venous stenting or placement of IVC  fi lters.   

  Fig. 43.1    The bright echoes close to a multi-array catheter may be 
“ringed down” ( top ). The guidewire of a monorail type of catheter may 
create a wedge-formed acoustic shadow. By rotating the catheter, the 

hidden areas can be visualized ( middle ). Rarely is the IVUS catheter 
tracking in the center of the vessel to register a true crosscut area. An 
eccentric position of the IVUS may exaggerate the lumen ( bottom )       
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   Diagnostic Venous IVUS 

 Venoplasty and stenting of the iliac vein is presently the 
“method of choice” in the treatment of ilio-caval chronic 
venous obstruction  [  2–  9  ] . The importance of venous out fl ow 
obstruction in the pathophysiology of chronic venous disor-
der has been increasingly recognized, and it is apparent that 
re fl ux alone cannot explain the symptoms and signs of many 
patients. Although it is previously well known that the com-
bination of re fl ux and obstruction creates the worst scenario, 
iliofemoral out fl ow obstruction may play a larger role in the 
pathophysiology of chronic venous disorders than previously 
thought. The iliac vein is the common out fl ow tract of the 
lower extremity and chronic obstruction of this segment 
appears to result in more severe symptoms than does lower 
segmental blockage. Distal obstructions appear to be better 
compensated by collateral formation than are proximal 
lesions. Therefore, the ilio-caval venous segment has been 
the target area for balloon dilation and stenting. 

 Since it is not known at what degree of obstruction the 
venous  fl ow is restricted, no tests are presently available for 

the accurate diagnosis of hemodynamically signi fi cant 
venous out fl ow obstruction  [  10  ] . Commonly used routine 
non-invasive tests such as out fl ow air or strain-gauge plethys-
mographic tests and duplex Doppler ultrasound may indicate 
an out fl ow obstruction, but a normal test does not exclude 
signi fi cant ilio-caval blockage. Even invasive pressure tests, 
e.g., femoral exercise pressures, arm-foot venous pressure 
differential and hyperemia-induced pressure increase, are 
not suf fi ciently accurate. Presently, the diagnosis of out fl ow 
obstruction must ultimately be made by morphological 
investigations. 

 A single-plane transfemoral antegrade venogram is the 
routine morphologic investigation of the ilio-caval out fl ow. 
This type of venogram in the anterior-posterior plane is infe-
rior to multiple oblique imaging, especially in the presence 
of iliac compression from external structures. These lesions 
compress the vein in different body planes and may therefore 
be visualized only in certain projections. Using angiographic 
techniques including subtraction and power injection of con-
trast dye further increases the sensitivity (Fig.  43.3 ). Even 
multi-plane venogram, however, may underestimate the 

  Fig. 43.2    ( a ) Constant anatomic landmarks allow a correct rotation of 
the IVUS catheter. The right renal artery usually traverses posterior to 
the IVC ( left ). The aorta along the normal below-renal IVC is not seen 
with this magni fi cation ( right ). The  black circle  within the vein is the 
IVUS catheter. ( b ) The right iliac artery crosses anterior to the left iliac 
vein, sometimes creating varying degrees of compression ( left ). The 
left- and right common iliac artery follow the vein in an anterolateral 

position ( right ). The  black circle  within the vein is the IVUS catheter. 
( c ) The internal iliac artery crosses over the iliac vein medially as it 
leaves the common iliac artery and dives down into the pelvis following 
the internal iliac vein ( left ). The external iliac artery continues distally 
in the anterolateral position to the vein ( right ). The  black circle  within 
the vein is the IVUS catheter       

  Fig. 43.3    Transfemoral 
venogram in AP view ( left ) and 
with 60° rotation ( middle ). The 
right common iliac artery ( A ) 
makes a distinct corkscrew-like 
impression on the vein in the 
oblique projection, while only a 
slight translucency is seen on the 
AP view. The severity of the 
stenosis at the vessel crossing is 
better appreciated on IVUS. The 
 black circle  within the vein is the 
IVUS catheter ( right )       

 

 



534 P. Neglén

severity and extent of the obstructive lesion as compared to 
direct imaging by IVUS, which is currently superior to any 
other imaging technique of venous ilio-caval out fl ow. 
Development of new MR-venography and spiral CT tech-
niques may in the future replace invasive morphologic stud-
ies, but needs validation by IVUS. Although de fi nition of a 
hemodynamically signi fi cant venous stenosis is lacking, a 
morphological obstruction of >50% stenosis has arbitrarily 
been chosen to be signi fi cant because of favorable clinical 
response when stented  [  11  ] . The treatment of choice of 
venous out fl ow obstruction is balloon venoplasty and 
stenting.  

 Venous out fl ow blockage will presently only be found in 
patients with chronic venous disorders if the treating physi-
cian is aware of its potential importance and suspect its pres-
ence. It is common to restrict venous workup with duplex 
Doppler ultrasound of the lower extremity to below the 
inguinal ligament, and then mainly for detection of re fl ux. 
This is insuf fi cient to detect ilio-caval out fl ow obstruction. A 
more aggressive approach toward diagnosis is warranted in 
some patients. Ultrasound investigation should routinely be 
extended to involve the ilio-caval venous out fl ow, and in 
select cases with pertinent symptoms, be complemented by 
morphological studies such as multi-plane transfemoral 
venogram or, preferably, IVUS. In our practice, IVUS is used 
generously in symptomatic patients with venographic 
 fi ndings of stenosis or visualization of collaterals, which can 
be considered an indicator of obstruction, or when plethys-
mographic or pressure tests are positive for obstruction. 
Symptoms may range from painful swelling to severe stages 
with lipodermatosclerosis or ulcer. Patients of special inter-
est are those with symptoms (especially pain) out of propor-
tion to detectable pathology or those with typical symptoms 
but no detectable lesions on standard tests, those with no 
improvement of symptoms after standard treatment, and 
those with previous deep vein thrombosis. The use of IVUS 
in these patients has the dual purpose of accurately diagnos-
ing the degree and nature of obstruction and aiding in appro-
priate placement of the stent. 

 Using the built-in software program, the actual crosscut 
lumen area can be calculated by planimetry and the length of 
different diameters measured (Fig.  43.4 ). Regardless of its 
shape and varying diameters in different projections, the true 
stenosis can be delineated and compared to the non-obstructed 
proximal or distal vein lumen. Several studies have shown 
that IVUS is superior in detection of the extent and morpho-
logic degree of stenosis as compared to single-plane venog-
raphy  [  2,   12–  14  ] . On average, the transfemoral venogram 
signi fi cantly underestimated the degree of stenosis by 30%. 
The venogram was actually considered “normal” in at least 
one-fourth of limbs despite the fact that IVUS showed >50% 
stenosis  [  3  ] . In a similar population of 304 limbs, the steno-
sis was <50% in 42% of venograms but in only 10% of the 

IVUS. On the other hand, the venous stenosis was >70% in 
32% of venograms, but twice as often with IVUS. Using the 
IVUS  fi ndings as the standard, the venogram had a poor sen-
sitivity (45%) and a negative predictive value of 49% in 
detecting an obstruction >70%  [  12  ] . Another study of 104 
limbs has shown similar result for diagnosis of >50% steno-
sis. Slightly more than half the patients (58%) had signi fi cant 
stenosis by IVUS although 10 limbs had normal venogram 
and 24 limbs had inaccurate location or extent on venogram. 
The sensitivity to detect >50% stenosis was 43% and the 
negative predictive value 56%  [  15  ] .  

 The lack of correlation of the extent of venous lesion on 
venography and  fi ndings on IVUS is striking. More often 
than not, the extent of stenosis in limbs with thrombotic and 
non-thrombotic obstruction is greater on IVUS. This is of 
great importance for placement of stents. The true extent and 
severity of recurrent in-stent stenosis is probably best 
assessed by IVUS. 

 Finer intraluminal lesions are dif fi cult to visualize with 
venography. The injected contrast dye may hide such lesions. 
Delicate intraluminal details, such as webs, frozen valves, 
and trabeculations, can be detected by ultrasound, but they 
are rarely seen on venography (Fig.  43.5 )  [  16  ] . Despite the 
high resolution of IVUS, it is inferior to angioscopy in iden-
tifying the thin valve lea fl ets. IVUS failed to detect 76% of 
valve stations identi fi ed by angioscopy  [  14  ] .  

 The IVUS can detect varying degrees of echogenicity in 
intraluminal masses, the vessel wall, and the surrounding tissue. 
Increased echogenicity of the vessel wall may indicate increased 
 fi brosis and wall thickness often seen in post-thrombotic veins. 
Varying echogenicity of intraluminal thrombi may correlate 
with the age of the thrombus. Fresh thrombus appears more 
hypoechoic than older thrombus and is surrounded by 
in fl ammatory edema (Fig.  43.6 ). This may allow age determina-
tion of different parts of an extensive deep vein thrombus. 
Compliance of the venous wall is re fl ected by phasic movement 
during respiration. Lack of respiratory variations of the vein 
wall indicates less compliance with a stiffer wall. None of these 
observations are possible with venography. Contrarily, collat-
eral formation is poorly shown by IVUS. Only axial collateral 
formation in close proximity to the native vein can be detected 
by IVUS. Venogram may occasionally fail to distinguish these 
from the main vein  [  16  ] .  

 Arterial obstruction is usually due to thickening of the 
wall with plaque formation. Only rarely does outside com-
pression play a major role. In the venous system, outside 
compression mainly by arterial structures appears to play a 
major role even in limbs with ilio-caval post-thrombotic 
obstruction. The relationship between the left iliac vein com-
pression by the right iliac artery and DVT of the left lower 
extremity is well known  [  17  ] . Typically, a stenosis of the left 
proximal common iliac vein is caused by compression by the 
right common iliac artery with secondary band or web 
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formation (Fig.  43.7 )  [  18  ] . The stenosis is rarely focal when 
imaged by IVUS. The artery has an oblique course causing a 
narrowing, although less, along the major length of the com-
mon iliac vein. In addition, approximately 30% of the limbs 
with compression disease have been shown by IVUS to have 
stenosis beyond the common iliac vein  [  3  ] . Although this 
lesion is classically described to occur in the left iliac vein in 

younger females, it is not an uncommon  fi nding in males, in 
elderly patients and in the out fl ow of the right limb  [  19  ] . On 
venogram such a compression may be indirectly suggested 
by showing a widening of the iliac vein, a “thinning” of the 
contrast dye resulting in a translucence of the area, and the 
presence of transpelvic collaterals, sometimes despite a nor-
mal appearance of the iliofemoral vein (Fig.  43.8 ). With 

  Fig. 43.4    Measurement of the 
crosscut area before ( top ) and 
after venous stenting ( below ). 
The measurements are displayed 
at the right aspect of the screen. 
The area increased from 24.9 to 
148.9 mm 2  with the dilation. The 
longest and shortest diameters 
are given in addition to the 
calculated diameter as if the 
measured area represented a 
circle. The adjacent artery is 
marked with an  A . The  black 
circle  within the vein is the 
IVUS catheter       
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IVUS, the compressed vein can be clearly delineated between 
the overriding artery and the posterior bone structure  [  9,   20  ] . 
This compression results in an hourglass deformity of the 
vein of varying degrees with frequently observed secondary 
intraluminal lesions such as web formation. The compres-
sion visualized by IVUS is more extensive than that shown 
by venogram. IVUS investigation in 16 limbs with iliac com-
pression syndrome showed that the iliac vein compression 
extended distally, involving the external iliac or common 
femoral veins in 68% (11/16). A  fi lling defect representing 
thrombi was identi fi ed in 25% (4/16) and synechia in the 
compressed vein lumen was seen in 44% (7/16). These addi-
tional  fi ndings on IVUS led to modi fi cation of the interven-
tion in 50% of limbs  [  13  ] .    

   IVUS Assistance During Stenting 

 As pointed out above, the IVUS is an invaluable diagnostic 
tool, but it is also vital for correct placement of stents  [  12,   13, 
  21  ] . Ultrasound-guided cannulation of the femoral or popliteal 

vein caudal to the obstruction is performed, a guide wire is 
inserted over which an appropriately sized sheath is placed. 
The guide wire is advanced through the non-occlusive or 
occlusive obstruction. The IVUS catheter is inserted over the 
wire and placed cephaled to the obstruction. The images are 
collected during withdrawal of the catheter. Venoplasty and 
stent placement are performed after the diagnosis of a >50% 
obstruction is made. First, the appropriate diameter of the stent 
is determined by using the IVUS. The lumen dimensions 
below and above an obstruction can be used for this purpose. 
In stenosis close to the IVC, the preobstructive dimensions of 
the vein are usually used. The intrinsic software of the ultra-
sound machines calculates the greatest and least diameters and 
the absolute value for the crosscut area. It also calculates a 
diameter corresponding to the same crosscut area presuming 
that the area is a perfect circle. This is very helpful in assessing 
the stent diameter. It is important to oversize the average stent 
diameter by at least 2–3 mm. Excessive oversizing is rarely a 
problem in the venous obstruction as compared to the arterial. 
The risk of rupture with hemorrhage is minimal in the low-
pressure venous system. In our experience of more than 1,500 

a

c d

b

  Fig. 43.5    Images obtained by venous intravascular ultrasound (IVUS): 
( a ) Trabeculation with multiple lumina; ( b ) Intraluminal septa; 
( c ) In-stent restenosis precisely identifying the stent, neointimal 

hyperplasia and remaining lumen; ( d ) Compression of the IVC by a 
circumferentially growing liver cancer. The  black circle  inside the vein 
represents the inserted IVUS catheter       
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venous stent procedures, no clinical rupture has occurred 
although completely occluded veins have been dilated to 
12–16 mm width. Dissection of the vascular wall does not 
develop in the vein owing to a different wall structure and dis-
ease process than found in the artery. The venous wall is more 
homogenous with post-in fl ammatory  fi brosis as compared to 
the arteriosclerotic wall with heterogeneous plaque formation 
with varying calci fi cations. On the other hand, undersizing a 
venous stent is often problematic. Insertion of a stent with too 
small a diameter will not allow a satisfactory  fi xation to the 
venous wall and may result in an immediate proximal migra-
tion. This will necessitate percutaneous stent recovery from 
the IVC or right atrium, which may be a laborious 
undertaking. 

 After determining the stent diameter, it is vital to identify 
by IVUS the proximal and distal disease-free endpoints of the 
area to be stented. When treating a stenosis close to the 
con fl uence of the iliac veins and the IVC with a Wallstent, ™  it 
is important to place the top of the stent well into the IVC. The 
braided nature of that stent may otherwise result in retrograde 

migration (squeezing) of the stent when the proximal end is 
placed too near the stenosis  [  2  ] . Nitinol stents are supposed to 
be placed just at the con fl uence, which is dif fi cult without the 
assistance of IVUS. As described above, the diseased vein 
segment is frequently more extensive in reality than appreci-
ated by venography. Therefore, the accurate extent of the dis-
eased venous segment is determined by measuring the length 
of withdrawal of the IVUS catheter from proximal to distal 
landing points. IVUS is essential in recanalization of occluded 
iliofemoral veins. The recoil is frequently complete and, short 
of performing a contralateral transfemoral venogram, IVUS is 
the only way to determine the stenting endpoints adequately. It 
is vital to cover the entire obstruction as outlined by the IVUS 
to avoid early restenosis and occlusion and ensure a suf fi cient 
venous in fl ow to maintain patency. 

 The guidewire is kept in place throughout the stenting 
procedure. The IVUS is repeated after stent placement and 
dilation of the stent (Fig.  43.8 ). The degree of recoil and the 
apposition to the venous wall can be visualized and repeat 
dilation or additional stenting can performed as necessary. 

a b

c d

  Fig. 43.6    ( a ) Relatively acute DVT with partial obstruction of the 
lumen and surrounding in fl ammatory edema; ( b ) An older, well de fi ned 
thrombus adherent to the vessel wall, which is  fi brosed with increased 
echogenicity; ( c ) Complete clearance of a thrombus after lysis, but 

edema of the vessel wall (double-contour) remains; ( d ) Partial lysis of 
a thrombus after lysis, but the vessel is more than 50% patent. The  black 
circle  inside the vein represents the inserted IVUS catheter       
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 The use of IVUS decreases considerably the use of con-
trast during the stenting procedure. If there are absolute or 
relative contraindications to the use of contrast dye, the pro-
cedure can be performed completely without venography, 
using only IVUS in combination with  fl uoroscopy. 

 The role of IVUS in diagnosis of morphologic venous 
out fl ow obstruction may in the future be replaced by non-
invasive studies or MR-venography or spiral CT of later gen-
erations. However, the additional information obtained by 
using IVUS as an adjuvant tool at the stenting procedure 
(accurate degree and extent of obstruction and  fi nding of pre-
viously non-revealed lesions) is most valuable and will be 

dif fi cult to replace. Presently, I consider the use of IVUS 
vital for adequate stenting of venous obstructions.  

   IVUS and Placement of IVC Filters 

 The use of IVC  fi lters has increased exponentially the last 
few years, especially for temporary prophylaxis for potential 
pulmonary embolism. During the last decade, there has been 
a transition from placement of IVC  fi lters in the interven-
tional suite under  fl uoroscopy and determination of  fi lter site 
by transfemoral venography to a safe and relatively simple 

  Fig. 43.7    IVUS images and 
corresponding transfemoral 
venogram show a complex 
non-thrombotic obstruction 
due to an iliac compression 
syndrome. The common iliac 
vein is compressed in the frontal 
plane with a formation of septum 
clearly shown by IVUS. The 
external iliac vein is compressed 
in the saggital plane by the 
internal iliac artery. The adjacent 
artery is marked with an  A . The 
 black circle  within the vein is the 
IVUS catheter       
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IVUS-guided bedside deployment. The use of IVUS is obvi-
ously bene fi cial in patients with contraindications to iodi-
nated contrast dye or limitations of radiation exposure, e.g., 
in patients with renal insuf fi ciency, severe allergy to iodine, 
or during pregnancy. It also decreases the radiation exposure 
for the interventionalist. Morbidly obese patients may exceed 
the weight limits of the angiographic table. Prophylactic IVC 
 fi lters are increasingly placed in critically ill patients and in 
cases with multiple traumas. To transport these ICU patients 
to the interventional suite is cumbersome. Bedside external 
ultrasound has previously been used to guide placement in 
these patients. This can, however, be dif fi cult in obese 
patients, patients with abdominal injuries or wounds, and 
during pregnancy. The dif fi culty to visualize the IVC and the 
renal veins in these patients lead to a higher failure rate of 
10.8–15% (failure of proper deployment in the infrarenal 
IVC)  [  22  ] . IVUS is a better alternative for placement guid-
ance in those patients. When patients performed in the 

interventional suite, the rate misplacement of IVC  fi lters are 
rare (0.7–2.0%) when placed under imaging  [  23  ] . In recent 
reports, the use of IVUS alone for deployment has shown a 
failure rate of ~3%  [  24–  26  ] . IVUS does not add to the risk of 
venous access thrombosis. The rate of thrombosis at the fem-
oral insertion site of all techniques varies between 3% and 
12%  [  27  ] . Rosenthal et al. reported, however, only one access 
site thrombosis in 94 cases (1%) following bedside IVUS-
guided  fi lter insertion  [  25  ] .  

   Techniques of IVUS-Guided Filter Placement 

 There are several techniques described. They have several 
basic steps in common. Before the vein is accessed, bilateral 
femoral ultrasound is performed to ensure that there is no 
obstruction at the intended access site. If available, a previ-
ous CT scan can give additional information in this regard 

  Fig. 43.8    AP view of transfemoral antegrade venogram, which appears 
normal with no obvious stenosis or collateral formation ( left ). IVUS of 
the same vein at different levels shows severe proximal common iliac 
vein (CIV) stenosis due to compression by the crossing iliac artery and 

partial obstruction of the mid-CIV ( top and middle, center ). A stent was 
inserted ( right ) and the  fi nal result shown by IVUS ( bottom, center ). 
The adjacent artery is marked with an  A . The  black circle  within the 
vein is the IVUS catheter       
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and also elucidate the presence of any venous anomaly. 
Most often, the right common femoral vein is used because 
of the less acute angle at the ilio-caval con fl uence, but the 
left common femoral or the jugular veins are alternative 
access points. After ultrasound-guided access, placement of 
a 0.035-in. guidewire into the IVC and sheath placement, 
the IVUS is inserted and pushed cephaled to the atrium. 
During pullback of the catheter, images are acquired and the 
hepatic and renal veins are identi fi ed (Fig.  43.9 ), the travers-
ing of IVC by the right renal artery is visualized (Fig.  43.2a ), 
absence of a caval thrombosis is veri fi ed, and the ilio-caval 
con fl uence located. The infrarenal IVC diameter is mea-
sured in two planes to ensure that the appropriate  fi lter is 
used. The cephaled level of the  fi lter is located by the IVUS 
probe to be just below the level of the most caudal renal vein 
or at the renal artery crossing. From this level, the IVC  fi lter 
will be deployed caudally ensuring a placement in the infra-
renal IVC with the tip at or just below the level of the renal 
veins. A bedside anterio-posterior abdominal plain X-ray is 
usually performed postintervention to record the location of 
the IVC  fi lter, its proper opening, and presence of any 
signi fi cant tilt.  

 The described basic goals can be achieved by a single-
puncture technique with external reference; double-puncture, 
unilateral or bilateral techniques with deployment under 
direct vision; or single-puncture technique with sheath 

reference. Matsumura’s group initially reported the bedside 
IVUS technique to place IVC  fi lters in 1999  [  28  ] . After single 
access, the site of the IVC  fi lter was determined as described 
above. The inserted length of the IVUS catheter was marked 
externally on a measuring tape on the drape. This length was 
then referenced to the length of the deployment device. After 
removal of the IVUS catheter, the IVC  fi lter device was 
inserted to the same length and deployed blindly. The exter-
nal reference was felt to be imprecise. Although the results 
were good, other techniques were developed. 

 Using the double-puncture technique, two different 
accesses are obtained, one for the IVUS catheter and one for 
the  fi lter device  [  29,   30  ] . The two punctures are either made 
in the unilateral femoral vein, 1 cm apart or bilaterally in the 
common femoral veins. After deciding the level of deploy-
ment by the IVUS images, the top of the  fi lter is placed adja-
cent to the IVUS head under direct vision by the IVUS. The 
IVUS is withdrawn to below the  fi lter to prevent entangle-
ment with the release of the  fi lter, the device sheath with-
drawn to this lower level, and the  fi lter released precisely. 
The IVUS probe may be carefully advanced through the 
 fi lter after the deployment if no resistance is encountered. 
Repeat imaging can con fi rm that the tip of the  fi lter is posi-
tioned at the level of the renal veins and that the  fi lter legs are 
engaging the IVC wall. Although never proven, it is felt that 
two femoral puncture sites increase the risk of access site 

  Fig. 43.9    The tip of the IVUS catheter (the  black circle ) is placed at 
the level of the lowest renal vein. The contralateral, slightly more 
cephaled vein is also vaguely visualized. This is the intended level of 

the tip of the IVC  fi lter. These structures in addition to the right renal 
artery crossing should always be visualized before  fi lter placement       
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thrombosis and a more precise single stick procedure would 
have less complication and be simpler. 

 If the size of the sheath for the IVUS catheter and the sheath 
for the selected IVC  fi lter deployment device is the same or 
larger, a modi fi ed precise single-access technique can be used 
 [  31  ] . The IVUS probe is placed through the IVC  fi lter intro-
ducer sheath and the  fi lter landing site is located below the 
renal veins as described above. The long sheath is pushed over 
the IVUS catheter until it is shown on the IVUS image. While 
keeping the IVUS catheter in a  fi xed position, the sheath can 
be moved back and forth over the IVUS catheter head until 
precise placement of the top of the sheath is ensured. The 
IVUS catheter is removed and the device, e.g., a Celect™ or 
Günther-Tulip™  fi lter (Cook Medical, Bloomington IN, 
USA), is advanced into the sheath and deployed identical to 
the deployment under  fl uoroscopic guidance. This method is 
certainly the most elegant of all the methods. A modi fi ed tech-
nique can be used for the Green fi eld  fi lter. The initial 8F IVUS 
sheath has to be exchanged for the 15F introducer sheath over 
a wire and the IVUS catheter reloaded. It is pushed to the top 
of the sheath, which is placed precisely below the renal veins. 
The sheath has to be withdrawn the length of the unreleased 
Green fi eld  fi lter (~7 cm) and the device inserted and released 
in a routine manner  [  32  ] . 

 All these blind bedside techniques require practice and 
there is a learning curve. It is recommended that  fl uoroscopic 
imaging with venography be initially combined with the 
IVUS-guided placement. This gives the operator the opportu-
nity to correlate the IVUS images with venographic  fi ndings 
and actually observe the deployment, which otherwise is 
blind. It has been suggested that 20 cases should be performed 
in the interventional suite before one embark on the bedside 
techniques solely guided by IVUS. The future may see IVUS 
incorporated into guidewires or deployment devices. 

 Although intuitively one would think that the simpler 
bedside IVUS-guided IVC  fi lter technique should be less 
costly, this has not been proven. This may be due to the capi-
tal investment of the ultrasound machine and the high cost of 
the individual disposable IVUS probes. However, the poten-
tial savings by less use of staff and general resources, the 
avoidance of transportation of critically ill or injured patients 
to the interventional suite, the decreased radiation exposure 
to patient and interventionalist, and the absence of contrast 
dye complications are dif fi cult to assess. It can be expected 
that the costs for the equipment will decrease with increased 
use of IVUS and this will make it more readily available.  

   Other Potential Applications 

 The IVUS is a valuable adjuvant to surgical thrombectomy 
or thrombolysis of iliofemoral DVT. Remaining thrombus 
attached to the wall, the age of the thrombus, post-lytic 

edema of the venous wall, and possible external compression 
may be identi fi ed (Fig.  43.6 ). This may assist in determina-
tion of the duration of lytic treatment and any adjuvant stent 
placement.      
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 Duplex ultrasound is a critical component of the evaluation of 
patients with venous insuf fi ciency, as well as being of great 
value during endovenous procedures and also postprocedure 
to assess results. Although history and physical exam may 
identify some venous abnormalities and physicians-in-train-
ing are still taught to assess the venous system by physical 
exam, physical exam is limited in assessing the full range of 
potential venous abnormalities, particularly those below the 
skin surface that cannot be easily visualized. Obvious venous 
diseases such as ulcers, lipodermatosclerosis, visible varicos-
ities, and super fi cial thrombophlebitis can be identi fi ed by 
physical exam; however, duplex ultrasound is required to 

determine the anatomy  [  1  ]  and the location, etiology, and 
severity of most cases of chronic venous insuf fi ciency. The 
duplex ultrasound  fi ndings of venous thrombosis or occlu-
sion, venous valvular re fl ux and dilatation, and agenesis or 
hypoplasia of the super fi cial and/or deep venous system at 
various locations in the lower extremity are the key to deter-
mining treatment options  [  2  ] . 

   Ultrasound Diagnosis of Venous Disease 
Preprocedure 

   Technique 

   Equipment 
 The venous system can be best evaluated with a 10–12 MHz 
transducer that images the super fi cial veins immediately 

  Abstract 

 Duplex ultrasound is a critical component of the evaluation of patients with venous insuf fi ciency, 
as well as being of great value during endovenous procedures and also postprocedure to assess 
results. Although history and physical exam may identify some venous abnormalities and 
physicians-in-training are still taught to assess the venous system by physical exam, physical 
exam is limited in assessing the full range of potential venous abnormalities, particularly those 
below the skin surface that cannot be easily visualized. Obvious venous diseases such as ulcers, 
lipodermatosclerosis, visible varicosities, and super fi cial thrombophlebitis can be identi fi ed by 
physical exam; however, duplex ultrasound is required to determine the anatomy and the loca-
tion, etiology, and severity of most cases of chronic venous insuf fi ciency. The duplex ultra-
sound  fi ndings of venous thrombosis or occlusion, venous valvular re fl ux and dilatation, and 
agenesis or hypoplasia of the super fi cial and/or deep venous system at various locations in the 
lower extremity are the key to determining treatment options.  

  Keywords 

 Assessment of endovenous ablation  •  Assessment of venous re fl ux  •  Duplex scan assess-
ment of venous incompetence  •  Duplex ultrasound  •  Endovenous procedures  •  Saphenous 
ablation  •  Ultrasound assessment of venous incompetence  •  Ultrasound assessment post 
endovenous ablation  •  Ultrasound techniques      

      The Role of Duplex Ultrasound Before, 
During, and After Endovenous 
Procedures       

     Peter   F.   Lawrence          

  44

    P.  F.   Lawrence ,  M.D.   
     Department of Surgery ,  Ronald Reagan UCLA Medical Center ,
  200 Medical Plaza, Suite 510-6 ,  Los Angeles ,  CA   90095 ,  USA    
e-mail:  p fl awrence@mednet.ucla.edu   



544 P.F. Lawrence

under the skin, as well as the deep venous system in normal-
sized adults, which may be up to 30 cm deep in an obese 
patient. Occasionally, a lower 5–10 MHz transducer is 
needed for very large patients to image the deep veins in the 
leg. Although portable ultrasound equipment can detect 
gross changes in the super fi cial and deep systems, the resolu-
tion necessary in some patients to evaluate for chronic 
changes in the vein wall, re fl ux in deep veins, etc., makes a 
high resolution ultrasound system with B mode, color  fl ow, 
and bidirectional velocity waveforms the optimal system. 
Since some patients will need to be assessed for venous 
thrombosis in the calf veins, deep thigh veins, and super fi cial 
veins postprocedure, a system with high resolution is also 
necessary in some of these situations. Our approach is to use 
a high-resolution scanner for the pre- and post-procedure 
evaluation and to use a portable scanner for the procedure, 
when less resolution is required. In addition, some insurance 
companies require evidence of vein diameter, re fl ux, and 
location images that can be viewed prior to authorization. 
Reports, without images, of  fi ndings are often considered 
inadequate for authorization. A report accompanied by elec-
tronically saved images and physiological printouts with 
vein diameter measurement is frequently required before the 
procedure is authorized.  

   Patient Position 
 Patients must be examined in both the supine (occasionally 
prone) and standing positions to evaluate all aspects of 
venous disease. DVT and venous anatomy are best assessed 
in the supine position. Valve incompetence, venous re fl ux, 
and the maximum diameter of the vein are best measured in 
the standing position. Most insurance companies will only 
authorize a venous procedure when it has been performed in 
the patient in standing position.  

   Assessment of the Deep System 
 The deep venous system must be evaluated for patency or 
occlusion, valvular re fl ux, and chronic changes in the wall, 
which could be indicative of a prior episode of deep venous 
thrombosis. The initial duplex exam should begin in the 
supine position. Once the common femoral vein has been 
identi fi ed, it should be assessed for size, re fl ux with and 
without a Valsalva maneuver and distal compression, and for 
chronic wall changes. Common femoral re fl ux is very com-
mon with concomitant saphenous re fl ux and often is cor-
rected when the saphenous vein re fl ux is corrected, so 
common femoral re fl ux should not be considered as a sign of 
deep venous insuf fi ciency unless the super fi cial veins are 
normal or after they have been ablated. A similar evaluation 
of the femoral vein (formerly called the super fi cial femoral 
vein  [  3  ] ) and popliteal veins is routinely performed in most 
vascular labs. The presence of a deep venous occlusion or 
chronic changes in the vein wall, indicative of a prior episode 

of deep venous thrombosis, increases the risk of a subsequent 
DVT, when an endovenous procedure is performed, and so 
should be noted.  

   Assessment of Super fi cial (Axial) Veins 
 The most common complaint of patients with varicose veins 
is the presence of visible varicose veins in the legs, often 
initially occurring in the medial calf, but also occurring at 
many other sites in the leg. These varicose veins may be pri-
mary (due to super fi cial venous disease alone), or they may 
be a re fl ection of deep venous insuf fi ciency. Assessment of 
the super fi cial axial veins, such as the great and small saphen-
ous vein, should be performed by duplex ultrasound, because 
the proximal portion of these veins is too deep to assess by 
physical exam alone. Incompetence of the valves at the junc-
tion of these veins with the deep system is too deep to be 
assessed by any technique other than duplex ultrasound 
exam. Incompetence of the most proximal portion of an axial 
vein is also often the initial indication of venous insuf fi ciency. 
Consequently, the size of the axial veins at the junction with 
the deep system, as well as the degree of re fl ux, measured in 
seconds, in the standing position, is the best indicator of 
super fi cial venous insuf fi ciency. The great and small saphen-
ous vein can also develop insuf fi ciency without proximal 
re fl ux when a perforating vein in the thigh or calf connects to 
the axial system, and becomes incompetent, with re fl ux into 
the super fi cial system, causing axial vein dilatation and 
insuf fi ciency. To identify problems all along the axial venous 
system, duplex ultrasound of the entire great saphenous and 
small saphenous system should be performed in the standing 
position.  

   Assessment of Perforator Veins 
 When perforator veins become incompetent, they create 
ambulatory super fi cial venous hypertension and ultimately 
leg swelling, lipodermatosclerosis, and venous ulceration. 
Perforator incompetence often occurs after an episode of 
deep vein thrombosis, but may also occur when primary deep 
valvular incompetence creates venous hypertension, which 
is then transmitted into the perforator veins. As with 
super fi cial and deep veins, perforator incompetence should 
be assessed in the standing position, and both the length of 
time in re fl ux, measured in seconds, as well as the maximum 
diameter of the vein, is critical in assessing the contribution 
of the perforator veins to chronic venous insuf fi ciency.  

   Assessment of Tributary Veins 
 Although axial and perforator veins are responsible for the 
most severe super fi cial venous disease, tributary vein incom-
petence, which is frequently the cause of visible varicose 
veins, is one of the most important venous problems for 
patients, since they are both symptomatic and the most cos-
metically displeasing. These veins should also be assessed in 
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the standing position by duplex ultrasound and their connec-
tion to axial veins, perforators, and the deep system helps to 
determine the optimal treatment. If these veins directly con-
nect to incompetent super fi cial axial or perforator veins, then 
eradication of both the axial or perforator vein and the tribu-
tary vein is needed to not only remove the vein but also pre-
vent future recurrence.   

   Accredited Vascular Lab Criteria for Venous 
Insuf fi ciency 

 There are SVS published vascular lab criteria for venous dis-
ease  [  2  ] , and each insurance company publishes its own 
criteria. 

   Present of Re fl ux 
 Most vascular labs consider re fl ux of >0.5 s in the standing 
position to indicate venous incompetence, although the lon-
ger the re fl ux, the more severe the venous disease.  

   Size of Veins 
 Currently, most vascular labs consider axial and perforator 
veins that are >3 mm in diameter and have associated re fl ux 
to be abnormal.  

   Location of Re fl ux 
 Most re fl ux originates at the junction of the super fi cial vein 
with the deep vein, although more distal re fl ux may occur 
when incompetent perforators connect the super fi cial and 
deep systems.   

   Insurance Company Ultrasound Criteria for 
Authorization of Treatment of Venous Disease 

 Patients with venous insuf fi ciency who seek treatment usu-
ally have medical insurance, and most insurance plans require 
detailed documentation of the venous system by duplex 
ultrasound for authorization of procedures (Table  44.1 ). 
Although venous disease is unlikely to improve without 
treatment, most insurance companies require that the duplex 
ultrasound have been performed within the past 6 months, 
assuming that an old study may not accurately re fl ect the 
location, pathogenesis, and degree of venous insuf fi ciency.  

   Presence of Super fi cial Re fl ux 
 Previously, the simple presence of re fl ux was all that was 
required for authorization of an endovenous procedure, but 
many insurance companies now require that the length of 
time of the re fl ux be documented. Although >0.5 s is the SVS 
vascular lab standard for venous re fl ux, some health plans 
now require >1 s of re fl ux to authorize a venous procedure, 

based on the rationale that longer re fl ux time is indicative of 
more severe venous disease.  

   Location of Re fl ux 
 Although any re fl uxing vein can cause symptoms, most 
insurance authorizations require that the re fl ux occur at the 
proximal junction of the super fi cial vein with the deep venous 
system. Consequently, duplex scan reports that state that the 
re fl ux is at the saphenous-femoral junction or sapheno-
popliteal junction are less likely to be denied or require a 
peer-to-peer review. Astute clinicians know that a re fl uxing 
distal saphenous vein can be as symptomatic as a re fl uxing 
proximal saphenous vein, but there is still a higher likelihood 
of insurance denial when the re fl ux occurs distally.  

   Size of the Re fl uxing Vein 
 Although any re fl uxing vein can cause symptoms, there are 
general size criteria, which vary from one insurance company 
to another. In the western United States, most companies 
require a vein to be >3 mm to justify insurance coverage and 
some require a vein to be >5 mm. To achieve this threshold, 
all patients must be evaluated in the standing position. Since 
veins dilate during the day and after prolonged standing, we 
often ask patients with marginal-sized veins to undergo their 
duplex ultrasound at the end of the day, and after a period of 
prolonged standing. Since venous symptoms occur at the end 
of the day, when the veins are most dilated, it seems logical to 
test patients when they are most symptomatic.    

   Role of Ultrasound During Venous Procedures 

   Technique 

 The proper use of duplex ultrasound during an endovenous 
ablation procedure, whether using a laser or a radiofrequency 
catheter, is a key to successful ablation. Duplex ultrasound 
competency by the vascular surgeon is critical for these pro-
cedures. An ultrasound transducer should be used to initially 

   Table 44.1    Ultrasound criteria used by insurance companies for 
authorization (endovenous ablation of axial and perforator veins)   

 1. Vascular lab (accredited) standards 
  (a) Written report that can be reviewed by an insurance company 
  (b)  Images recorded and available for review, including anatomy, 

re fl ux, and measurements of size 
  (c)  Cursor used for electronic measurements and recorded on the 

image 
 2. Patient examined in the standing position 
 3.  Re fl ux, if in great saphenous or small saphenous, present at the 

junction of the super fi cial and deep venous system 
 4. Vein diameter >3 mm (some use >5 mm) 
 5. Re fl ux in vein is >0.5 s (some use >1.0 s) 
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identify the path of the incompetent vein, for micropuncture 
access to the vein, during positioning of the catheter at the 
junction between the super fi cial and deep system, during 
in fi ltration of tumescence solution, and to visualize and com-
press the vein during the ablation procedure. 

   Duplex Venous Evaluations Immediately Prior 
to the Procedure 
 Some patients arrive for the ablation procedure with a duplex 
scan having only been performed at another facility or with 
incomplete information from a unaccredited vascular lab. 
Consequently, a duplex scan can be used by the vascular sur-
geon performing the ablation procedure to con fi rm the 
 fi ndings from another vascular lab and to prepare for the pro-
cedure, before opening the disposable supplies, which are 
expensive and would be wasted if the procedure did not need 
to be performed. Prior to the ablation procedure, duplex 
ultrasound should be used to con fi rm the location of the 
re fl ux, diameter of the vein(s), and then to mark the path of 
the vein or site of ablation. This usually requires the patient 
to be in a sitting or standing position, particularly if 
con fi rmation of valve re fl ux is needed. If the access vein for 
ablation procedure is small on this initial evaluation, nitro-
glycerine can be placed over the site of access to dilate the 
vein and make access easier. If a patient is fearful of needle 
sticks, then the entire path of the vein can be marked with 
duplex scan imaging and topical xylocaine placed on the 
skin along the path of the incompetent vein to reduce the 
discomfort from the needle sticks that are used for local 
anesthesia and tumescence.  

   Duplex Scan During the Procedure 
 Endovenous ablation procedures should be performed using 
a tilt table and portable or  fi xed duplex ultrasound. 

   Saphenous Ablation 
 Percutaneous placement of the catheter in the below knee 
saphenous vein is the access site of choice (Fig.  44.1 ). The 
vein can be identi fi ed by  fi nding the saphenous vein in the 
thigh, which is under the fascia in the medial thigh. If this 
vein is followed from the thigh to the calf, it usually is of 
adequate caliber for access. Once access is obtained under 
ultrasound guidance and the sheath has been placed, the 
catheter is then passed up the saphenous vein and parked 
2 cm from the saphenous femoral junction and below the 
epigastric vein. This position is best determined using 
B-mode ultrasound guidance in both the transverse and sag-
gital planes. The distance between the tip of the catheter and 
the junction of the super fi cial and deep vein should be mea-
sured with the ultrasound cursor. The relationship of the 
catheter to the epigastric vein is variable, so distance from 
the saphenofemoral junction is the most critical measure-
ment. Liberal injection of tumescent solution, consisting of 
saline, xylocaine, and epinephrine, is placed around the 
saphenous vein from the catheter insertion site to the 
saphenofemoral junction, under ultrasound guidance. 
Although different techniques may be used to deliver tumes-
cence, we place the transducer in a transverse position and 
observe the infusion ultrasonically as a spinal needle infuses 
the tumescent solution into the perivenous space. The vein 
should be moved to at least 2 cm below the skin to avoid skin 
burn, and the tumescence should surround the entire vein to 
eliminate pain when the vein is being ablated. When the 
patient is placed in the Trendelenberg position to minimize 
vein diameter during ablation, the catheter position should 
be rechecked by duplex scan with respect to the junction. 
During ablation, the vein can be visualized under ultrasound 
guidance, to assure that compression over the vein is directly 
transmitted to it.   

a b

  Fig. 44.1    ( a ) Ultrasound guidance is used to identify the saphenous vein below the knee and for micropuncture technique to enter the vein and 
place the sheath. ( b ) As the catheter is passed up the saphenous vein, it can be visualized by duplex ultrasound       
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   Small Saphenous Ablation 
 The principles of small saphenous vein ablation are similar 
to great saphenous ablation, but the procedure is most easily 
performed with the patient in the prone position. With the 
small saphenous vein, there is no epigastric vein equivalent 
to identify the sapheno-popliteal junction. In addition, the 
risk of sensory sural nerve injury is high, so tumescence must 
be used liberally to separate the vein from the nerve.  

   Perforator Vein Ablation 
 Accomplishing successful perforator ablation requires even 
more skill than saphenous ablation  [  4  ]  (Fig.  44.2 ). Ultrasound 
guidance in both a transverse and axial plane is used as the 
catheter is placed in the perforating vein at the level of the 
fascia. It is then used to visualize the catheter as a local anes-
thetic is placed around the catheter/vein junction, to control 
pain during ablation, during ablation to observe the process 
and compress the vein, during repositioning of the catheter, 

and following ablation to determine successful closure of the 
incompetent perforator vein. The technique for ablation 
should be based on the IFU for the device, as well as reports 
from the literature of techniques speci fi cally designed for 
ablation of perforating veins  [  5  ] .  

 The patient is initially placed in reversed Trendelenberg 
position on an electronic tilt table and a portable duplex 
scanner used for duplex imaging by the operating surgeon. 
The incompetent veins that have been previously identi fi ed 
in a vascular lab must be con fi rmed by the surgeon prior to 
the procedure  [  6  ] . Once the incompetent veins are marked, 
the ultrasound transducer, covered with a sterile sheath, 
should be used to identify the incompetent perforating vein 
immediately above the ulcer. The stylet is placed into the 
skin at a 45° angle and the ultrasound transducer is rotated 
90° to con fi rm the position in each plane as the stylet is 
advanced to the junction of the perforator vein and the fascia. 
An attempt is made to puncture the wall of the vein at the 

a b

c d

  Fig. 44.2    ( a ) The site of the perforator incompetence is marked on the 
skin with the patient in reversed Trendelenberg position. ( b ) The duplex 
ultrasound ( arrow ) show the incompetent vein and the fascial defect, 
best seen by B-mode scan. ( c ) The transducer is held in one hand while 
the perforator vein is accessed by placing the catheter at a 45° angle and 

penetrating the skin. ( d ) Once the catheter is below the skin, it should 
be advanced under ultrasound guidance until it enters the perforator 
vein at the level of the fascia ( arrows ). Blood can usually be aspirated 
when the vein is entered       
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level of, or immediately below, the fascia, and ultrasound 
guidance is the key to successful penetration of the perfora-
tor vein. Once the location of the catheter in the vein is 
con fi rmed, the stylet is removed, the catheter position again 
con fi rmed, and the catheter is then surrounded with 1% lido-
caine, injected along the catheter to the level of the fascia, 
while being visualized ultrasonically. The patient is then 
placed in Trendelenberg position, the position of the catheter 
again con fi rmed, and the vein is treated while observing the 
boiling of the blood at the tip of the catheter. Although an 
attempt should be made to con fi rm successful ablation post-
procedure using color  fl ow scanning, the lidocaine in the 
region of the perforator vein frequently causes an appearance 
of occlusion, even when the compression from  fl uid is extrin-
sic to the vein.     

   Role of Ultrasound Postprocedure 

   Assessment of Ablation Success 

   Saphenous Ablation 
 We routinely obtain a duplex ultrasound 24–72 h following 
the ablation procedure to determine if the vein has been suc-
cessfully closed and to classify the site or level of closure, 
since there is a risk of extension of thrombus from the 
super fi cial incompetent vein into the deep venous system. In 
our experience, virtually 100% of patients have successful 
ablation of the great saphenous vein. A classi fi cation system 
guides the management of a patient postprocedure—if the 
vein is closed well away from the junction with the deep sys-
tem, no further management is needed. If the vein is closed 
right up to the deep system, then further observation is usu-
ally recommended, while those patients whose ablation is 
associated with thrombus extending into the deep system are 
treated with anticoagulation until the thrombus retracts back 
into the super fi cial vein.  

   Perforator Ablation 
 Con fi rmation of closure of the perforating vein is obtained at 
the next of fi ce visit by a vascular lab technician. Perforator 
closure is de fi ned as no blood  fl ow in a previously incompe-
tent perforator vein, demonstrated in a sitting or standing 
position, by duplex ultrasound.   

   Assessment of Level of Closure 

 We uniformly obtain duplex ultrasound within 4 days of the 
procedure to determine the level of closure for all saphenous 
veins, due to concerns about the risk of developing proximal 
thrombus that may extend into the deep vein from the site of 
endovenous ablation (Fig.  44.3 ). We have developed a 

classi fi cation system for levels of endovenous closure of the 
saphenous vein, created a treatment algorithm for saphenous 
thrombosis which occurs in or immediately adjacent to the 
common femoral vein, and determined risk factors for post-
RFA thrombosis that is immediately adjacent to or into the 
femoral vein.  

   Levels of Closure 
 In patients who have successful ablation of the saphenous 
vein, there are six potential levels of closure, from below the 
epigastric vein to DVT  [  7  ] . We use an ablation classi fi cation 
system of level of vein closure, as well as an algorithm for 
management of patients, based on level of vein closure, to 
manage patients postablation. We have used this classi fi cation 
system to guide management, and using this approach, have 
not had a single patient progress from saphenous closure to 
common femoral vein thrombosis or pulmonary embolism. 
Patients with level 1 or 2 closure do not need further follow-
up; level 3 needs close observation, while those with level 
4 or 5 are treated with low molecular weight heparin until the 
thrombus retracts. We have not had a patient present postpro-
cedure with DVT in the common femoral vein, in spite of 
performing the procedure on >1,500 patients and doing rou-
tine duplex scan surveillance on every patient.   

   Assessment of Leg Pain 

 Patients may complain of many sources of pain following 
either endovenous ablation or microphlebectomy, even after 
successful ablation of the vein has been con fi rmed. In this 
situation, duplex ultrasound is used to image the area of pain 
and determine the etiology of pain, which is frequently from 
hematoma or super fi cial thrombophlebitis in a residual vari-
cose vein, which may not have been fully removed.  

   Assessment of Remaining Venous Incompetence 

 Once a limb has been treated for venous incompetence, 
patients may still have residual symptoms or varicose veins, 
which were not fully treated during the endovenous ablation. 
Further treatment should be dependent on the location, size, 
and extent of re fl ux in the residual vein. Many patients 
receive authorization only for an ablation procedure, in 
anticipation that the tributary veins will be reduced in diam-
eter to a minimal size and become pain-free. However, 
patients with initial large tributaries often have residual pain 
and tributaries of a visual appearance and size that is unac-
ceptable to the patient. Consequently, repeat duplex scanning 
is needed to document the size, location, and extent of re fl ux 
following ablation, and to obtain insurance authorization for 
another procedure.   
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Classification of Closure Level
   and Treatment Algorithm

Level 1 – No Rx Level 2 – No Rx Level 3 – Surgeon’s choice-
    observation or LMWH

Level 4 – LMWH
     Level 5 – LMWH
plus warfarin X 3 months

Level 6 – LMWH
   plus warfarin 

  Fig. 44.3    Levels 1, 2, and 3 ablations are at or below the sapheno-
femoral junction and require no further treatment, while levels 4 and 5 
bulge into the common femoral vein ( arrows ) and usually require 

 short-term anticoagulation, until the thrombus retracts back into the 
saphenous vein. We have not encountered a level 6 thrombosis, but 
would fully anticoagulate the patient and treat for DVT       
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   Conclusion 

 Duplex ultrasound has a fundamental role in managing 
patients who undergo endovenous ablation of super fi cial 
axial veins and perforator veins. Ultrasound is used pre-
procedure to document the anatomy, level, and degree of 
venous insuf fi ciency, and to obtain insurance authoriza-
tion for the procedure. During the procedure, duplex 
ultrasound guidance is used to identify the veins requiring 
treatment, facilitate percutaneous access to the veins 
being treated, to guide tumescent placement around the 
vein being treated, and to observe the vein while it is 
being treated. Following the procedure, the duplex ultra-
sound con fi rms the successful closure of the vein, deter-
mines the level of closure, and determines whether there 
is a risk of thrombus extending into the vein.      
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   Overview 

 The successful performance of any arterial bypass proce-
dure ideally starts with the surgeon being armed with the 
maximal amount of information about the patient. This is 
commonly thought of as a history, physical examination, 
arteriography, and any preoperative testing for medical 
clearance. This should also include noninvasive testing in 
the evaluation of vein conduit to improve the surgeon’s 
revascularization options. Historically, the saphenous 
vein was most  frequently encountered by surgeons during 

a vein stripping, and certainly preoperative anatomic 
de fi nition of the saphenous vein was not performed. In 
addition, it has taken the surgical community time to 
regard veins as more than passive tubes awaiting use as an 
arterial bypass. As knowledge of the physiologic impor-
tance of the in vivo autogenous vein became available to 
the surgical community, such as the passive and active 
roles of the venous endothelium, methods were progres-
sively developed to preserve the function and structure of 
the vein. In this context, it became increasingly apparent 
that minimizing intraoperative injury to the vein conduit 
was desirable. In addition, because of the frequent ana-
tomic variations seen in any of the super fi cial veins used 
for arterial bypass, improved preoperative knowledge of 
the vein allowed surgeons to select the most satisfactory 
veins available while avoiding those that were too small 
or otherwise diseased while minimizing the dissections 
required to make this choice. In our experience, this has 
led to lower wound complications and long-term morbid-
ity  [  1,   2  ] . This last point cannot be overemphasized as 
wound complications from vein harvest sites are a fre-
quent and troublesome post- operative sequelae of arterial 
bypass surgery. 

  Abstract 

 Saphenous vein mapping is an integral portion of planning an infrainguinal arterial recon-
struction. Only 60% of the greater saphenous veins are one continuous tube from the groin 
to the ankle. There are signi fi cant variances to be known preoperatively in order to mini-
mize incisional complications and also allow the surgeon to perform the optimal arterial 
reconstruction. Additionally, a great amount of information can be gleaned from the quality 
of the saphenous vein and in the era of endovascular treatment, this may be a factor in 
in fl uencing the type of intervention or reconstruction that the surgeon performs. The sur-
geon and patient will bene fi t from the maximum amount of information not only about the 
anatomic location for in fl ow and out fl ow but also most importantly for the adequacy and 
availability of autogenous venous conduit.  
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 The overall goal of this chapter is to supply the clinician 
and technologist with the necessary knowledge for perform-
ing preoperative vein mapping while, hopefully, convincing 
him or her of its utility and the rationale for its use. Like 
many technologic advances, the need for vein mapping may 
seem unjusti fi ed, especially to surgeons who have performed 
these operations for decades without this knowledge. But 
like automobiles, microwaves, and smart phones, vein map-
ping eases the life of the surgeon as well as the patient’s 
operation that it soon becomes indispensable.  

   Preoperative Imaging with Venography 

 At Albany Medical Center, preoperative vein imaging 
evolved hand-in-hand with the reintroduction of the in situ 
bypass technique  [  3  ] . While initial cases were performed by 
incising the skin and saphenous (or super fi cial) fascia over-
lying the saphenous vein followed by incising the valves 
with the modi fi ed Mills valvulotome (“open” technique), 
further evolution of the instrumentation led to the develop-
ment of the Leather and other commercially available valvu-
lotomes, which are passed blindly up the vein from a 
below-knee incision to the groin incision (“closed” tech-
nique). The use of a closed technique, although attractive in 
terms of decreasing operative dissection and operative time, 
is sensitive to variations in vein anatomy as the surgeon does 
not directly expose and thereby examine the entire vein or 
veins available, making the evaluation and selection of the 
best available vein more dif fi cult. In addition, certain branch-
ing patterns, when unrecognized, are frequently points of 
injury to the bypass when a closed technique is used. 

 For these reasons, the saphenous vein was for several years 
imaged with ascending contrast venography. The results of 
these studies were summarized in part by Shah et al.  [  4  ] . The 
methods reported in that paper are still effective and useful in 
some selected cases. The distal branch of the saphenous vein 
is punctured with a small gauge angiocatheter in the foot, ide-
ally in one of the many prominent side branches covering the 
medial aspect of the foot as part of the dorsal venous arch. The 
use of a tourniquet is helpful for the puncture, but should be 
removed subsequently. Iodinated contrast medium is injected 
via the angiocatheter into the saphenous vein and  fl uoroscopy 
is used to de fi ne venous anatomy. The vein is then  fl ushed with 
heparinized saline after the venogram is completed to mini-
mize the chance of contrast-induced thrombosis. 

 Alternatively, the same information may be gained intra-
operatively at the beginning of the bypass procedure. An inci-
sion is made over the saphenous vein, usually just below the 
knee. Once the vein is identi fi ed, the vein is cannulated 
through an opened side branch with a small gauge angiocath-
eter (sheath only) and a single X-ray is taken of the thigh after 
10–12 ml of contrast is injected. Digital subtraction venogra-

phy can also be used if readily available such as in “hybrid” 
operating rooms. On-table venography has the advantage of 
eliminating a separate preoperative invasive test, but is less 
likely to give the surgeon the complete picture of the vein. 

 Although these venographic techniques were used in sev-
eral hundred bypass procedures, as aforementioned, they are 
both invasive and require radiation exposure. Importantly, 
venography gives relatively little information regarding vein 
quality in terms of wall thickness, calci fi cation, and other 
aspects of morphology that are more apparent with ultra-
sonographic techniques. Venography is also not a practical 
method of imaging multiple extremities in the same patient 
at the same time. 

 There are some circumstances in which these methods are 
still of use. First, when one is  fi rst starting to perform duplex 
vein mapping, accuracy may be veri fi ed by performing veno-
grams. This is especially important when the imager encoun-
ters variations that he or she has not seen previously and 
helps shorten the learning period for the ultrasonographer. 
Second, there are individuals in whom the vein anatomy is 
suf fi ciently complicated and/or dif fi cult to image with duplex 
due to patient habitus (extreme obesity) or uncooperativity 
for whom an intraoperative venographic study could be use-
ful. Third, emergency cases, especially when done late at 
night, when duplex is less likely to be available may bene fi t 
from on-table venography instead. Mostly, this technique is 
of historic interest only.  

   Ultrasound Imaging of the Saphenous Vein 

 After duplex ultrasound became available at our institution, 
its advantages over contrast venography were readily appar-
ent. After a period of time trying to develop a technique and 
method of duplex imaging, this now widely accepted tech-
nology became the method of choice for venous imaging in 
1985 and has continued with a few minor modi fi cations until 
the present day  [  5,   6  ] . 

 The noninvasive nature of ultrasound is one of its most 
attractive features. This is most signi fi cant in patients who 
have contrast sensitivity who may require imaging of more 
than one vein at a time. This is most common in redo cases 
where imaging of contralateral great saphenous vein, bilat-
eral small (lesser) saphenous veins, residual ipsilateral great 
saphenous vein and arm veins is necessary. This allows the 
surgeon to pick and choose among several conduit options in 
order to complete the reconstruction in the most ef fi cient 
manner possible with the fewest incisions. 

 There is a wealth of other information that ultrasound can 
deliver that has proven to be of use for the surgeon. The “qual-
ity” of the vein affects vein performance as an arterial conduit. 
While this has been long understood to include vein diameter, 
quality also re fl ects other aspects of vein morphology such as 
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the presence of recanalization, sclerotic areas, and thick vein 
walls  [  7,   8  ] . This information allows the  operator to avoid the 
use of suboptimal veins whenever possible and to thereby help 
maximize bypass patency.  

   Method of Imaging 

 The equipment necessary for adequate saphenous and other 
super fi cial vein mapping is the same that is commonly employed 
in vascular imaging studies of most kinds. A 10–12 MHz trans-
ducer is generally employed. Lower frequency ultrasound 
probes are occasionally useful to image deeper veins in extre-
mely obese individuals, but do not transduce with the 

resolution necessary for delineating the  important details seen 
with the higher megahertz probes. A 4.5 MHz pulsed Doppler 
is also occasionally employed to primarily check for vein pat-
ency. Color is rarely, if ever, necessary and may in some cir-
cumstances obfuscate important details. The reason that color 
 fl ow is usually not helpful is that the unaugmented  fl ow rates in 
these super fi cial veins provides only sporadic color  fi lling of 
the vessel which is of little use in outlining their course. The 
transmit power (in decibels) of the transducer probe is gener-
ally turned down as this delivers a cleaner, clearer image by 
minimizing scatter. Focal zones should be adjusted to maxi-
mize the near- fi eld resolution (Fig.  45.1 ).  

 Because the course of the vein is drawn upon the skin 
with indelible marker and then stain, the unprotected probe 

a

b

  Fig. 45.1    ( a ) Ultrasound power 
low. ( b ) Ultrasound power high       
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head may become permanently stained, especially through 
the relatively porous probe membrane. In order to avoid 
this, the probe is covered with a plastic probe cover contain-
ing ultrasound gel. The medium between probe and skin 
must be aqueous and not air for adequate ultrasound trans-
mission. Preparation of the examination area or room is of 
vital importance for successful mapping. The room should 
be well heated in order to minimize peripheral venoconstric-
tion. For the same reason, the patient should remain clothed 
and/or covered, exposing only the necessary limb. 
Sometimes, keeping the exposed foot covered is also useful. 
Finally, the room is generally kept dark in order to assist 
with visualization of the ultrasound image on the display. 

 Positioning for imaging of the great saphenous vein usu-
ally requires the stretcher to be placed in reverse Trendelenburg 
with the knee slightly  fl exed and the hip externally rotated. 
Standing the patient is usually not necessary for the majority 
of cases and is certainly not well tolerated by many in this 
patient group. Occasionally, the patient may be kept in a 
standing position at the end of the procedure to check the 
vein size under maximal pressure. In the past, tourniquets 
were employed in an effort to maximally dilate these veins 
but this has proven to be poorly tolerated by the patients and 
has therefore been abandoned. 

 Imaging of the saphenous vein can be started at either one 
of three logical sites: the ankle, the knee, or the groin. 
Generally, the groin is favored as the saphenofemoral junc-
tion can usually be positively identi fi ed with its characteris-
tic relationship to the common femoral vein and artery 
(“Mickey Mouse,” Fig.  45.2 ). In very obese patients,  however, 
this may be dif fi cult to image even with the lower- frequency 
transducers. Beginning imaging at the knee may avoid some 
of the above problems, but it is much easier to follow the 
wrong vein or to miss double systems.  

 These super fi cial veins have very little internal pres-
sure, and are exquisitely sensitive to external pressure such 
as from the probe itself. Therefore, the weight of the probe 
and the examiner’s hand should be supported by the fourth 
and  fi fth  fi ngers offset from the course of the vein. The 
examiner can check his or her technique by examining the 
vein in cross section: it should be round, not elliptical 
(Fig.  45.3 ).  

 Held in this way, the probe is applied at or near the groin 
in a transverse plane. Held in this plane, the probe may be 
moved in a medial-lateral direction until the vein is visual-
ized. Generally, the vein runs slightly medial to the midline 
of the thigh at this point. The vein may be followed into the 
saphenofemoral junction to con fi rm its identity. The vein 
may be compressed to con fi rm patency. If this is in doubt, 
pulsed Doppler may be used in conjunction with manual 
compression of the distal leg. 

 Care should be taken to keep the probe as perpendicular 
to the skin as possible in order to help the surgeon make his 
or her incisions directly over the vein. This is entirely possi-
ble in most cases where the leg is tant, but can be unavoid-
ably inaccurate if the tissue of the  skin is sagging or otherwise 
very redundant. Correct marking of the course of the vein on 
the skin requires some experience and constant feedback 
from operating room  fi ndings. 

 Once the vein is identi fi ed in the transverse plane, the 
probe is slowly rotated 90° to insonate the vein in a longitudi-
nal plane. The position of the vein may then be marked at 
either end of the probe. We use a Sharpie King Size Permanent 
Marker with a chisel tip because it will mark through gel (and 
it will stay wet when left uncapped). As the probe is moved 
distally, a new dot is made every inch or so. After the remain-
der of the scan is completed, the dots are painted over with a 
continuous line. We use carbol fuchsin stain (originally 

  Fig. 45.2    Mickey mouse        
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  Fig. 45.3    ( a ) Transverse    vein image, no 
pressure—vein round. ( b ) Transverse vein 
image, mild pressure—vein elliptical. ( c ) 
Transverse vein image excess pressure, 
vein not visualized ( arrow –greater 
saphenous vein)       
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obtained from the radiation oncology department) applied 
with a cotton-tip applicator. This provides the operator with a 
map of the underlying vein (Fig.  45.4 ). This map should pro-
vide the surgeon with a detailed picture of the vein but it does 
not necessarily precisely indicate the best place for the sur-
geon to place the incisions; this requires some judgment from 
the surgeon in addition to the external map.  

 The size of the vein can also be measured. This is best 
done with the vein imaged in the transverse plane. Usually 
the vein size is determined in the groin, the distal thigh, and 
three equidistant points along the lower leg. Any marked 
changes in vein diameter along the course of the vein should 
also be marked. The limitations of these measurements 
should be stressed. Because they are obtained with the vein 
under venous pressure, they generally underestimate the 
diameter of the vein when the vein is connected to arterial 
pressure. In addition, these measurements are taken of the 
inside diameter of the vein, not the outside diameter. The 
surgeon should regard these measurements as the minimum 
size of the available vein. It is very important that the sur-
geon does not abandon the thought of using the vein without 
visually inspecting the vein at the time of operation. The vein 
by ultrasound may appear quite small and actually be quite 
acceptable upon arterialization. The vein size is roughly 
underestimated by a millimeter or more by ultrasonography 
under venous pressure. 

 As the probe is moved from the groin to the ankle, the 
vein is held in a longitudinal plane. As marks are made on 
the skin, the probe is rotated to a transverse plane every 3–4 
in. at which time the vein may be compressed to con fi rm 
 patency and its diameter measured and recorded. Other data 
that should be generally noted include the relationship of the 
vein to the super fi cial and deep fascia and the relative depth 
of the vein in regards to the skin. It does help if the ultra-
sonographer has some direct experience with the relation-
ship of the saphenous vein to the fascia. Knowing that the 

main vein usually runs deep to the saphenous fascia, for 
instance, allows for the ultrasonographer to avoid tracking 
more super fi cial subcutaneous veins which may be as large 
or larger  [  9  ] . This is especially the case when the patient has 
large varicosities of the thigh where selecting the proper vein 
to track and follow is largely a matter of identifying the vein 
with the proper relationship to the saphenous compartment. 

 Other more subtle but no less important data that may be 
obtained include information about the vein wall. Normally, 
the intimal-medial complex appears as a thin, single, well 
delineated re fl ection. With the probe in the longitudinal 
plane, an abnormal appearance of the vein wall should be 
noted (Fig.  45.5 ). This may be expressed in the report by 
describing the vein wall as being thickened (worrisome), 
calci fi ed (worrisome but often usable), irregular (very worri-
some, with possible recanalization), or sclerotic (almost cer-
tainly not usable). These notations are somewhat subjective 
and really describe a whole class of vein wall abnormalities 
but are of paramount importance to the surgeon as it allows 
for some preoperative planning to avoid using these diseased 
veins whenever possible.  

 Patients in this group may have variable amounts of 
peripheral edema. This complicates imaging considerably as 
the layers of edematous tissue may appear similar to a vein 
by ultrasound. This is the one condition in which use of color 
 fl ow imaging is useful; distal compression will help de fi ne 
the vein from the surrounding  fl uid- fi lled tissue planes espe-
cially with color  fl ow imaging. 

 At this point, the entire vein should have been completed 
in the  fi rst pass from the groin to the ankle. There should be 
a line of black dots along the course of the vein. The vein is 
rescanned from top to down but with the probe held in the 
transverse plane. During this pass, major branches are noted 
and marked. This includes known named tributaries such as 
the posterior (medial) and anterior (lateral) accessory saphen-
ous veins in the upper thigh as well as major perforators, 
which are seen as posterior or posteriolateral branches that 
dive through the deep fascia to communicate with the deep 
venous system (Fig.  45.6 ). Preoperative identi fi cation of 
these points will allow the surgeon to gain access to the vein 
with a minimum amount of dissection and to ligate these per-
forators ef fi ciently.  

 After the main branches are marked, the scan may be 
completed by connecting the dots with the carbol fuchsin 
stain, leaving the surgeon a cutaneous map upon which the 
operation may be planned. In addition, a form depicting the 
leg (or arm) being mapped is  fi lled out. This form has a dia-
gram of the mapped vein and notation for abnormalities, 
con fi guration, vein size, depth and any other data felt to be 
useful to the operator. This entire procedure may take as little 
as 15 min with a single simple system, although longer peri-
ods of time are required for more complicated cases  [  10  ] .  

  Fig. 45.4    Vein map       
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a

b

  Fig. 45.5    ( a ) Normal vein wall 
( arrow ). ( b ) Thickened (post 
phlebitic) vein wall       

  Fig. 45.6    Perforator to deep 
system from saphenous vein       
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   Saphenous Vein Variants 

 During imaging, many branches of the vein may be encoun-
tered. Some of these branches will prove, upon imaging, to 
be long parallel venous systems  [  11  ] . While most surgeons 
regard the great saphenous vein as a single tube running up 
the medial aspect of the leg, this has proven to be the case in 
only 55% of the several thousand limbs now scanned. 
Familiarity with these variations is important for both the 
ultrasonographer and the surgeon. 

 For most purposes, the variations in saphenous vein anat-
omy may be classi fi ed into two groups: above the knee and 
below the knee. The most common single con fi guration of 
the thigh saphenous vein is what is termed a single medial 
dominant vein, seen in about 60% of cases. This is the “typi-
cal” con fi guration in which the vein is a single trunk running 
medially along the thigh and within the saphenous compart-
ment. In addition, it curves away from the patient’s midline 
(concave outward). 

 In the other 40% of cases, important variations exist in the 
thigh. The thigh saphenous vein may have a single anterior 
or lateral dominant system in 8% of cases (Fig.  45.7 ). In this 
setting, the thigh vein runs more anterolaterally than the 
main GSV and is super fi cial to the saphenous fascia. It tends 
to have many more, smaller branches, is thinner-walled, and 
curves toward the patient’s midline (concave inward). The 
lateral system arises as the anterior accessory saphenous 

vein, usually the  fi rst and largest lateral branch just distal to 
the saphenofemoral junction. Although a single lateral domi-
nant system can be used for bypass, closed  in situ  techniques 
should be employed more cautiously due to its thin wall and 
profusion of branches.  

 The saphenous vein may have both posterior (medial) and 
anterior (lateral) systems running along the entire thigh that 
remain relatively separate from each other even below the knee 
 [  12  ] . These double systems may have a larger posterior (medial 
dominant double system) or anterior (lateral dominant double 
system) branch, or both systems may be equal in caliber 
(Fig.  45.8 ). This pattern occurs in about 8% of cases. It is vitally 
important for the ultrasonographer to pick up this variant and to 
give the surgeon some idea which vein is better, if any, in order 
for the surgeon to place the incisions over the appropriate place. 
In addition, the surgeon can use the ultrasound information to 
avoid wasting time chasing the less satisfactory vein.  

 The saphenous vein may have a closed loop in the thigh 
portion in about 7% of cases (Fig.  45.9 ). This type of vein 
tends to be a poor candidate for closed in situ bypass valvular 
disruption as the surgeon cannot ensure instrumenting the 
larger of the branches of the loop, and the start and  fi nish of 
the loop are points especially prone to injury from intralumi-
nal instrumentation.  

 In about 16% of cases, the saphenous vein divides in the 
distal two-thirds of the thigh (Fig.  45.10 ). Both branches run 
parallel into the lower leg. If not identi fi ed by mapping, the 
surgeon can easily isolate the wrong (smaller) system at the 
knee, usually the posterior arch vein. Furthermore, the point 
of division of the vein is likewise prone to injury from blind 
intraluminal instrumentation.  

 In 1–2% of cases, the saphenous vein anatomy is 
suf fi ciently complicated, usually re fl ecting multiple loops 
and parallel systems as to be dif fi cult to characterize ultra-
sonographically. The surgeon should be noti fi ed of this, and 
careful exploration and/or the use of intraoperative venogra-
phy are possible adjunctive methods for these cases. These 
are rarely pleasurable and often tedious experiences.  

   Calf Saphenous Vein Anatomy 

 The saphenous vein commonly divides at or just below the 
knee joint into an anterior and posterior system. The com-
mon situation, seen in 58% of cases, has the anterior branch 
being the dominant system and the posterior arch vein being 
a tributary (Fig.  45.11 ). The anterior system is generally 
deeper, thicker-walled, and has fewer branches than the pos-
terior system. It lies between the deep and super fi cial fascia 
and travels with the saphenous nerve.  

 The posterior system is the single dominant system in 
about 7% of cases (Fig.  45.12 ). This vein runs in a subcutane-
ous plane, is thinner-walled, has many small branches, and is 

  Fig. 45.7    Single lateral dominant 
system, 8%       
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sometimes a continuation of the posterior accessory saphen-
ous vein which may communicate with the great saphenous 
vein via intersaphenous veins  [  13,   14  ] . This vein is generally 
more dif fi cult to prepare surgically for bypass but may be 

adequate when the dominant system. Incisions for this variant 
tend to be more posterior in the calf and less deep.  

 The saphenous vein has both complete anterior and poste-
rior systems in about 35% of cases. The systems divide at the 

  Fig. 45.9    Closed loop in thigh, 7%         Fig. 45.10    Branching of saphenous vein 
in distal thigh, 16%       

  Fig. 45.8    ( a ) Super fi cial lateral and deeper medial systems. ( b ) Components of a double system, 8%       

b

a
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knee, and rejoin at the junction of the middle and lower 
 one-third of the leg. In this situation, the anterior system is 
dominant in most (85%) of cases and posterior dominant in 
15% of this subgroup (Fig.  45.13 ).  

 In less than 1% of vein maps, the saphenous systems of 
veins are tripled or otherwise too complex for accurate imag-
ing by ultrasound.  

   Small Saphenous Vein 

 The small, but not often lesser, saphenous vein travels in the 
posterior calf and ankle subcutaneously with the sural nerve 
starting at the saphenopopliteal junction and proceeding dis-
tal to the plantar arch. It lies super fi cial to the deep fascia 
and overlays the gastrocnemius muscle. The small saphen-
ous vein is mapped in a similar fashion as the great saphen-
ous vein, with the hip externally rotated and the knee slightly 
 fl exed. The cranial extension of the small saphenous vein 
runs between the biceps femoris and semimembranosis mus-
cles and may communicate with the great saphenous vein 
via the posterior thigh circum fl ex vein (the vein of Giacomini) 
 [  14  ] . When present, the vein of Giacomini can increase the 
usable length of the small saphenous vein and can also be 
accessible from a supine and medial surgical approach.  

   Proper Use of Mapping Data 

 Like any test, there are limitations in data that any study pur-
ports to deliver. First and foremost, like any ultrasound data, 
mapping is highly dependent on a close working relationship 

  Fig. 45.11    Typical calf saphenous vein 
anatomy, 58%       

  Fig. 45.12    Single posterior dominant, 
7%       

  Fig. 45.13    Double calf system, 35% 
(anterior dominant 85%)       
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between the technologist and surgeon. The technologist 
needs to become familiar with the anatomic variants of the 
saphenous vein and the details of vein anatomy that affect 
the bypass procedure. The surgeon, in turn, must close the 
loop by informing the ultrasonographer if the map was accu-
rate or if the data provided was inaccurate or not usable. 

 Mapping is appropriate to de fi ne the presence or 
absence of vein and the minimum size of the vein. 
Conversely, it does not accurately de fi ne the size of the 
vein under arterial pressure. Thus, in good hands, if the 
surgeon is told that there is no vein, then this is probably 
true. If the surgeon is told that the vein is present but 
small, then the vein should be examined in the operating 
room to decide if it is usable. 

 The map drawn upon the skin can be fairly accurate, but 
less so in obese patients. It can serve as a guide in the 
placement of the  fi rst two (proximal and distal) incisions 
over the vein, but the vein should be then identi fi ed before 
the incisions are connected. The map does not obviate the 
need for surgical judgment in regards to this point. With a 
vein mapping report of length, diameter, and quality of the 
vein, but in the absence of the cutaneous map, the vein can 
still be identi fi ed at the groin or the ankle without unneces-
sary exploratory incisions. 

 Venous anatomic variants are very well delineated with 
good mapping. This requires considerable training for both 
parties and mistakes will be made early on. Branches and 
perforators are moderately well identi fi ed, helping the sur-
geon make decisions such as open versus closed technique. 
Valves, however, are not well imaged sonographically. 

 Irregularities of the vein wall, when present, are very 
accurately identi fi ed with ultrasonography. Many of these 
 fi ndings are somewhat subtle at  fi rst and require experience 
to accurately describe. Failing to identify irregularities during 
vein mapping, however, is no guarantee that the vein quality 
is good. A proper map and good clinical judgment together 
can ease many steps in the process of limb revascularization.      
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   Introduction 

 Doppler assessment of blood  fl ow through the liver has 
become an important clinical tool for evaluating abnormali-
ties of the liver. Examination of in fl ow patterns in the com-
plex parallel circulations of arterial and portal in fl ow and in 
the hepatic venous out fl ow can provide important informa-
tion about the anatomy, physiology, and pathology of the 
liver and cardiovascular system. In addition, Doppler can be 
used to monitor patients with known liver pathology to assess 
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 The portal vein carries 70–75% of the blood  fl ow to the liver. Flow patterns in the portal 
vein may be altered with liver disease or cardiac disease. Portal hypertension is the most 
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 The hepatic venous waveform is typically multiphasic. Altered liver parenchyma can 
cause a dampened or monophasic waveform, while cardiac disease can cause exaggeration 
of the retrograde components of the cycle. Occlusion or thrombosis of hepatic veins can 
lead to parenchymal changes in the liver and, ultimately, to portal hypertension. 
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progression of disease and determine when interventions 
may be required. 

 This chapter provides an overview of Doppler evaluation 
of the hepatic arterial blood supply, the portal venous sys-
tem, and the draining hepatic veins. First, the discussion will 
focus on the instrumentation and techniques required for 
obtaining color Doppler images and spectral waveforms 
from hepatic and portal vessels. This will be followed by a 
description of the normal anatomy and normal Doppler 
waveforms for the hepatic vessels. Next will be a description 
of the use of Doppler in the clinical setting, followed by the 
Doppler  fi ndings seen in various types of liver pathology 
affecting the hepatic arteries, portal veins, and hepatic veins. 
While this is not intended to be an exhaustive review of all 
liver pathology, this chapter should offer an in-depth expla-
nation of the value of Doppler ultrasound in hepatoportal 
vessels for diagnosing abnormalities of the liver and its 
circulation.  

   Instrumentation and Technique 

 Modern ultrasound systems designed for imaging the adult 
abdomen support broad bandwidth transducers, which can 
perform multiple functions, including real-time grayscale 
sonographic imaging, color and power Doppler imaging, 
and spectral Doppler waveform acquisition. In general, the 
liver is evaluated with transducer frequency settings 
between 3 and 5 MHz, often with harmonic imaging. Color 
and spectral Doppler of hepatic vessels, however, may 
require lower frequencies, in the range from 2 to 4 MHz, 
for optimal assessment. Most broad bandwidth transducers 
and ultrasound systems allow for imaging and Doppler to 
be used at different frequencies, independent of the fre-
quency of the other. Thus, while imaging the liver with 
color Doppler, the grayscale setting could be at 5 MHz with 
harmonics, while the color Doppler could be optimized at 
3 MHz  [  1  ] . 

 Grayscale imaging is essential not just for imaging the 
liver, but also for locating hepatic vessels and for differenti-
ating one from another. Color and power Doppler can each 
be used to locate and identify vessels. Color Doppler pro-
vides information about presence of  fl ow and  fl ow direction. 
Power Doppler, more sensitive than color Doppler, provides 
information about presence and location of  fl ow. Some ultra-
sound systems have the capability of displaying directional 
power Doppler, a color mapping of blood  fl ow with the sen-
sitivity of power Doppler, and the ability to show direction of 
 fl ow like color Doppler  [  2  ] . Spectral Doppler is used to 
acquire waveforms from various vessels to provide informa-
tion about velocities of blood  fl ow in the vessels as well as 
the characteristics of the  fl ow. 

 The vessels of the liver are more dif fi cult to evaluate with 
Doppler than are vessels in the neck or extremities for  several 
reasons. The arteries and veins in the liver are deep in the 
abdomen in the right upper quadrant. Finding a sonographic 
window to visualize the liver may be challenging because 
intervening bowel gas may obscure the liver when scanning 
anteriorly, and the ribs may block the ultrasound beam when 
scanning from the right side. Bowel gas can be minimized by 
requiring patients to fast for at least 8 h prior to their sched-
uled examination. Scanning from the right often requires 
careful placement of the transducer in an intercostal space to 
avoid shadowing from the ribs. Different intercostal spaces 
provide windows at different levels of the liver. During scan-
ning, one maneuver that can help with visualization of the 
liver and its vessels is to ask the patient to take a deep breath 
and hold it. With deep inspiration, some of the liver may 
move to a position inferior to the costal margin, providing a 
window through which much of the liver may be visualized 
by angling the transducer superiorly. The liver also moves 
inferiorly when the patient is turned into a left lateral decubi-
tus position, another maneuver that could yield a good win-
dow into the right upper quadrant. 

 For Doppler assessment of hepatic vessels, the same 
maneuvers that are used for grayscale imaging can be 
employed. Low-frequency transducers are needed to pene-
trate to the depth of the vessels and to interrogate vessels for 
blood  fl ow. These lower-frequency transducers may be less 
sensitive to slow  fl ow than are higher-frequency transducers. 
As a general rule, the Doppler setting should be set at the 
highest frequency possible to obtain a good Doppler wave-
form without giving up sensitivity to  fl ow due to attenuation 
of the beam. 

 The hepatic artery and portal veins radiate from the porta 
hepatis at the inferomedial center of the liver toward the 
periphery of the liver, and the hepatic veins course from the 
periphery of the liver toward the inferior vena cava located 
posterior and superior. For adequate spectral waveform anal-
ysis, the angle of the Doppler signal should be no greater 
than 60°. Finding a good Doppler angle for interrogation of 
these vessels adds an additional challenge to the sonographic 
examination. The evaluation of various vessels and their 
branches may require the examiner to scan the patient from 
multiple sites in the anterior and right upper abdomen. In 
particular, the main portal vein and its right branches are best 
assessed from the right side through an intercostal space, 
while the left portal branches are best assessed from an ante-
rior approach below the ribs. The hepatic veins are usually 
better imaged with an anterior subcostal approach, although 
scanning from the right may also be successful. 

 Good Doppler technique includes optimal setting of the 
scale and baseline. With both color and spectral Doppler, 
the scale should be set as low as possible without causing 
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aliasing of the signal in the vessel being interrogated. If 
the  fl ow is unidirectional, the baseline can be moved to 
allow for further decrease in the scale before aliasing will 
occur  [  1,   3  ] .  

   Anatomy and Normal Doppler 

   Hepatic Artery 

 In normal patients, the hepatic artery or arteries supply the 
liver with 25–30% of its blood  fl ow  [  4,   5  ] . The main hepatic 
artery is one of the major branches of the celiac artery, aris-
ing from the celiac axis shortly after its origin from the upper 
abdominal aorta. The artery courses into the liver at the porta 
hepatis, then branches into right and left branches. Variations 
in hepatic artery anatomy are common, with approximately 
25% of patients having more than one hepatic artery  [  6  ] . The 
most common variants are a replaced right hepatic artery and 
a replaced left hepatic artery. With a replaced right hepatic 
artery, a second hepatic artery arises from the superior mes-
enteric artery and enters the liver to become the artery to the 
right lobe of the liver. When the left hepatic artery is replaced, 
it usually arises from the left gastric artery, a branch of the 
celiac artery. Within the liver, the hepatic arterial branches 
travel in parallel with the portal vein and its branches. The 
hepatic artery is small. The main hepatic artery can be seen 
with grayscale imaging in the portal hepatis, but its individ-
ual branches are typically not visible. 

 The Doppler waveform of the hepatic artery is character-
ized by unidirectional, pulsatile, low resistance, arterial  fl ow. 
That is, the waveform has a sharp systolic peak and contin-
ued antegrade  fl ow throughout the cardiac cycle. The resis-
tive index (RI), calculated as:

  

 (Peak systolic velocity) (End diastolic velocity)RI
(Peak systolic velocity)

-
=

    

is normally 0.55–0.70 (Fig.  46.1 )  [  7  ] .   

   Portal Veins 

 In normal patients, the portal veins provide 70–75% of the 
hepatic blood supply. The main portal vein is formed by the 
con fl uence of the splenic vein and the superior mesenteric vein 
in the mid epigastrium, posterior to the pancreas. It travels into 
the liver at the porta hepatis, and then branches into the right and 
left portal veins. The right portal vein branches further into ante-
rior and posterior branches shortly after the main portal vein 
bifurcation. (Fig.  46.2 ). Variations of this anatomy are common, 
seen in about 35% of patients. The most common variant is tri-
furcation of the main portal vein into the right posterior, right 
anterior, and left portal veins, with other variants including 
bifurcation of the main portal vein into the right posterior branch 
and a common trunk for the right anterior branch and the left 
portal vein. The portal vein and its branches are considerably 
larger than the hepatic arteries. As a result, the main portal vein 

a b

  Fig. 46.1    Hepatic artery waveform. ( a ) Color Doppler image of porta 
hepatis demonstrating high  fl ow in the hepatic artery ( arrow ,  HA ) adja-
cent to the portal vein ( arrow ,  PV ), which has slower  fl ow. ( b ) Spectral 

waveform from the hepatic artery showing low resistance arterial  fl ow 
with a resistive index of 0.59       
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and its branches can be seen farther out into the liver paren-
chyma with grayscale imaging than the hepatic arteries  [  8  ] .  

 Normal Doppler waveform of the portal veins demon-
strates continuous antegrade  fl ow toward the liver with a 
mildly undulating pattern. Flow is affected by respiration 
and cardiac pulsatility, although the effect is normally mild. 
The mean velocity in the portal vein is typically 15–30 cm/s, 
while the peak velocity has a broad range of normal from 15 
to 40 cm/s. In general, variations in velocities in the main 
portal vein are small, with the lowest velocity measuring 
more than half the highest velocity. That is,

  

Lowest velocity 0.5
Highest velocity

<
    

(Fig.  46.3 )  [  7,   9,   10  ] .   

   Hepatic Veins 

 The hepatic veins drain all the blood from the liver into the 
inferior vena cava. That is, all the blood entering the liver 
through the portal vein and hepatic arteries is drained 
through the hepatic veins directly into the inferior vena cava. 
Three main hepatic veins are typically present: the left, mid-
dle, and right. The left hepatic vein travels between the 

medial and lateral segments of the left lobe of the liver. The 
middle hepatic vein courses between the right and left lobes 
of the liver, and the right hepatic vein courses between the 
anterior and posterior segments of the right lobe (Fig.  46.4 ). 
Variations of hepatic venous anatomy are common, with an 
additional right inferior hepatic vein in some patients and 
merging of the middle and left hepatic veins into a single 
vessel in others  [  11  ] .  

 Normal hepatic veins have a multiphasic pattern during 
the cardiac cycle, with  fl ow predominantly away from the 
liver and toward the heart except during short segments of 
the cycle. Starting with atrial systole, the  fi rst part of the 
hepatic vein waveform is typically retrograde, or back into 
the liver, as a result of increased pressure in the right atrium 

  Fig. 46.2    Main portal vein and its branches. Color Doppler sonogram 
of the porta hepatis showing the main portal vein ( arrow ,  MPV ), branch-
ing into the left portal vein ( arrow ,  LPV ) and right portal vein ( arrow , 
 RPV ), as well as bifurcation of the right portal vein into anterior ( arrow , 
 RAPV ) and posterior ( arrow ,  RPPV ) branches       

a

b

  Fig. 46.3    Portal vein waveform. ( a ) Color and spectral Doppler sono-
gram of the main portal vein, demonstrating continuous, antegrade, 
mildly undulating  fl ow into the liver with a peak velocity of 22.6 cm/s. 
( b ) Portal Doppler waveform showing mild pulsatility with the lowest 
velocity (18.1 cm/s) measuring >0.5 times the peak velocity 
(27.7 cm/s)       
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as the atrium contracts. This is termed the A-wave. In some 
patients, the A-wave is not retrograde, but rather has mark-
edly diminished antegrade  fl ow compared to the rest of the 
waveform. After atrial systole is ventricular systole, during 
which blood is propelled out of the heart into the great arter-
ies. In addition, the tricuspid valve is drawn into the right 
ventricle, increasing negative pressure in the atrium, draw-
ing blood back to the heart. During ventricular systole, the 
hepatic vein waveform demonstrates  fl ow toward the infe-
rior vena cava and is called the S-wave. Flow is maximal 
toward the heart during this portion of the cardiac cycle. 

Toward the end of systole, the tricuspid valve shifts away 
from the right ventricle. During this period, the hepatic 
waveform usually demonstrates a decrease in  fl ow velocity 
toward the heart, or even a bit of reversed  fl ow away from 
the heart, making the V-wave. Lastly, during diastole, the 
tricuspid valve is open, and the atria and  ventricles  fi ll with 
blood. The hepatic waveform during this part of the cycle is 
called the D-wave and characteristically demonstrates ante-
grade  fl ow with velocities almost as great as during cardiac 
systole (Fig.  46.5 )  [  11  ] .  

 The multiphasic pattern of hepatic venous  fl ow is some-
times considered to have four components, the A-wave, 
V-wave, S-wave, and D-wave, and is sometimes called tri-
phasic. The latter term is used by those who consider the 
V-wave to be a transitional period and not its own wave. No 
matter which term is used to characterize the waveform, it is 
important to recognize the normal appearance of the hepatic 
venous waveform in order to identify abnormalities of  fl ow 
in these vessels (Fig.  46.6 )  [  11  ] .  

 The hepatic venous waveform is affected by respiration. 
In particular, during inspiration and Valsalva, the multipha-
sic waveform may become monophasic, or  fl attened, with 
diminished  fl ow toward the heart. Thus, it is best to assess 
the hepatic veins at end expiration or during quiet respira-
tion. Because of this, imaging and Doppler acquisition may 
be dif fi cult because the scan should not be performed with 
the patient in suspended respiration after taking a deep 
breath. Intercostal views may be necessary, as the subcostal 
approach may not be adequate  [  11  ] .   

a b

  Fig. 46.4    Hepatic veins. ( a ) and ( b ) Color Doppler sonograms of liver demonstrating  fl ow in left ( arrow ,  LHV ), middle ( arrow ,  MHV ), and right 
( arrow ,  RHV ) hepatic veins as they converge into the inferior vena cava ( arrow ,  IVC )       

A

V

S

D

  Fig. 46.5    Hepatic venous waveform. Diagram demonstrating the com-
ponents of the multiphasic hepatic venous waveform. Flow below the 
baseline is toward the heart away from the liver. Flow above the base-
line is away from the heart back toward the liver. The  blue  A-wave is 
seen during atrial systole, the  red  S-wave during ventricular systole, and 
the  purple  D-wave during diastole. The  green  V-wave is a transitional 
wave between ventricular systole and diastole, when  fl ow decreases and 
the tricuspid valve shifts into the right atrium       
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   Role of Doppler in Assessment of the Liver 

 Color and spectral Doppler are used in conjunction with 
grayscale imaging of the liver to identify blood vessels in the 
liver and assess the vessels for presence and direction of 
 fl ow. In addition, Doppler is used to evaluate the dynamics of 
 fl ow within the vessel  [  11  ] . Diseases of the liver alter the 
parenchyma, which in turn, alters blood  fl ow in the arteries 
and veins leading into the liver, within the liver, and exiting 
the liver  [  7  ] . Thus, Doppler studies should be performed to 
help determine if the liver parenchyma is abnormal. Once the 
presence of liver disease has been established, Doppler is 
used to help determine the severity of disease and to monitor 
progression  [  12  ] . 

 Common indications for liver Doppler are listed in 
Table  46.1 . The most common indication is suspected or 
known portal hypertension. These patients are monitored 

closely to detect changes in portal venous  fl ow and to look 
for the development of collateral vessels. Patients with 
known or suspected liver disease, such as cirrhosis or hepati-
tis B or C, may bene fi t from Doppler studies, because the 
Doppler assessment may provide information about the 
severity of disease. Doppler is also an important tool for 
monitoring the progression of these diseases to determine 
when intervention is necessary. In addition to the indications 
above, patients with systemic diseases, such as hypercoagu-
lability and atherosclerosis, may develop abnormalities of 
the vessels entering or exiting the liver, leading to damage to 
the liver.   

   Abnormalities of the Hepatic Artery 

 Altered blood  fl ow in the hepatic artery typically results from 
one of two pathologic processes, arterial stenosis, or hepatic 
parenchymal disease. The most common site of atheroscle-
rotic disease affecting blood  fl ow in the hepatic artery is in 
the celiac artery near its origin from the aorta. A stenosis of 
70% or greater in the celiac axis is considered hemodynami-
cally signi fi cant and can lead to diminished blood  fl ow to the 
liver through the hepatic artery. The diagnosis of celiac 
stenosis is made with spectral Doppler when the peak sys-
tolic velocity measures greater than 200 cm/s in the celiac 
artery (Fig.  46.7 ). Additional  fi ndings with celiac stenosis 
may include an abnormal tardus-pardus waveform in the 
main hepatic artery  [  13,   14  ] .  

 Liver parenchymal disease and liver congestion may 
cause increased vascular resistance in the liver. The increased 
resistance is re fl ected in the hepatic artery waveform as 
diminished diastolic  fl ow and an elevated Doppler resistive 
index measuring >0.70 (Fig.  46.8 ). Common pathologies 
associated with an elevated resistive index in the hepatic 
artery include cirrhosis, acute hepatitis, metastatic disease, 
congestive heart failure, and hepatic vein obstruction.  

 A few rare entities may lead to an abnormally low resis-
tive index in the hepatic artery that measures <0.55. Such 
entities include vascular malformations with arteriovenous 

  Fig. 46.6    Hepatic vein waveforms. ( a ) and ( b ) Color and spectral 
Doppler of the hepatic vein, demonstrating normal multiphasic  fl ow 
with the A-wave ( arrow ,  A ), S-wave ( arrow ,  S ), and D-wave ( arrow , 
 D ). The V-wave, de fi ned by some as a separate wave, is the depression 
between the S- and D-waves       

   Table 46.1    Indications for performing liver Doppler   

 Portal hypertension 
 Abnormal liver function tests 
 Hepatitis B 
 Hepatitis C 
 Cirrhosis 
 Metastatic disease in the liver 
 Suspected veno-occlusive disease after hematopoietic stem cell 
transplantation 
 Trauma 
 Hypercoagulable state 
 Gastrointestinal bleed 
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shunting, arteriovenous or arterioportal shunt, and signi fi cant 
stenosis of the celiac artery or the hepatic artery.  

   Abnormalities of the Portal Venous System 

   Altered Portal Venous Hemodynamics 

 The normal portal venous waveform demonstrates continu-
ous antegrade  fl ow toward the liver with mild respiratory 
variation and mild cardiac pulsatility. Abnormalities of 

 fl ow in the main portal vein include increased  fl ow, dimin-
ished  fl ow, to-and-fro  fl ow, reversed  fl ow, absent  fl ow, and 
exaggerated cardiac pulsatility (Fig.  46.9 ). Each of these 
abnormalities may indicate one of several pathologic states 
(Table  46.2 )  [  1,   7  ] . When abnormal blood  fl ow is detected 
in the main portal vein, assessment of the portal vein 
branches is important to determine the distribution or extent 
of the abnormality. Flow direction and waveform character-
istics should be assessed in the three main branches of the 
main portal vein, the right posterior, right anterior, and left 
portal veins.   

a

b

c

  Fig. 46.7    Celiac artery stenosis. ( a ) Transverse sonogram demonstrat-
ing stenosis ( arrow ) at the origin of celiac artery from the aorta. ( b ) 
Sagittal midline image of celiac origin from aorta with spectral Doppler 

showing elevated velocity of 238 cm/s, indicative of stenosis. ( c ) 
Sagittal midline magnetic resonance angiogram of abdominal aorta and 
its branches showing celiac stenosis at its origin ( arrow )       
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 Because each type of altered blood  fl ow pattern may be 
seen with several different pathologic processes, and because 
some pathologic processes may manifest one of several pat-
terns of altered portal venous  fl ow, we discuss various dis-
ease entities and describe how Doppler is used to diagnose 
and monitor these diseases.  

   Portal Hypertension 

 Portal hypertension is de fi ned as increased pressure in the 
portal vein such that the pressure gradient between the 
portal vein and the inferior vena cava is 12 mmHg or 
greater  [  5  ] . Portal hypertension can develop from presinu-
soidal pathologies, such as sarcoidosis, lymphoma, or 
schistosomiasis, or from postsinusoidal pathologies, such 
as cirrhosis, hepatic vein thrombosis (Budd-Chiari syn-
drome), or veno-occlusive disease after bone marrow 
transplantation. Rarely, portal hypertension develops from 
extrahepatic diseases, such as prehepatic portal vein com-
pression or posthepatic hepatic vein or inferior vena cava 
obstruction  [  4,   5,   15  ] . 

 The most common cause of portal hypertension is liver 
cirrhosis. Cirrhosis may result from a number pathologies 
affecting the liver (Table  46.3 ), the most common being 

alcoholism and chronic active hepatitis B  [  16  ] . Cirrhosis is 
liver parenchymal  fi brosis that results from a chronic insult 
to the liver that causes cell damage and death, and the dam-
aged cells are then replaced by  fi brosis. The  fi brotic liver 
parenchyma causes increased vascular resistance, which 
leads to elevated pressure in the portal veins and, thus, portal 
hypertension.  

 The sonographic evaluation for portal hypertension starts 
with grayscale imaging of the liver to locate and assess the 
diameter of the main portal vein in the porta hepatis and the 
parenchyma of the liver. Signs of cirrhosis in the liver 
include coarse hepatic parenchyma, nodular liver contour, 
enlargement of the left and caudate lobes and a small right 
lobe, and focal masses. Extrahepatic signs include ascites 
and splenomegaly. Doppler assessment begins with the por-
tal con fl uence to document presence and direction of  fl ow in 
the splenic vein (Fig.  46.10 ). Next,  fl ow should be assessed 
in the main portal vein with color and spectral Doppler, to 
determine  fl ow direction and mean and peak velocities. 
Flow direction should be assessed in the anterior and poste-
rior branches of the right portal vein and in the left portal 
vein. Lastly, a careful search for collateral vessels should be 
performed, using grayscale and color Doppler, to look for a 
recanalized umbilical vein, coronary vein collaterals, and 
varices around the gallbladder or in the region of the gas-
troesophageal junction  [  4,   7  ] .  

 The development and progression of portal hypertension 
is associated with changes in the portal vein and its  fl ow. 
Early stages of portal hypertension are characterized by 
diminished portal  fl ow to the liver. This is manifested by 
dilation of the main portal vein diameter to more than 
1.3 cm and mean  fl ow velocities of less than 15 cm/s 
(Fig.  46.11 ). In response to the diminished portal venous 
in fl ow,  fl ow will compensatorily increase in the hepatic 
arteries. As the disease progresses and vascular resistance 
in the liver parenchyma increases, intrahepatic arterial  fl ow 
is shunted to the intrahepatic portal veins, rather than 
through its normal pathways to the hepatic veins. Continued 
increased vascular resistance causes increased arterioportal 
shunting, and  fl ow in the portal vein will become less and 
less, until it stops and the portal vein thromboses, or until 
 fl ow in the portal vein reverses direction and  fl ows away 
from the liver. The diversion of portal venous  fl ow away 
from the liver leads to the development of portosystemic 
collateral vessels outside the liver  [  4,   5  ] .  

  Fig. 46.8    High resistance hepatic artery  fl ow. Color Doppler sono-
gram with spectral waveform below of the hepatic artery in a patient 
with cirrhosis, demonstrating almost no end diastolic  fl ow ( arrows ), 
indicative of high resistance to arterial in fl ow       

  Fig. 46.9    Abnormal portal vein waveforms. ( a ) To-and-fro  fl ow in the 
main portal vein in a patient with tricuspid regurgitation is seen in the 
spectral waveform below the color Doppler sonogram. The waveform 
shows antegrade  fl ow toward the liver ( arrowheads ) and retrograde 
 fl ow away from the liver ( arrows ) during each cardiac cycle. ( b ,  c ) 
Color Doppler sonogram of portal vein showing ( b ) antegrade  fl ow 
toward the liver in  red  and ( c ) retrograde  fl ow away from the liver in 

 blue , during the cardiac cycle. ( d ) Reversed  fl ow in the portal vein in 
another patient shown in the color Doppler sonogram as  blue  in the 
portal vein and on the spectral waveform as  fl ow below the baseline. ( e ) 
Exaggerated cardiac pulsatility in another patient with congestive heart 
failure, demonstrating markedly diminished portal vein  fl ow ( arrow ) 
during part of each cardiac cycle       
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 A number of sonographic and Doppler criteria have been 
proposed for the diagnosis of portal hypertension (Table  46.4 ). 
The long list of criteria exists because no single criterion has 
a good sensitivity or speci fi city for portal hypertension. This 
is because variations in the progression of portal hypertension 
are common and changes in the portal vein are highly depen-
dent on the development and location of portosystemic shunts 
 [  4,   5,   17  ] . For example, in some cases, instead of developing 
portosystemic collaterals outside the liver, portosystemic 
shunts develop within the liver via a recanalized umbilical 
vein or through a spontaneous shunt between the portal vein 
and one of the hepatic veins. In these two situations,  fl ow in 
the portal vein will likely be normal or increased and the por-
tal vein diameter will remain normal size. It is important to 
remember that, because of the various types of changes in 
portal venous  fl ow, the presence of normal  fl ow in the portal 
vein does not exclude portal hypertension. Identifying 

   Table 46.2    Causes of altered blood  fl ow in the main portal vein   

 Abnormal  fl ow pattern  Pathology 

 Increased portal venous  fl ow  Intrahepatic portosystemic shunt 
  Portal-to-hepatic vein shunt 
  TIPS 
  Recanalized umbilical vein 
   Portosystemic shunt to coronary 

vein 
 Diminished portal venous  fl ow  Portal hypertension 

 Hepatic congestion 
 Metastatic disease 
 Hepatic vein thrombosis 

 To-and-fro portal venous  fl ow  Portal hypertension 
 Arterioportal shunting with 
cirrhosis 
 Hepatic congestion 
 Metastatic disease 

 Reversed portal venous  fl ow  Portal hypertension 
 Arterioportal shunting with 
cirrhosis 
 Hepatic congestion 
 Metastatic disease 

 Absent portal venous  fl ow  Portal hypertension 
 Hepatic congestion 
 Metastatic disease 
 Hypercoagulable state 
 Splenic vein thrombosis 
 Tumor in the portal vein 

 Exaggerated cardiac pulsatility  Congestive heart failure 
 Tricuspid regurgitation 
 Arterioportal shunting with 
cirrhosis 

   Table 46.3    Causes of cirrhosis and portal hypertension   

 Alcohol consumption 
 Hepatitis B infection 
 Hepatitis C infection 
 Steatohepatitis 
 Chronic congestive heart failure 
 Cystic  fi brosis 
 Bile duct destruction or primary biliary cirrhosis 
 Sclerosing cholangitis 
 Congenital biliary atresia 
 Hemochromatosis 
 Wilson’s disease (copper storage disease) 
 Glycogen storage disease 
 Autoimmune hepatitis 

a b

  Fig. 46.10    Splenic vein  fl ow. ( a ) Color Doppler sonogram demon-
strating normal  fl ow in the splenic vein ( arrow ), toward its con fl uence 
with the superior mesenteric vein to form the portal vein. ( b ) Spectral 

waveform from splenic vein showing continues antegrade  fl ow toward 
the portal con fl uence       
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 collateral vessels or intrahepatic portosystemic shunts is the 
most accurate means of diagnosing portal hypertension, e.g., 
whether the shunts are within the liver or extrahepatic  [  4,   5  ] .   

   Portosystemic Shunts with Portal Hypertension 

 Portosystemic shunts may occur spontaneously within the 
liver or outside the liver. These shunts divert blood away from 
the portal vein branches and sinusoids within the liver into 
veins draining directly into the inferior vena cava. Portosystemic 
shunts may also be created surgically outside the liver, or 
placed within the liver from the portal to the hepatic veins with 
nonsurgical interventional techniques  [  18,   19  ] . 

 The most common path of collateral  fl ow that may develop 
with portal hypertension is through the coronary vein (also 
called the gastric vein), which carries blood from the main 
portal vein away from the liver. This type of collateral circula-
tion often results in esophageal varices and, thus, carries 
risk of upper gastrointestinal hemorrhage. Coronary vein 

a b

c

  Fig. 46.11    Portal hypertension. ( a ) Grayscale sonogram in a patient 
with portal hypertension demonstrating dilatation of the main portal 
vein to >1.7 cm (calipers). ( b ) Grayscale image from another patient 

with portal hypertension demonstrating ascites (*) around the liver ( L ). 
( c ) Spectral waveform from the portal vein in the same patient showing 
abnormally slow  fl ow in the portal vein with peak velocity of 11.5 cm/s       

   Table 46.4    Sonographic and Doppler criteria for diagnosing portal 
hypertension   

 Portal vein mean velocity < 15 cm/s 
 Portal vein peak velocity < 20 cm/s 
 To-and-fro  fl ow in the portal veins 
 Absent portal vein  fl ow 
 Reversed portal vein  fl ow 
 Portal vein thrombosis 
 Diminished portal vein  fl uctuations 
 Portal vein diameter > 1.3 cm 
 Portosystemic collaterals a  

   a Most accurate means of diagnosing portal hypertension  
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a b

  Fig. 46.12    Dilated coronary vein collateral. ( a ) Transverse sonogram 
of liver demonstrating dilated coronary vein ( arrows ) coursing from the 
portal vein ( PV ) along the posterior medial border of the liver. ( b ) Color 

Doppler sonogram showing in red that the dilated coronary vein is car-
rying blood away from the portal vein ( PV )       
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 collaterals are visible with ultrasound and color Doppler as tor-
tuous dilated vessels in the porta hepatis, around the pancreas, 
and around the gastroesophageal junction (Fig.  46.12 )  [  20  ] .  

 Another common collateral pathway is through a recana-
lized umbilical vein or paraumbilical vein, which carries 
blood from the left portal vein away from the liver to the 
anterior abdomen through the super fi cial epigastric veins 

 [  18  ] . The umbilical vein is seen as a dilated patent vessel 
coursing through the falciform ligament, carrying blood 
away from the liver (Fig.  46.13 ).  

 Other forms of portosystemic shunting can occur spontane-
ously either inside the liver, via a spontaneous portal hepatic 
vein shunt, or outside the liver (Fig.  46.14 ). The most common 
spontaneous extrahepatic shunt is a splenorenal shunt  [  21  ] .  

a b

c

  Fig. 46.14    Portosystemic shunts. ( a ) Color Doppler sagittal sonogram 
of the liver demonstrating a vessel with high  fl ow ( arrowheads ) carry-
ing blood from the portal vein ( arrow ,  PV ) to the inferior vena cava 
( arrow ,  IVC ), representing a shunt from the portal vein to the middle 
hepatic vein. ( b ) Color and spectral Doppler of the portal-hepatic shunt 

showing steady  fl ow from the portal vein directly to the inferior vena 
cava. ( c ) In a different patient with a splenorenal shunt, the sagittal 
color and spectral Doppler sonogram demonstrates a vessel carrying 
blood from the splenic vein ( arrow ) inferiorly toward the renal vein 
through the splenorenal shunt       

  Fig. 46.13    Recanalized umbilical vein. ( a ) Color Doppler sonogram 
of left lobe of liver showing  fl ow from the porta hepatis through the left 
portal vein ( arrow ,  LPV ) to a recanalized umbilical vein ( arrow ,  RUV ). 
( b ) The recanalized umbilical vein ( arrows ) carries the blood from the 

left portal vein away from the liver. ( c ) Recanalized umbilical vein 
( arrow ,  RUV ) in another patient carrying blood from the left portal vein 
( arrow ,  LPV ) away from the liver       
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 Surgical shunts, most often connecting the splenic vein to 
the left renal vein, were previously used to treat severe portal 
hypertension and recurrent gastrointestinal hemorrhage. 
Since the development of the transjugular intrahepatic porto-
systemic shunt (TIPS), surgical shunts are now rarely per-
formed  [  19  ] . Evaluation of extrahepatic surgical portosystemic 
shunts is often dif fi cult with ultrasound and Doppler because 
of their deep location in the abdomen. However, shunt pat-
ency can be assessed by con fi rming reversed  fl ow in the 

splenic vein from the portal con fl uence toward the spleen. 
Flow in the main portal vein is also frequently reversed.  

   Transjugular Intrahepatic Portosystemic 
Shunts (TIPS) 

 Transjugular intrahepatic portosystemic shunts (TIPS) are 
placed with nonsurgical interventional techniques such 

a b

c
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  Fig. 46.15    Transjugular intrahepatic portosystemic shunt ( TIPS ). 
( a ) Sonogram demonstrating TIPS with echogenic wall, connecting the 
main portal vein ( MPV ) to a hepatic vein ( HV ). ( b ,  c ) Color and spectral 
Dopplers from same TIPS as ( a ) demonstrating peak  fl ow velocity of 

208 cm/s at the portal end of the TIPS ( b ) and 154 cm/s in mid-TIPS 
( c ). ( d – f ) Spectral waveforms from another TIPS demonstrating normal 
 fl ow velocities at the portal end ( d ), mid ( e ), and hepatic end ( f )         
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that the shunt connects the portal venous system through 
the hepatic venous system to the intrahepatic portion of the 
inferior vena cava. Most often, the shunt is placed between 
the main portal vein or the right portal vein and the right or 
middle hepatic vein. The TIPS provides a large conduit to 
carry blood from all the portal veins directly into the infe-
rior vena cava. The primary function of the TIPS is to alle-
viate portal hypertension, particularly in patients with 
refractory ascites or recurrent upper gastrointestinal 
 bleeding  [  22  ] . 

 With functioning TIPS, blood in the main portal vein 
 fl ows antegrade toward the liver and normally from the por-
tal con fl uence to the TIPS. Intrahepatic portal vein branches 
typically have reversed  fl ow, from the periphery of the liver 
back toward the main portal vein, where blood can then be 
shunted through the TIPS to the inferior vena cava. 

Sonographic and Doppler assessment of the TIPS requires 
evaluating  fl ow direction and velocity throughout the TIPS, 
from its origin at the portal end to its end in the hepatic vein, 
as well as  fl ow in the main portal vein and its primary 
branches. Flow within the TIPS should be continuous in a 
portal-to-hepatic direction with a velocity of 90–190 cm/s 
(Fig.  46.15 ). Flow in the main portal vein should be continu-
ous and antegrade with mean velocities of at least 30 cm/s. 
Flow in the portal vein branches is usually continuous and 
retrograde  [  23–  27  ] . Assessment of the right posterior portal 
vein branch is often not possible, due to occlusion of this 
vein by the TIPS, or due to obstructed visualization by the 
shunt. It is important to assess  fl ow in the portal veins and 
TIPS using proper technique, with angle of Doppler 
insonation <60° and careful angle correction for velocity 
measurements, since velocity measurements play a key role 
in assessing the continued function of the TIPS.  

 Multiple diagnostic criteria have been proposed for iden-
tifying a malfunctioning stent (Table  46.5 )  [  23–  28  ] . If any of 
these criteria is present, stent malfunction is likely. The most 
common cause of malfunction is stenosis of the TIPS, which 
causes various abnormalities in the TIPS’ velocities includ-
ing increased  fl ow to >190 cm/s (Fig.  46.16 ), decreased  fl ow 
to <60 cm/s, or a  fl ow gradient across the stent of >100 cm/s. 
Changes in the portal venous Doppler, including decrease in 
portal vein velocities over time, mean portal vein velocity of 
<15 cm/s, or antegrade  fl ow in the left and right portal vein 
branches, are secondary signs of impending TIPS failure. 
Stent occlusion is diagnosed when there is no  fl ow in the 
TIPS (Fig.  46.17 ).     

e f

Fig. 46.15 (continued)

   Table 46.5    Sonographic and Doppler criteria for diagnosing TIPS 
malfunction   

 Portal vein mean velocity < 20 cm/s 
 >30–50% decrease in portal vein mean velocity over time 
 TIPS velocity < 90 cm/s 
 TIPS velocity > 190 cm/s 
 Decrease in TIPS velocity of > 40 cm/s 
 Increase in TIPS velocity of > 60 cm/s 
 No  fl ow in TIPS 
 Diminished portal vein  fl uctuations 
 Antegrade  fl ow in left or right portal veins 
 Velocity change along TIPS of > 100 cm/s 
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a b

  Fig. 46.16    TIPS malfunction. ( a ) Color and spectral Doppler sonogram of TIPS demonstrating mildly elevated velocities of 212 cm/s, raising 
concern for malfunction. ( b ) Three months later, there is almost no  fl ow in the TIPS with a peak velocity of only 5 cm/s       

a b

  Fig. 46.17    TIPS malfunction and occlusion. ( a ) Spectral Doppler from mid-TIPS demonstrating slow  fl ow at 35 cm/s. ( b ) Follow-up color 
Doppler sonogram demonstrates no  fl ow in the TIPS due to occlusion       
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   Portal Vein Thrombosis 

 Portal vein thrombosis can occur as a complication of 
 cirrhosis with portal hypertension, hypercoagulable states, 
pancreatitis, veno-occlusive disease after bone marrow trans-
plantation, malignancy, and after splenectomy  [  4,   7,   29,   30  ] . 
Often patients have two or more risk factors, such as cirrho-
sis and malignancy together. With complete portal vein 
thrombosis, no  fl ow will be identi fi ed in the portal vein with 
Doppler and echoes  fi ll the vein lumen (Fig.  46.18 ). With 

partial portal vein thrombosis, the lumen will be partially 
 fi lled with echoes and  fl ow can be identi fi ed around the 
thrombus (Fig.  46.19 ).   

 In some cases, thrombosis of the portal vein is due to 
tumor growing in the vein, a  fi nding that is important to 
distinguish from bland thrombus in the vein. The most 
common malignancies associated with tumor thrombus in 
the portal vein are hepatocellular carcinoma, pancreatic 
cancer, and cholangiocarcinoma  [  7,   31  ] . When tumor 
thrombus is present in the portal vein, the sonographic 

a b

c

  Fig. 46.18    Portal vein thrombosis. ( a ,  b ) Sonograms of porta hepa-
tis in two different patients showing the main portal vein ( arrows ) 
expanded and  fi lled with echoes due to thrombosis. The echo texture 
of the liver in ( b ) is coarse and heterogeneous due to advanced 

 cirrhosis. ( c ) Color Doppler image of same patient as ( b ) showing no 
 fl ow in the portal vein ( arrows ), adjacent to the patent hepatic artery 
( arrowhead )       
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appearance of the thrombus tends to be more heterogeneous 
than bland thrombus. In addition, tumor thrombus often 
expands the portal vein (Fig.  46.20 ). With color Doppler, 
small blood vessels may be seen within the tumor throm-
bus, con fi rming that the intraluminal material is solid tissue 
and not bland thrombus  [  31  ] .  

 Longstanding portal vein thrombosis often leads to the 
formation of collateral vessels in the porta hepatis and around 

the thrombosed portal vein, a change termed cavernous 
transformation of the portal vein. Collateral vessels may 
shunt blood from the portal to the systemic veins, or they 
may be portal-to-portal shunts, carrying blood around the 
thrombosed portions of the main portal vein to intrahepatic 
portal veins. With color Doppler imaging, serpiginous ves-
sels with blood  fl ow are seen in and around the porta hepatis 
(Fig.  46.21 )  [  7,   32  ] .   

a b
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  Fig. 46.19    Portal vein partial thrombosis. ( a ) Sonogram of porta 
hepatis demonstrating thrombus ( arrow ) partially obstructing the portal 
vein ( PV ). ( b ) Sonogram of same patient showing thrombus  fi lling the 
splenic vein ( SPV ,  arrowheads ) and partially  fi lling the portal vein ( PV ) 

( arrow ). ( c ) Color Doppler of same area as ( b ) showing no  fl ow in 
splenic vein ( SPV ,  arrowheads ) and a small amount of  fl ow in the portal 
vein ( PV ) around the thrombus ( arrow )       
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   Portal Vein Air 

 Air in the portal veins is an ominous  fi nding, often indicating 
serious medical problems including bowel ischemia and 
intra-abdominal infection, such as diverticulitis and acute 
appendicitis. In premature infants, portal vein air may be 
seen with necrotizing enterocolitis. In adults, bowel ischemia 
typically results from mesenteric stenosis or occlusion from 
atherosclerotic disease or emboli, and is occasionally accom-
panied by air in the intrahepatic portal veins. On ultrasound, 
air in the portal vein is typically found in the anterior left 
lobe of the liver, the nondependent portion of the liver, and 

appears as scattered bright echoes in the region of the periph-
eral portal triads or throughout the liver parenchyma 
(Fig.  46.22 )  [  33  ] .    

   Abnormalities of the Hepatic Veins 

   Abnormal Hepatic Venous Waveforms 

 Absence of the normal multiphasic or triphasic hepatic 
venous waveform may be indicative of intrahepatic or 
extrahepatic disease. A monophasic waveform, character-

a c

b

  Fig. 46.20    Tumor thrombus in portal vein. ( a ) Transverse view show-
ing large tumor ( arrows ) expanding portal vein ( PV ). ( b ) Color Doppler 
of tumor in portal vein showing scattered blood  fl ow ( arrows ) con fi rming 

that this is tumor. ( c ) Transverse sonogram of liver showing metastatic 
lesion in posterior right lobe ( arrows ) representing a metastasis       
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ized by reversed  fl ow or no A-wave, may be indicative of 
diffuse liver parenchymal disease, particularly if the dis-
ease causes increased stiffness of the liver. When a mono-
phasic waveform is obtained with spectral Doppler, it is 
important to make sure the patient was not holding his/her 
breath and not performing a Valsalva maneuver, because 
either of these physiologic states can temporarily produce a 
monophasic waveform  [  34  ] . A true monophasic waveform 
in the hepatic vein has continuous antegrade  fl ow through-
out the cardiac cycle with dampened or absent undulation. 
Cirrhosis is the most common cause of a monophasic wave-
form  [  35  ] . The waveform is  fl attened and lacks retrograde 
 fl ow because the liver is stiff and the hepatic veins are com-
pressed (Fig.  46.23 ). Pathologies that will cause a similar 
pattern include liver steatosis, chronic hepatitis, extensive 
metastatic disease, and veno-occlusive disease  [  7,   11  ] .  

 The hepatic vein waveform is also abnormal if the A-wave 
is exaggerated (Fig.  46.24 ). This  fi nding is seen with conges-
tive heart failure or with tricuspid regurgitation.   

   Budd-Chiari Syndrome 

 Occlusion of the hepatic veins and the accompanying signs 
and symptoms are known as Budd-Chiari syndrome. Hepatic 
vein thrombosis can occur in patients with abnormal hyperco-
agulability and in patients with myeloproliferative  disorders. 

Extension of hepatic tumor into the hepatic veins can also 
lead to occlusion of the veins. Other causes include thrombo-
sis of the inferior vena cava from hypercoagulability or tumor 
and severe congestive heart failure  [  4,   7,   36,   37  ] . Hepatic vein 
thrombosis occurs much less frequently than does portal vein 
thrombosis. 

 With Budd-Chiari syndrome, sonography and Doppler 
will reveal minimal or no  fl ow in the hepatic veins (Fig.  46.25 ). 
Sometimes, echoes will be seen  fi lling the lumens of the 
hepatic veins. Careful assessment of the inferior vena cava 
should be performed when hepatic venous thrombosis is 
diagnosed, to help determine the etiology of the hepatic vein 
occlusion. Other sonographic  fi ndings that typically accom-
pany Budd-Chiari syndrome include ascites, enlarged cau-
date lobe, gallbladder wall edema, portal hypertension, and 
splenomegaly  [  4,   37  ] .   

   Veno-Occlusive Disease 

 Veno-occlusive disease is a complication of hematopoietic 
stem cell transplantation that causes clot and  fi brin deposi-
tion in the liver sinusoids, obstructing venous  fl ow through 
the hepatic parenchyma. Patients with preexisting liver dis-
ease prior to stem cell transplantation are more likely to 
develop this complication than others. The clinical signs 
and symptoms are similar to Budd-Chiari and include ascites 

a b

  Fig. 46.21    Cavernous transformation of thrombosed portal vein. 
( a ) Sonogram through liver and porta hepatis showing several small 
vessels ( arrows ) where the portal vein should be visible. ( b ) Color 

Doppler of same region showing  fl ow in the multiple vessels replacing 
the thrombosed portal vein ( arrows )       
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and portal hypertension. In addition, patients may have 
hepatomegaly and jaundice. Ultrasound and Doppler 
 fi ndings are nonspeci fi c and include increased resistive indi-
ces in the hepatic artery and diminished or reversed  fl ow in 
the portal veins  [  38,   39  ] . The hepatic venous waveforms 
obtained from the main hepatic veins may appear dampened 
or monophasic  [  7,   38  ] .       

a

b

  Fig. 46.22    Air in portal veins. ( a ) Transverse image of an adult liver 
showing multiple scattered bright punctate and linear echoes ( arrow-
heads ) representing air in portal veins. ( b ) Image of left lobe of liver in 
a neonate with necrotizing enterocolitis, showing bright linear and 
punctate echoes ( arrowheads ) in the nondependent part of the liver, rep-
resenting portal venous air       

a

b

  Fig. 46.23    Monophasic hepatic vein waveform with cirrhosis. ( a ) 
Sonogram of right upper abdomen demonstrating lobular contour of 
liver ( L ) and ascites ( * ). ( b ) Color and spectral Doppler of middle 
hepatic vein in same patient showing monophasic  fl ow away from the 
liver toward the heart       
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   Introduction 

 Hypertension af fl icts almost one-third of all adult Americans, 
thereby affecting 74 million individuals, and its incidence is 
increasing  [  1  ] . “Renovascular hypertension” is classically 
de fi ned as systemic hypertension resulting from renal arte-

rial compromise, most frequently due to atherosclerotic dis-
ease in adults  [  2  ] . The conclusion, however, that hypertension 
is related directly to an arterial lesion would require com-
plete reversal of the hypertension after relief of the stenosis 
or obstruction, which is something that is infrequently seen. 
Therefore, although it has been estimated that 2–6% of 
patients have underlying renal disease as the cause of their 
elevated blood pressure, the true prevalence of renovascular 
hypertension is unknown and varies with the population 
studied  [  3  ] . In selected patient groups, such as children or 
young adults, or those with severe diastolic hypertension, the 
prevalence of renal artery stenosis is up to 38% and progres-
sion of stenosis occurs in more than 10% of patients depend-
ing on the severity of their initial artery stenosis  [  4–  6  ] . Renal 
artery stenosis is more likely to be found in adults with abrupt 
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onset or exacerbation of chronic hypertension, angiotensin-
converting-enzyme-inhibitor-induced azotemia, otherwise 
unexplained renal insuf fi ciency or  fl ash pulmonary edema 
out of proportion to left ventricular dysfunction, and in 
hypertensive children  [  7  ] . Although the long-term prognosis 
for patients with renovascular hypertension is worse than 
that of patients who do not have identi fi able lesions, success-
ful treatment of such lesions is possible and can be associ-
ated with improvement of the hypertension and associated 
cardiac and renal insuf fi ciency in some patients  [  8  ] . 
Identi fi cation of renal artery stenosis is important because 
treatment may control or cure renovascular hypertension, 
prevent loss of renal mass, or stabilize renal function in 
chronic renal failure  [  9  ] . Ef fi cacy of revascularization proce-
dures for the treatment of renal artery stenosis, in association 
with clinical hypertension, has recently been questioned by 
the results of recent large-center prospective studies, under-
lining the continuing need to better identify which patients 
would bene fi t from such interventions  [  10,   11  ] . 

 Since renal artery disease, due to either arterial stenosis 
or  fi bromuscular dysplasia, is correctable, identi fi cation of 
affected patients is clinically important. Historically, contrast 
arteriography has been the diagnostic test of choice for reno-
vascular disease. This procedure, however, offers mostly 
anatomic information without correlative hemodynamic data 
or a causal linkage between identi fi ed disease and hyperten-
sion or renal dysfunction. In addition, its invasive nature and 
associated 3–5% complication rates, especially in the setting 
of associated renal functional impairment, effectively pre-
cludes its use as a screening test for renal artery stenosis and, 
in the majority of cases, even as a con fi rmatory diagnostic 
procedure. For most clinicians, arteriography is performed in 
association with planned therapeutic intervention. Other less 
invasive diagnostic procedures include magnetic resonance 
angiography (MRA) and computed tomographic angiogra-
phy (CTA). Both of these modalities, however, are relatively 
expensive and include the need for intravenous contrast 
which can be nephrotoxic and contraindicated. The pub-
lished sensitivity and speci fi city of MRA in the diagnosis of 
renal artery stenosis is greater than 90%, although it has a 
tendency to overestimate the degree of stenosis, and its accu-
racy in real-life situations is less than that reported from aca-
demic centers of excellence  [  12  ] . In addition, the use of 
gadolinium as a contrast agent, particularly in patients with 
diminished renal function, has been associated with develop-
ment of nephrogenic systemic  fi brosis  [  13  ] . MRA also should 
not be used in patients with certain implanted devices (i.e., 
pacemakers, de fi brillators, cochlear implants, and spinal 
cord stimulators) or in claustrophobic patients. In a similar 
manner, three-dimensional volume CTA has a reported sen-
sitivity and speci fi city of 94% and 93%, respectively, in the 
diagnosis of renal artery stenosis  [  12,   14  ] . Its accuracy is 

comparable with MRA but it has the added risks of ionizing 
radiation and nephrotoxicity from iodinated and larger vol-
ume of contrast agents. Furthermore, severe renal artery 
calci fi cation may obscure luminal narrowing  [  15  ] . Because 
the cost of both MRA and CTA further precludes their use as 
the initial diagnostic modality, they are most useful as sec-
ondary con fi rmatory studies. Duplex sonography offers the 
bene fi ts of low cost and absence of ionizing radiation or rou-
tine need for intravenous contrast. It is a noninvasive and 
painless procedure. Technological advances in the past 
decade with improved low frequency transducers, Doppler 
resolution, and digital imaging have made vascular ultra-
sound the technique of choice in the initial evaluation of the 
renal arteries. Renal duplex scanning can detect renal artery 
stenosis, determine its anatomic location, and help de fi ne its 
hemodynamic signi fi cance with sensitivity and speci fi city of 
85% and 92%, respectively  [  16  ] .  

   Etiology of Renal Artery Disease 

 Atherosclerosis is the cause of 90% of cases of renal artery 
stenosis  [  17,   18  ] . It most frequently involves the ostium and 
proximal third of the renal artery while more distal lesions 
are seen in 15–20% of patients  [  19  ] . Hemodynamically 
signi fi cant lesions may be accompanied by post-stenotic 
dilatation. Risk factors for the development of atheroscle-
rotic renal artery stenosis include increasing age, hyperten-
sion, tobacco use, coronary artery disease, peripheral vascular 
disease, hyperlipidemia, and diabetes mellitus. Men are 
affected twice as frequently as women and bilateral lesions 
occur in 30% of patients  [  20  ] . In contrast, although medial 
 fi bromuscular dysplasia is the second most common curable 
cause of renal artery stenosis, it occurs far less frequently. It 
overwhelmingly affects females in a 9:1 ratio with patients 
usually in their 30s and involves the middle and distal por-
tion of the main renal artery with extension into the  fi rst-
order branches in 25% of patients. It occurs bilaterally more 
than 35% of the time although, when involving just one side, 
the right side is most frequently affected  [  21  ] . 
Angiographically, the renal arteries have a beaded appear-
ance with alternating stenoses and aneurysmal dilatations 
 [  22  ] . The etiology of  fi bromuscular dysplasia is unknown 
although there may be, at least in part, a genetic component. 
Other less common causes of renal dysfunction include aor-
tic dissections involving the renal vessels, spontaneous or 
traumatic isolated renal artery dissections or disruptions, 
renal artery aneurysms, atheroembolization to the renal arter-
ies, progressive atherosclerotic stenosis leading to complete 
occlusion, arteriovenous  fi stulas, mid-abdominal aortic 
coarctation, developmental congenital stenoses, arteritis, and 
extrinsic compression by tumors or other masses  [  2  ] .  
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   Renal Duplex Ultrasonography 

 Greene et al. were the  fi rst to use renal duplex sonography to 
characterize blood  fl ow patterns in the normal and diseased 
renal artery  [  23  ] . Using B-Mode imaging and Doppler veloc-
ity waveforms, they described renal artery anatomy, blood 
 fl ow rates, and velocity patterns. Rittgers et al. demonstrated 
that disturbances in the Doppler velocity waveform occur 
before signi fi cant reductions in blood  fl ow  [  24  ] . Signi fi cant 
stenoses were associated with marked  fl ow disturbance 
exempli fi ed by blunting of the systolic peak and loss of the 
systolic spectral window. There was also a decrease in the 
velocity distal to severe lesions along with associated post-
stenotic turbulence. 

 Other investigators subsequently developed and validated 
protocols for the evaluation and classi fi cation of normal and 
pathologic renal artery  fl ow  [  16,   25,   26  ] . Studies by Avasthi 
et al. proposed criteria for the identi fi cation of renal artery 
lesions in humans: a peak systolic renal artery velocity 
greater than 100 cm/s, spectral broadening due to turbulence, 
and loss of the diastolic  fl ow component for hemodynami-
cally signi fi cant stenoses while the absence of any detectable 
 fl ow identi fi ed an occlusion of the renal artery  [  27  ] . 
Subsequent studies found that a peak systolic renal artery 
velocity of 100 cm/s is too low to yield acceptable sensitivi-
ties for detection of  fl ow-reducing stenoses and that the loss 
of the diastolic  fl ow component will often be re fl ective of 
intrinsic parenchymal dysfunction rather than arterial steno-
sis  [  25,   26  ] . Additionally,  fl ow is commonly detected within 
the kidney even when the renal artery is occluded because of 
 fl ow through ureteral and adrenal collateral branches. 

 The most widely used classi fi cation of renal artery stenosis 
relies on the Doppler-derived systolic velocity, a comparison 
with the systolic velocity recorded in the proximal abdominal 
aorta, and  fl ow patterns along the length of the renal artery. 
Duplex diagnosis of a  fl ow-limiting lesion is dependent on 
demonstration of a focal increase in systolic velocity. Hoffman 
et al. demonstrated a sensitivity of 95% and a speci fi city of 
91% for identi fi cation of a signi fi cant  fl ow-reducing stenosis, 
de fi ned as a >60% diameter reduction, using a peak systolic 
(PSV) renal artery velocity of >180 cm/s  [  28  ] . Similar excel-
lent results with a sensitivity and speci fi city of 98% was 
attained with a PSV of >200 cm/s  [  29  ] . Absolute velocity 
measurements may potentially be affected by systemic fac-
tors, such as blood pressure and cardiac output, and thus a 
comparison with aortic peak systolic velocity is routinely 
used. Kohler and others have shown that a ratio of the peak 
systolic velocities of the renal artery to that of the abdominal 
aorta of >3.5 is predictive of renal artery stenosis of >60% 
diameter reduction  [  29,   30  ] . The usefulness of this ratio has 
been validated in multiple centers  [  25,   26,   31  ] . Although the 
velocity in the abdominal aorta, as well as renal artery veloc-
ity, decreases with age,  fl ow velocities have fortunately been 

shown to be independent of body surface area  [  23  ] . Examination 
of the spectral  fl ow patterns within the renal artery is also help-
ful in diagnosing stenoses. The presence of post-stenotic tur-
bulence is con fi rmatory of a hemodynamically signi fi cant 
lesion. Doppler spectral broadening has not been useful as a 
diagnostic parameter because the Doppler sample volume size 
is large in relation to the diameter of the small-caliber renal 
artery. 

 Renal artery stenosis is classi fi ed into four diagnostic cat-
egories based on duplex ultrasound criteria: normal, less than 
60% stenosis, greater than 60% stenosis, and occlusion 
(Table  47.1 ). Lesions that represent less than 60% diameter-
reducing stenosis are distinguished by an elevated systolic 
velocity of greater than 180 cm/s but a renal-to-aortic ratio of 
less than 3.5 and no post-stenotic turbulence. Clinically, it is 
still important to diagnose these lesions in order to identify 
patients who may bene fi t from continued monitoring for pro-
gression of disease. Con fi rmation of renal artery occlusion is 
dependent on the B-Mode image of the renal artery to con fi rm 
proper location for Doppler insonation and demonstration of 
absence of  fl ow in the renal artery. False-negative studies 
may result from insonation of nearby collateral or polar 
branches in cases of multiple renal arteries.  

 Renal size, as re fl ected by the ultrasound-measured length 
of the kidney, is useful in ascertaining potential intervention 
for renal artery stenosis. It has been shown that renal length 
decreases signi fi cantly in the presence of severe renal artery 
stenosis  [  32,   33  ] . Caps and his colleagues reported that kid-
neys with a renal artery peak systolic velocity greater than 
400 cm/s, and cortical end-diastolic velocities less than or 
equal to 5 cm/s, were at high risk for progression to renal 
atrophy (Fig.  47.1 )  [  34  ] . An atrophic kidney, usually de fi ned 
as less than 8 cm in length, is unlikely to bene fi t from revas-
cularization procedures. Although some clinicians have been 
aggressive in such circumstances, the results with either sur-
gical or endovascular revascularization have been disap-
pointing as reperfusion of the ischemic kidney is not likely to 
reverse parenchymal changes  [  35–  37  ] . On the other hand, 
studies suggest that improved renal function may be expected 
when intervention is performed prior to progression of the 
lesion to critical levels of renal impairment  [  36  ]  or in cases 
where renal function has acutely deteriorated  [  38,   39  ] . 

   Table 47.1    Duplex criteria for classi fi cation of renal artery stenosis   

 Classi fi cation  RAR  PSV  PST 

 Normal  <3.5  <120 cm/s  Absent 
 <60% stenosis   £ 3.5  >180 cm/s  Absent 

 >60% stenosis  >3.5  >180 cm/s  Present 
 Occlusion  N/A  N/A  N/A 

 Low velocity, low amplitude 
parenchymal signals 

   RAR  renal-aortic velocity ratio,  PSV  peak systolic velocity,  PST  post-
stenotic signal,  N/A  not applicable  
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However, measurement of renal length alone is not a sensi-
tive enough indicator to detect signi fi cant renal artery steno-
sis and progression to arterial occlusion  [  34  ] . Therefore, 
measurement of kidney length is useful to assist in the proper 
selection of patients for revascularization but inadequate by 
itself in de fi ning the presence of a hemodynamically 
signi fi cant renal artery stenosis.   

   Duplex Ultrasound Evaluation 
of the Renal Arteries 

   Anatomy of the Renal Arterial System 

 The kidneys are located between the 12th thoracic and 3rd 
lumbar vertebrae lying retroperitoneally in the dorsal abdom-
inal cavity. The right kidney usually lies slightly more inferior 
to the left. While the kidneys decrease in size with increasing 
age, the normal organ length is 8–13 cm with a width of 
5–7 cm. In less than 1% of the population, the kidneys may be 
joined at their lower poles by an isthmus of tissue which lies 
anterior to the aorta at the level of the fourth or  fi fth lumbar 
vertebrae, forming a horseshoe-shaped organ  [  40  ] . 

 For the purpose of sonographic interrogation, the kidneys 
are segmented into four main areas. The renal artery, vein, 
and ureter enter the kidney through the  renal hilum  that forms 
the  renal sinus.  The sinus, which in large part is comprised 
of fat and some  fi brous tissue, contains the renal artery and 
vein, and the collecting and lymphatic systems. For this 

reason, it is normally brightly echogenic on sonographic 
imaging (Fig.  47.2 ). The parenchymal tissue of the kidney is 
divided into two parts:  the medulla  and  cortex . The cortex 
constitutes the outermost area of the kidney lying just beneath 
the renal capsule. Cortical tissue (columns of Bertin) lies 
between the triangular-shaped medullary pyramids which 
carry urine from the cortex to the renal pelvis. The 12–18 
pyramids generally have lower echogenicity than the cortex 
and are usually seen well in the normal adult patient.  

 Attention to both surface and internal anatomic landmarks 
facilitates sonographic localization of the renal arteries. Using 
a surface landmark, the renal arteries are located approxi-
mately 2 cm below a transverse plane (the transpyloric plane) 
located midway between the suprasternal notch and the sym-
physis pubis. This plane cuts through the lower border of the 
 fi rst lumbar vertebrae, the ninth costal cartilages and the pylo-
rus. The renal arteries can be visualized arising from the lat-
eral or postero-lateral wall of the abdominal aorta. Soon after 
its origin, the right renal artery will arch inferiorly and then 
slightly posteriorly to go behind the inferior vena cava (IVC) 
and the right renal vein. The left renal artery usually originates 
from the aortic wall slightly more cephalad than the right and 
courses superiorly and then posterior to the splenic artery, left 
renal vein and is crossed by the inferior mesenteric vein. 

 Between 12% and 22% of patients have variant anatomy 
which includes duplication of the main renal arteries or 
accessory polar arteries, a feature found more often on the 
left than on the right  [  41,   42  ] . In the majority of patients, the 
accessory renal arteries arise from the aortic wall below 
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  Fig. 47.1    Cumulative index of 
renal atrophy strati fi ed according 
to baseline renal artery peak 
systolic velocity ( RAPSV , in 
cm/s). Standard error is <10% 
through 24 months for all plots 
(Reprinted from Caps et al.  [  34  ] . 
With permission from Nature 
Publishing Group)       

 



59347 Duplex Evaluation of the Renal Arteries

the main renal artery and course to the polar surfaces of the 
kidney while the main renal arteries enter the kidney through 
the renal hilum. Occasionally, accessory renal arteries origi-
nate from the common or internal iliac, superior or inferior 
mesenteric, adrenal, or right hepatic arteries. 

 The renal artery normally gives rise to two to  fi ve anterior 
and posterior segmental branches, which supply blood to 
upper-, mid-, and lower poles of the kidney (Fig.  47.3 ). The 
segmental arteries give rise to interlobar arteries which 

course along the sides of the renal pyramids. At the level of 
the corticomedullary junction, the interlobar arteries branch 
into the arcuate arteries, which travel across the superior bor-
der of the pyramids and give rise to the interlobular arteries. 
The interlobular arteries course toward the surface of the kid-
ney forming the afferent glomerular arterioles.  

 On each side, the renal vein courses anteriorly from the 
renal hilum with the ureter arising posteriorly. The renal 
artery normally lies between the vein and the ureter. On the 

  Fig. 47.2    Longitudinal B-Mode 
image of a normal adult kidney 
demonstrates echogenicity of the 
renal sinus ( black arrow ) and 
de fi nition of the renal cortex and 
pyramids ( white arrowhead )       

  Fig. 47.3    Transverse color  fl ow 
image of the vasculature of a 
normal kidney demonstrating 
anterior and posterior segmental 
branches of the main renal artery. 
Courtesy of Philips Ultrasound       
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right, the renal vein has a short course from the hilum of the 
kidney to the IVC. While venous anatomy may be anoma-
lous in many patients (primarily due to multiple veins), the 
left renal vein normally courses anterior to the aorta and 
posterior to the superior mesenteric artery (Fig.  47.4 ). In 
3% of patients, the left renal vein may take a completely 
retroaortic path while up to 18% of patients will demon-
strate a bi fi d (circumaortic) left renal vein with both a ret-
roaortic branch and another branch coursing anterior to the 
aorta  [  43,   44  ] . It is important to be aware of these anatomic 
anomalies because the left renal vein is used as a major 

anatomic landmark for locating the renal arteries during the 
sonographic examination.    

   Technique 

   Patient Preparation and Positioning 

 Although patients are required to fast for 6–8 h prior to the 
sonographic examination to reduce excessive abdominal gas 
that would make visualization of the renal arteries and veins 

a

b

  Fig. 47.4    ( a ) Transverse color 
 fl ow image of the abdominal 
aorta, superior mesenteric artery, 
portal vein con fl uence, IVC, and 
left renal vein. Note the left renal 
vein ( white arrowheads ) crossing 
over the renal artery ( black 
arrow ) and anterior aortic wall. 
( b ) A longitudinal view of the 
right renal vein ( arrows ) 
following intravenous contrast 
(Image courtesy of Konrad 
Stock, M.D.)       
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more dif fi cult, we have not found it necessary to use cathar-
tics. Patients are allowed to take their usual medications with 
small sips of water. Diabetic patients are permitted to have 
dry toast and clear liquids in the morning of the study in 
order to prevent development of hypoglycemia while await-
ing their sonogram. Because of this concern, diabetic patients 
are also the  fi rst ones scheduled in the morning. It is recom-
mended that all patients refrain from smoking or chewing 
gum because these activities increase the amount of swal-
lowed air in the stomach. 

 Once in the vascular laboratory, the patient is placed on 
the examination table in the supine position with the head 
slightly elevated and the feet lower than the heart. This allows 
the viscera to descend into the lower abdomen and pelvis, 
increasing the likelihood of  fi nding acceptable acoustic win-
dows. With the patient in this position, the aorta, mesenteric, 
and proximal-to-mid segments of the renal arteries are visu-
alized. For examination of the distal renal arteries, renal 
veins, and the kidneys themselves, the patient is moved to the 
right or left lateral decubitus position with the arm raised 
over their ear and their legs extended to elongate the body. A 
prone position, using intercostal scan planes, may occasion-
ally be required for a thorough examination of the kidneys 
and distal renal arteries. In patients with a low rib cage, it 
may also be helpful to have them raise their arms over their 
head to elevate the ribs and allow improved access to the 
proximal renal arteries.  

   Equipment 

 A high-resolution ultrasound system with pulsed Doppler 
transducers ranging in frequency from 2.25 to 5.0 MHz is 
required to allow adequate penetration to the depths of the 
aorta and distal renal arteries. Although color  fl ow and power 
Doppler imaging are not absolutely required for successful 
renal vascular examination, these technologies will greatly 
facilitate visualizing the vessels, identi fi cation of regions of 
 fl ow disturbance, and con fi rmation of arterial and/or venous 
occlusion. The sonographer must optimize the B-Mode, 
color, and spectral Doppler information throughout the 
examination because velocities may vary over small regions 
of the renal arterial and venous systems due to tortuosity and 
short-segment lesions, dissections, or webs.  

   Examination of the Aorta, Mesenteric, 
and Renal Arteries 

 The examination is initiated with evaluation of the aorta 
beginning at the level of the diaphragm and continuing to its 
bifurcation. B-Mode imaging is used to determine the pres-
ence of atherosclerotic plaque, aneurysmal dilation, or 

dissection. The evaluation is complemented with color  fl ow 
imaging to highlight any regions of disturbed  fl ow. Selective 
Doppler spectral waveforms are recorded at the level of the 
celiac and superior mesenteric artery origins. The aortic peak 
systolic velocity is documented and retained for later utiliza-
tion in calculation of the renal to aortic velocity ratios. 

 Branches of the celiac and superior mesenteric arteries 
may course in close proximity and may be mistaken for 
accessory or main renal arteries. To help prevent such confu-
sion, Doppler spectral waveforms may be recorded from 
both the celiac and superior mesenteric arteries with the pri-
mary purpose being recognition of the mesenteric  fl ow pat-
terns. A secondary bene fi t would be detection of unsuspected 
mesenteric occlusive disease. 

 The aorta is thereafter imaged in the cross-sectional plane 
at the level of the superior mesenteric artery. Just inferior to 
this level, the left renal vein can be identi fi ed as it crosses 
anterior to the aorta (Fig.  47.4 ). Although this vein serves as 
a useful landmark for locating the renal arteries, care must be 
taken to identify anomalous venous anatomy. The vein diam-
eter and  fl ow patterns should be assessed to rule out throm-
bosis or extrinsic compression due to overlying small bowel 
or superior mesenteric artery compression syndrome. 

 Although the renal arteries usually arise from the mid-
lateral or posterolateral wall of the aorta at the level of the 
second lumbar vertebrae, just posterior to the left renal vein, 
there can be much anatomic variability in their location 
(Fig.  47.5a ). The location of accessory renal arteries is even 
more unpredictable and therefore easy to miss. Color  fl ow 
imaging facilitates the identi fi cation of the arteries and makes 
it easier to follow their course from the origin to the mid-
segment of the vessel. When neither color  fl ow nor power 
Doppler allows satisfactory vessel identi fi cation, the use of 
intravenous ultrasound contrast can be helpful.  

 To rule out ori fi cial stenotic disease commonly associated 
with plaque on the aortic wall, the Doppler sample volume is 
swept slowly from within the lumen of the aorta and through 
the renal artery ostium. In making the transition from the 
aorta into the renal artery, the high-resistance aortic  fl ow pat-
tern changes to a low-resistance con fi guration in the renal 
artery. Dependent on the angulation of the renal ostium, it 
may be dif fi cult to maintain appropriate angle correction 
during the transition maneuver. Regardless of this technical 
limitation, high velocity, turbulent signals reliably indicate 
stenotic ostial disease. 

 Using the smallest sample volume, Doppler spectral 
waveforms are recorded continuously throughout the visual-
ized length of the renal arteries. The highest peak systolic 
velocity in the vessel is documented being careful to utilize 
an angle of insonation less than 60° (Fig.  47.5a ). If needed, 
the patient is moved to the right or left lateral decubitus, lat-
eral oblique, or prone position for interrogation of the mid-
to-distal renal artery and renal parenchymal vessels. Color 
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a

b

d

c

  Fig. 47.5    ( a ) Color  fl ow image of the abdominal aorta and left renal 
artery demonstrating appropriate angle correction for demonstration of 
Doppler spectral waveforms within the renal artery. A low resistance 
spectral pattern is evident which is characteristic of normal renal arte-
rial blood  fl ow. ( b ) Particularly on the right side, it may be more dif fi cult 

to identify the full length of the renal artery ( open arrow ). ( c ) The use 
of color Doppler greatly improves visualization of the right renal artery 
( open arrow ), particularly as it goes posterior to the vena cava ( white 
arrowhead ). ( d ) In dif fi cult circumstances, power Doppler can even 
more effectively display the entire renal artery       
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and/or power Doppler imaging may facilitate appropriate 
angle correction and identi fi cation in cases of vessel tortuos-
ity (Fig.  47.5b–d ).  

   Evaluation of Renal Parenchymal Blood Flow 

 Blood  fl ow patterns are documented throughout the distal 
renal artery and the interlobar and arcuate arteries of the 

renal medulla and cortex (Fig.  47.6 ). Using a 0° angle of 
insonation, spectral waveforms are recorded throughout the 
kidney, noting regions of increased signal amplitude and dis-
ordered or absent  fl ow. The signals with the highest peak and 
end-diastolic velocities are documented from the vessels 
within the medulla and cortex of the upper-, mid-, and lower 
poles of the kidney. The presence of cortical thinning, cysts, 
masses, renal calculi, hydronephrosis, and/or perinephric 
 fl uid collections is noted (Fig.  47.7 ).    

  Fig. 47.6    Color  fl ow image and 
Doppler spectral waveforms from 
the arcuate arteries within the 
renal cortex. Normal renal 
parenchymal  fl ow is 
characterized by constant 
forward diastolic  fl ow       

  Fig. 47.7    Benign echolucent 
renal cysts are commonly found 
in the body of the kidney       
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   Measurement of Renal Size 

 Because renal atrophy would be a contraindication to revas-
cularization, the pole-to-pole length of each kidney is docu-
mented during each study (Fig.  47.8 ). Normal renal length is 
between 9 and 13 cm in the greatest longitudinal plane and 
there is usually less than 1 cm difference in renal lengths 
between the two kidneys. The length of the organ is mea-
sured during maximum inspiration using a  fl ank approach to 
optimize visualization of the renal margins on both poles.   

   Evaluation for Renal Vein Thrombosis 

 Although most renal studies are performed for examination 
of the arterial circulation, renal vein thrombosis can lead to 
acute renal failure and referral to the vascular laboratory. 
Con fi rmation of renal vein thrombosis can be technically 
challenging. The vein may be dilated with acute thrombus or 
contracted when it has been chronically thrombosed. 
Optimization of the grayscale image is needed to demon-
strate intraluminal echoes that indicate thrombosis (Fig.  47.9 ). 
Doppler spectral examination will document the absence of 
blood  fl ow within the vein and a retrograde, blunted diastolic 
 fl ow component in the renal arterial signals (Fig.  47.10 ). In 
the case of renal cell carcinoma, extensive tumor involve-
ment in the renal vein is common with extrusion and propa-
gation into the IVC. In patients with a thrombosed IVC, 
possibly associated with prior placement of a vena caval 
 fi lter, retrograde thrombosis may extend into the renal 
veins.     

   Contrast Enhanced Imaging 

 Duplex imaging of renal artery stenosis can be technically 
challenging and is in fl uenced by both operator expertise and 
patient factors, such as overlying bowel gas, obesity, and 
inability to optimally position the patient due to lack of 
patient cooperation  [  31  ] . Contrast enhancement to improve 
imaging and increase diagnostic accuracy is prevalent in 
radiologic techniques such as angiography, computed tomog-
raphy (CT), and MRI. Ultrasound contrast agents are stabi-
lized gas microbubbles that enhance ultrasound signals due 
to the difference between them and the surrounding blood in 
terms of compressibility and density. They re fl ect transmit-
ted ultrasound waves strongly, enhancing echogenicity at 
both fundamental and harmonic frequencies, which provides 
improved vascular imaging and tissue differentiation  [  45, 
  46  ] . Intravenous ultrasound contrast agents have been found 
to improve ultrasound diagnostic accuracy and are approved 
for use in the heart with utility also reported in the liver, mes-
enteric, and peripheral vasculature  [  47–  49  ]  (Fig.  47.11 ).  

 A prospective study examined the use of per fl utren con-
trast agent (De fi nity, DuPont) to improve imaging of the 
renal arteries  [  50  ] . This agent is composed of three phos-

a

b

  Fig. 47.8    The pole-to-pole length of the kidney is measured to evalu-
ate suitability for revascularization of stenotic lesions. Normal adult 
kidney length is greater than 9 cm ( a ) while atrophic organs are 
signi fi cantly shorter and more echogenic in character ( b )       

  Fig. 47.9    Transverse abdominal B-Mode image of the aorta ( arrow ) 
and the crossing left renal vein demonstrating dilation of the vein and 
intraluminal echoes ( arrowheads ) consistent with thrombus       
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pholipids and a per fl uoropropane gas that, when mixed 
together, form lipid-encapsulated-gas- fi lled microbubbles 
 [  48  ] . Because the microbubbles are less than 5  m m in diam-
eter, and thus smaller than red blood cells, they pass easily 
through the pulmonary microcirculation and are rapidly 
cleared by respiration from the systemic circulation within 
5 min of their infusion. This particular agent requires mix-
ing for 45 s at 4,500 oscillations/min in a speci fi c vial 
shaker. For this study, a volume of 1.3 ml of agitated con-
trast solution was injected into a 50 ml bag of 0.9% sterile 
saline solution, which was subsequently infused intrave-
nously at a rate of 2 ml/min via an 18-guage needle through-
out the duration of the duplex examination. The results of 
the ultrasound examination, with and without contrast 

enhancement, were compared with intra-arterial angiogra-
phy. Both duplex alone and duplex with contrast demon-
strated excellent identi fi cation of the renal arteries 
(Table  47.2 ). Overall visualization of the renal arteries was 
85% for standard duplex and 94% following contrast. 
Contrast infusion was particularly helpful in identifying 
additional accessory arteries and visualization of hemody-
namically signi fi cant stenotic vessels. A total of  fi ve of 
seven arteries not visualized by color  fl ow duplex was 
detected following the infusion of contrast, resulting in an 
additional 10% (5/48) of vessels visualized. In addition, 
signi fi cantly longer lengths of the renal arteries were visu-
alized in continuity when contrast was infused (3.9 cm as 
compared to 3.3 cm [ P  = 0.001]).  

a

b

  Fig. 47.10    ( a ) Longitudinal 
color duplex image of a 
transplanted kidney showing lack 
of color  fl ow and echogenic 
thrombus in the dilated renal vein 
( arrow ). ( b ) Doppler spectral 
waveforms recorded from the 
in fl ow renal artery. Note the 
retrograde diastolic  fl ow ( arrow ) 
suggestive of obstruction to 
venous out fl ow from the kidney 
(Images courtesy of Nicos 
Labropoulos, Ph.D.)       
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  Fig. 47.11    ( a ) Transverse color  fl ow 
image of an atherosclerotic abdominal 
aorta without contrast is unable to 
demonstrate the origin ( arrow ) of the left 
renal artery. ( b ) With the addition of 
contrast, the proximal portion of the renal 
artery ( arrow ) is well visualized. ( c ) This 
allows accurate placement of the sample 
volume to identify the presence of a 
high-grade stenosis (Images courtesy of 
Konrad Stock, M.D.)       

 



60147 Duplex Evaluation of the Renal Arteries

 There were no complications associated with the use of 
the intravenous contrast. The patients experienced no 
changes in blood pressure or heart rates during the contrast 
infusion and no deterioration of renal function as measured 
by blood urea nitrogen or serum creatinine levels, consistent 
with the experience of other investigators  [  48,   51  ] . Insonated 
Doppler velocities, however, were increased following con-
trast administration by an average of 10% in normal or mini-
mally diseased vessels and 12% in stenotic vessels 
(Table  47.3 ). Although these differences were statistically 
signi fi cant, they did not lead to a change in the category of 
stenosis. This artifactual increase in measured Doppler 
velocities has been noted in both human and in vitro studies 
 [  49,   52  ] . As contrast agents become more extensively used, 
separate velocity criteria may need to be established. 
Currently, however, the 10–12% increase in peak systolic 
velocities does not represent a large enough difference to 
require immediate attention but should be kept in mind for 
borderline results.  

 House et al. used contrast enhancement (Levovist, 
Schering, Berlin, Germany) for technically unsuccessful 
studies or to improve diagnostic con fi dence in sonographic 
detection of recurrent stenosis in stented renal arteries  [  53  ] . 
Use of contrast enhancement improved the technical success 
rate from 89% to 95% and also increased diagnostic 
con fi dence in a signi fi cant number of examinations. 

 The results from these studies indicate that contrast-
enhanced duplex imaging of the renal arteries is safe but not 
routinely required when an experienced sonographer per-
forms the study. However, it can increase vessel visualiza-
tion and thus allow more speci fi c placement of the pulsed 
Doppler sample volume. This may increase overall accuracy 
of the study in patients with stenoses and accessory renal 

arteries or in approximately 10% of patients whose vessels 
are not initially successfully visualized. No comparative stud-
ies have been done among different contrast agents. Another 
per fl utren-based contrast agent (Optison, Amersham Health) 
is FDA approved for echocardiography and has the potential 
bene fi t of not requiring a speci fi c vial mixer before infusion. 
A recent controversy about a potential increased mortal-
ity risk of intravenous contrast agents in patients undergo-
ing echocardiography has not been substantiated  [  54  ] . It is 
hoped that the FDA will approve noncardiac indications for 
ultrasound contrast agents in the near future.  

   Special Considerations 

   Accessory and Multiple Renal Arteries 

 Approximately 30% of the population has multiple renal 
arteries on one side and another 10% have bilateral multi-
ple vessels  [  41,   43  ] . Duplicate renal arteries usually arise 
from the lateral aortic wall and are directed toward the 
central hilum of the kidney while accessory polar renal 
arteries course toward the upper or lower poles of the kid-
ney. For an unknown reason, more accessory renal arteries 
are seen on the left as compared to the right side. When 
only a single accessory artery is present, it is usually sup-
plying the lower pole of the kidney. In the presence of an 
accessory vessel, the main renal artery is usually of near-
normal caliber while the accessory vessels have a smaller 
diameter. When multiple renal arteries occur, none of the 
vessels may be dominant and it is quite dif fi cult to be cer-
tain that velocity measurements have been acquired from 
all vessels. 

 Positive identi fi cation of all accessory polar renal arteries 
by B-Mode imaging is not generally possible because of the 
small diameter of these vessels and lack of clinical suspicion 
for their presence. While color  fl ow imaging may facilitate 
recognition of accessory renal arteries, it is important to 
remember that color encodement of Doppler-shifted frequen-
cies from blood  fl ow is angle dependent and accessory renal 
arteries may arise from the aortic wall at angles between 70° 
and 90° (Fig.  47.12 ). To overcome this problem, power 
Doppler imaging, which relies on the amplitude of the 
returned Doppler signal and is not as angle dependent as 
color Doppler imaging, may prove bene fi cial for detection of 
these small vessels.  

 There are several scanning maneuvers that can be used to 
detect the presence of supernumery renal arteries. It is help-
ful to increase the size of the Doppler sample volume and 
scan in the para-aortic region, moving from the level of the 
main renal artery origin to the aortic bifurcation to detect any 
additional low resistance signals that could imply renal arte-
rial  fl ow. Lumbar arteries can be confused with accessory 

   Table 47.2    Visualization of renal arteries with intravenous contrast   

 Renal arteries  Duplex alone  Duplex + contrast 

 All renal arteries (48)  41 (85%)  45 (94%) 
 Main (43)  40 (93%)  42 (98%) 
 Accessory (5)  1 (20%)  3 (60%) 
 Normal/minimal disease (32)  30 (94%)  31 (97%) 
 Stenosis > 60% (12)  9 (75%)  12 (100%) 
 Occlusion (4)  3 (75%)  3 (75%) 
 Visualized length of artery  3.3 ± 0.3 cm  3.9 ± 0.3 cm 

  Modi fi ed from Blebea et al.  [  49  ] . With permission from Elsevier  

   Table 47.3    Doppler velocities following contrast administration   

 Renal arteries  Duplex alone  Duplex + contrast 

 Normal/minimal disease (cm/s)  112 ± 6  123 ± 7 b  
 Stenosis > 60% (cm/s)  173 ± 20 a   194 ± 18 a,b  
 All (cm/s)  127 ± 7 a   144 ± 8 a,b  

  Modi fi ed from Blebea et al.  [  49  ] . With permission from Elsevier 
  a  P  < 0.001 versus normal 
  b  P  < 0.001 versus duplex alone  
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renal arteries but these have a more posterior origin from the 
aorta. A sagittal image of the IVC may reveal multiple right 
renal arteries beneath this vessel. Using color and/or power 
Doppler, the origins of the renal arteries can quite often be 
visualized from a coronal view of the aorta (the “banana 
peel” approach). This is not only an excellent imaging 
approach in adult patients but this view also facilitates 
identi fi cation of fetal supernumery renal arteries during sec-
ond or third trimester in utero evaluations. Accessory polar 
renal arteries can often be identi fi ed on a long axis or trans-
verse color/power Doppler image of the kidney but their 
identity must be con fi rmed by tracing the vessel back to its 
origin. It should also be noted that the use of an intravenous 
contrast agent has improved the detection of accessory renal 
arteries  [  49  ] .   

   Occlusion of the Main Renal Artery 

 Diagnosis of an occluded main renal artery can be dif fi cult 
because the sonographer is appropriately concerned that it 
has not been possible to adequately visualize  fl ow within 
the vessel rather than prematurely concluding that the ves-
sel is thrombosed. Excessive overlying abdominal gas that 
may compromise visualization compounds this hesitation. 
After optimizing Doppler spectral and color  fl ow parame-
ters for detection of very slow  fl ow, and possibly the use of 

intravenous contrast, it is possible to look for secondary 
indications of renal artery occlusion. With chronic occlu-
sion and atrophy, kidney length is less than 8 cm and there 
can be a signi fi cant >3 cm difference in length as compared 
with the contralateral kidney. Intraparenchymal insonation 
demonstrates low cortical velocity of <10 cm/s with low 
amplitude and a delayed systolic upstroke. The presence of 
cortical blood  fl ow is a result of collateral  fl ow to the kid-
ney through adrenal and ureteral vessels.  

   Horseshoe Kidney 

 Horseshoe kidneys are not common, occurring in less than 
1% of autopsies. Most often, the organs are fused at the lower 
pole, with approximately 10% of kidneys joined at the upper 
pole. This large uni fi ed kidney, connected by an isthmus of 
renal parenchyma of variable size, will lie anterior to the 
aorta usually at the level of the fourth or  fi fth lumbar verte-
brae. Horseshoe kidneys are usually found in patients who 
present for investigation of a pulsatile abdominal mass or 
they may be discovered incidentally during an abdominal 
ultrasound examination. 

 Anatomically, the kidney is supplied by multiple renal 
arteries and drained by multiple renal veins at unpredictable 
locations  [  40,   43  ] . Multiple arteries may arise from the iliac 
arteries or the distal aorta. Their location, posterior to the 
body of the kidney, makes it dif fi cult to identify these arter-
ies and even more challenging to diagnose the presence of 
stenoses. In patients with an underlying abdominal aortic 
aneurysm, diagnosing renal artery stenosis is best accom-
plished with contrast angiography.  

   Renal Aneurysms 

 Aneurysmal dilatation of the renal artery usually involves 
the main segment of the renal artery or its  fi rst-order 
branches  [  55  ] . Although aneurysms may also occur intra-
parenchymally, this location is seen in only approximately 
10% of cases. Renal aneurysms are most easily identi fi ed 
with color  fl ow imaging (Fig.  47.13 ). Their large size, com-
pared to the native vessel, makes identi fi cation relatively 
easy. Intervention is generally recommended for aneurysms 
of 2 cm or greater in diameter. Therefore, it is important to 
measure the maximal diameter of the aneurysm, either in 
preparation for surgical repair or as a baseline for monitor-
ing future growth. The speci fi c location is less important 
although differentiation between an aneurysm involving 
the renal artery and an intraparenchymal position is helpful 
in selecting proper therapy. Rarely, there is an associated 
arteriovenous  fi stula that makes the initial diagnosis more 
challenging.   

  Fig. 47.12    Digital subtraction angiogram illustrating three renal arter-
ies on the left ( white arrowheads ) with the mid-renal demonstrating a 
50% stenosis. An adjacent lumbar artery ( red arrow ) can be miscon-
strued as another accessory artery if it is not followed distally to con fi rm 
that it does not lead to the kidney       
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   Fibromuscular Dysplasia 

 Fibromuscular dysplasia (FMD) is a term encompassing sev-
eral histologic forms of arterial wall changes of which medial 
 fi broplasia is the most common  [  2,   22  ] . As a group, FMD is 
the second most common cause of renal artery stenosis and 
accounts for up to one-third of cases of renovascular hyper-
tension in adults. This nonatherosclerotic disease process is 
seen almost exclusively in females and presents as a “string 
of beads” angiographic appearance with web-like stenotic 
segments alternating with post-stenotic dilations. It involves 
the mid-to-distal segments of the renal artery and will fre-
quently extend into branch vessels with characteristic super-
imposed high- and low-velocity signals (Fig.  47.14 ). 
Awareness that this disease affects primarily young women, 
in the third or fourth decade of life, an age group not usually 
affected by renal atherosclerosis, may aid in identi fi cation of 
this disorder. The less common variants of FMD, perimedial 
dysplasia and intimal  fi broplasia, are not associated with 
post-stenotic dilations. Intimal  fi broplasias, in particular, 

produce a smooth concentric stenosis. Differentiation 
between the types of FMD is neither practical nor necessary 
during sonographic examination. Because  fi bromuscular 
dysplasia is often found bilaterally, it is important to search 
for similar  fl ow patterns in the contralateral renal artery.   

   Renal Artery Bypass Grafts 

 Similar to peripheral bypasses, renal artery bypass proce-
dures are followed postoperatively for the development of 
stenosis to allow intervention before graft occlusion occurs. 
When evaluating renal artery bypass grafts, it is helpful to 
know speci fi c details of the surgical procedure including the 
origin of the graft, conduit used (prosthetic or autologous 
saphenous vein), and location and type of distal anastomosis. 
An operative drawing indicating the donor artery, graft 
course, and recipient vessel is very useful. Renal artery 
bypass grafts commonly originate from a prosthetic aortic 
graft, the native aorta, or the iliac arteries. Other less com-
mon in fl ow sources include the hepatic or gastroduodenal 
arteries on the right side and the superior mesenteric or 
splenic arteries on the left side. 

 As with extremity bypass grafts, the anastomotic regions 
must be carefully interrogated with spectral and color 
Doppler because intimal hyperplasia and stenosis most com-
monly occurs at the anastomotic sites. If the conduit is a 
saphenous vein, attention is given to the possibility of 
retained valves or stenosis developing at the site of valve 
lea fl ets. The donor and recipient vessels are also examined 
for progression of atherosclerotic disease. If graft occlusion 
is suspected, dampening of the velocity spectral waveform is 
expected within the renal parenchyma.  

   Renal Artery Stents 

 The sonographic technique for evaluation of the renal artery 
following balloon angioplasty and stenting is identical to that 
used for evaluation of the native renal artery prior to inter-
vention  [  56  ] . In the majority of patients, the metallic stents 
are well visualized and their location within the renal artery 
easily determined because the metal stents are brightly echo-
genic (Fig.  47.15a ). The aortic wall adjacent to the renal 
artery ori fi ce should be carefully evaluated with high resolu-
tion B-Mode, real-time compound, or harmonic imaging, to 
determine how far the stent protrudes into the lumen of the 
aorta. Similarly, the length of the stented segment should be 
examined to con fi rm complete deployment and uniform 
apposition to the wall of the renal artery without echogenic 
thrombus (Fig.  47.15b ) or distal dissection. Color  fl ow and 
power Doppler can be helpful to localize the lumen, or 
thrombosis (Fig.  47.15c , d).  

a

b

  Fig. 47.13    ( a ) A left renal artery aneurysm is measured transversely 
on a sonographic image. Color  fl ow evaluation is dif fi cult due to cir-
cumferential calci fi cation in the wall of the aneurysm. ( b ) The calci fi ed 
aneurysm, located just beyond the bifurcation of the renal artery, is seen 
on CT scan without intravenous contrast       
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 Using color or power Doppler imaging and Doppler spec-
tral evaluation (Fig.  47.15e , f), the stent is examined through-
out its origin, proximal-, mid-, and distal segments with the 
study extended into the distal native renal artery and the ves-
sels within the kidney. Marked  fl ow disturbances at the renal 
artery ori fi ce may indicate that the stent is protruding too far 
into the aortic lumen. High-velocity signals at this location 
suggest that aortic  fl ow patterns are severely disrupted and 
pressure- fl ow gradients have developed. Minimal  fl ow dis-
turbance is usually noted in the proximal stented segment of 
the artery. A slight elevation in the systolic velocity may be 
found due to the rigidity of the stent and consequent decreased 
vessel wall compliance. In the absence of  fl ow-limiting 
stenosis in the proximal stent, the peak systolic velocity 
range should approximate that seen in normal, unstented 
renal arteries. 

 The native renal artery normally tapers as it courses dis-
tally. Placement of a renal stent results in slight dilation of 
the stented segment of the vessel compared to the diameter 
of the native artery distal to the stent. Given this, a  fl ow gra-
dient may be present at the distal end of the stent because the 
blood is  fl owing from a large diameter vessel to a smaller 
diameter segment. Even though the diameter mismatch 
across the distal end of the stent is quite small, slightly ele-
vated Doppler velocity signals and disordered color  fl ow pat-
terns may be encountered. Careful attention must be given to 
the  fl ow patterns at the distal end of the stent to ensure that 
they are the result of a stent-diameter to vessel-diameter mis-
match and not due to  fl ow-reducing stenosis distal to or 
within the stent. Increased peak and end diastolic velocities 
with post-stenotic turbulence suggest  fl ow-reducing 
stenosis.  

a

b

  Fig. 47.14    ( a ) Color duplex and 
Doppler spectral waveforms 
from a patient with medial 
 fi bromuscular dysplasia. There is 
turbulent  fl ow with color 
variegation and high-velocity 
bidirectional signals. ( b ) The 
associated computed tomography 
angiogram illustrating on the 
right side the irregular arterial 
wall ( arrowheads ) with an 
intervening segment of dilatation 
( arrow ). On the left side, the 
artery had previously been 
resected and a proximal metallic 
clip placed upon the origin 
( arrowhead ). The distal portion 
of an aorta-to-renal autologous 
vein bypass graft is also seen 
( arrow )       
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a b

c

e

d

  Fig. 47.15    ( a ) Cross-sectional abdominal B-Mode image of the aorta 
and the proximal right renal artery demonstrates the echogenic walls of 
a renal stent ( arrow ). High-resolution imaging con fi rms uniform appo-
sition of the stent to the walls of the artery. ( b ) In a different patient, B 
mode imaging suggests intrastent echogenic thrombus with poorly 
de fi ned edges ( arrow ). ( c ) Color Doppler de fi nes  fl ow within the stent 

( arrow ). ( d ) Power Doppler more clearly de fi nes  fl ow and location of 
the artery ( arrow ). ( e ) The very high velocities noted at peak systole 
and end diastole suggest  fl ow-reducing stenosis. ( f ) In a different 
patient, the stent has thrombosed with visible echogenic intrastent 
thrombus ( small arrow ). The Large  white arrow  points to the long axis 
view of the aorta.         
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   Interpretation of Doppler Spectral Waveforms 
and Images 

   The Abdominal Aorta 

 A rapid systolic upstroke and a sharp systolic peak character-
ize Doppler spectral waveforms recorded from the abdomi-
nal aorta proximal to the renal artery origins (Fig.  47.16 ). 
Because this segment of the aorta carries  fl ow to the low-
resistance vascular beds of the liver, spleen, and kidneys, the 
 fl ow pattern is most commonly biphasic with a peak systolic 
velocity range of 60–100 cm/s. Distal to the renal arteries, 

the velocity may decrease slightly and the waveform mor-
phology becomes triphasic, consistent with  fl ow to the high-
resistance lower extremity peripheral arterial bed.  

 Flow disturbances may be noted at the renal artery ori fi ces, 
but high-velocity turbulent signals should not be found in the 
absence of aortic wall plaque or ori fi cial renal artery lesions. 
Kohler and others  [  16,   29,   30  ]  demonstrated that a ratio of 
the peak systolic renal artery velocity and the peak systolic 
aortic velocity that is equal to or less than 3.5 offers excellent 
sensitivity for con fi rming the absence of  fl ow-reducing 
(>60% diameter reduction) renal artery stenosis. Narrowing 
of the renal artery will result in elevation of velocity while 

  Fig. 47.16    Color  fl ow image 
and Doppler insonation of the 
aorta just proximal to the renal 
artery origins showing a sharp 
systolic upstroke and peak       

f
Fig. 47.15 (continued)
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the aortic velocity remains relatively stable. In cases where 
the aortic velocity exceeds 100 cm/s due to stenotic disease, 
coarctation, or increased cardiac output, the renal-aortic 
velocity ratio will be too low and will, therefore, underesti-
mate the severity of renal artery stenosis. For example, if the 
aortic velocity is 120 cm/s and the renal artery velocity is 
240 cm/s, the renal aortic ratio will be 2.0, incorrectly sug-
gesting the absence of any renal artery stenosis. Similarly, in 
patients with an aortic aneurysm, increased distal impedance 
due to aortic stenosis or occlusion, or a low cardiac output, 
lower than normal peak systolic aortic velocities (<40 cm/s) 
will result in overestimation of the severity of renal disease 
based on the renal-aortic peak systolic velocity ratio. 
However, requiring both a renal artery peak systolic velocity 
>180 cm/s and a post-stenotic turbulence will obviate such 
potential pitfalls in identifying a hemodynamically signi fi cant 
renal artery stenosis (Table  47.1 ).   

   Normal Renal Artery 

 A rapid systolic upstroke and peak systolic velocities ranging 
from 90 to 120 cm/s characterize the normal renal arterial 
waveform with the renal-aortic peak systolic velocity ratio 
being less than or equal to 3.5 (Table  47.1 ). Systole is fol-
lowed by rapid deceleration to forward diastolic  fl ow with a 
velocity at least one-third of the systolic value. Quite often an 
early systolic, or compliance, peak may be found on the sys-
tolic upstroke (Fig.  47.17 ). This is thought to be a re fl ection 
of the expansion and recoil of the artery that occurs with each 
systolic pulse and, indirectly, may re fl ect the degree of 

renovascular resistance in the distal parenchymal vessels. The 
compliance peak may be found either higher or lower than the 
actual systolic peak. As an indicator of proximal renal artery 
stenosis, a delay in the systolic acceleration time (AT) of more 
than 100 ms from the onset of systole is abnormal.  

 Flow patterns throughout the normal renal artery are char-
acterized by constant forward diastolic  fl ow due to the low 
resistance of the renal arterial system. Decreased diastolic 
 fl ow to zero, or actual  fl ow reversal, should not normally be 
seen because such  fi ndings would be characteristic of imped-
ance to arterial in fl ow or obstruction to venous out fl ow from 
the organ. The ratio of end-diastolic to systolic  fl ow remains 
fairly constant throughout the normal renal arterial tree 
although the peak systolic velocity will decrease proportion-
ately from the main renal artery to the level of the renal cor-
tex. Distal renal artery peak systolic velocity is normally 
70–90 cm/s. Systolic velocity in the renal medullary arteries 
averages 30–50 cm/s, assuming a 0° angle of insonation, 
while more distal cortical velocity averages 10–20 cm/s.  

   Less Than 60% Renal Artery Stenosis 

 As the severity of renal artery stenosis increases, the peak 
systolic velocity will increase to meet downstream  fl ow 
demands. Stenotic lesions that reduce the diameter of the 
renal artery 30–60% will cause color  fl ow disturbances and 
the peak systolic renal artery velocity to exceed 180 cm/s. 
However, the degree of arterial narrowing is not yet severe 
enough to cause post-stenotic turbulence and the renal-aortic 
peak systolic velocity ratio will remain less than 3.5.  

  Fig. 47.17    The  fl ow pattern in 
normal renal arteries is character-
ized by rapid systolic upstroke, 
an occasional early systolic peak 
( arrow ), and constant forward 
diastolic  fl ow       
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   Hemodynamically Signi fi cant Renal Artery 
Stenosis 

 When reduction of the renal artery diameter exceeds 60%, 
post-stenotic turbulence will become apparent and the peak 
systolic renal artery velocity will signi fi cantly exceed 
180 cm/s (Fig.  47.18 ). It is important in cases where the aorta 
is diseased, thus preventing the use of the renal-aortic ratio, 
to con fi rm the presence of a post-stenotic signal, as this 
signi fi es a pressure- fl ow gradient and differentiates a 

hemodynamically signi fi cant lesion from a less severe steno-
sis. Doppler spectral and color  fl ow parameters must be 
adjusted throughout the interrogation of the lesion to reveal 
the decrease in velocity that occurs immediately proximal to 
a stenosis, the high-velocity signals within the lesion, and the 
decrease in velocity distally that is associated with the post-
stenotic turbulence that develops downstream. Distal to criti-
cal lesions, >80% diameter reduction, systolic upstroke will 
be delayed, the compliance peak may disappear, and the peak 
systolic velocity will decrease (Fig.  47.19 ).    

  Fig. 47.18    Flow-reducing renal 
artery stenosis (>60% diameter 
reduction) is associated with peak 
systolic velocities that exceed 
180 cm/s and post-stenotic 
turbulence       

  Fig. 47.19    Distal to critical 
renal artery lesions (>80% 
diameter reduction), the systolic 
upstroke of the Doppler spectral 
waveform will be delayed, the 
compliance peak will disappear, 
and the peak systolic velocity 
will be decreased       
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   Renal Artery Occlusion 

 Renal artery occlusion is diagnosed by de fi nitively identify-
ing the main renal artery and documenting lack of  fl ow in its 
lumen. Multiple image planes may be required to ensure the 
absence of  fl ow in all segments of the renal artery. If 
the entire length of the renal artery is not well visualized 
with the patient placed in the supine position, it may be use-
ful to move the patient to the lateral decubitus, oblique, or 
prone position. From a near decubitus position, the kidney 
can be imaged through an intercostal or subcostal approach 
using a coronal scan plane from the  fl ank. With the patient 
lying prone and  fl exed in the mid-section over a pillow or 
foam wedge, an intercostal acoustic window and optimal 
acute angle of insonation can be obtained for evaluation of 
the renal hilum and distal renal artery. The lack of arterial 
 fl ow in a chronically occluded main renal artery produces 
distal artery and cortical  fl ow of <10 cm/s with a low ampli-
tude waveform con fi guration throughout the renal paren-
chyma as a result of collateral  fl ow to the kidney (Fig.  47.20 ). 
After optimizing color, power, and spectral Doppler sensitiv-
ity to exclude the very low  fl ow of a pre-occlusive lesion, it 
is also useful to compare parenchymal velocity and signals 
with those in the contralateral kidney.   

   Renal Parenchymal Dysfunction 
(Medical Renal Disease) 

 Doppler spectral waveforms recorded throughout the renal 
parenchyma help differentiate normal renovascular resistance 
from patterns associated with intrinsic parenchymal disorders. 

Normally, the diastolic velocity in the interlobar and arcuate 
arteries of the renal parenchyma is more than 30% of the sys-
tolic velocity and resistance remains low even in kidneys with 
 fl ow-reducing renal artery stenosis. It is thought that the kid-
ney compensates for the reduction in pressure and  fl ow through 
vasodilation, which in turn lowers vascular resistance. 

 When renal function becomes impaired, diastolic  fl ow 
decreases, suggesting impedance to arterial in fl ow to the 
microvasculature of the kidney and increased vascular resis-
tance (Fig.  47.21 ). Although renovascular resistance tends to 
increase slightly with aging, marked decrease in diastolic 
 fl ow can be associated with a wide variety of etiologies 
including acute tubular necrosis, glomerulonephritis, poly-
cystic disease, diabetic nephropathy, or severe obstructive 
hydronephrosis. A diastolic-to-systolic velocity ratio less 
than 0.30 is consistent with parenchymal dysfunction with 
more diminished values often associated with elevated blood 
urea nitrogen and serum creatinine levels. Others have uti-
lized the resistive index (RI), the ratio of the difference 
between peak and minimum velocity divided by peak veloc-
ity, and the pulsatility index (PI), the ratio of the difference 
between peak and minimum velocity divided by mean veloc-
ity, in an analogous manner for both intrinsic renal disease 
and as an indication of renal transplant rejection  [  57,   58  ] .  

 Although it is not uncommon to  fi nd low-resistance wave-
forms in a kidney with a severe proximal renal artery steno-
sis, the same should not be true for the contralateral 
nondiseased organ if such waveform abnormalities are due to 
a proximal stenosis rather than a systemic intrinsic parenchy-
mal disease. Therefore, both sequential monitoring of  fl ow 
patterns and comparison with the contralateral organ are 
recommended.  

  Fig. 47.20    Blood  fl ow to the 
kidney may continue via ureteral 
and adrenal collaterals when the 
renal artery is chronically 
occluded. Low amplitude blunted 
Doppler spectral waveforms with 
diminished velocities will be 
seen throughout the parenchyma 
of the kidney       
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   Renal Hilar Evaluations 

 With earlier technology, or for those who have limited expe-
rience with direct evaluation of the renal artery and its 
parenchymal branches, some have advocated a limited 
examination of the renal arteries within the renal hilum. 
Such proposed techniques depend on recognizing the distal 
hemodynamic consequences of more proximal signi fi cant 
stenosis. A limited evaluation offers the attractiveness of 
lessening the technical challenge and decreasing the dura-
tion of the examination with possibly a lower incidence of 
inadequate studies compared with direct evaluation of the 
entire renal arterial system. Several investigators have 
reported excellent sensitivities and speci fi cities for detec-
tion of signi fi cant renal artery stenosis using parameters cal-
culated from the hilar Doppler spectral waveforms 
(Fig.  47.22 )  [  59–  61  ] . An  acceleration index  (AI), de fi ned as 
the slope of the systolic upstroke (kHz/s) divided by the 
transmitted frequency, of less than 3.78 (kHz/s/MHz) has 
been shown by Handa et al. to have an accuracy of 95%, 
sensitivity of 100%, and speci fi city of 93%  [  59  ] . Martin 
et al. calculated the AT, de fi ned as the time interval between 
the onset of systole and the initial compliance peak, to pre-
dict  fl ow-reducing proximal renal artery disease  [  60  ] . In 
their study, an AT greater than 0.10 s was superior to use of 
an AI and yielded a sensitivity of 87% and a speci fi city of 

98%. Stavros and his colleagues have additionally used the 
absence of the compliance peak to suggest signi fi cant renal 
artery stenosis  [  61  ] .  

 The indirect examination of the renal hilar arteries is 
performed with the patient in a lateral decubitus or prone 
position using an intercostal scan plane. From a transverse 
image of the kidney, the distal renal artery is interrogated 
along its axis using a 0° angle of insonation. It is impor-
tant to record Doppler velocity waveforms using the high-
est transducer frequency possible to obtain adequate 
signals, a large sample volume, and a sweep speed of 
100 ms. 

 Although the potential for limited, but accurate, diagnos-
tic evaluations is suggested by these initial investigations, 
suf fi cient prospective studies have not been done to validate 
these criteria. Indeed, in studies from other institutions, AT, 
AI, and absence of a compliance peak have been shown to 
be unsatisfactory predictors of 60–79% diameter-reducing 
renal artery stenosis. Acceptable sensitivity and speci fi city 
have been associated only with lesions that exceed 80% 
diameter reduction by arteriography. Although the limited 
hilar examination provides complementary information, 
especially in cases where the entire length of the renal artery 
cannot be visualized, a complete evaluation of the renal 
arterial system is much preferred. We do not recommend 
using hilar evaluations as an alternative to a complete and 

  Fig. 47.21    Doppler spectral 
waveforms from the interlobar 
arteries of a kidney with 
parenchymal dysfunction 
(medical renal disease). As 
renovascular resistance increases, 
diastolic  fl ow decreases       
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direct examination of the main renal artery because it yields 
no information regarding the anatomic location of a proxi-
mal lesion. A direct comparison on the accuracy of hilar 
analysis as opposed to Doppler scanning of the main renal 
artery found that hilar AT is signi fi cantly less sensitive and 
less accurate in diagnosing hemodynamically signi fi cant 
renal artery stenosis  [  62  ] . In addition, a well-collateralized 
kidney with a proximal renal artery occlusion cannot be dif-
ferentiated from a high-grade stenosis  [  60  ] . In patients with 
concomitant renal parenchymal disease, the AT and index 
may be normalized and the AT can be in fl uenced by the 
peak systolic renal artery velocity  [  59–  61  ] . The effect of 
blood  fl ow from multiple renal arteries on hilar Doppler 
evaluations has also yet to be adequately determined. With 
present high-quality ultrasound systems, and experienced 
technologists with certi fi cation and adequate training, a 
complete examination of the renal artery is possible in more 
than 90% of patients  [  50  ] .  

   Renal Vein Evaluation 

 When the renal vein is thrombosed or  fi lled with tumor, 
intraluminal echoes should be demonstrated within the 
lumen. Care must be taken to optimize the B-Mode image 
because fresh thrombus may have the same acoustic proper-
ties as  fl owing blood. If the patient is thin, the renal vein will 
be noncompressible and may be dilated if the thrombotic 
process is acute or contracted with chronic thrombosis. 
Doppler spectral waveforms should demonstrate absence of 
 fl ow in the main trunk of the vein. There will be a lack of 
phasic  fl ow proximal to the obstructed segment and minimal 
phasicity in the distal venous segments if the thrombosed 
segment is recanalized or if venous collaterals have devel-
oped. If there is extrinsic compression of the vein, disturbed 
color  fl ow and high-velocity Doppler signals will be found in 
the region of venous narrowing.  

   Evaluation of Renal Artery Stents 

 Although there remains controversy in terms of appropriate 
patient selection and indications for renal revascularization 
 [  63  ] , renal angioplasty and stenting is in wide clinical use 
and is associated with in-stent re-stenosis requiring regular 
surveillance and noninvasive follow-up  [  64  ] . There are a 
number of factors that need to be considered in the interpre-
tation of Doppler velocity waveforms and images in vessels 
with renal artery stents. The number and the location of renal 
stents will in fl uence velocity patterns. If stents are placed in 
sequence in the renal artery, arterial compliance will be 
decreased along the length of the stented segment and slight 
elevation of velocities may be noted throughout the vessel. A 
diameter mismatch between the stented segment and the 
native renal artery will more likely be noted in stents that are 
placed in the smaller diameter distal renal artery. 

 A distal focal increase in velocity in the stent-native ves-
sel transition site is more likely to be associated with a diam-
eter mismatch while high-velocity  fl ow disturbance that is 
propagated over a longer distance and throughout the length 
of the stent is more commonly found with  fl ow-reducing 
stenosis. If a signi fi cant lesion is suspected, it is helpful to 
con fi rm the presence of a post-stenotic signal and dampen-
ing of the velocity signal downstream. Comparing velocity 
data to that obtained during previous duplex examinations 
can yield valuable clues that may help to con fi rm progressive 
stenotic disease. Elevated velocities due to vessel diameter 
mismatch should remain stable while increased velocity due 
to stenosis may demonstrate a temporal change. 

 In a prospective observational study, Thalhammer and his 
colleagues evaluated the renal RI and peak systolic stent 
velocity at baseline, 1 day, and 6 months following the inter-
vention as predictors for in-stent restenosis  [  65  ] . At 6 months 
postprocedure, 16.8% of patients had developed in-stent 
restenosis. While the RI increased signi fi cantly in this group 
of patients, it was not predictive of restenosis. Peak systolic 
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  Fig. 47.22    Diagram illustrating 
method of calculation of 
acceleration time ( AT ) and 
acceleration index ( AI ). AT is the 
time interval from the onset of 
 fl ow to the initial (compliance) 
peak. AI is the slope of the 
systolic upstroke divided by the 
transmitted frequency       
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velocity and age of the patient were independent predictors 
for elevated RI at 6 months. Elevated in-stent peak systolic 
velocity was higher (1.4 ± 0.4 m/s vs. 1.0 ± 0.3 m/s) 1 day fol-
lowing the procedure in patients with subsequent restenosis 
and was noted to be an independent predictor for restenosis. 

 As in the evaluation of native vessels, however, main renal 
artery and in-stent peak systolic velocity are the mainstay of 
stent surveillance. Chi et al. identi fi ed in-stent restenosis 
exceeding 70% diameter reduction based on a renal-aortic 
velocity ratio >5.1, a peak systolic velocity >395 cm/s, and 
the presence of a post-stenotic signal  [  66  ] . A lower peak sys-
tolic velocity (>280 cm/s) and renal-aortic velocity ratio 
(>4.5) were used by Mohabbat and colleagues for 
identi fi cation of  fl ow-reducing (>60% diameter reduction) 
renal stent stenosis  [  67  ] . Similar velocities were associated 
with angiographically con fi rmed in-stent restenosis in a 
study by Fleming et al.  [  68  ] . While a renal artery peak sys-
tolic velocity of 250 cm/s resulted in a low sensitivity (59%), 
these investigators documented an excellent speci fi city 
(95%), accuracy (83%), and positive predictive value (87%). 
Although ideally each laboratory should establish and vali-
date its own criteria for stent stenosis, there are relatively few 
institutions with suf fi cient numbers of angiographically cor-
related results with long-term follow-up to successfully 
accomplish this goal. At present, recognizing that the reduced 
arterial compliance in the stented vessel segment is associ-
ated with increased velocities, criteria for hemodynamically 
signi fi cant in-stent stenosis will necessarily be higher than 
those applied to native vessels. It is therefore reasonable to 
utilize Mohabbat et al’s  [  67  ]  criteria of a peak systolic veloc-
ity of >280 cm/s and a RAR ratio of >4.5 to de fi ne a hemo-
dynamically signi fi cant stenosis because theirs is the largest 
clinical series yet reported and it de fi nes a stenosis of greater 
than 60%, analogous to the threshold with native vessels. 
The decision for further investigation and intervention will 
be a clinical one but will most likely require more stringent 
criteria, as per Chi et al.  [  66  ] . Of use in such clinical decision 
making will be the comparison with data obtained for each 
patient soon after stent placement, as a baseline, and changes 
in the obtained values as a function of time. The PSV and 
RAR will also be evaluated in light of distal artery spectral 
waveform con fi guration, parenchymal waveforms and veloc-
ities, along with B mode imaging to suggest any stent kink-
ing or intimal hyperplasia ingrowth.  

   Prediction of Outcome of Interventions 
for Renal Artery Stenosis 

 While success has been attained with both noninvasive and 
invasive techniques for identi fi cation of renal artery stenosis, 
relatively little success has been achieved with prospective 
selection of patients whose renal function or blood pressure 

will improve following correction of the renal stenosis. 
Multiple factors affect the outcome of surgical or percutane-
ous intervention including severity of the renal artery steno-
sis, the procedure used to treat the lesion, nephrotoxicity to 
the angiographic contrast agents, atheroembolism, and the 
presence of pre-existing intrinsic renal parenchymal disease. 
Several investigators have evaluated the use of quantitative 
measurements of Doppler spectral waveform parameters to 
determine the level of resistance to  fl ow in the segmental 
arteries of the kidney as predictors of favorable outcome to 
intervention. Radermacher and his colleagues  [  69  ] , in a ret-
rospective study, calculated a RI [(1 − end diastolic velocity 
divided by maximal systolic velocity) × 100] in 138 patients 
who had either unilateral or bilateral renal artery stenosis of 
at least 50% diameter reduction and underwent renal angio-
plasty or surgical bypass. Creatinine clearance and ambula-
tory blood pressures were documented prior to intervention 
and at 3, 6, and 12 months and then yearly following the pro-
cedure. The mean follow-up was 32 months. Based on this 
study, they concluded that patients with a renal RI value of at 
least 0.8 were unlikely to experience signi fi cant improve-
ment in blood pressure, renal function, or organ survival fol-
lowing correction of renal artery stenosis. Similarly, Tullis 
et al. recommended a renal artery end diastolic ratio from the 
contralateral kidney in patients with unilateral atheroscle-
rotic renal artery stenosis to predict response to renal revas-
cularization  [  70  ] . However, two prospective studies were 
unable to con fi rm these results  [  71,   72  ] . While some institu-
tions continue to measure these indexes, the clinical use of 
such a RI does not appear to be widespread.  

   Pediatric Renal Duplex Evaluations 

 Renovascular disease is an uncommon but important cause 
of hypertension in children because it is potentially amenable 
to curative treatment  [  73  ] . The true prevalence of renovascu-
lar hypertension in children is dif fi cult to quantify because 
early cases are mild and usually unsuspected but it has been 
estimated to be the cause of elevated blood pressure in 5–10% 
of cases  [  73  ] . There are a number of etiologic causes, includ-
ing  fi bromuscular dysplasia, neuro fi bromatosis, vasculitis, 
and extrinsic compression from tumors, such as neuroblas-
toma and Wilm’s tumors. The majority of reversible cases, 
however, involves  fi bromuscular dysplasia. Beyond the 
already mentioned causes of renovascular hypertension, 
children are also prone to catheter-associated thromboembo-
lic disease, mid-aortic coarctation, renal vein thrombosis, 
idiopathic arterial calci fi cation, congenital renal artery steno-
sis, and congenital rubella syndrome. Catheter-associated 
thromboembolism in infants has a reported incidence rang-
ing from 3.5% to 23% in autopsy series to 95% in prospec-
tive ultrasound studies  [  74  ] . 
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 The sonographic examination of the renal vasculature and 
kidneys in children parallels the study performed in an adult 
but special considerations must be given to renal anatomy, 
pathology, and the diagnostic criteria used to de fi ne  fl ow-
limiting disease in the pediatric patient. 

   Pediatric Renal Anatomy 

 The kidney is positioned lower in the abdomen in infants 
than the adult kidney and, most commonly, is fully ascended 
when the child is around 6 years of age. For the  fi rst 3 months, 
the renal parenchyma is more echogenic than the paren-
chyma of an adult kidney and the renal pyramids are more 
prominent (Fig.  47.23 ). Because the renal sinus in an infant 
is not in fi ltrated with fat, it is less echogenic than that of an 
adult kidney. Fetal lobulations are apparent in the cortex for 
the  fi rst several years and, when persistent, may suggest 
hypertensive insult. In the infant with renal artery thrombo-
sis, the renal parenchyma initially demonstrates little altera-
tion in echogenicity, but with time there is loss of 
corticomedullary differentiation, diffusely increased paren-
chymal echogenicity, and decreased renal size consistent 
with chronic ischemia. In contrast, when the renal vein is 
thrombosed the affected kidney is enlarged. Absence of  fl ow 
distal to the thrombosed vessel segment and, in the case of 
chronic thrombosis, the presence of collaterals, may be dem-
onstrated with optimized color  fl ow imaging.   

   Diagnostic Criteria 

 Unlike renal duplex evaluations in adult patients, well-vali-
dated criteria based on peak systolic renal artery velocity and 
a renal-aortic ratio has not been established for pediatric 
studies but the PSV criteria and Doppler waveform analysis 
used for adult studies are generally applied  [  75  ] . In addition, 
the majority of investigators employ RIs and ATs to con fi rm 

>60%  fl ow-reducing stenosis in infants  [  76,   77  ]  even though 
others have indicated that the RI is neither sensitive nor 
speci fi c as an indicator of increased resistance to renal  fl ow 
 [  78  ] . In a normal adult, the RI in the segmental or interlobar 
arteries of the kidney does not exceed 0.7. In infants, the RI 
is normally higher than in an adult but is commonly less than 
0.85 and most often exceeds this value when  fl ow-limiting 
renal artery stenosis (>60% diameter reduction) is present. 
The exception to this is in infants and children who have 
recently undergone cardiac bypass. In such cases, the RI is 
most often elevated to greater than 1.0 for the  fi rst 3 days. 
Sigirci et al. demonstrated that the RI correlates linearly with 
plasma renin and aldosterone levels and correlates inversely 
with AT  [  76  ] . Their studies also indicated that RI decreases 
with age while AT increases with age. 

 Segmental renal artery systolic ATs vary widely with age 
from 71 ± 21.5 ms in infants to 103 ± 26.5 ms in children 
6–12 years of age. In infants with renal artery stenosis of at 
least 60% diameter reduction, the AT generally exceeds 0.1 s. 
Patriquin and her colleagues studied the segmental and inter-
lobar arteries in 20 children in whom renal artery stenosis was 
suspected  [  79  ] . They noted that the AI and RI were signi fi cantly 
lower in renal arteries with stenosis exceeding 75% diameter 
reduction than in normal renal arteries. In the absence of renal 
artery disease, the AI was 4–7. The AI ranged from 0.7 to 2.6 
in renal arteries with at least 75% stenosis. A RI of 0.56 or 
less predicted stenosis with 95% probability. 

 Renal atrophy is associated with progression of  fl ow-
compromising renal artery disorders. In neonates, the kidney 
is usually <4 cm in pole-to-pole length when the renal artery 
is occluded and <6 cm in children 1 year of age. As in adult 
studies, low-amplitude, low-velocity  fl ow signals can be 
detected throughout the renal parenchyma with spectral 
Doppler when the renal artery is occluded. 

 While measurement of  fl ow parameters such as the RI, 
AI, and AT have shown value for identi fi cation of renal vas-
cular disorders in the pediatric patient, these studies quite 
often must be performed in the neonatal intensive care unit. 
As such, they are limited by portability of the ultrasound 
equipment; less than ideal acoustic windows for insonation 
of the renal arteries, renal veins, and kidneys; life support 
lines and tubing; and mechanical ventilation.   

   Conclusion 

 Duplex sonography of the renal arteries and kidneys is the 
diagnostic test of choice in the initial evaluation of reno-
vascular hypertension or suspected renal artery pathology. 
Beginning with the evaluation of the aorta and the entire 
length of the main renal artery, color  fl ow sonography is 
helpful in localizing the vessel, giving a preliminary 
assessment of disturbed  fl ow and possible underlying 
stenosis, and allowing accurate placement of the Doppler 
sample volume for documenting the velocity measurement 

  Fig. 47.23    Longitudinal B-Mode image of an infant kidney illustrat-
ing the overall increased parenchymal echogenicity, prominent renal 
pyramids, and absence of a distinct renal sinus       
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and spectral waveform analysis. Peak Doppler systolic 
velocity measurements in the main renal artery provide the 
basis for the determination of hemodynamically signi fi cant 
stenoses. In combination with color and/or power Doppler 
imaging, B-Mode visualization is helpful in diagnosing 
and localizing other arterial and parenchymal pathology, 
such as  fi bromuscular dysplasia, aneurysms, dissections, 
parenchymal masses and cysts, and extra-renal tumors 
or masses that may induce extrinsic compression. 
Measurement of kidney length is important in determining 
usefulness of therapeutic interventions and sequential 
monitoring of renal function. Parenchymal assessment, 
with both Doppler velocity measurements and color and 
power Doppler  fl ow imaging, provides an indication of 
intrinsic renal disease and the likelihood of improvement 
in renal function following revascularization of the kidney. 
The role of limited, indirect renal hilar scanning is best 
used as a complement to the complete interrogation of the 
renal vascular system. Duplex ultrasound is an ideal tech-
nology for natural history studies on renal arterial dysfunc-
tion and follow-up after endovascular or surgical 
revascularization. It can be a technically demanding study 
dependent on the experience and capability of the sonog-
rapher. Intravenous contrast agents may be helpful in chal-
lenging cases where the vessels are dif fi cult to image.      
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   Introduction 

 Duplex sonography to detect hemodynamically signi fi cant 
renal artery stenosis and renal artery occlusion has evolved 
as the screening test of choice for main renal artery disease. 
In addition, renal duplex sonography is a valuable intraop-
erative study to con fi rm the technical success of open renal 
artery repair and useful to establish the hemodynamic result 
after percutaneous intervention. Finally, renal duplex is a 
valuable follow-up surveillance technique to evaluate both 
open operative repair and percutaneous intervention, with or 
without stenting. This chapter will summarize these applica-
tions and the anticipated results of each.     

   Renal Duplex Sonography Before Renal 
Artery Repair and Intervention 

 Over the past 20 years, more than 30,000 percutaneous 
duplex sonography examinations have been performed at 
Wake Forest. Renal duplex sonography is our screening 
study of choice for main renal artery disease. In adults evalu-
ated for renovascular insuf fi ciency (i.e., ischemic nephropa-
thy), a negative renal duplex effectively excludes a 
renovascular cause for renal failure  [  1  ] . In this instance, the 
study is used to search for renal artery disease to both kid-
neys or critical stenosis to a solitary kidney. In children and 
young adults, a negative renal duplex does not exclude 
signi fi cant renovascular disease contributing to hyperten-
sion. Despite signi fi cant improvements in probe design and 
the addition of color  fl ow technology, only half of supranu-
mary renal arteries are identi fi ed and branch renal artery dis-
ease is often not detected. 

 In addition to anatomic information regarding the hemo-
dynamic signi fi cance of main renal artery lesions, recent 
studies of renal duplex in select patient populations have 
demonstrated strong associations between Doppler derived 
measures from the renal parenchyma and the severity of 
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hypertension, the risk of progressive renal failure, and the 
risk of death  [  2  ] . Features of the Doppler spectrum analysis 
taken from both segmental hilar renal arteries and from intra-
parenchymal interlobular and arcuate arteries have been sug-
gested to re fl ect the severity of parenchymal  fi brosis as well 
as glomerular arteriolosclerosis  [  3  ] . The resistive index (RI) 
(i.e., the proportion of diastolic relative to systolic Doppler 
shift) has been presumed to be a surrogate marker for renal 
damage and studies have correlated RI with histopathologic 
 fi ndings  [  3,   4  ] . Collectively considered, these data support 
the notion that extra- and intrarenal Doppler methods may 
correlate with intrarenal arteriolosclerosis and that these mea-
sures may predict renal function and hypertension response 
after renal artery repair and catheter-based intervention. 

 Rodemacher et al. proposed a predictive role for RI in a 
prospective cohort study of 131 patients  [  5  ] . After renal 
revascularization, 73% of patients with RI less than 0.8 had 
a decrease in mean arterial blood pressure  ³ 10%. When 
patients demonstrated RI  ³  0.8 before revascularization, only 
3% had a decrease in blood pressure and 80% experienced a 
decline in creatinine clearance. After 32 months, 46% of all 
patients with RI > 0.8 became dialysis dependent. These 
 fi ndings have been supported by Cone et al., who examined 
the end diastolic ratio measured from the renal parenchyma 
and response to revascularization  [  6  ] . These authors demon-
strated a signi fi cant and independent association with 
improved blood pressure and improved renal function when 
end diastolic ratio exceeded 0.3. 

 Our experience with RI and diastolic ratios in over 1,000 
patients receiving both open operative repair and catheter-
based intervention has suggested a relationship between RI 
and renal function response but not blood pressure response. 
Most importantly, a strong and independent relationship with 
RI and follow-up mortality has been demonstrated for 
patients after both open repair and catheter-based interven-
tion  [  7  ] . Consequently, we do not make treatment decisions 
for intervention based on this single measure alone but con-
sider RI in the context of other parameters associated with 
response to intervention and dialysis-free survival.  

   Intraoperative Duplex Sonography 

 Compared with open operative repair at other locations, 
intraoperative assessment of open renovascular repair has 
proved dif fi cult by angiographic methods. Intraoperative 
angiography requires multiple contrast boluses for complete 
anatomic evaluation in multiple planes. Following warm 
renal ischemia, branch renal artery and parenchymal arterio-
lar vasospasm occur frequently in response to contrast injec-
tion and may provide inaccurate impression of the intrarenal 
vascular architecture. Finally, more than half of hypertensive 
patients subjected to renovascular repair have associated 

excretory renal insuf fi ciency (i.e., ischemic nephropathy), 
increasing the risk of contrast nephropathy  [  8  ] . 

 By comparison, intraoperative renal duplex sonography is 
free of limitations and potential complications associated 
with intraoperative angiography. Duplex images provide 
excellent anatomic detail sensitive to less than 1 mm. Imaged 
defects can be viewed in a multitude of sagittal and trans-
verse projections with uninterrupted blood  fl ow. Moreover, 
spectral analysis proximal and distal to an image defect pro-
vides hemodynamic information regarding associated  fl ow 
disturbance (Fig.  48.1 ). The absence of renal toxicity, limit-
less anatomic projection, and the addition of hemodynamic 
data make intraoperative duplex the method of choice to 
assess technical aspects of open operative renal artery repair.  

 Intraoperative studies are performed with a 5 MHz linear 
array probe with Doppler color  fl ow. The probe head is 

  Fig. 48.1    Intraoperative duplex sonography of main renal artery prior 
to repair in longitudinal ( a ) and transverse view ( b ). Post-repair duplex 
( c ) with corresponding spectral waveform analysis and renal parenchy-
mal signals ( d )         

a

b
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placed in a sterile plastic sheath containing acoustic gel. The 
operative  fi eld is  fl ooded with warm saline and scanned 
images are  fi rst obtained in the longitudinal projection. Care 
is taken to image the aorta, the renal artery origin and the 
entire renal artery from origin to hilum. All defects seen in 
longitudinal projection are imaged in transverse fashion to 
con fi rm their anatomic presence and estimate the contribu-
tion to luminal narrowing. Doppler samples are then obtained 
proximal and distal to the imaged defects in longitudinal 

projection to determine their potential contribution to  fl ow 
disturbance. Finally, intrarenal Doppler signals from the 
interlobar and arcuate branches are obtained in the upper, 
mid portion, and lower pole of the kidney. 

 The criteria for intraoperative defects creating  ³ 60% 
diameter reduction are similar to surface renal duplex sonog-
raphy studies (Table  48.1 ). These criteria have been validated 
in an animal model of graded renal artery stenosis and com-
pared with pre- and post-operative angiography in more than 

d

cFig. 48.1 (continued)
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100 patients. Unlike surface duplex sonography in which the 
Doppler sample is large relative to the renal artery diameter, 
the Doppler sample can be accurately positioned within the 
mid-center of arterial  fl ow. However, at this mid-center loca-
tion at least moderate spectral broadening is inherent to the 
Doppler spectrum after open repair in the absence of ana-
tomic defect.  

 During intraoperative renal duplex sonography, the inter-
action between surgeon and vascular technologist is impor-
tant. Both B-scan images and velocity estimates from spectral 
data are enhanced by the participation of a vascular technol-
ogist. Although the surgeon is responsible for manipulation 
of the probe head to ensure optimal B-mode images at likely 
sites of technical error, the power and time adjustments to 
minimize artifact are best made by an experienced technolo-
gist. Close cooperation is required to obtain complete pulse 
Doppler sampling and estimate velocities associated with 
B-scan defects. Although often overlooked, the participation 
in intraoperative studies enhances the technologist’s subse-
quent ability to obtain satisfactory surface renal duplex 
images during follow-up surveillance. 

 In over 500 intraoperative renal duplex sonographies 
after renal artery reconstruction, the average time for intra-
operative scan was less than 5 min  [  10  ] . Complete B-scan 
and Doppler derived velocity data were obtained in over 
98% of cases. Renal duplex sonography was considered 
normal, free of any B-scan defect in 77% of cases while 
B-scan defects were present in 23%. Eleven percent of 
defects had Doppler velocity estimates exceeding 1.8 m/s 
with post-stenotic turbulence and these were de fi ned as 
major. These major defects underwent immediate operative 
revision and in each case a signi fi cant defect was discovered 
and corrected. Successful revision was veri fi ed by a second 
intraoperative duplex study. In follow up, 97% of these open 
operative repairs have maintained primary patency without 
recurrent stenosis at a 5-year follow up. Neither uncorrected 
minor B-scan defects nor corrected major B-scan defects 
have correlated with subsequent failure of open repair. 

 B-scan defects designated as major or minor by Doppler 
velocity criteria provide accurate information to guide 

intraoperative revision. There are, however, special circum-
stances that deserve comment. Intraoperative duplex study 
after renal repair may occasionally demonstrate peak systolic 
velocity that exceeds criteria for critical stenosis in the 
absence of anatomic defect. In these circumstances, peak 
systolic velocity is elevated uniformly throughout the repair 
with no focal velocity change and no distal turbulent wave-
form. Intraoperative studies of this type are most commonly 
encountered after renal artery repair in children and young 
adults for non-atherosclerotic disease. Increased peak sys-
tolic velocity can also be observed in transition from main 
renal artery to segmental renal vessels after branch renal 
artery repair. In the absence of the defect, no distal turbulent 
waveform will be observed. Finally a renovascular repair to 
a solitary kidney frequently has elevated velocities through-
out without evidence of turbulence. 

 Other special considerations concern diastolic features of the 
Doppler spectrum in the absence of technical error. An abnor-
mal diastolic spectrum may be observed after revascularization 
of chronic renal ischemia re fl ecting an increased vascular resis-
tance in response to reperfusion. The spectrum may demon-
strate brief acceleration times and virtually no diastolic  fl ow. 
These changes re fl ect a reactive vasospasm, which can be 
de fi ned by interarterial administration of 30 mg papavarine. The 
Doppler spectral signature characteristic for renal artery  fl ow 
will normalize within 2–3 min (Fig.  48.2 ).  

 The rates of primary patency of open renal artery repair 
without recurrent stenosis are estimated in Fig.  48.3 . This pat-
ency rate was achieved after revision of major B-scan defects in 
12% of repair  [  11  ] . Although a disproportionate number of 
major defects were observed after transaortic endarterectomy, 
when revision was directed by intraoperative completion 
duplex, equivalent patency was observed among different 
reconstructive techniques. The signi fi cance of primary patency 
after open operative repair is profound. Whether by restenosis 
or occlusion treated by either reconstruction or nephrectomy, 
failed open operative renovascular repair is associated with an 
increased risk of eventual dialysis dependence, which is 
signi fi cant and independent of other risk factors  [  11  ] .   

   Renal Duplex Sonography After Open 
Operative Repair of Renovascular Disease 

 Anatomic success of open operative renovascular repair is 
often assumed on the basis of a favorable blood pressure 
response. However, a favorable blood pressure response can 
occur after graft thrombosis and renal infarction, the equiva-
lent of nephrectomy. Alternatively, a favorable blood pressure 
response can occur when renal perfusion is altered suf fi ciently 
to impair the renin-angiotensin system yet leaves residual 
lesions that may represent technical failure. For these reasons, 
follow-up renal angiography was for many years the method 

   Table 48.1    Intraoperative Doppler velocity criteria for B-scan 
defects   

 Defect  Criteria 

 <60% of diameter-reducing 
RA defect 

 RA-PSV from entire RA < 1.8 m/s 

 >60% diameter-reducing RA 
defect 

 Focal RA-PSV > 1.8 m/s and  distal  
turbulent velocity waveform 

 Occlusion  No Doppler-shifted signal from 
renal artery B-scan image 

 Inadequate study for 
interpretation 

 Failure to obtain Doppler samples 
from entire main renal artery 

  Modi fi ed from Hansen et al.  [  9  ] . With permission from Springer 
Science+Business Media  
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a

b

  Fig. 48.2    Intraoperative duplex 
sonography depicting B-mode 
and spectral waveform analysis 
of main renal artery spasm pre 
( a ) and post ( b ) papaverine 
injection       
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of choice for follow-up surveillance. Fortunately, our experi-
ence with percutaneous renal duplex after both open operative 
repair and percutaneous intervention has proved a valid substi-
tute to assess the technical success or failure of intervention. 

 For post-operative surveillance, patients are fasted over-
night to minimize the bowel gas interference. B-scan images 
and Doppler shifted signals are  fi rst obtained in a supine 
position with either a 2.25 MHz phased ray probe or 
4/2.25 MHz curved ray probe each with Doppler color  fl ow 
capability. Positioned in the abdominal midline just below 
the xiphoid process, the sagittal B-scan image of the upper 
aorta de fi nes the origin of the visceral vessels. At this level, 
a center stream aortic velocity may be estimated. Using the 
origin of the superior mesenteric artery and the left renal vein 
as references, the native origin of each main renal artery can 
usually be de fi ned in transverse projection during peak inspi-
ration. Knowledge of the operation type is valuable to de fi ne 
suprarenal or infrarenal origins of bypass grafts. 

 For complete post-operative study, sequential renal 
artery Doppler shifted signals and estimated peak systolic 
velocities are obtained throughout the renal artery and 
continuity from aorta to renal hilum. In kidneys with nor-
mal parenchymal renovascular resistance, demonstration 

of forward  fl ow throughout diastole is consistent but not 
uniquely characteristic of the renal artery spectrum—the 
celiac axis and its branches also demonstrate forward  fl ow 
during diastole and may be confused with the renal artery 
signal. 

 B-scan imaging and Doppler interrogations are repeated 
using a  fl ank approach with the patient in the decubitus posi-
tion. The  fl ank approach improves B-scan image quality and 
Doppler signal strength. From the  fl ank, the liver (right) and 
the kidney (left) provide solid organ acoustic windows free 
of bowel gas interference. In this position, the surface trans-
ducer can be placed closer to the areas of renal artery repair 
improving image quality. Improper selection of insonation 
angle and its impact on estimated peak systolic velocity are 
reduced. After renal artery interrogation is complete, the kid-
ney length, width, and thickness are determined. Doppler 
signals are obtained from the region of the hilar vessels and 
the arcuate and interlobar arteries. 

 The criteria for  ³ 60% diameter reducing stenosis and 
renal artery occlusion are identical to criteria for native renal 
arteries  [  12  ] . However, other authors have suggested other 
criteria to reduce the technical demands of post-operative 
evaluation. Acceleration time obtained from spectral analysis 
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renal hilar vessels has been advocated. Proponents have 
suggested hilar spectral analysis obtained by  fl ank approach 
minimizes technical demand compared to main renal artery 
interrogation reducing scanning time. However, our evalua-
tion of acceleration time as a criterion for renovascular dis-
ease after open operative renovascular repair has demonstrated 
high speci fi city but low sensitivity. When a prolonged accel-
eration time exceeding 55 ms exists, a proximal renal artery 
restenosis can reliably be assumed. However, a normal accel-
eration time does not exclude disease and is observed in the 
majority of patients with native or recurrent stenosis after 
repair. For these reasons, we continue to rely upon complete 
interrogation of the renal artery repair from the aortic origin 
to renal hilum with critical stenosis de fi ned by focal increase 
in peak systolic velocity  ³ 1.8 m/s combined with distal tur-
bulent waveform. These latter criteria provide a sensitivity/
speci fi city greater than 90% with greater than 90% positive 
and negative predicted value.  

   Renal Duplex Sonography After Renal Artery 
Angioplasty and Stenting 

 Despite the value of renal duplex sonography in screening, 
intraoperative assessment and post-operative surveillance 
after open operative repair, authors have recently questioned 
the utility of renal duplex after percutaneous angioplasty and 
endoluminal stenting (PTAS) for renovascular disease  [  13, 
  14  ] . Most commonly, these authors have suggested that 
velocity criteria accurate for native renovascular disease are 
associated with unacceptable rates of false positive studies 
when applied after PTAS. Changes in compliance of the 
renal artery after placement of an endoluminal stent, is most 
frequently cited for false positive studies after PTAS. 
Contrary do this presumed increase in blood  fl ow velocity, 
decrease vessel wall compliance would be expected to 
increase the propagation speed of the ultrasound sound 
within the stent. However, this increase in propagation speed 
should not affect the blood  fl ow velocity or its measurement 
because the latter is based on the Doppler shifted signal from 
the moving blood elements. This latter view is supported by 
Doppler  fl ow wire measurements with and without endolu-
minal stents  [  15,   16  ] . Furthermore, despite the compliance 
changes associated with operative renal artery repair (i.e., 
renal artery bypass and endarterectomy) we have observed a 
high correlation between native duplex criteria for intraop-
erative assessment and post-operative surveillance compared 
with angiography. 

 The receiver operating characteristic curve for renal 
artery peak systolic velocity to predict a  ³ 60% diameter 
reducing restenosis and associated scatter plot for renal 
artery peak systolic velocity are provided in Figs.  48.4  and 
 48.5   [  17  ] . This analysis summarizes data from 49 patients 

who had angiographic imaging after PTAS. These data sug-
gest that renal duplex criteria for recurrent stenosis after 
PTAS are similar to those for native renal artery renovascu-
lar disease. This view is shared by other authors but cer-
tainly not all. Based on comparative digital subtraction and 
angiography from 24 subjects, other investigators have sug-
gested a PSV of >2.3 m/s to detect hemodynamic restenosis 
 [  18  ] . Chi et al. reporting on 67 consecutive patients after 
PTAS with suspected renal restenosis selected for repeat 
angiography based on PSV > 2 m/s suggested a PSV criteria 
3.95 m/s to de fi ne >70% diameter reducing renal artery 
stenosis  [  14  ] .   

 Many reports for renal duplex sonography to de fi ne both 
native renovascular disease and restenosis after PTAS cite 
renal aortic ratio (RAR) as a discriminating criteria for 
signi fi cant renal artery narrowing. The rationale  fi rst pro-
posed for RAR was that renal artery velocity re fl ected aortic 
velocity in combination with increased velocity associated 
with the renal artery lesion. However, data from both popu-
lation-based studies and patient management have demon-
strated no correlation between aortic peak velocity and renal 
artery peak velocity  [  1,   19  ] . Rather, the association between 
renal artery stenosis and renal duplex sonography resides 
entirely with renal artery peak systolic velocity. Consequently, 
the RAR term can be viewed as a spurious correlation rather 
than discriminating criteria for both native stenosis and rest-
enosis after PTAS.  

   Conclusion 

 Renal duplex sonography has proved clinically useful in 
the management of atherosclerotic renovascular disease. 
Renal duplex is the screening method of choice for renal 
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artery lesions contributing to hypertension and/or excre-
tory renal insuf fi ciency (i.e., ischemic nephropathy). 
Renal duplex sonography has also proven useful as an 
intraoperative completion study after open operative 
repair. Renal duplex accurately de fi nes patency, resteno-
sis, and occlusion after operative repair of renovascular 
disease. Finally, we have found renal duplex useful after 
percutaneous angioplasty and endoluminal stenting.      
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 Arterial occlusive disease of the celiac and superior mesen-
teric arteries is rare and patients with symptomatic mesen-
teric ischemia are encountered infrequently. However, the 

clinical manifestations of mesenteric arterial occlusive 
lesions remain enigmatic and range from asymptomatic to 
catastrophic. Acute occlusions of the celiac artery (CA) and 
the superior mesenteric artery (SMA) due to thrombosis or 
embolism can produce extensive, irreversible gut ischemia 
requiring emergency treatment, and the mortality from these 
events remains among the highest of all vascular emergen-
cies. The true incidence of chronic atherosclerotic occlusive 
disease of the main mesenteric vessels is not well established, 
the precise relationship to symptoms is poorly understood, 
and the rate of disease progression is undocumented. It is 
well accepted that severe, multi-vessel disease may initially 

  Abstract 

 Arterial occlusive disease of the celiac and superior mesenteric arteries is rare and patients 
with symptomatic mesenteric ischemia are encountered infrequently. However, the clinical 
manifestations of mesenteric arterial occlusive lesions remain enigmatic and range from 
asymptomatic to catastrophic. Acute occlusions of the celiac artery (CA) and the superior 
mesenteric artery (SMA) due to thrombosis or embolism can produce extensive, irrevers-
ible gut ischemia requiring emergency treatment, and the mortality from these events 
remains among the highest of all vascular emergencies. 

 In this chapter, we review duplex scanning technique and  fi ndings in both normal and 
diseased states. Clinical applications including visceral artery aneurysms, celiac artery 
compression syndrome, and visceral ischemic syndromes are discussed. In this chapter, we 
have also incorporated more recent data related to post-procedure surveillance of both open 
surgical reconstruction and endovascular intervention. 

 Mesenteric duplex scanning can become a routine noninvasive diagnostic testing modal-
ity for the evaluation of patients with suspected visceral ischemia since earlier diagnosis 
and treatment will signi fi cantly reduce the risk of catastrophic gut infarction in these 
patients. Like all deep abdominal duplex scanning, mesenteric scanning is more technologi-
cally demanding than scanning vessels of the neck or extremities. However, continued 
re fi nement of the duplex instrumentation make these examinations exciting areas of clinical 
advancement.  
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produce nonspeci fi c symptoms such as pain after eating 
(“abdominal angina”) and weight loss—symptoms that are 
often mistaken for more common gastrointestinal disorders 
such as peptic ulcer, gallstone disease, or an occult malig-
nancy. Early diagnosis and treatment of chronic mesenteric 
ischemia may be of critical importance since progression to 
thrombosis with gut infarction is fatal in over half the cases 
when it occurs. However, the nonspeci fi c clinical manifesta-
tions of chronic mesenteric ischemia have led to a delay in 
diagnosis in most patients since arteriography was required 
in the past for detection of occlusions of the mesenteric ves-
sels. As duplex ultrasound scanning was applied to an 
increasing number of peripheral and visceral arterial disor-
ders, it was evident that this technique could be adapted to 
examine the main mesenteric vessels. In this way, mesenteric 
duplex scanning might serve as an “entry level” noninvasive 
diagnostic test for the very small number of patients actually 
suspected of having mesenteric ischemia. In others, it might 
be used to investigate more thoroughly the signi fi cance of 
mesenteric occlusive lesions found by arteriography per-
formed for unrelated reasons. Finally, it could be useful for 
follow-up of those patients who have undergone visceral 
revascularization procedures. 

 Some deep abdominal duplex scanning, including renal 
and mesenteric arteries  [  1,   2  ] , the vena cava  [  3  ] , and the por-
tal venous system  [  4–  6  ]  is now performed in most vascular 
laboratories or ultrasound departments. However, the low 
prevalence of mesenteric arterial occlusive disease has 
resulted in fewer patients to examine routinely compared 
with other disorders such as carotid artery disease or even 
renovascular disease. Deep abdominal ultrasonography 
remains one of the most challenging applications of noninva-
sive testing due to variations in body habitus and fat distribu-
tion, the presence of respiratory motion, and the depth and 
the variable anatomy of the major abdominal vessels. Even 
normal mesenteric anatomy is complex with the major ves-
sels and their branches running in a spatially unpredictable 
fashion. The mesenteric arterial anatomy may become even 
more variable when large collateral vessels have developed 
in the presence of occlusive lesions. Duplex scan evaluation 
of visceral vessels may also be obscured by bowel gas found 
in normal patients or those with gastrointestinal disorders. 

 Atherosclerotic lesions of the visceral vessels usually 
occur at or near the origins of the CA and SMA (“ostial 
lesions”) from the abdominal aorta (Fig  49.1 ), which is the 
most predictable part of the mesenteric anatomy even when 
more distal branchings are complex. Most clinically impor-
tant lesions will be identi fi ed by examination of the origins 
of the CA and SMA, and scanning of the proximal 2–4 cm of 
these vessels. It is generally felt that signi fi cant clinical 
symptoms, and/or the risk of gut infarction exist only when 
there is severe stenosis or occlusion of at least two main mes-
enteric vessels. Arteriography is still required to determine 

the need for treatment and the best therapeutic options, but 
mesenteric duplex scanning may be useful to select those 
patients who would bene fi t most from arteriographic study. 
Thus, one clinical use of mesenteric duplex scanning would 
be the identi fi cation of normal vessels or those with mild to 
moderate atherosclerosis where arteriography could be 
avoided, and another would be to identify accurately severe 
occlusive disease of the CA and SMA where mesenteric arte-
riography would determine the subsequent clinical manage-
ment of the patient.  

   Mesenteric Duplex Scanning: Technique 

 As with all deep abdominal duplex scans, intestinal gas will 
compromise the technical success of mesenteric examina-
tion. An overnight fast is adequate preparation for most elec-
tive cases, but simethicone-containing compounds may 
be useful in cases where bowel gas remains a problem. 

  Fig. 49.1    Lateral view demonstrating the typical ostial location of 
most atherosclerotic lesions in the main mesenteric vessels. There is a 
severe stenosis of both the celiac ( larger arrow ) and superior mesen-
teric arteries ( smaller arrow ) near their origins from the aorta       
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In patients with a more acute problem, the ileus produced by 
any intra-abdominal in fl ammatory processes (e.g., acute 
mesenteric ischemia, cholecystitis, pancreatitis, diverticuli-
tis) greatly limits the usefulness of mesenteric scanning. 
When a technically adequate examination can be performed 
it may be useful in directing further diagnostic evaluation, 
but in emergent cases where mesenteric ischemia is sus-
pected, arteriography should be performed without delay. 

 Mesenteric duplex scanning is performed with the patient 
supine and the head slightly elevated. Low frequency, dedi-
cated abdominal probes are used for mesenteric, renal, 
hepato-portal, and vena caval scanning. An anterior-posterior 
midline approach is used to obtain a sagittal scan of the aorta. 
The origins of the CA and SMA are usually visualized as 
they course ventrally from the aorta (Fig.  49.2 ) above the 
level where the left renal vein crosses the aorta. Most athero-
sclerotic occlusive lesions in the CA and SMA are at or near 
the origins of the vessels from the aorta, so insonation of the 
 fi rst few centimeters of each vessel is usually adequate for 
diagnosis. The inferior mesenteric artery (IMA) originates 
from the left side of the infrarenal aorta a few centimeters 
above the aortic bifurcation.  

 Pulsed Doppler examination is performed using a 
1.5–2.0-mm-sample volume. Peak systolic velocity (PSV), 
end diastolic velocity (EDV), waveform con fi guration, and 
direction of  fl ow are recorded. Doppler angles of 
insonation = 60° must be employed when sweeping through 
the vessels. Rizzo et al.  [  7  ]  observed that pulsed-Doppler 
arterial  fl ow velocities from the mesenteric vessels should be 
measured at angles of insonation less than 60° or falsely 
elevated peak systolic velocities will be recorded even in 

normal vessels. The anatomy of the vessels often produces 
sudden changes in vessel direction and it is incumbent upon 
the technologists to be as certain as possible about the loca-
tion and angle of the sample. 

 Accurate examination of the celiac trunk may be challeng-
ing. The celiac trunk is rarely longer than 1–2 cm and the 
anatomy of its branches (common hepatic, splenic, and left 
gastric) may be extremely variable. The left gastric artery is 
rarely identi fi ed by duplex scan and routine examination 
includes the celiac, hepatic, and splenic arteries. While  fl ow 
in the origin of the CA roughly parallels that in the SMA 
ventral from the aorta, the branching of the celiac trunk results 
in rapid changes in the direction of arterial  fl ow at almost 90° 
to the right (hepatic) and left (splenic) of the main celiac 
trunk. These anatomic relationships can be appreciated with a 
transverse B-mode scan of the CA, which has been termed 
the “rabbit-ear” or “seagull” appearance (Fig.  49.3 ).  

 Identi fi cation and pulsed-Doppler spectral analysis is eas-
ier in the SMA than in the celiac trunk. There are generally 
no major branches of the SMA visualized on routine exami-
nation. However, a “replaced right hepatic artery” may origi-
nate from the SMA in up to 20% of normal cases. Some 
patients may even have a common trunk origin of both the 
CA and SMA. The variable collateral patterns that are pres-
ent in cases of occlusion of a single main mesenteric artery 
may be even more confusing. Large gastroduodenal or pan-
creaticoduodenal branches may serve as collateral communi-
cation between the CA and SMA and these may be dif fi cult 
to interpret by an inexperienced examiner. 

 The IMA has not been routinely studied but may be 
identi fi ed by scanning down the infrarenal aorta toward the 
bifurcation where it is generally the only vessel originating 
from the left side of the aorta. Isolated stenosis or occlusion 
of the IMA is rare but it may play a major role in the visceral 
collateral circulation. The presence of a markedly enlarged 
and thereby, easily identi fi able IMA may suggest signi fi cant 
occlusive disease of the SMA with the IMA serving as the 
collateral (Fig.  49.4 ). However, many patients with mesen-
teric arterial disease have associated aortoiliac occlusions. 
Here, the IMA may be occluded, but large lumbar collaterals 
may be mistaken for the IMA on duplex scanning. Another 
potential source of error in attempt to scan the IMA is the 
presence of an accessory lower pole left renal artery, which 
would also originate from the left side of the infrarenal aorta. 
Overall, in most cases it is suf fi cient to focus the examina-
tion on occlusive lesions at the origins of the CA and SMA, 
since this is the area of involvement in most clinically rele-
vant disease.  

 Color Doppler scanning allows more rapid identi fi cation 
of the origins of the CA and SMA from the abdominal aorta 
and will reduce the time required for an examination. Color-
 fl ow scanning may help visually identify focal areas of  fl ow 
disturbance that require further interrogation, or help one 

  Fig. 49.2    Sagittal scan of the aorta in a normal patient is similar to the 
lateral aortogram and demonstrates the origins and proximal portions of 
the celiac trunk and the superior mesenteric artery. Pulsed Doppler sam-
pling is performed in the proximal portions of these vessels where most 
occlusive disease occurs.  SMA  superior mesenteric artery       
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detect the absence of  fl ow in one or both of the major mesen-
teric vessels suggesting occlusion. It is important to remem-
ber, however, that color assignment is based almost entirely 
upon direction of  fl ow. The anatomic variations discussed 
above make it evident that beyond the origins of these ves-
sels, sudden changes in  fl ow direction can produce confusing 
color- fl ow patterns even in normal subjects. 

 Reliable, broadly accepted diagnostic Doppler frequency, or 
 fl ow velocity parameters have not been developed for the mes-
enteric circulation as they have been in most other systems 
(carotid, renal, bypass grafts, etc.). Most reports of visceral 
arterial duplex scanning emphasize the determination of PSV, 
EDV, and the presence or absence of early diastolic reversal of 
 fl ow. Similar to carotid scanning, signi fi cant stenoses are most 
often identi fi ed by a focal increase in systolic and diastolic 
velocities, and occlusions are identi fi ed by the absence of  fl ow, 
or  fl ow reversal. Unlike renal artery duplex scanning, no 
improvement in diagnostic accuracy has been observed by nor-
malizing visceral arterial velocity measurements to those in the 
aorta through the calculation of  fl ow velocity ratios  [  8,   9  ] . 
Some investigators have reported quantitative blood  fl ow 
(ml/min) measurements using Doppler derived velocity infor-
mation in either the portal venous system  [  10,   11  ] , or in the 
mesenteric arterial circulation  [  12–  15  ] . Although there is con-
siderable research interest in volumetric  fl ow data, this estima-
tion is subject to signi fi cant error  [  16–  18  ] , and most diagnostic 
laboratories do not perform such measurements. The presence 
of elevated PSV and localized turbulence appears to correlate 
better with angiographically demonstrated arterial lesions in 
both the peripheral and the central circulation. 

  Fig. 49.4    Aortogram demonstrating a dramatically enlarged inferior 
mesenteric artery ( IMA ) originating from the left side of the infrarenal 
aorta several centimeters above the aortic bifurcation. Retrograde  fl ow 
through the “meandering mesenteric” collateral is demonstrated in this 
patient with an SMA occlusion       

  Fig. 49.3    Doppler spectral 
analysis in the celiac trunk ( CEL ) 
may be challenging due to 
changes in the angle of insonation 
produced by its branching into 
the splenic artery ( SA ) and the 
common hepatic artery ( HA ). 
These sudden changes in the 
direction of  fl ow in the celiac 
branches can produce falsely 
elevated  fl ow velocities unless the 
angle of insonation is carefully 
controlled at = 60°.  Ao  aorta       
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   Normal Findings 

 Mesenteric arterial velocity waveforms have certain speci fi c 
characteristics. At rest, blood  fl ow in a normal SMA has a 
higher resistance Doppler velocity pattern with early dia-
stolic  fl ow reversal in most cases, and late diastolic forward 
 fl ow (triphasic waveform; Fig.  49.5 ). Blood  fl ow in the CA 
as in the renal arteries, has a low resistance Doppler velocity 
pattern with continuous forward  fl ow during the entire car-
diac cycle (Fig.  49.6 ). Spectral waveforms recorded from 
normal IMA are similar to those from the SMA with a higher 
resistance pattern with early diastolic  fl ow reversal.    

   Clinical Applications 

   Physiologic Measurements 
 Duplex scanning of the mesenteric vessels in normal indi-
viduals has been used successfully to characterize the physi-
ological changes that occur in the visceral circulation after 
eating. The most reproducible changes occur in the SMA, 
where signi fi cant increases in PSV are seen up to an hour 
after eating  [  19  ] . Also, the SMA  fl ow waveform shifts to a 
low resistance pattern characterized by forward  fl ow through-
out the cardiac cycle with loss of the early diastolic  fl ow 
reversal. The composition of the meal, including volume, 
energy content, and the nutritional composition, may 

in fl uence the observed changes in mesenteric  fl ow velocities 
after a meal  [  1,   4,   15,   20  ] . Fat and carbohydrates appear to be 
the nutritional components of the meal that produce the most 
signi fi cant postprandial increases in measured PSV  [  15  ] . 

 Duplex scanning has also been used to demonstrate the 
effects of drugs on intestinal blood  fl ow. Several investiga-
tors have demonstrated changes in mesenteric arterial  fl ow 
following the infusion of splanchnic vasodilators such as 
glucagon and secretin, and vasoconstrictors such as vaso-
pressin  [  19,   21  ] . Lilly et al.  [  19  ]  observed that the changes in 
superior mesenteric arterial  fl ow following glucagon infu-
sion closely paralleled those observed after a meal.  

   Visceral Aneurysms 
 Aneurysms of the mesenteric vessels are extremely rare and 
the clinical usefulness of duplex scanning for the detection 
of mesenteric aneurysms remains anecdotal. Ultrasonographic 
diagnosis of aneurysms of the superior mesenteric  [  22–  24  ] , 
hepatic  [  25,   26  ] , splenic  [  27,   28  ] , gastroduodenal  [  29  ] , mid-
dle colic  [  30  ] , and pancreaticoduodenal  [  31  ]  arteries has 
been reported, but in these cases scanning was often per-
formed due to uncertain gastrointestinal or abdominal com-
plaints. However, duplex scanning may be useful in such 
cases to select patients for more thorough, focused vascular 
exam with CT, MRI, or arteriography. Color- fl ow duplex 
ultrasonography may be useful for differentiating saccular 
false aneurysms of the superior mesenteric and splenic artery 

  Fig. 49.5    The normal fasting 
SMA waveform ( right spectra ) 
is recognizably different from 
the celiac artery ( CEL ,  left ). The 
triphasic pattern of the normal 
SMA is reminiscent of that 
found in higher resistance 
peripheral arteries       
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from other more benign, nonvascular  fl uid collections in the 
setting of pancreatitis or other retroperitoneal in fl ammatory 
conditions. However, as noted above, an associated ileus 
with excessive bowel gas may preclude a diagnostic study.  

   Celiac Artery Compression Syndrome (Median 
Arcuate Ligament Syndrome) 
 A focal increase in  fl ow velocities identi fi ed at the origin of 
the CA may be due to extrinsic compression of the CA by the 
median arcuate ligament of the diaphragm, particularly when 
this  fi nding is detected in a younger individual. Celiac artery 
compression syndrome has been reported to produce gastro-
intestinal symptoms in some patients, but most clinicians 
regard this as a benign condition with little or no risk of 
intestinal infarction. In fact, duplex scanning of these lesions 
is more likely to be performed to evaluate the  fi nding of the 
celiac stenosis on an arteriogram performed for other reasons 
(Fig.  49.7 ). This “lesion” is usually associated with a normal 
arterial wall and normal aorta with no evidence of athero-
sclerotic plaque. Scanning during deep inspiration with 
breath holding produces a relaxation of the diaphragmatic 
crus and often results in a return of normal celiac velocities, 
which con fi rms the diagnosis.   

   Visceral Ischemic Syndromes 
 The use of duplex ultrasonography as a screening test to 
detect major mesenteric arterial occlusive disease in patients 

suspected of having chronic intestinal ischemia has attracted 
interest among clinicians, since the diagnosis of mesenteric 
occlusive disease in the past required arteriography. Jäger 

  Fig. 49.7    Characteristic arteriographic appearance of proximal celiac 
artery stenosis due to compression by the median arcuate ligament of 
the diaphragm. Note there is no evidence of atherosclerosis in the aorta 
or the SMA. Deep inspiration in this case produced a normalization of 
both duplex scan  fi ndings and the arteriogram       

  Fig. 49.6    Velocity spectrum 
from a normal celiac artery 
demonstrating continuous 
forward  fl ow throughout 
systole and diastole       
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et al.  [  32  ]   fi rst reported abnormal pulsed Doppler waveforms 
with increased PSVs and marked spectral broadening and in 
both the CA and SMA of a patient with severe atheroscle-
rotic stenosis in both vessels and symptoms of chronic vis-
ceral ischemia. Other authors  [  33,   34  ]  have used similar 
criteria of distorted Doppler  fl ow patterns or absence of 
detectable  fl ow to document high-grade stenosis or occlusion 
of the intestinal arteries. Moneta et al.  [  35  ]  reported ultra-
sound visualization of an enlarged IMA in several patients 
with high-grade stenosis or occlusion of the celiac and supe-
rior mesenteric vessels where that vessel had become the 
major collateral supply to the bowel. 

 Standardized velocity criteria for duplex scan diagnosis 
of hemodynamically signi fi cant lesions of the mesenteric 
arteries (similar to those used in the diagnosis of extracranial 
carotid artery disease) have not been thoroughly re fi ned. 
Considering the low prevalence of mesenteric disease com-
pared to carotid disease and the small number of arteriograms 
available for comparison, it would appear unlikely that such 
discrete diagnostic criteria would be forthcoming soon. 
Nevertheless, several studies can provide general ranges for 
diagnosis which will be clinically useful for the practitioner. 
Moneta et al.  [  9  ]  compared the results of mesenteric duplex 
scanning to arteriography in 34 patients with known athero-
sclerosis. This group included patients with suspected vis-
ceral ischemia as well as others requiring routine arteriography 
for lower extremity ischemic symptoms. An analysis of their 
accumulated data revealed that PSVs above 275 cm/s in the 
SMA (normal = 125–163 cm/s) could predict a severe SMA 

stenosis (>70%) with a sensitivity and speci fi city of 89% and 
92%, respectively. A similar diagnostic accuracy was 
observed by these investigators when PSVs exceeded 
200 cm/s in the CA. Total occlusions of the CA and SMA 
were also accurately diagnosed by duplex scan in this report. 
This initial retrospective study failed to demonstrate the use-
fulness of a “mesenteric:aortic” systolic velocity ratio to pre-
dict the presence of a severe stenosis in the CA or SMA as 
has been observed in duplex scanning of the renal arteries. In 
a subsequent report  [  36  ]  

,
  these investigators prospectively 

evaluated these diagnostic criteria in 100 patients having 
arteriograms and demonstrated that mesenteric duplex scan-
ning was indeed suf fi ciently accurate to be clinically useful 
as a screening examination in cases with suspected CA or 
SMA occlusive disease (Fig.  49.8 ).  

 The usefulness of mesenteric duplex scanning for the 
diagnosis of signi fi cant CA and SMA lesions was con fi rmed 
in the report of Bowersox et al.  [  37  ]  that compared mesen-
teric duplex scanning with arteriograms in 25 patients, most 
of whom were suspected of having visceral ischemia. These 
investigators observed that a >50% stenosis of the SMA 
could be best predicted by duplex scan measurement of a 
fasting PSV > 300 cm/s or an EDV of >45 cm/s. These 
authors were unable to establish reliable duplex scan veloc-
ity criteria for CA stenosis. They observed that the anatomy 
of the CA compromised precise insonation as noted previ-
ously in this chapter. Considering the small sample size and 
the fact that most patients were symptomatic, it is possible 
that anatomic and collateral variants would account for the 

  Fig. 49.8    Duplex scan of the 
proximal SMA reveals a 
markedly elevated peak systolic 
velocity >350 cm/s. This 
suggests the presence of a 
>70% SMA stenosis       
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observed compromise. Further emphasizing the dif fi culties 
encountered in an attempt to de fi ne precise duplex ultrasound 
diagnostic criteria for mesenteric occlusive lesions, Healy 
et al.  [  38  ]  were unable to identify any de fi nitive velocity cri-
teria for detection of CA or SMA stenoses. 

 These observations generally serve to reinforce the contin-
ued need for prospective studies with arteriographic correlation. 
However, as noted above, cases available for study are seen 
infrequently. Nevertheless, the general principles of duplex scan 
detection of a “critical” stenosis or occlusion in any arterial sys-
tem apply in the mesenteric vessels: (1) a focal marked elevation 
in PSV, particularly associated with elevated EDV, (2) post-
stenotic turbulence with reduced  fl ow velocities beyond the 
stenosis, and (3) absence of  fl ow in an anatomically well de fi ned 
arterial segment, particularly with  fl ow reversal beyond the 
lesion (suggestive of occlusion). The key to success in the mes-
enteric circulation relies not so much upon precise velocity cri-
teria, but in accurate anatomic identi fi cation of the vessels and 
control of the technologic variables for Doppler examination.    

   Perioperative Applications 

   Intraoperative Applications 

 As with all vascular reconstructions, early technical success is 
essential in the outcome of mesenteric revascularization. Due 
to the intra-abdominal location of the bypass, early graft fail-
ure may not be readily apparent. Abdominal pain is an unreli-
able symptom following laparotomy and if the patient goes on 
to gut infarction, the outcome is almost uniformly fatal. It is 
clear then that intraoperative assessment of the technical con-
duct of mesenteric revascularization procedures is an impor-
tant clinical component of these procedures. The portability of 
modern ultrasound equipment and increasing surgeon famil-
iarity with these techniques has led to an increase use of duplex 
ultrasound scanning to assess technical success following 
renal and mesenteric revascularization procedures. Oderich 
and colleagues evaluated the use of intraoperative duplex scan-
ning in 68 patients undergoing operative visceral revascular-
ization  [  39  ] . Patients who were identi fi ed to have an abnormal 
intraoperative mesenteric duplex examination had a higher 
incidence of early graft thrombosis, reintervention, and higher 
perioperative mortality. The authors concluded that the duplex 
scan evaluation helped optimize early technical success of 
mesenteric revascularization procedures.  

   Post-operative Applications 

 Revascularization of symptomatic mesenteric arterial occlu-
sions is optimal management, but in the past the patency of 
these reconstructions, like initial diagnosis, could only be 

determined by arteriography. Sandager et al.  [  40  ]   fi rst 
reported the use of duplex ultrasonography to evaluate the 
patency of visceral arterial reconstructions. Duplex scanning 
successfully documented graft function in six of the seven 
visceral bypass grafts and  fi ndings were correlated with stan-
dard arteriography. McMillan et al.  [  41  ]  reported successful 
duplex scan follow-up of mesenteric bypass procedures in 30 
cases. This study also demonstrated that reliance on recur-
rence of abdominal symptoms alone has sensitivity as low as 
33% in the detection of mesenteric graft occlusion. Duplex 
scanning can provide accurate noninvasive documentation of 
the patency of visceral revascularization procedures without 
requiring contrast-based imaging (Fig.  49.9 ).  

 Liem and colleagues evaluated the duplex characteristics of 
43 mesenteric bypass grafts in 38 patients  [  42  ] . Mid-graft 
velocities were not signi fi cantly impacted by graft material, 
in fl ow artery, target artery, or graft con fi guration (antegrade vs 
retrograde). Although there were also no characteristics that 
predicted future graft thrombosis, velocities in patent grafts 

a

b

  Fig. 49.9    Duplex scan demonstrating patency of a bifurcated arterial 
bypass graft with one limb to the hepatic artery ( a ) and one limb to the 
SMA ( b )       
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remained stable from study to study with mid-graft PSVs gen-
erally between 100 and 200 cm/s. The authors recommended 
secondary imaging (computed tomography angiography or 
conventional angiography) if the PSV  ³  300 or <50 cm/s. 
There is also a suggestion that a signi fi cant change in velocity 
from one study to the next may be indicative of a stenosis. 
Limitations of this study include a small sample number and 
the absence of angiographic correlation. The role of prospec-
tive surveillance of these grafts is unknown at present. 
However, increased experience with post-operative duplex 
scanning of mesenteric bypass grafts will allow a more accu-
rate documentation of late patency for these procedures, an 
aspect that has been incompletely studied in the past due to the 
requirement for repeated invasive contrast studies. Overall, it 
has become evident that duplex ultrasonography can be used 
successfully to document the post-operative patency of surgi-
cal procedures performed for revascularization of the mesen-
teric vessels, eliminating the need in most cases for the use of 
more invasive contrast studies. However, it should be remem-
bered that the anatomic construct of these revascularization 
procedures may be quite complex and often not anatomically 
intuitive, to even an experienced ultrasonographer. Antegrade 
bypass from the supraceliac aorta, retrograde bypass from the 
infrarenal aorta (Fig.  49.10 ), or iliac arteries; with prosthetic 
or vein grafts may be performed. Thus, optimal performance 
of post-procedural scanning in these cases will be greatly 
facilitated by provision of the details of the surgical procedure 
to the ultrasonographer performing the exam.   

   Endovascular Intervention 

 Endovascular interventions including balloon angioplasty and 
stenting have been performed routinely in the renal arteries, 
and these techniques have also proven to be effective for treat-
ment of mesenteric arterial occlusive lesions. (Fig.  49.11 ). 
Steinmetz and colleagues reported their experience in 19 
patients with chronic mesenteric ischemia treated by balloon 
angioplasty or stenting  [  43  ] . The authors reported a 100% 
technical success rate although in 7 of the 19 cases only one of 
the two vessels intended for treatment was successfully treated. 
In seven cases, stenting was required due to recoil or residual 
stenosis. Patients having angioplasty and/or stenting in this 
series were followed up with duplex ultrasound for a mean of 
31 months. The primary patency was 75% and long-term pain 
relief noted in 85% of patients for whom follow-up was avail-
able. Three patients developed symptomatic restenosis and 
were treated with redo angioplasty with resolution of pain. 
Two other patients were found to have asymptomatic resteno-
sis and were followed conservatively  [  43  ] . AbuRahma and 
colleagues report on 22 patients with 24 symptomatic mesen-
teric arterial lesions treated with balloon angioplasty/stenting 
over a 4.5-year period  [  44  ] . In this series, the initial technical 

success as de fi ned, per vessel, as residual stenosis <30% and 
pressure gradient <10 mmHg was 96%. Over a mean follow-
up period of 26 months, the primary late clinical success rate 
was 61% with a freedom from restenosis (=70%), as docu-
mented by objective duplex examination, of 30%. Freedom 
from recurrent symptoms was 67%. Four-year survival rate in 
these patients was 53%  [  44  ] .  

 Duplex ultrasound has been used to evaluate patency fol-
lowing endovascular revascularization of mesenteric arteries 
(Fig.  49.11 ). Excellent correlation has been found between a 
signi fi cant decrease in PSV following angioplasty/stenting 
and a favorable clinical response  [  45  ] . PSV following these 
endovascular treatments may occasionally remain in the 
abnormal range (>275 cm/s)  [  45  ] . Although the PSV will be 

  Fig. 49.10    Aortoceliac and mesenteric bypass with a Dacron bifurca-
tion graft using a retrograde technique from the infrarenal aorta. 
Surgeons wishing to perform post-operative mesenteric duplex scan-
ning must inform the ultrasonographer about the precise surgical details 
of these reconstructions that are often anatomically complex       

 



634 D.G. Neschis and W.R. Flinn

signi fi cantly lower than pre-procedure levels. Sharafuddin 
and colleagues suggest scanning the SMA beyond the stent, 
and performing the study in a strictly fasting state to reduce 
artifactual increases in PSV observed in the SMA  [  45  ] . 

 In one more recent study, PSV in successfully stented 
SMAs remained above 275 cm/s in all cases  [  46  ] . Mitchell 
et al. report on 13 patients with early post-stent duplex infor-
mation  [  46  ] . While mean PSV pre- and poststent dropped 
from 450 to 336 cm/s respectively, no stented patient had 
SMA PSV under the cutoff for >70% native artery stenosis. 
Similarly, albeit in a smaller series, Fenwick et al. note 
velocities consistent with >70% stenosis in three out of four 
successful SMA stent procedures without recurrence of 
symptoms or weight loss  [  47  ] . 

 Based on the experience to date, it does not appear that 
criteria for native SMA stenosis can be reliably applied to 
post-stent Duplex evaluation. Until new, stent speci fi c, criteria 
are established and validated, we would recommend an early 
post-stent duplex be obtained and serve as a baseline, reserving 

intervention for either return of symptoms or for signi fi cant 
elevation of PSV over the new baseline measurement.  

   Acute Mesenteric Ischemia 

 Acute mesenteric ischemia is usually produced by mesen-
teric embolism or mesenteric thrombosis. It would be ideal 
to provide direct duplex scan identi fi cation of discrete mes-
enteric arterial occlusions in these cases particularly since 
the approach to treatment may be different. If patients with 
acute major mesenteric arterial occlusions were examined 
very early in the clinical course of these problems, duplex 
scanning might provide an accurate assessment. However, 
diagnosis is often delayed in these patients and the associ-
ated ileus that rapidly develops renders the scan virtually 
useless. Takahashi et al.  [  48  ]  reported dramatically reduced 
portal venous  fl ow by duplex ultrasonography in one patient 
with acute mesenteric infarction. Reduced portal vein  fl ow is 

a b

c d

  Fig. 49.11    ( a ) Aortogram depicting high-grade stenosis in the proxi-
mal SMA, ( b ) corresponding duplex image demonstrating signi fi cantly 
elevated peak systolic velocities of 505 cm/s at the level of the stenosis, 
( c ) angiogram post-percutaneous angioplasty and stenting demonstrat-

ing resolution of the SMA stenosis, ( d ) corresponding duplex image 
demonstrating a patent stent ( arrow ) and reduction of peak systolic 
velocities to normal (120 cm/s)       
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an indirect re fl ection of severely reduced mesenteric arterial 
blood  fl ow and its lack of speci fi city would be of limited 
clinical usefulness in the majority of cases. Prompt arteriog-
raphy or CT angiography is the diagnostic examination of 
choice in such cases since excessive delay in the diagnosis 
can lead to irreversible intestinal infarction.   

   Image Enhancement 

 Unlike vessels in the neck or extremities, the ability to image 
the mesenteric vessels can often be dif fi cult due to patient 
body habitus or bowel gas. The low-frequency transducer 
needed to image at the appropriate depth is hampered by 
poorer B-mode image resolution. This leads to less accurate 
placement of the Doppler sample volume. Investigational 
substances are being developed and studied to assist in 
enhancing ultrasound imaging of blood vessels. The ideal 
ultrasound contrast agent would have the appropriate density 
and acoustic properties to strongly re fl ect transmitted ultra-
sound waves. Additionally the contrast agent would be physi-
ologically inert, small enough to easily pass through 
capillaries, and persist in the vasculature long enough to com-
plete the study. Per fl utren (De fi nity, Dupont Pharmaceuticals 
Co.) is one such agent. It can be agitated, injected into a bag 
of sterile saline solution, and infused intravenously. Blebea 
et al. studied per fl utren in 17 patients to examine its potential 
usefulness in evaluating the mesenteric arteries  [  49  ] . The 
authors concluded that the contrast material appeared to be 
safe, but that it is not routinely required and did not signi fi cantly 
improve the accuracy of standard duplex imaging. However, 
the use of contrast material may be helpful when visualiza-
tion is dif fi cult with standard techniques due to patient obe-
sity or excessive abdominal gas.  

   Population Screening 

 Although duplex ultrasonography has gained acceptance as 
a  fi rst line screening test for patients with suspected chronic 
intestinal ischemia  [  50  ] , the incidence of mesenteric arterial 
stenosis in the general population has not been well studied. 
Hansen and colleagues studied over 550 elderly volunteers 
in an effort to estimate the population-based prevalence of 
mesenteric artery stenosis in elderly Americans  [  51  ] . Using 
criteria of celiac PSV > 200 cm/s and SMA PSV > 270 cm/s, 
or occlusion of either vessel, the authors determined 17.5% 
of the individuals studied had either a signi fi cant celiac or 
SMA stenosis or occlusion. The majority (10.5%) has iso-
lated celiac stenosis. 1.3% had combined SMA and celiac 
stenosis. However, 0.9% had isolated SMA stenosis, whereas 
0.4% had celiac occlusion. When all patients with mes-
enteric arterial stenosis were considered, there was no 

association with symptoms of weight loss. The authors did 
note, however, that the combination of celiac occlusion and 
SMA stenosis was signi fi cantly associated with weight loss 
and concurrent renal artery disease.  

   Conclusion 

 Mesenteric duplex scanning can become a routine noninva-
sive diagnostic testing modality for the evaluation of 
patients with suspected visceral ischemia since earlier diag-
nosis and treatment will signi fi cantly reduce the risk of 
catastrophic gut infarction in these patients. Like all deep 
abdominal duplex scanning, mesenteric scanning is more 
technologically demanding than scanning vessels of the 
neck or extremities. However, continued re fi nement of the 
duplex instrumentation makes these examinations exciting 
areas of clinical advancement since there have previously 
been no other reliable noninvasive techniques for assess-
ment of major intra-abdominal vessels. Like other duplex 
scan applications, mesenteric duplex scanning can be used 
to ensure the technical ef fi cacy of mesenteric revascular-
ization procedures, whether surgical or endovascular. 
Mesenteric duplex scanning can then provide a means of 
late follow-up assessment of these procedures to document 
their durability, or prevent late procedural failure.      
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   Introduction 

 The diagnosis and management of abdominal and peripheral 
aneurysms is a challenging area for vascular surgery, with 
continuous advances in the areas of aneurysm screening, 

treatment, and long-term follow up. The role of ultrasound in 
aneurysm management is changing as treatment strategies 
advance for vascular disease  [  1  ] . During the early years of 
abdominal aortic aneurysm (AAA) management, ultrasound 
became a tool for both screening and long-term surveillance 
of AAA progression prior to treatment. With the traditional 
open AAA treatment by aortic graft replacement, long-term 
post-treatment surveillance was generally not necessary. 
Nonetheless, in 1991 a major advancement in AAA treat-
ment occurred with the introduction of endovascular aortic 
replacement (EVAR) using covered stent grafts  [  2  ] . This new 
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less invasive option brought with it the new problem of 
“endoleak” and the possibility that the stent graft might fail 
to control AAA expansion, exposing the patient to a contin-
ued risk of rupture  [  3–  5  ] . Additional new issues such as stent 
graft migration within the aneurysm sac and complications 
associated with femoral vessel access also challenged the 
success of EVAR  [  6  ] . Ultrasound surveillance for AAA was 
further supported by the publication of the UK Small 
Aneurysm Trial in 1999. This landmark trial was the  fi rst to 
use ultrasound as the standard surveillance method for detect-
ing AAAs appropriate for intervention  [  7  ] . For these reasons, 
routine surveillance after EVAR became the standard for 
stent graft treated patients. 

 Unfortunately, ultrasound has traditionally been viewed as 
a subjective technology, with signi fi cant variability in techni-
cal expertise among technologists and centers. Many centers 
have yet to adopt routine protocols that use ultrasound for 
AAA surveillance. Recent studies have attempted to address 
concerns of ultrasound use in aneurysm management, but 
signi fi cant controversy still exists in the use of this technol-
ogy  [  1,   8–  12  ] . As of yet, no clear ultrasound surveillance pro-
tocol has be de fi ned among centers that treat aortic disease.  

   Imaging for AAA 

   History of AAA Imaging 

 The natural history of AAA has been well known for years, 
with progressive aneurysm expansion leading to eventual 
rupture over time. The timely diagnosis and appropriate treat-
ment of aortic aneurysms can have a signi fi cant impact on 
overall patient life expectance. Based on epidemiology data 
from the 1990s, it has been estimated that aortic aneurysms 
account for about 17,000 deaths/year, with just over half of 
the related deaths caused by AAAs  [  13  ] . Until the  fi rst suc-
cessful AAA repair by Dubost in 1951, the ability to correctly 
diagnose an AAA was not a signi fi cant bene fi t to the patient 
 [  14  ] . Szilagyi published the  fi rst series on the natural history 
of aortic aneurysms in 1947. Using the plain  fi lm X-ray tech-
nology available at that time, he concluded that aneurysms 
6 cm in AP diameter had a 50% risk of rupture  [  15  ] . During 
that same time period, Estes further demonstrated that AAAs 
greater than 5 cm in diameter had a 20% risk of rupture at 
5 years  [  16  ] . Once an aneurysm reached the 5 cm threshold, 
the risk of surgical aneurysm repair was viewed as less than 
that for continued observation. 

 The use of physical exam in the diagnosis of AAA is both 
of historical interest and practical use in modern AAA diagno-
sis. The classic presentation of a hypotensive patient with a 
large pulsatile abdominal mass is still today a vital initial 
screening tool for the diagnosis of a ruptured AAA presenting 
for care. The accuracy of physical exam to detect AAAs is 

highly dependent on aneurysm size, but is also signi fi cantly 
in fl uenced by the body habitus of the patient and the depth of 
the aorta within the abdominal cavity  [  17  ] . Physical exam may 
be up to 82% accurate in the diagnosis of AAA larger than 
5.0 cm, but in modern practice the use of advanced imagining 
techniques, usually the CT scan, has become the standard  [  18  ] . 

 The  fi rst imaging modality routinely used for AAA diag-
nosis and long-term surveillance was the abdominal X-ray. 
X-ray diagnosis relied on calci fi cation of the aneurysm wall 
for visualization of the sac, with a lateral lumbosacral X-ray 
 fi lm used to measure aortic diameter (Fig.  50.1 ). These early 
attempts to de fi ne AAA size were complicated by the 
magni fi cation seen on lateral X-ray imaging. Early research 
into the relationship of AAA size and the risk of rupture 
showed that AAAs larger than 5 cm on plain  fi lms had a 20% 
risk of rupture at 5 years  [  16  ] . Until the UK Small Aneurysm 
Trial was published in 1999, surgical intervention was tradi-
tionally reserved for asymptomatic aneurysms over 5 cm in 
diameter  [  7  ] . This landmark study set a new benchmark 
diameter of 5.5 cm by ultrasound for the treatment of asymp-
tomatic AAAs, which remains the standard today. As newer, 
more accurate methods of diagnosing and following AAAs 
were developed, plain  fi lm X-rays became less common for 

  Fig. 50.1    Lateral lumbosacral X-ray  fi lm, demonstrating calci fi cations 
( arrowheads ) indicative of AAA       
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AAA assessment. Nonetheless, with the development of 
endovascular aortic stent grafts, X-rays once again play an 
important role in evaluating endograft migration or stent 
fracture, by de fi ning the position of the metal components of 
the stent graft relative to  fi xed bony landmarks  [  19,   20  ] .   

   Ultrasound for AAA Imaging 

 With the development of effective treatment options for 
AAA, accurate diagnostic methods became more important. 
The  fi rst reported ultrasound visualization of the abdominal 
aorta in the 1960s introduced ultrasound as a potential method 
of AAA detection  [  21  ] . Continued advancement in ultra-
sound technology during that time period, with the introduc-
tion of B-mode imaging, allowed for two-dimensional (2D) 
visualization of the aorta and assessment of aortic cross sec-
tional diameter. A comparison between AAA diameter mea-
surements made by lateral plain X-ray, B-mode ultrasound, 
and intraoperative direct aortic measurement demonstrated 
ultrasound to be a more accurate method of AAA size deter-
mination  [  22  ] . At about the same time, lateral plain  fi lm 
X-ray was shown to overestimate AAA size by 1 cm on aver-
age, while B-mode ultrasound was within 0.5 cm of true aor-
tic diameter in 75% of the patients  [  23  ] . These early  fi ndings 
led to ultrasound being the dominant test for AAA screening 
and long-term pre-intervention surveillance (Fig.  50.2 ). 
Ultimately, this led to the use of ultrasound as the standard 
for the UK Small Aneurysm Trial.   

   CT Scanning for AAA Imaging 

 The use of computed tomography for axial cross sectional 
imaging of the body was a signi fi cant advancement in 

diagnostic imaging in many clinical areas including AAA. 
Initially, CT scanning was used for the diagnosis of intrac-
ranial pathology, but quickly advanced as a method to 
image other areas of the body  [  24  ] . Today advanced car-
diac gated CT scanning produces remarkable high-quality 
images (Fig.  50.3 ), but there are increasing concerns 
related to overall radiation exposure to the patient  [  25  ] .  

 In addition to radiation exposure, CT scanning for aortic 
evaluation requires the use of intravenous contrast  [  26  ] . 
While noncontrast CT can be used to assess aortic size or 
potential AAA rupture, more complex issues such as visceral 
vessel placement and aortic suitability for EVAR may require 
the use of intravenous contrast  [  27  ] . In an increasingly older 
patient population with many comorbid medical issues, 
patients with chronic renal insuf fi ciency are frequently being 
evaluated for aortic intervention. As a result, repeated con-
trast CT scanning as a surveillance method for their AAA 

  Fig. 50.2    US of native aorta, sagittal and transverse       

  Fig. 50.3    Large abdominal aortic aneurysm by CT. In this case, palpa-
tion easily con fi rms diagnosis and size. CT scan was performed for 
evaluation for rupture       
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pretreatment or following EVAR may expose the patient to 
prohibitive renal toxicity. 

 As CT technology continued to improve, the data gener-
ated became a continuous data set with the advent of “spiral” 
CT. This continuous data set allowed for images to be refor-
matted in any plane and allowed 3D reconstructions. These 3D 
images allow for a more accurate assessment of aortic diame-
ter, neck angulation, location of renal and visceral vessels, and 
tortuosity of iliac vessels  [  28  ] . The ability to manipulate the 
3D images to correct for aortic angulation allows the true aor-
tic diameter perpendicular to the aortic center line to be deter-
mined. This measurement has become critical to assessing the 
aortic neck, particularly with severe degrees of neck angula-
tion (Fig.  50.4 ). Currently, 3D reconstruction programs such 
as M2S (New Lebanon, NH) or TeraRecon (Foster City, CA) 
allow for more accurate EVAR planning. Furthermore, virtual 
aortic endograft placement can be performed on these CT 
reconstructions allowing assessment preoperatively for poten-
tial endograft options and issues of iliac artery access.  

 With the current resolution of aortic CT angiography, 
many centers have eliminated catheter-based angiography 
prior to aortic surgery. Several studies have con fi rmed that a 
high-quality CT scan is all that is needed for endograft sizing 
prior to EVAR  [  9,   27  ] . Patients with favorable anatomy and 
a suitable aneurysm for EVAR may not require advanced 

image reconstruction. In patients with complex aneurysm 
issues, 3D imaging has become a valuable tool for operative 
planning (Fig.  50.4 ). These high-resolution images now 
allow AAAs originally felt to be a poor candidate for EVAR 
to bene fi t from endovascular repair.  

   Ultrasound Versus CT Scanning for AAA 

 In the United States, asymptomatic AAAs are frequently  fi rst 
diagnosed from a CT scan obtained in evaluation of unre-
lated issues  [  29  ] . In addition, CT scanning is the primary 
operative planning method used for endograft sizing and 
determination of suitable aortic anatomy using endovascular 
aortic reconstruction. Due to this common association of 
AAA diagnosis and EVAR evaluation, patients are frequently 
evaluated by serial CT scanning until the 5.5 cm threshold is 
reached, justifying repair. In the UK Small Aneurysm Trial, 
ultrasound was used as the standard imaging modality to 
determine AAA diameter. In 2009, the OVER trial looked at 
the US VA population and randomized patients to open ver-
sus endovascular aortic repair once the AAA reached 5.0 cm 
in diameter. This study protocol allowed for the use of aortic 
measures from ultrasound, CT scans or MRI  [  30  ] . All modal-
ities were viewed as equivalent for entry into this trial. 

  Fig. 50.4    3D reconstruction of 
CT data       
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 In the United States, CT has been considered by some to 
be the “gold standard” in aortic diameter measurement. 
Recent studies have suggested that CT tends to signi fi cantly 
overestimate true aortic size, especially in severely angulated 
aortas. In 2001, a direct comparison of core lab ultrasound 
and CT data from the original Ancure endograft trial was 
performed  [  31  ] . In that study, 334 paired scans were evalu-
ated and 95% of CT scan measurements were larger than the 
paired ultrasound images (Fig.  50.5 ). The average difference 
was 9.5 mm ( P  < 0.01). From this original study, it was 
unclear why there was such a signi fi cant difference between 
imaging modalities. Subsequently, further study evaluated 
3D CT reconstruction (M2S, Lebanon, NH) to measure max-
imal aortic diameter perpendicular to center line  fl ow, and 
compared this diameter to matched ultrasound maximal 
diameter measurements. When CT diameter was corrected 
for a diameter perpendicular to center line  fl ow, the differ-
ence between ultrasound and CT decreased to 0.9 mm, which 
was not statistically signi fi cant. Further subgroup analysis 
showed that an aortic angulation of less than 25° resulted in 
good correlation between ultrasound and axial CT scan, but 
once the angulation was greater than 25° CT signi fi cantly 
overestimated aortic diameter (Fig.  50.6 )  [  9  ] . Ultrasound 

90

80

70

60

50

40

30

20

10

0
20 30 40 50 60 70 80 90

Diameter (mm)

N
um

be
r 

of
 p

at
ie

nt
s

CT max

US max

  Fig. 50.5    CT diameter ( black line ) versus ultrasound diameter ( dotted 
line    ) in the same patients (Adapted from Sprouse et al.  [  31  ] . With per-
mission from Elsevier)       

14.00

13.00

12.00

11.00

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0.00

-1.00

-2.00

-3.00

-4.00
0 10 20 30 40 50 60 70 80 90 100

Aortic Angle

D
IF

F
E

R
E

N
C

E
 (

m
m

)

Axial CT - FDPCT

Axial CT - Ultrasound

FDPCT - Ultrasound

Linear (Axial CT - FDPCT)

Linear (Axial CT - Ultrasound)

Linear (FDPCT - Ultrasound)

  Fig. 50.6    The effect of aortic 
angulation on differences 
between axial CT,  fl ow directed 
perpendicular ( FDP ) CT, and 
ultrasound (Adapted from 
Sprouse et al.  [  9  ] . With 
permission from Elsevier)       

 

 



642 S.M. Stickley and G.H. Meier III

aortic diameter measurement is more likely to measure the 
true aortic diameter since technologists are routinely taught 
to adjust the imaging plane in real time to produce an image 
perpendicular to the aortic center line axis, resulting in a 
round cross section rather than an oval (Fig.  50.7 ). As a 
result, in patients with extremely angulated aortas, CT may 
signi fi cantly overestimate the true aortic diameter.    

 Ultrasound is not without potential drawbacks. Ultrasound 
is frequently criticized for being an operator dependent imag-
ing modality, while CT scanning is commonly perceived as 
more objective. Vascular laboratories undertaking aortic 
studies should be equipped with the most up to date instru-
mentation and standardized scanning protocols should be 
used to produce the highest quality aortic examination. The 
important issues of patient preparation and scanning tech-
nique will be discussed further below.   

   Aortic Ultrasound Technique 

   Indications for Aortic Ultrasound 

 Since the introduction of ultrasound, the application of 
advanced ultrasound imaging has proven to be a powerful 
tool for AAA screening and post-intervention surveillance of 
aortic stent grafts. The results of the UK Small Aneurysm 
Trial and other studies have advanced ultrasound as the pri-
mary screening, diagnostic, and surveillance method used in 
most institutions that have modern vascular laboratories. 

 The ultrasound evaluation of patients with known AAA 
disease is more than simply a diagnostic study. Careful ultra-
sound examination can be used in surgical planning and 
assessment of patients with appropriate anatomy for endograft 
treatment  [  32  ] . Pre-operative ultrasound examinations can 

evaluate the location of renal arteries in relation to the aneu-
rysm neck, the tortuosity and luminal diameter of access iliac 
vessels, and amount of aneurysm thrombus and diameter of 
the residual aortic lumen. 

 The new capabilities of ultrasound machines to combine 
imaging data from other scanning modalities such as MRI or 
CT, with live ultrasound images, is termed image “fusion” 
technology. In image fusion, a known structure such as the 
portal vein bifurcation is registered on the 3D data set to be 
fused and coregistered with the live ultrasound image. As the 
ultrasound provides live images, the fused comparison image 
is viewed simultaneously. The images can be overlaid or 
viewed side by side in real time. Color  fl ow from the ultra-
sound can be overlaid onto the CT or MR image. In the 
future, ultrasound data can be fused from prior ultrasound 
examinations to allow precise measurement of diameters or 
assessment for migration. Unfortunately, there is currently 
no standard for 3D ultrasound data in DICOM, limiting the 
use of this modality between different manufacturers. 

 Additionally, the same technology allows a “GPS” func-
tion for precise localization of anatomic structures during an 
ultrasound examination. If the ultrasound probe needs to be 
moved to a different plane, a marker can be placed in the 
region of interest and relocated from the alternative approach. 
As long as the patient does not change positions, the data 
will remain coregistered and the ultrasonographer can return 
to the same location repetitively. 

 The current indications for aortoiliac ultrasound, includ-
ing aortic aneurysm disease screening, are listed in 
Table  50.1 . In addition, ultrasound can be used in the evalu-
ation of the abdominal component resulting from aortic dis-
section. The bene fi t of ultrasound in aortic dissection is in 
assessing the visceral and renal arteries, as well as the addi-
tion of physiologic data and  fl ow characteristics to the gray 
scale imaging of the dissection.  

 Ultrasound is limited by many technical factors. 
Ultrasound is highly dependent on the skill of the technolo-
gist performing the study and the real time assessment of 
imaging and physiologic data by the person performing the 
examination. The  fi nal interpretation of the study by a physi-
cian is heavily in fl uenced by the quality and accuracy of the 
information provided to the physician by the technologist. 
Abdominal vascular studies can be very demanding in time 

  Fig. 50.7    Positioning for ultrasound scanning of abdominal aorta or 
aortic endograft       

   Table 50.1    Indications for aortoiliac ultrasound   

 Aortic aneurysm disease screening 
 Lifestyle limiting hip or buttock claudication 
 Absent or decreased femoral pulses 
 Ischemic lower extremity digits 
 Post-intervention aortoiliac evaluation 
 Abdominal bruit 
 Evaluation of abdominal aortic dissection 
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and technique. Obese patients, recent abdominal surgery, 
excessive bowel gas, and poor patient compliance are all lim-
iting factors to aortic ultrasound studies (Table  50.2 ).   

   Equipment 

 As ultrasound technology continues to advance, the impor-
tance of using high quality, modern equipment is vital to vas-
cular laboratories that evaluate aortic pathology. To perform 
an adequate assessment of the aorta, a high resolution ultra-
sound instrument should be capable of enhanced B-mode 
imaging, pulsed Doppler, color  fl ow imaging, and harmonic 
imaging. Commonly, the 2–5 MHz low frequency pulse 
Doppler transducer is used, but it may be necessary to use a 
combination of many different transducers to produce the 
best study possible. A curved array, phased array, or mechan-
ical sector transducer may all be needed throughout the 
study. As newer instruments become available and enhanced 
imaging modalities are developed they should be used as 
necessary to assist in these studies The development of imag-
ine fusion technology and precise GPS localization of ana-
tomic structures from one ultrasound scan to the next will 
only enhance the ability of ultrasound as a method of 
endograft surveillance. As of yet, neither image fusion nor 
GPS navigation from prior ultrasound scans has been evalu-
ated in a clinical study.  

   Patient Preparation 

 The importance of patient preparation for scanning cannot be 
overstated. Patients should fast overnight in an effort to 
reduce the amount of bowel gas present at the time of imag-
ing. Some centers have gone even further and recommend 
that patients avoid foods that are known to increase bowel 
gas for several days prior to the scheduled study. Patients 
should also avoid smoking or chewing gum the day of the 
ultrasound study. Patients are usually permitted to take all 
their regular medications with a sip of water the morning of 
the examination. 

 At the start of the study, patients should be informed that 
at times it may be necessary to apply a considerable amount 
of pressure to the transducer to obtain the appropriate image. 

At any time the patient should be encouraged to report to the 
technologist any discomfort so corrective measures can be 
taken. The patient may have to move several times during the 
study, from supine to either right or left lateral decubitus, or 
potentially to almost prone. Due to body habitus or comorbid 
medical conditions, some patients may not tolerate the dif-
ferent positions needed, emphasizing the importance of good 
communication between the technologist and patient 
throughout the study.  

   Study Protocol 

 The ultrasound evaluation of the aorta requires a systematic 
approach. Prior to performing the study, it is important to 
have a thorough understanding of any prior aortic studies.  

   B-mode Imaging 

 Once familiar with the aneurysm the technologist begins the 
study with a B-mode examination of the entire abdominal 
aorta. Start the examination with an anterior approach imag-
ing in B-mode. The aorta is evaluated in both transverse and 
longitudinal planes from the celiac artery to past the iliac 
arteries. B-mode imaging allows for an assessment of both 
aortic diameter and the basic con fi guration of the aorta. The 
aortic diameter should be recorded superiorly, at the infrare-
nal neck of the aneurysm, and at the bifurcation. It is impor-
tant to evaluate the maximal residual aortic diameter in a 
plane perpendicular to the long axis of the aorta, and record 
the diameters of the common, internal, and external iliac 
arteries.  

   Pulsed Doppler 

 After completing the B-mode assessment, Doppler should be 
used throughout the entire native aorta to evaluate for areas 
of increased velocity representing stenosis. Doppler is also a 
good method to evaluate the renal arteries, the external iliac 
arteries, and femoral vessels for areas of stenosis. Doppler 
can be used to evaluate for renal stenosis as indicated by an 
increase in  fl ow velocity.  

   Color Doppler 

 Color Doppler is used within the aneurysm sac to evaluate 
for branches and thrombus. The entire aneurysm sac is sys-
tematically scanned in an effort to identify the location and 
type of any branches. These may be important during and 
after aortic aneurysm treatment as they may remain a source 

   Table 50.2    Technical limitations for a successful aortoiliac ultrasound 
study   

 Technologist technical skill level and interpretation 
 Obesity 
 Recent abdominal surgery 
 Excessive bowel gas 
 Poor patient compliance during study 
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of  fl ow into the aneurysm sac after endovascular repair. The 
amount of laminar thrombus, particularly when it extends 
close to the renal arteries, should be noted as well. Care 
should be taken to lower the wall  fi lters on the ultrasound 
machine so that an accurate assessment of the interface 
between the wall and the blood  fl ow can be undertaken.  

   Aneurysm Sac Size 

 Ultrasound is an accurate method for following aortic diam-
eter. Current literature suggests a high correlation between 
ultrasound and CT scanning for maximum aortic diameter 
 [  1,   8,   10,   33,   34  ] . Most studies now show less than a 5 mm 
difference in measured aortic sac diameter between CT and 
ultrasound  [  35  ] . As has been showed in AAA screening, CT 
scanning tends to overestimate AAA size relative to ultra-
sound  [  9  ] . The key to successful endograft surveillance is in 
the trend in aortic diameter, followed by the same imaging 
modality over time. 

 One potential downfall of ultrasound is the ability to mea-
sure asymmetric aneurysms as the same location at each 
scan. CT scan has the ability to measure aortic diameter at a 
given distance from a  fi xed branch vessel. New 3D ultra-
sound methods may help with this issue, but have yet to be 
fully evaluated. The use of the GPS navigation function may 
provide a method of precise localization of the same point 
along the aneurysm between two ultrasound scans.  

   Ultrasound Contrast 

 Recent advancement in ultrasound technology has further 
increased the potential role of ultrasound in AAA treatment. 
Ultrasound contrast has been used to enhance blood  fl ow 

imaging for the past 30 years in many clinical areas. While 
the use of ultrasound contrast has been most common for 
cardiac imaging, any clinical setting where blood  fl ow is 
important becomes a potential use for ultrasound contrast 
imaging. Obviously, aortic and branch vessel ultrasound, a 
technically demanding area of ultrasound, is an important 
area where blood  fl ow imaging is critical. While contrast 
enhanced ultrasound (CEUS) can be used to better de fi ne the 
visualization of small blood vessels with slow  fl ow, the great-
est bene fi t to using ultrasound contrast enhanced imaging is 
in the post-endovascular treatment patient. With the intro-
duction of CEUS in post-EVAR scanning, the potential for 
detection of endoleaks appears to have increased signi fi cantly 
(Fig.  50.8 )  [  36,   37  ] . In addition, high-quality ultrasound has 
been evaluated as a potential option of intraoperative visual-
ization for endograft placement  [  38  ] .  

 The use of CEUS has been investigated as a possible solu-
tion to the reported low sensitivity of duplex ultrasound for 
endoleak detection  [  36,   37,   39–  42  ] . The principles of CEUS 
are based in the use of harmonic imaging with microspheres 
that resonate at that harmonic frequency. The microsphere 
resonance improves blood  fl ow detection and therefore the 
potential to detect slow or limited blood  fl ow.  

   Imaging for Peripheral Aneurysms 

 While imaging for AAAs is focused on overall aneurysm 
size as a predictor of the risk of rupture, peripheral aneurysm 
imaging must measure aneurysm size as a predictor of over-
all complications from the aneurysm, including rupture, 
thrombosis, and embolization. While rupture can rarely 
occur in lower extremity peripheral aneurysms, it is the 
embolization of laminar thrombus from within the lumen 
that leads to most of the complications  [  43  ] . Destruction of 

a b  Fig. 50.8    Color  fl ow duplex 
showing endoleak ( a ) and 
corresponding endoleak 
demonstrated with intravenous 
ultrasound contrast ( b )       

 



64550 The Role of Color Duplex Ultrasound in Patients with Abdominal Aortic Aneurysms and Peripheral Aneurysms

runoff vessels or thrombosis of the aneurysm and the runoff 
together are signi fi cant clinical issues that remain unsolved 
today. In fact, the majority of popliteal aneurysm patients 
will have disadvantaged runoff at the time of diagnosis, 
implying an embolic etiology from the laminar thrombus 
within the aneurysm  [  44  ] . 

 Lower extremity peripheral aneurysms can occur any-
where from the groin to the knee. Often degeneration of one 
segment of the artery represents a systemic defect where 
multiple other segments may be ultimately affected  [  45  ]  
(Fig.  50.9 ). In some cases, diffuse arteriomegaly may be 
present. Therefore, surveillance ultrasound after treatment of 
a peripheral aneurysm is critical to long-term success. Not 
only is surveillance of the graft used to treat the aneurysm 
necessary but also surveillance of the remaining untreated 
arterial segments should be performed at least yearly  [  46  ] . 
Similarly, patients with peripheral aneurysms are signi fi cantly 
more likely to have an associated AAA.   

   Femoral Aneurysms 

 The most common aneurysm of the femoral artery is a femo-
ral pseudoaneurysm, discussed elsewhere in a separate chap-
ter. Pseudoaneurysms are a common problem in the femoral 
artery due to the use of this vessel for access to the arterial 
tree for angiography and interventions. Direct arterial trauma 
from needle puncture or sheath placement leads to the classic 
pseudoaneurysm of the femoral artery. 

 True aneurysms of the femoral artery (Fig.  50.10 ) con-
tain all layers of the arterial wall and represent a degenera-
tive process of the arterial wall, similar to that seen in AAAs. 
True aneurysms of the femoral artery are relatively uncom-
mon, certainly less likely to occur than pseudoaneursyms. 
As noted above, aneurysmal disease is often a diffuse issue 
with contralateral aneurysms being common and further 
degeneration in different areas of the ipsilateral extremity 
being possible as well. Therefore, the presence of an aneu-
rysm in either lower extremity necessitates a scan of the 
entire lower extremity arterial tree to rule out other areas of 
aneurysmal degeneration (Fig.  50.9 ). While in many centers 
this is performed using CT angiography, the necessity for 
repetitive surveillance would favor ultrasound as the pri-
mary surveillance modality. Once a decision is made for 
intervention on one of the aneurysmal segments, then CT 
angiography or conventional angiography is appropriate in 
most situations.   

  Fig. 50.9    Surface mapping of a CT angiogram, demonstrating areas of 
arterial degeneration in addition to the right popliteal aneurysm. These 
areas would warrant surveillance for further aneurysmal degeneration 
in the future       
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   Popliteal Aneurysms 

 The most common peripheral aneurysm typically arises in the 
popliteal artery. These aneurysms tend to be fusiform, with 
some saccular components. As enlargement continues, the 
slow  fl ow along the arterial wall typically leads to laminar 
thrombus deposition (Fig.  50.11 ). While this can occur at any 
diameter, the amount of thrombus increases over diameters of 
2 cm  [  47  ] . The presence of any laminar thrombus suggests a 
risk of distal embolization, necessitating close surveillance or 
repair. In some cases, laminar thrombus may be seen in arter-
ies smaller than 2 cm, and risk of aneurysm thrombosis does 
not appear to be predicted by aneurysm size  [  48  ] . In these 
situations, close follow up or repair may be warranted due to 
this risk, but exact data is not available. Traditionally the rec-
ommended diameter for aneurysm repair has been 2 cm  [  49  ] , 
without prospective data to validate this threshold.  

 Physical exam for popliteal aneurysm may be misleading, 
but the key is to have a low threshold for ultrasound assess-
ment since tortuosity and aneurysms are often indistinguish-
able on physical exam. As a baseline for any patient, 
ultrasound assessment provides diameter data; if popliteal 
arterial diameter exceeds 10 mm or if laminar thrombus is 
present, then lower extremity physiologic testing to measure 
baseline ABI is also appropriate. Enlargement of the artery on 
subsequent exam or decrease in ABI may both be signi fi cant 
factors in determining the timing of popliteal aneurysm repair. 
Surveillance should generally be performed at least yearly for 
patients with popliteal arteries greater than 10 mm. 

 Given the variability of popliteal aneurysms, repair is 
dependent on many factors. First and foremost is overall 
aneurysm size. Larger aneurysms not only have the higher 
risk of laminar thrombus and distal embolization noted above 
 [  50  ] , but also are associated with a higher risk of other 

complications such as local venous compression (Fig.  50.12 ) 
or even rupture. Again the 20 mm threshold has been tradi-
tionally used, although little hard data exists to support this 
value. Prior to elective lower extremity aneurysm repair, a 
general bilateral ultrasound survey is warranted to rule out 
the presence of other potentially synchronous aneurysms.  

 Surveillance after popliteal aneurysm repair should be 
routine, since the development of other aneurysms is com-
mon  [  51  ] . Typically, yearly duplex ultrasound surveillance 
should be performed in most cases, with contralateral duplex 
screening done at least every 3 years.   

   Summary 

 Additional research will likely further support the use of 
ultrasound as the primary post-EVAR surveillance modal-
ity in stable aneurysms. To date, numerous studies have 
evaluated the role of ultrasound in post-endograft surveil-
lance. Clearly, ultrasound is an easy and accurate method of 
determining aortic aneurysm sac diameter. Many vascular 
labs have become very adept at using ultrasound to look for 
endograft complications such as endoleaks or graft migra-
tion. Nonetheless, the real issue with endograft surveillance 
is residual aneurysm sac diameter. In patients who have a 

  Fig. 50.10    True aneurysm of the femoral artery at the time of opera-
tive exclusion       

  Fig. 50.11    Sagittal CTA of a popliteal aneurysm demonstrating exten-
sive laminar thrombus       
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shrinking or stable aneurysm after endograft placement, it 
appears safe and cost effective to follow these patients long 
term with ultrasound alone. As new technology such as 
ultrasound contrast, image fusion, and GPS navigation 
become mainstream and are evaluated they will only 
enhance and expand the utility of ultrasound in AAA 
management.      

   References 

    1.    Raman KG, et al. Color- fl ow duplex ultrasound scan versus com-
puted tomographic scan in the surveillance of endovascular aneu-
rysm repair. J Vasc Surg. 2003;38(4):645–51.  

    2.    Parodi JC, Palmaz JC, Barone HD. Transfemoral intraluminal graft 
implantation for abdominal aortic aneurysms. Ann Vasc Surg. 
1991;5(6):491–9.  

    3.    Sato DT, et al. Endoleak after aortic stent graft repair: diagnosis by 
color duplex ultrasound scan versus computed tomography scan. 
J Vasc Surg. 1998;28(4):657–63.  

    4.    Heilberger P, et al. Postoperative color  fl ow duplex scanning in aor-
tic endografting. J Endovasc Surg. 1997;4(3):262–71.  

    5.    Parent FN, et al. The incidence and natural history of type I and II 
endoleak: a 5-year follow-up assessment with color duplex ultra-
sound scan. J Vasc Surg. 2002;35(3):474–81.  

    6.    Fillinger MF. Postoperative imaging after endovascular AAA 
repair. Semin Vasc Surg. 1999;12(4):327–38.  

    7.    Brown LC, Powell JT. Risk factors for aneurysm rupture in patients 
kept under ultrasound surveillance. UK small aneurysm trial par-
ticipants. Ann Surg. 1999;230(3):289–96; discussion 296–7.  

    8.    Teodorescu VJ, Morrissey NJ, Olin JW. Duplex ultrasonography 
and its impact on providing endograft surveillance. Mt Sinai J Med. 
2003;70(6):364–6.  

    9.    Sprouse 2nd LR, et al. Is ultrasound more accurate than axial com-
puted tomography for determination of maximal abdominal aortic 
aneurysm diameter? Eur J Vasc Endovasc Surg. 2004;28(1):28–35.  

    10.    Collins JT, Boros MJ, Combs K. Ultrasound surveillance of endo-
vascular aneurysm repair: a safe modality versus computed tomog-
raphy. Ann Vasc Surg. 2007;21(6):671–5.  

    11.    Chaer RA, et al. Duplex ultrasound as the sole long-term surveil-
lance method post-endovascular aneurysm repair: a safe alternative 
for stable aneurysms. J Vasc Surg. 2009;49(4):845–9; discussion 
849–50.  

    12.    Beeman BR, et al. Duplex ultrasound factors predicting persistent 
type II endoleak and increasing AAA sac diameter after EVAR. 
J Vasc Surg. 2010;52(5):1147–52.  

    13.    Gillum RF. Epidemiology of aortic aneurysm in the United States. 
J Clin Epidemiol. 1995;48(11):1289–98.  

    14.    Dubost C, Allary M, Oeconomos N. Resection of an aneurysm of 
the abdominal aorta: reestablishment of the continuity by a pre-
served human arterial graft, with result after  fi ve months. AMA 
Arch Surg. 1952;64(3):405–8.  

    15.    Szilagyi DE, et al. Contribution of abdominal aortic aneurysmec-
tomy to prolongation of life. Ann Surg. 1966;164(4):678–99.  

    16.    Estes Jr JE. Abdominal aortic aneurysm; a study of one hundred 
and two cases. Circulation. 1950;2(2):258–64.  

    17.    Fink HA, et al. The accuracy of physical examination to detect 
abdominal aortic aneurysm. Arch Intern Med. 2000;160(6):833–6.  

    18.    Demos NJ. Severe vascular impairment of the left half of the colon. 
Int Abstr Surg. 1963;117:205–12.  

    19.    Palombo D, et al. Changes in the proximal neck of abdominal aortic 
aneurysms early after endovascular treatment. Ann Vasc Surg. 
2003;17(4):408–10.  

    20.    Thurnher S, Cejna M. Imaging of aortic stent-grafts and endoleaks. 
Radiol Clin North Am. 2002;40(4):799–833.  

    21.    Donald I, Brown TG. Demonstration of tissue interfaces within the 
body by ultrasonic echo sounding. Br J Radiol. 1961;34:539–46.  

    22.    Maloney JD, et al. Ultrasound evaluation of abdominal aortic aneu-
rysms. Circulation. 1977;56(3 Suppl):II80–5.  

    23.    Hertzer NR, Beven EG. Ultrasound aortic measurement and elec-
tive aneurysmectomy. JAMA. 1978;240(18):1966–8.  

    24.    Ommaya AK. Computerized axial tomography of the head: the 
EMI-scanner, a new device for direct examination of the brain 
“in vivo”. Special article Surg Neurol. 1973;1(4):217–22.  

    25.    Paul JF, Abada HT. Strategies for reduction of radiation dose in 
cardiac multislice CT. Eur Radiol. 2007;17(8):2028–37.  

    26.    Simoni G, et al. Helical CT for the study of abdominal aortic aneu-
rysms in patients undergoing conventional surgical repair. Eur J 
Vasc Endovasc Surg. 1996;12(3):354–8.  

    27.    Aziz I, et al. Accuracy of three-dimensional simulation in the sizing 
of aortic endoluminal devices. Ann Vasc Surg. 2003;17(2):129–36.  

a b

  Fig. 50.12    Axial ( a ) and sagittal ( b ) CTA of popliteal aneurysm presenting with venous compression with venous congestion and unilateral limb 
swelling. The aneurysm measured over 9 cm in greatest diameter       

 



648 S.M. Stickley and G.H. Meier III

    28.    Sprouse 2nd LR, et al. Is three-dimensional computed tomography 
reconstruction justi fi ed before endovascular aortic aneurysm repair? 
J Vasc Surg. 2004;40(3):443–7.  

    29.    Gouliamos AD, et al. Screening for abdominal aortic aneurysms 
during routine lumbar CT scan: modi fi cation of the standard tech-
nique. Clin Imaging. 2004;28(5):353–5.  

    30.    Lederle FA, et al. Outcomes following endovascular vs open repair 
of abdominal aortic aneurysm: a randomized trial. JAMA. 
2009;302(14):1535–42.  

    31.    Sprouse 2nd LR, et al. Comparison of abdominal aortic aneurysm 
diameter measurements obtained with ultrasound and computed 
tomography: is there a difference? J Vasc Surg. 2003;38(3):466–71; 
discussion 471–2.  

    32.    Truijers M, et al. Endovascular aneurysm repair: state-of-art imag-
ing techniques for preoperative planning and surveillance. 
J Cardiovasc Surg (Torino). 2009;50(4):423–38.  

    33.    Pages S, et al. Comparison of color duplex ultrasound and com-
puted tomography scan for surveillance after aortic endografting. 
Ann Vasc Surg. 2001;15(2):155–62.  

    34.    Nagre SB, et al. Evaluating outcomes of endoleak discrepancies 
between computed tomography scan and ultrasound imaging after 
endovascular abdominal aneurysm repair. Ann Vasc Surg. 
2011;25(1):94–100.  

    35.    Singh K, et al. The difference between ultrasound and computed 
tomography (CT) measurements of aortic diameter increases with aor-
tic diameter: analysis of axial images of abdominal aortic and common 
iliac artery diameter in normal and aneurysmal aortas. The tromso 
study, 1994–1995. Eur J Vasc Endovasc Surg. 2004;28(2):158–67.  

    36.    Henao EA, et al. Contrast-enhanced duplex surveillance after endo-
vascular abdominal aortic aneurysm repair: improved ef fi cacy using 
a continuous infusion technique. J Vasc Surg. 2006;43(2):259–64; 
discussion 264.  

    37.    Cantisani V, et al. Prospective comparative analysis of colour-Dop-
pler ultrasound, contrast-enhanced ultrasound, computed tomogra-
phy and magnetic resonance in detecting endoleak after endovascular 
abdominal aortic aneurysm repair. Eur J Vasc Endovasc Surg. 
2011;41(2):186–92.  

    38.    White RA, et al. Intravascular ultrasound: the ultimate tool for 
abdominal aortic aneurysm assessment and endovascular graft 
delivery. J Endovasc Surg. 1997;4(1):45–55.  

    39.    Ten Bosch JA, et al. Contrast-enhanced ultrasound versus computed 
tomographic angiography for surveillance of endovascular abdominal 
aortic aneurysm repair. J Vasc Interv Radiol. 2010;21(5):638–43.  

    40.    Sommer WH, et al. Comparison of time-resolved CT-angiography, 
contrast-enhanced ultrasound and digital subtraction angiography 
in a patient with a small type II endoleak after endovascular aneu-
rysm repair. Clin Hemorheol Microcirc. 2010;45(1):19–25.  

    41.    Mirza TA, et al. Duplex ultrasound and contrast-enhanced ultra-
sound versus computed tomography for the detection of endoleak 
after EVAR: systematic review and bivariate meta-analysis. Eur J 
Vasc Endovasc Surg. 2010;39(4):418–28.  

    42.    Clevert DA, et al. Imaging of aortic lesions with color coded duplex 
sonography and contrast-enhanced ultrasound versus multislice 
computed tomography (MS-CT) angiography. Clin Hemorheol 
Microcirc. 2008;40(4):267–79.  

    43.    Anton GE, et al. Surgical management of popliteal aneurysms. 
Trends in presentation, treatment, and results from 1952 to 1984. 
J Vasc Surg. 1986;3(1):125–34.  

    44.    Lilly MP, et al. The effect of distal arterial anatomy on the success 
of popliteal aneurysm repair. J Vasc Surg. 1988;7(5):653–60.  

    45.    Whitehouse Jr WM, et al. Limb-threatening potential of arterioscle-
rotic popliteal artery aneurysms. Surgery. 1983;93(5):694–9.  

    46.    Dawson I, Sie RB, van Bockel JH. Atherosclerotic popliteal aneu-
rysm. Br J Surg. 1997;84(3):293–9.  

    47.    Szilagyi DE, Schwartz RL, Reddy DJ. Popliteal arterial aneurysms .  
Their natural history and management. Arch Surg. 1981;116(5):724–8.  

    48.    Inahara T, Toledo AC. Complications and treatment of popliteal 
aneurysms. Surgery. 1978;84(6):775–83.  

    49.    Lowell RC, et al. Popliteal artery aneurysms: the risk of nonopera-
tive management. Ann Vasc Surg. 1994;8(1):14–23.  

    50.    Silver TM, et al. Gray scale ultrasound evaluation of popliteal artery 
aneurysms. AJR Am J Roentgenol. 1977;129(6):1003–6.  

    51.    Ravn H, Bjorck M. Popliteal artery aneurysm: epidemiology and 
modern management. Acta Chir Belg. 2009;109(1):13–9.      



649A.F. AbuRahma, D.F. Bandyk (eds.), Noninvasive Vascular Diagnosis,
DOI 10.1007/978-1-4471-4005-4_51, © Springer-Verlag London 2013

   Introduction 

 Endovascular    aneurysm repair (EVAR) has seen rapid diffu-
sion as a minimally invasive alternative to open repair and is 
currently widely accepted for the treatment of abdominal 
aortic aneurysms. Although EVAR offers immediate advan-
tage over open aneurysm repair with lower perioperative 
mortality and morbidity  [  1–  3  ] , it carries the need for lifelong 
surveillance for potential complications, including endoleak, 
change in aneurysm size, graft migration, structural graft 
failure, and limb out fl ow impairment caused by limb stenosis 
or occlusion. The ideal surveillance modality should be non-
invasive, cheap, and reproducible, with high sensitivity and 
speci fi city for the detection of endograft-related adverse 
events. Computed tomography with intravenous contrast 
injection (CT) is currently the standard for long-term EVAR 
surveillance, but is associated with increased cost  [  4  ]  and 
radiation exposure  [  5  ] . It could also contribute to the decline 

in renal function seen after EVAR as a result of contrast 
nephropathy  [  6  ] . Color- fl ow duplex ultrasound (DUS) scan-
ning can also detect endoleaks as well as size changes over 
time but is more operator dependent  [  7  ] . It has, however, the 
distinct advantage of being noninvasive, safer, and cheaper 
than CT scans. Several studies have established the ability of 
duplex scanning to detect endoleaks and demonstrated a 
good correlation with CT for the measurement of the sac 
diameter of abdominal aortic aneurysms  [  7–  12  ] . More 
recently, duplex scanning as the only follow up modality, has 
been reported to provide a safe follow-up modality for EVAR 
 [  13  ] . The purpose of this chapter is to examine the use of 
color  fl ow ultrasound in aortic endografts and present the 
evidence supporting a selective policy of EVAR follow up 
with duplex scanning.  

   Published Literature 

   US for AAA Diameter Measurement 

 DUS imaging is a noninvasive alternative to CT scans for 
post-EVAR surveillance, and is thought to be equivalent in 
monitoring diameter size changes. It has the theoretical 
advantage of allowing the ultrasound technologists to cor-
rect for the angulation error seen in CT scan measurements 
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by placing the US transducer perpendicular to the course of 
the aorta  [  14,   15  ] . DUS imaging has a high degree of cor-
relation with CT scans and a similar degree of variability in 
AAA diameter measurements. It has comparable accuracy 
for aortic aneurysm US diameter measurements in post-
EVAR surveillance, when performed by certi fi ed vascular 
technologists in an accredited vascular laboratory and 
according to a carefully devised and standardized protocol 
 [  10,   12,   15  ] .  

   US for Endoleak Detection 

 Studies comparing CDU with CT scan for endoleak detec-
tion have produced mixed results. Sato et al.  [  7  ]  and 
d’Audiffret et al.  [  16  ]  both showed that CDU is an excellent 
screening test for endoleaks, with sensitivities of 97% and 
96%, respectively. Elkouri et al.  [  12  ] , on the other hand, 
found poor results for CDU endoleak detection, with a sensi-
tivity of 25% and speci fi city of 89%. Most older studies 
comparing CDU with CT for endoleak detection, however, 
show modest sensitivities of 52–81% and good negative pre-
dictive value (NPV) of 86–95%  [  10,   16–  20  ] . 

 Recent EVAR surveillance data, using modern ultra-
sound equipment has documented a high sensitivity and 
negative predictive value with duplex US in detecting 
endoleaks requiring intervention, allowing a better 
identi fi cation of the type of endoleak when compared to 
CT scan  [  21  ] . CDU imaging detected endoleaks requiring 
intervention in 89% of cases, whereas CT detected 
endoleak in 58% ( P  < .05). The ability to correctly identify 
the type of endoleak as con fi rmed at time of intervention 
was 74% with CDU imaging vs. 42% with CT ( P  < .05). 
CDU, for the detection of endoleak requiring intervention, 
had a sensitivity of 90%, speci fi city of 81%, (NPV) of 
99%, and positive predictive value (PPV) of 16%, while 
CT had a sensitivity of 58%, speci fi city of 87%, NPV of 
98%, and PPV of 15%. 

 Therefore, DUS should be able to detect most endoleaks, 
and in some studies even more endoleaks than CT  [  21  ] , espe-
cially slow endoleaks such as type II where delayed CT 
imaging may be required. In addition, positional endoleaks 
can only be recognized with DUS imaging, suggesting that 
DUS can better appreciate those patients who may require 
intervention. 

 Nevertheless, several limitations of US surveillance need 
to be recognized as they might limit the general applicability 
of these results, including operator dependence, suboptimal 
examinations due to bowel gas or body habitus, and avail-
ability as well as time commitment, limiting broader applica-
tion. In addition, US cannot identify all endograft related 
adverse events that may require a reintervention, such as 
graft migration or kinking.  

   US for Iliac Limb Follow Up 

 EVAR is often performed in patients with signi fi cant iliac 
tortuosity or patients with atherosclerotic occlusive disease, 
resulting at times in iliac limb kinking, stenosis or occlusion. 
Duplex US surveillance can be helpful not only for the evalu-
ation of distal Type I endoleaks from iliac attachment sites, 
but also for assessment of iliac limb hemodynamics, permit-
ting the possible early detection of  fl ow abnormalities that 
might compromise patency. Although there are no standard 
duplex velocity criteria for iliac limb stenosis, color  fl ow 
duplex is well established for the evaluation of native iliac 
disease and can identify limb kinks or adjacent stenoses that 
may allow early treatment and prevent adverse clinical events 
such as ischemia or thrombosis. Hemodynamic data obtained 
from DUS iliac limb imaging therefore provides more physi-
ologic information and may allow more accurate identi fi cation 
of patients requiring reintervention than CT scan.   

   Contrast Enhanced Ultrasound 

 Ultrasound contrast agents are characterized by microbub-
bles of gas encapsulated within a lipid shell that, and can 
signi fi cantly increase the ultrasound signal strength. The use 
of CEUS for EVAR surveillance has been widely reported, 
with high sensitivity and speci fi city for the diagnosis of 
endoleaks  [  22–  24  ] . This imaging modality, however, is not 
widely available and increases the study time and cost of 
EVAR surveillance. It is also not approved in the United 
States for that purpose and requires vascular lab personnel 
that can start intravenous access and monitor the patient’s 
clinical status and hemodynamics. Nevertheless, CEUS 
offers promise as a safe and sensitive modality for endoleak 
detection, and may be particularly attractive for patients with 
renal dysfunction, obviating the need for CT scanning and 
the associated exposure to radiation and nephrotoxic agents.  

   Cost Considerations 

 The need for lifelong surveillance has called into question 
the cost-effectiveness of EVAR. This is affected by direct as 
well as indirect costs, many of which can be attributed to the 
expense of imaging, but also the management of related 
complications  [  25–  30  ] . A recent study reported that >65% of 
postoperative EVAR costs are due to CT scanning alone  [  4  ] . 
In addition, contrast nephropathy affects 7–12% of patients 
after CT angiography  [  3,   31  ] , adding to the cost of surveil-
lance. A cost analysis study in patients following post-EVAR 
showed that cost savings of $1595 per patient per year can 
be realized by eliminating CT scan surveillance, with no 
aneurysm related adverse events in patients switched to 



65151 Role of Color Duplex Ultrasound for Aortic Endografts

ultrasound follow up  [  32  ] . This study con fi rmed that surveil-
lance of EVAR patients can be performed accurately, safely, 
and cost-effectively with DUS as the sole imaging study, and 
is likely to underestimate the magnitude of cost effectiveness 
since it does not take into account the direct and indirect 
costs related to the complications of contrast nephropathy 
and radiation exposure.  

   Imaging Technique 

 The purpose of ultrasound imaging post-EVAR is to evaluate 
endovascular aortic stent grafts for patency, as well as aneu-
rysm sac enlargement and the presence of endoleak or other 
complications. DU imaging can also identify hemodynamic 
or anatomical abnormalities that may impair graft function. 

   Patient Preparation and Positioning 

 The examiner should instruct the patient to fast 6–8 h before 
the exam to minimize the amount of bowel gas present at the 
time of the study. Smoking or gum chewing should be dis-
couraged the morning of the exam due to the fact that it may 
increase the amount of air swallowed, therefore increasing 
the occurrence of bowel gas. However, if needed, the patient 
may take morning medications with water. A bowel cathartic 
preparation is usually not necessary. 

 A full EVAR surveillance study can take up to 30–45 min, 
but this can be signi fi cantly shorter in busy centers with 
experienced ultrasonographers. The exam is performed with 
the patient lying supine with the head slightly elevated to a 
level of comfort. The lateral decubitus position may be use-
ful when supine acoustic windows prove to be inadequate or 
with individuals who have a large abdominal girth. 

 Imaging in different positions can actually be useful in the 
detection of suspected endoleaks that are dif fi cult to image. 
If an endoleak is suspected but cannot be clearly de fi ned, 
turning the patient to a left and/or right decubitus position 
and rescanning the area in question can prove to be helpful. 
Intermittent endoleaks can result in an unstable aneurysm 
sac that should be suspected on ultrasound imaging in the 
setting of graft migration, graft and aneurysm sac pulsatility, 
echolucent regions in the sac thrombus, and sac growth. Such 
signs should prompt special positioning of the patient to 
search for positional endoleaks. Intermittent endoleaks have 
been described in a series of 13 patients, all of whom had sac 
enlargement  [  33  ] . There was evidence of positional depen-
dence in 11 of the 13 cases. This represents an incidence of 
less than 1% in a series of more than 1,200 endovascular 
repairs. These endoleaks were not seen on CT scans in 80% 
of studies, and 11 of 13 were not seen on supine 
angiography.  

   Examination Guidelines 

   Required Equipment and Settings 
    Appropriate duplex instrumentation, which includes • 
B-mode imaging and Doppler spectral analysis of  fl ow 
dynamics. Color and power Doppler imaging is strongly 
desirable in complimenting the examination.  
  Imaging transducer frequency should be set between 2.0 • 
and 4.0 MHz (curved linear probe) for adequate 
penetration.  
  Doppler transducer frequency must be set between 2.0 • 
and 4.0 MHz for adequate penetration.  
  Hardcopy capabilities should include color static images • 
or electronic color storage. In addition, electronic video 
clip storage should be available.     

   Stent Graft Evaluation Post-EVAR 
 A standard exam protocol for EVAR surveillance should be 
predetermined and validated in each vascular laboratory. The 
following steps are typically required for optimal imaging 
that includes the following expectations:

    • B-mode gray scale  imaging is used to evaluate and docu-
ment the location and position of the stent  fi xation sites 
(proximal aortic and distal iliac neck) to evaluate stent-to-
wall apposition.  
  The region of maximal aneurysm size should be identi fi ed • 
in both transverse (transaxial) and sagittal/longitudinal 
planes. Transverse measurements are compiled for the 
maximum diameter of the aneurysm sac. Diameter mea-
surements are taken in anterior/posterior and transverse 
orientations at peak systole from outer wall to outer wall 
(Fig.  51.1 ).   

  Fig. 51.1    Cross sectional B-mode image showing the widest diameter 
of the residual aneurysm sac, outer wall to outer wall measurement. 
( 1 ) anterior/posterior and ( 2 ) longitudinal measurement       
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  It is imperative that the measurements be made perpen-• 
dicular to the aorta, not transverse to the body. Patients 
often have a severely angulated aorta, and adjusting the 
transducer to be perpendicular or orthogonal to the aorta 
is crucial in order to obtain accurate measurements, even 
if this requires imaging in an oblique plane to the body 
(Fig.  51.2 ).   
  The residual aneurysm sac should also be examined for • 
areas of echolucency or motion/pulsation in the excluded 
lumen as that may represent an endoleak (Figs.  51.3  and 
 51.4 ).      
  Color and pulsed wave Doppler  is next used to obtain a 

cross sectional color image of the aneurysm sac demonstrat-
ing color  fi lling of the stent graft to demonstrate patency 
(Fig.  51.5 ). 

   PW spectral waveforms from the body of the graft should • 
be recorded through each limb of the stent graft to show 
patency (Fig.  51.6 ). This is then followed by assessment 
for any twisting, kinking, or deformity of the graft 
(Figs.  51.7  and  51.8 ).     
  Color and spectral Doppler is also used to assess the • 
attachment/ fi xation sites with special attention to the 

detection of any  fl ow outside the lumen of the graft 
(Fig.  51.9 ), which would indicate an endoleak.   
  The aneurysm sac should be examined throughout in • 
both sagittal and transverse planes to detect  fl ow outside 
the endografts that may represent an endoleak 
(Fig.  51.10 ). Special attention should be directed to 
hypoechoic areas and the absence of  fl ow con fi rmed by 
Doppler.   
  The Doppler image of patent aneurysm sac branches (i.e., • 
lumbar, inferior mesenteric artery, internal iliac artery) 
should be particularly noted, and  fl ow direction should be 
documented.  

  Fig. 51.2    Transducer placement must be perpendicular to the aorta       

a

b

  Fig. 51.3    ( a ) Color Doppler, ( b ) B-mode; Cross-sectional view of 
residual aneurysm sac showing that the aneurysm has collapsed down 
around the stent       
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  PW spectral waveforms should be recorded from any • 
region of extra graft  fl ow detected within the aneurysm 
sac and from aortic side branches (document direction 
and source of  fl ow.) To and fro Doppler signals typically 
identify the origin of the branch  fl ow in type II endoleaks. 
(Figs.  51.11 ,  51.12  and  51.13 ). That characteristic may 
not be present, however, in cases when leaks enter and 
exit the sac through different branches.       
 Artifactual pulsatile color may be present if the color sen-

sitivity settings are high. With a low color setting, the scan-
ner will prioritize the movement as blood  fl ow versus 
pulsatile movement of the adjacent graft. Other imaging arti-
fact can occur with abdominal bowel gas or atherosclerotic 
calci fi cation of the aortal wall. 

 Nevertheless, a Doppler waveform will differentiate true 
perigraft  fl ow from color artifact. A true endoleak will be 

identi fi ed in both longitudinal and transverse views, which 
may help differentiate it from an artifact.    

   Surveillance Policy Changes 

 The following is a summary of the evolution of our surveil-
lance policy over the years. In 2003, a new follow-up sched-
ule for EVAR surveillance was initiated for selected patients 
treated at the University of Pittsburgh Medical Center 
(UPMC). Annual duplex scanning as the sole imaging modal-
ity was offered as early as 1 year post-EVAR for those 
patients with a collapsed aneurysm sac <4 cm in diameter. 
This policy was expanded 1 year later to include patients 
with signi fi cant shrinkage of the aneurysm sac to any size, or 
a stable aneurysm without enlargement for 2 years whether a 
Type II endoleak was present or not. Patients with contrast 
allergy or signi fi cant renal insuf fi ciency (serum creatinine 
>2) were switched at earlier intervals depending on aneu-
rysm size and presence or absence of endoleaks. Diameter 
measurements were de fi ned as the minor axis of the largest 
axial slice on CT. A signi fi cant shrinkage was considered to 
be a minimum of 5 mm from the baseline 1-month CT. A 
stable aneurysm was de fi ned as an aneurysm with <3 mm 
increase in diameter from baseline. Patients with enlarge-
ment of the sac by  ³ 3 mm from the baseline CT were not 
considered for switching. Most patients underwent duplex 
scanning to complement the CT scan when the decision to 
switch the patient was made. All patients with suboptimal 
studies secondary to anatomy or body habitus were not 
switched to duplex scanning surveillance. 

 By the time of our last review, 184 patients (159 males) 
were switched to duplex scanning surveillance between 2003 
and 2006  [  13  ] . All duplex scanning examinations were tech-
nically satisfactory for determination of aneurysm size and 
presence of an endoleak. The mean follow up on duplex 
scanning was only 24 ± 13 months (range 1–4 years). Initial 
follow up of these patients included X-rays and CT 1 month 
after EVAR, 6 months (for patients on investigational proto-
cols), 12 months, and yearly thereafter 13. Following com-
mercial release of each graft, the 6-month follow up was 
discontinued because of the low incidence of adverse events 
detected  [  34  ] . 

 Following our timeline changes in policy, the duplex 
scanning follow-up schedule was initiated 34 ± 24 months 
after EVAR (range 1–112 months). The mean aneurysm 
diameter at baseline was 54 ± 8 mm and had decreased to 
40 ± 11 mm before the decision to implement duplex-scan-
ning-only surveillance. Three new endoleaks were diagnosed 
during the duplex-only surveillance, only one presenting 
with sac enlargement. All prompted CT evaluation: one Type 
II endoleak with stable sac size that could not be identi fi ed 

  Fig. 51.4    Cross sectional B-mode image of the residual aneurysm sac 
showing areas of echolucency ( arrow )       

  Fig. 51.5    Cross sectional color image of the aneurysm sac demon-
strating color  fi lling of the stent graft to demonstrate patency       
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on the CT obtained 3 months later, and two distal Type I 
endoleaks that required limb extension. No patient had a 
clinical adverse event during the period of observation No 

ruptures or graft occlusions were noted  [  13  ] . These  fi ndings 
demonstrated to us the safety of using Duplex scanning as a 
replacement modality for CT in the FU of EVAR. 

 Since these changes were adopted slowly over time, we 
evaluated how many patients would be suited for the switch 
and how early after EVAR it could be implemented, based on 
our current criteria. The clinical and follow-up imaging 
records of 200 consecutive patients with available imaging, 
treated in 2004 and 2005 were reviewed, demonstrating that 
97% of patients are eligible for duplex-scanning-only sur-
veillance by 3 years after EVAR. This  fi nding is quite encour-
aging as it suggests that the majority of patients can be 
followed with US only surveillance post-EVAR. 

 These results and others con fi rm the safety and ef fi cacy of 
US surveillance post-EVAR, which can be applied to most 
patients, potentially as early as 30 days postprocedure after 
the  fi rst CT scan follow up. Candidate patients include:
    1.    All patients with baseline renal insuf fi ciency  
    2.    Patients with no endoleak after 1 year on CT scan  
    3.    Patients with endoleak but no size increase after 2 years  
    4.    All patients with collapsed or shrinking sac     

 However, it is to be noted that patients with initial subop-
timal anatomy for EVAR may be at a higher risk for future 
complications and be better followed by CT at least intermit-
tently alternating CDU with CT to detect early changes in 
aortic neck anatomy and morphology. Other patients who 
may not bene fi t from strict US follow up include those being 

a

b

  Fig. 51.7    ( a ,  b ) Both color Doppler and B-mode images shows a 
detachment and kinking of left limb of the stent graft (Type I 
endoleak)       

  Fig. 51.8    Corresponding CT images of the detached left iliac limb       

  Fig. 51.6    ( a ) left iliac limb color and spectral Doppler signal, ( b ) 
Color Doppler image left iliac limb, ( c ) Color Doppler image right iliac 
limb, ( d ) Color and spectral Doppler image right iliac limb; Color 

Doppler and PW Doppler waveforms through each limb of the stent 
graft to show patency       
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concomitantly followed for a thoracic aortic aneurysm, and 
patients with excessive bowel gas, ascites, or a challenging 
body habitus. A CT may still be indicated every 5 years to 
detect remote aneurysmal changes or other structural 
defects. 

 It should be noted that our recommendations may not be 
universally accepted, but are similar to the recent guidelines 
issued by the Society for Vascular for post-EVAR surveil-
lance  [  35  ] . The guidelines recommend contrast enhanced CT 

imaging at 1 and 12 months during the  fi rst year after EVAR, 
and also at 6 months in patients with endoleak or other abnor-
mality of concern. If neither an endoleak nor aneurysm 
enlargement is documented during the  fi rst year after EVAR, 
the guidelines suggest CDU as a reasonable alternative to CT 
imaging for post-operative surveillance, with the recommen-
dation that these studies be performed by a skilled technician 
in an accredited noninvasive vascular laboratory.  

  Fig. 51.9    Color and PW spectral 
Doppler image showing a Type 1 
endoleak at the proximal  fi xation 
sites       

  Fig. 51.10    Color Doppler image showing a Type 1 endoleak at the left 
iliac limb distal  fi xation sites         Fig. 51.11    Color and PW spectral Doppler image showing a Type II 

endoleak with reversed  fl ow through the IMA       
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   Conclusion 

 Although several other follow-up modalities have been 
proposed for EVAR follow up, duplex scanning remains 
the simplest, cheapest, and most expeditious, especially 
in an of fi ce-based setting. With longer follow up and 
accrual of more experience with this regimen, earlier 
switch to duplex scanning surveillance should have an 
even more signi fi cant socioeconomic impact. It is also 
conceivable that this follow-up policy, which is applicable 
to most patients, could signi fi cantly expand the justi fi ed 
use of EVAR for aneurysm treatment since it eliminates 
the costs and complications associated with CT scan pro-
tocols. Follow-up regimens post-EVAR continue to be 

re fi ned, with a clear trend toward readily available of fi ce-
based surveillance. However, even in the setting of col-
lapsed nonpressurized excluded aneurysm sacs, it may be 
prudent to continue obtaining a CT scan every 5 years to 
detect new remote aneurysms.      
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 Empiric means of assessing limb perfusion are not adequate 
due to lack of sensitivity and speci fi city. However, there are 
a number of objective tools that can be used to accurately 
assess the degree of limb ischemia. Among the validated 
modalities, transcutaneous oxygen tension has proven to be 
quite useful in the evaluation of chronic lower extremity 
ischemia (CLI). The unique design of the transcutaneous 
sensor makes it possible to obtain accurate measurements of 
oxygen (pO 

2
 ) and carbon dioxide (pCO 

2
 ) tension on the sur-

face of the skin. This chapter will discuss the physiology of 
transcutaneous oxygen (tcpO 

2
 ) measurements and demon-

strate how these measurements can be used for minor and 
major lower extremity amputation level determination. In 
addition, tcpO 

2
  measurements will be shown to be essential 

for the prospective management of diabetic as well as non-
diabetic patients with CLI. 

   Physiology of the Measurement 

 Modern transcutaneous instrumentation has improved con-
siderably from the viewpoint of maintenance, application, 
and routine use. A small sensor is applied to the skin with an 
airtight self-adhesive  fi xation ring. The heating element of 
the transcutaneous sensor increases the temperature beneath 
the sensor to 44°C. Heating the sensor creates local skin 
hyperemia, a decrease in blood  fl ow resistance and compen-
satory arteriolarization of capillary blood. This effectively 
raises the pO 

2
  and decreases the pCO 

2
  values toward arterial 

levels  [  1,   2  ] . Contact liquid between the skin and sensor 
allows the underlying dermal tissue pO 

2
  to be in equilibrium 

with the sensor after 15–20 min. In practice, stable tcpO 
2
  

readings are generally achieved in 20–30 min. 
 TcpO 

2
  monitoring is completely noninvasive and atrau-

matic if sensor placement at one skin site is limited to a max-
imum of 4 h. The test can be accomplished with the patient 
comfortably supine at ambient room temperature in an out-
patient setting. Oxygen inhalation, change in limb position, 
and chest wall normalized tcpO 

2
  values can also be used to 

increase the speci fi city and sensitivity of the test  [  3–  5  ] . 
Current monitors such as the TCM400 from Radiometer 
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(Radiometer, Copenhagen, Denmark) are not only portable 
but also provide up to six simultaneous measurements of 
transcutaneous oxygen tension. As demonstrated in Fig.  52.1 , 
the modi fi ed Clark sensors are usually placed on the dorsal 
aspect of the forefoot between the great and second toe 
roughly 5 cm proximal to the second toe tip (forefoot mea-
surement), on the medial aspect of the hind foot in front of or 
behind the malleolus (hind foot measurement) and 10 cm 
below the patella on the medial aspect of the calf (below-
knee measurement) for basic lower extremity tcpO 

2
  map-

ping. The sensor can also be placed 10 cm above the patella 
on the medial aspect of the thigh for an above-knee measure-
ment. Inaccurate readings may occur if the sensor is placed 
over a tendon or exposed bone. For optimal results, the sen-
sor should be placed on skin that is free of edema, ulceration, 
hyperkeratosis, or cellulitis.  

 Tissue ischemia or inadequate perfusion to support major 
wound healing is presumed when the absolute tcpO 

2
  value is 

less than 30 mmHg. For practical purposes, a low tcpO 
2
  value 

can be interpreted as either reduced generalized arterial pO 
2
 , 

as in the case of patients suffering from cardiopulmonary dis-
eases or reduced regional blood  fl ow due to impaired arterial 
pO 

2
  supply from atherosclerosis. Many investigators have 

reported that wound healing can occur in some patients with a 
low tcpO 

2
  value  [  6–  16  ] . This can be partially explained by the 

non-linear relationship between tcpO 
2
  and cutaneous blood 

 fl ow. Matsen et al.  [  12  ]  reported that tcpO 
2
  measurements are 

mostly dependent on arterial-venous gradients and cutaneous 
vascular resistance. In essence, there can be nutritive blood 
 fl ow to the skin even with a tcpO 

2
  level of 0 mmHg. 

 One of the techniques used to improve the accuracy of tcpO 
2
  

measurements is sensor probe heating (44°C), which mini-
mizes local vascular resistance. This makes transcutaneous 
oxygen tension more linear with respect to cutaneous blood 
 fl ow. Additional techniques used to improve tcpO 

2
  accuracy 

include measurements performed before and after oxygen 
inhalation or change in limb position, oxygen isobar extremity 
mapping, and transcutaneous oxygen recovery half-time. 

 Wyss et al.  [  13  ]  evaluated the results of tcpO 
2
  measure-

ments used as a predictor of successful wound healing fol-
lowing amputation. The study analyzed 162 patients who 
had 206 lower extremity amputations. The authors concluded 
that transcutaneous oxygen is a reliable indicator of local tis-
sue ischemia and that it can be used to predict failure of 
amputation healing due to tissue ischemia. However, there 
are two theoretical inadequacies that must be considered 
when using tcpO 

2
  measurements. First, the measurement is 

quite localized and one value may not represent of the over-
all degree of limb ischemia. Second, as previously men-
tioned, there may still be some nutritive  fl ow to the skin 
despite a tcpO 

2
  level of 0 mmHg. 

 Despite the fact that in theory a tcpO 
2
  value of 0 mmHg at 

a proposed site of amputation does not always indicate isch-
emia that precludes healing, a tcpO 

2
  level of 20 mmHg or 

less clearly indicates severe limb ischemia. In the Wyss study 
 [  13  ] , a tcpO 

2
  measurement of 20 mmHg or less was associ-

ated with a rate of failure for amputations distal to the knee 
that was more than ten times the 4% rate of failure in patients 
that had a tcpO 

2
  level of more than 20 mmHg.  

   Clinical Applications in Peripheral 
Vascular Disease 

   Selecting the Appropriate Amputation Level 

 Many authors have reported on the successful use of transcu-
taneous oxygen measurements to determine the appropriate 
lower extremity amputation level  [  6–  16  ] . One of the initial 
reports on this topic was by Franzeck et al.  [  7  ] . Mean tcpO 

2
  

levels in patients who experienced primary healing of a lower 
extremity amputation were compared to those of patients 
who failed to heal their amputation. The respective values for 
healing and nonhealing were 36.5 ± 17.5 and less than 
30 mmHg. However, three of nine patients whose tcpO 

2
  level 

was less than 10 mmHg healed primarily. 
 In a study of below-knee amputations, Burgess et al.  [  6  ]  

noted that all 15 amputations that were associated with a 
tcpO 

2
  level greater than 40 mmHg healed. Primary wound 

healing was noted in 17 of 19 below-knee amputations with 
a tcpO 

2
  measurement between 1 and 40 mmHg, but none of 

the three patients with a below-knee level of 0 mmHg healed 
their amputation. Katsamouris et al.  [  9  ]  reported that lower 
extremity amputations healed in all 17 patients with a tcpO 

2
  

level greater than 38 mmHg or a pO 
2
  index (chest wall con-

trol site) greater than 0.59. Ratliff et al.  [  11  ]  reported that 
below-knee amputations healed in 18 patients with a tcpO 

2
  

measurement greater than 35 mmHg, whereas healing failed 

  Fig. 52.1     Right leg  with sensors in place. Paper tape, placed over the 
sensor cup, can assist in keeping electrode stable and in constant con-
tact with skin       
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in 10 of 15 with a tcpO 
2
  value less than 35 mmHg. In a study 

of 42 lower extremity amputations (28 below-knee and 14 
above-knee), Christiansen and Klarke  [  14  ]  found that 27 of 
31 patients with a tcpO 

2
  level greater than 30 mmHg healed 

primarily. Seven patients with values between 20 and 
30 mmHg healed although four patients had delayed healing. 
The amputation stumps of all four patients with a value 
below 20 mmHg failed to heal because of skin necrosis. 

 Data from Wyss et al.  [  13  ]  are comparable to those yielded 
by a prospective study evaluating multiple tests used for 
amputation level selection. In this study, tcpO 

2
  measurements 

were prospectively compared to transcutaneous carbon diox-
ide tension, transcutaneous oxygen-to-carbon dioxide ten-
sion, foot-to-chest transcutaneous oxygen tension, 
intradermal xenon-133 clearance level, ankle brachial index, 
and the absolute popliteal artery pressure for accuracy in 
amputation level selection. All metabolic variables exhibited 
a high degree of statistical accuracy in predicting amputation 
healing, but none of the other tests showed statistical reli-
ability. All amputations in this study (transmetatarsal, below-
knee, and above-knee) healed primarily when the tcpO 

2
  

measurement was greater than 20 mmHg and there were no 
false-positive or false-negative results  [  10  ] . It was also noted 
that successful prediction of amputation healing for any of 
the metabolic parameters was not affected by the presence 
of diabetes mellitus. This  fi nding is similar to the observa-
tion of Wyss et al.  [  13  ] . 

 In contrast to lower extremity amputations in nondiabetics, 
which usually result peripheral vascular disease primarily, 
most amputations in diabetic patients result from various com-
binations of contributing causes including neuropathy, isch-
emia, alterations of white cell function, infection or gangrene, 
faulty wound healing, cutaneous ulceration, and minor trauma 
 [  15  ] . Malone et al.  [  10  ]  and Christensen and Klarke  [  14  ]  con-
cluded that a transcutaneous oxygen tension of 20 mmHg or 
more accurately predicted amputation site healing and found 
no difference in the healing rate between diabetics and nondia-
betics. Computerized analysis of various transcutaneous meta-
bolic parameters by Malone et al.  [  10  ]  demonstrated a high 
association with primary amputation site healing with the fol-
lowing values: transcutaneous oxygen tension greater than 
20 mmHg, transcutaneous carbon dioxide value less than 
40.5 mmHg, transcutaneous oxygen-to-transcutaneous carbon 
dioxide index greater than 0.472 and foot-to-chest transcuta-
neous oxygen index greater than 0.442. 

 The above data reinforce the fact that elective lower 
extremity amputation should not be performed without 
objective testing to ensure selection of the most distal ampu-
tation site that will heal primarily yet allow removal of 
infected, painful, or ischemic tissue  [  15,   16  ] . A variety of 
techniques are available to achieve this, depending on avail-
able equipment, the amputation level under consideration, 
and the accuracy of the chosen modality  [  16  ] . TcpO 

2
  

measurements continue to be a reliable technique; however, 
it is not suitable for whole limb mapping. 

 The ultimate role of any method used for amputation level 
determination is to inform the surgeon of the quantitative risk 
of nonhealing at the proposed site of surgery. The level of 
amputation can then be decided on the basis of this objective 
 fi nding in conjunction with surgeon’s clinical judgment and 
patient’s physical  fi ndings. For example, a surgeon might per-
form an amputation distal to the knee through a site with a 
very low tcpO 

2
  level in a patient who is well motivated, rela-

tively young, and otherwise healthy. Such an amputation 
would almost certainly be ruled out in a fragile elderly person 
who faces a limited prospect for successful rehabilitation.  

   Prospective Treatment of Diabetic Foot Problems 

 Successful treatment of the patient with diabetes and limb-
threatening ischemia requires an accurate assessment of limb 
perfusion. Presenting clinical symptoms may be misleading. 
Physical examination of pedal pulses or ankle/brachial index 
(ABI) may not be accurate due to the non-compressible 
nature of a diabetic patient’s peripheral arteries. Often, the 
cause of the presenting foot problem is multifactorial and 
commonly used non-invasive lower extremity hemodynamic 
studies lack discriminative accuracy. On the other hand, arte-
riography is ultimately accurate. However, it is invasive, 
expensive, and carries a small but well-de fi ned set of associ-
ated complications  [  17,   18  ] . In this setting, tcpO 

2
  measure-

ments can be extremely useful as they are noninvasive, 
inexpensive, and reproducible  [  19–  24  ] . 

 In a clinical experience reported by Ballard et al.  [  25  ] , 
tcpO 

2
  measurements were prospectively demonstrated to 

accurately predict severity of foot ischemia in patients with 
diabetes. Based on clinical experience and previously pub-
lished amputation level determination data, an absolute 
transmetatarsal tcpO 

2
  measurement of 30 mmHg was used as 

the threshold value for selection of a treatment option. If the 
level was 30 mmHg or greater, the patient’s foot problem 
was managed conservatively with local wound care, wound 
debridement, or minor foot amputation. If the level was less 
than 30 mmHg, arteriography of the involved limb was per-
formed to plan arterial reconstruction or to perform percuta-
neous intervention to improve foot perfusion. 

 Thirty-one of 36 (86%) limbs in the conservatively man-
aged group were treated successfully including 73% (11/15 
ft) of limbs without a palpable pedal pulse. The mean time to 
wound healing was 6.85 weeks and there were  fi ve treatment 
failures. In the operative/endovascular group, 83.3% of limbs 
achieved a TM tcpO 

2
  level  ³ 30 mmHg after treatment. 

Twenty-two of 26 (85%) limbs in this group had complete 
resolution of their presenting foot problem. The mean time 
to wound healing was 9.52 weeks. Treatment failures 



664 J.L. Ballard

eventually led to 3 BKAs (1 failed necessitating revision to 
the AK level) and 1 above-knee amputation. 

 The pre-treatment pedal pulse examination was more 
accurate than an ABI in predicting forefoot tcpO 

2
  values 

above or below 30 mmHg. Further, an abnormal arteriogram 
was predicted by both a low TM tcpO 

2
  level and the absence 

of a palpable pedal pulse, but not by an ABI <60. The pres-
ence of a pedal pulse was 100% accurate for identifying 
limbs with a TM tcpO 

2
   ³  30 mmHg, but there were an addi-

tional 17 limbs with a measurement  ³ 30 mmHg and no pal-
pable pedal pulse. Following arterial bypass or angioplasty, a 
TM tcpO 

2
  level  ³ 30 mmHg was highly accurate in predicting 

a successful outcome. Ultimately, an initial or post-interven-
tion TM tcpO 

2
  level  ³ 30 mmHg was more accurate than a 

palpable pulse in predicting either wound healing or resolu-
tion of rest pain. An ABI  ³  0.60 was also associated with a 
successful outcome, but due to non-compressible vessels, 
this was only able to be calculated in 41/62 (66%) limbs. 

 Certainly diabetic patients without pedal pulses do have 
arteriosclerotic lesions, some of which can be reconstructed. 
However, this prospective study demonstrated that such sur-
gical revascularization is not obligatory. In fact, well-per-
formed tcpO 

2
  measurements predicted distal ischemic wound 

healing in 90% of cases. Furthermore, conservative manage-
ment was not only cost effective when compared to surgical 
or endovascular revascularization, but time to wound healing 
was not statistically signi fi cantly different between the two 
groups (6.84 weeks versus 9.52 weeks,  P  = 0.169). 

 As demonstrated in the study outlined above, an absolute 
TM tcpO 

2
  level  ³ 30 mmHg appears to be an accurate cutoff 

point for the selection of treatment for almost all diabetic 
foot problems. The conservative management scheme, how-
ever, requires diligent patient follow-up. There must be a 
commitment by the surgeon to perform wound debridements 
and staged procedures (i.e., minor foot amputations or split-
thickness skin grafts). Proper outpatient wound care is essen-
tial. Finally, a higher TM tcpO 

2
  threshold (40 mmHg) should 

be used to select management of calcaneal gangrene or 
extensive non-healing ulcerations. Table  52.1  demonstrates 
an algorithm for the elective management of diabetic patients 
with limb-threatening ischemia based on tcpO 

2
  level.  

 Padberg et al.  [  26  ]  con fi rmed our previous  fi ndings and 
demonstrated that tcpO 

2
  measurements alone are suf fi cient to 

objectively stratify the degree of lower extremity arterial isch-
emia. They compared tcpO 

2
  measurements to arterial seg-

mental pressures (ASPs) and arterial segmental indices (ASI) 
in 204 ischemic lower extremity sites in patients with either 
diabetes, chronic renal failure or neither disease process. 
Stepwise multiple regression analysis demonstrated tcpO 

2
  

mapping to be superior to ASP and ASI for all endpoints. As 
demonstrated by others, predictive accuracy of tcpO 

2
  mea-

surements was unaffected by the presence of diabetes and 
ASP and ASI were misleading and inaccurate. Interestingly, 

because of reduced accuracy of ASP and ASI, tcpO 
2
  remained 

the diagnostic modality of choice even for the non-diabetic 
patient with arterial ischemia of the lower extremity. 

 Finally, Petrakis and Sciacca  [  27  ]  use distal limb tcpO 
2
  

measurements as a prognostic parameter in the selection of 
diabetic patients for placement of a permanent spinal cord 
stimulation device. Sixty diabetic patients had implantation 
of a spinal cord electrical generator after failed conservative 
or surgical treatment of severe peripheral vascular disease. 
The clinical peripheral vascular disease status of each patient 
was either Fontaine’s stage III or IV. Forefoot and hind foot 
tcpO 

2
  measurements were compared to toe pressure Doppler 

measurements before device implantation as well as 2 and 
4 weeks postoperative. Pain relief of over 75% and foot sal-
vage was achieved in 35 patients, while partial success with 
pain relief greater than 50% and foot salvage for at least 
6 months was obtained in 12 other patients. Amputation for 
persistent gangrene, non-healing ulceration, or unrelenting 
rest pain was performed in the remaining 13 patients. 

 Interestingly, clinical improvement and foot salvage were 
both associated with a signi fi cant increase in the 2 week 
post-operative tcpO 

2
  measurement while the ankle brachial 

index and toe pressure did not change under spinal cord stim-
ulation. These data suggest that a 2 week testing period 
before permanent spinal cord stimulation is not only useful 
regarding prognosis but also cost saving. Only patients who 
experience a signi fi cant increase in distal limb tcpO 

2
  in addi-

tion to pain relief should be considered for permanent 
implantation of a spinal cord stimulator.  

   Prospective Treatment of Chronic Lower 
Extremity Ischemia 

 Much the same as described above for the treatment of dia-
betic patients, tcpO 

2
  measurements can be useful for select-

ing management of ill-de fi ned leg/ft complaints particularly 

   Table 52.1    Algorithm for elective management of the diabetic patient 
with limb-threatening foot ischemia   

 A.  If forefoot/hind foot tcpO 
2
  level is  ³ 30 mmHg (with or without a 

palpable pedal pulse): 
   Outpatient wound care, wound debridement, or minor foot 

amputation. 
 B.  If forefoot/hind foot tcpO 

2
  level is <30 mmHg or conservative 

treatment is unsuccessful after 4–6 weeks: 
  Arteriography, with revascularization as needed. 
 C.  If forefoot/hind foot tcpO 

2
  < 30 mmHg and there is pedal edema 

or cellulitis: 
  Repeat test after resolution, before proceeding with arteriography. 
 D. If there is calcaneal gangrene/non-healing ulcer: 
   Use higher hind foot tcpO 

2
  threshold of 40 mmHg and obtain 

arteriogram after 2–4 weeks of unsuccessful conservative 
treatment. 
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in elderly patients with multiple medical problems. For 
instance, an adequate tcpO 

2
  level ( ³ 30 mmHg) at the fore-

foot and hind foot may obviate the need for an arteriogram 
and support non-operative management. On the other hand, 
a low tcpO 

2
  level likely indicates a situation that will require 

a higher level of care. The potential need for arteriography 
and arterial revascularization can be thoroughly discussed 
with the patient and family prior to treatment. This ensures 
reasonable expectations. Finally, a dramatic improvement in 
tcpO 

2
  measurement following treatment is not only gratify-

ing, but at least 90% of patients will experience a successful 
outcome. 

 TcpO 
2
  measurements can also be used to determine 

whether endovascular treatment has been successful at the 
skin level of nondiabetic as well as diabetic patients with 
peripheral arterial occlusive disease (PAD). Wagner et al. 
 [  28  ]  previously demonstrated that percutaneous transluminal 
angioplasty (PTA) has a positive effect on oxygen supply to 
the skin in patients with PAD. In this study, 34 patients with 
PAD had tcpO 

2
  measurements obtained at the dorsum of the 

foot 1 day before PTA, during PTA, 1 day after PTA, and 
6 weeks after PTA. A signi fi cant increase in tcpO 

2
  was noted 

immediately following PTA as well as 1 day and 6 weeks 
later. 

 Pardo et al.  [  29  ]  evaluated the ef fi cacy of endovascular 
revascularization in diabetic patients with critical limb isch-
emia after treatment with PTA by comparing tcpO 

2
  measure-

ments with the ankle-brachial index (ABI) post-PTA. They 
prospectively studied 151 consecutive diabetic patients with 
posterior tibial and dorsalis pedis Doppler, ABI, tcpO 

2
 , and 

duplex scan results. If two of the four mentioned examina-
tions were abnormal, arteriography was performed and, if 
appropriate, PTA was performed concomitantly. At least 64 
patients were considered suitable candidates for PTA. After 
PTA, ABI increased from 0.67 ± 0.25–0.84 ± 0.25 ( P  < 0.001) 
and TcpO 

2
  increased from 27.20 ± 11.10–40 ± 12.10 mmHg 

( P  < 0.001). While the TcpO 
2
  could be measured in all 

patients, the ABI was not measurable in up to 25% of patients 
due to non-compressible vessels. Statistical analysis revealed 
a meager correlation between the techniques used: TcpO 

2
  

and ABI ( P  = 0.20). Their study suggests that an increase in 
TcpO 

2
  values in diabetic patients following PTA is a marker 

of improved microvascular revascularization and that simply 
obtaining a post-treatment ABI may not be as informative. 

 Arroyo and colleagues  [  30  ]  used tcpO 
2
  measurements to 

determine when previously ischemic tissue had adequate 
perfusion to support major wound healing. Eleven patients 
with severe chronic limb ischemia de fi ned as a forefoot 
tcpO 

2
   £  30 mmHg were entered into this prospective study. 

TcpO 
2
  measurements were recorded prior to lower extremity 

bypass and on post-operative days one, two, and three. A 
statistically signi fi cant increase in mean transcutaneous oxy-
gen pressure was observed between the pre-operative and the 

day 3 post-operative measurements. Despite this  fi nding, 
some bypass patients still had low tcpO 

2
  values (<30 mmHg) 

even on post-operative day 3. Nevertheless, this small clini-
cal series suggests that unless urgent, adjunctive minor foot 
amputation or major débridement should wait until at least 
3 days after successful lower extremity bypass. This will 
ensure that there is now adequate perfusion at the foot level 
to support major wound healing. This clinical recommenda-
tion could also be used to select appropriate timing of minor 
foot amputations or major débridements that are performed 
after endovascular procedures. 

 Finally, tcpO 
2
  measurements have even been used to non-

invasively detect lesions in the arterial network supplying 
blood  fl ow to the hypogastric circulation. A study was per-
formed a few years ago by Abraham et al.  [  31  ]  in which they 
selected 43 patients suspected of proximal aortoiliac occlu-
sive disease and 34 without suspected proximal ischemia. 
TcpO 

2
  measurements were obtained from the buttock region 

bilaterally in addition to a chest reference value. Arteriography 
was compared to normalized tcpO 

2
  measurements during and 

after treadmill exercise in addition to other comparisons. A 
mean drop in the tcpO 

2
  measurement of at least 15 mmHg in 

either group was both sensitive (range 79–83%) and speci fi c 
(range 82–86%) for the diagnosis of a positive arteriogram. 
The arteriogram was de fi ned as positive when there was at 
least a 75% stenosis noted on the same side as the tcpO 

2
  drop 

in one or more of the following arteries: aorta, common iliac, 
or internal iliac. Thus, it appears that an exercise-induced 
drop in buttock tcpO 

2
  pressure is a sensitive and speci fi c indi-

cator of either a hemodynamically signi fi cant lesion proximal 
to or within the hypogastric artery. These measurements could 
be used to noninvasively and objectively assess the skin level 
response to endovascular or surgical treatment of infrarenal 
aortic or proximal iliac artery lesions.       
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   Introduction 

 Intravascular ultrasound (IVUS) is a catheter-based guidance 
system that facilitates accurate placement during endovas-
cular procedures and while it was originally developed in 

cardiology, IVUS is now used in a wide variety of peripheral 
interventions—both arterial and venous  [  1–  4  ] . Accurate 
imaging before and after balloon angioplasty as well as fol-
lowing stenting is crucially important in achieving a success-
ful clinical outcome. The IVUS probe is passed into the vessel 
lumen, and because the ultrasound probe is in such close 
proximity, great detail is possible with signi fi cant magni fi cation 
of the images compared with conventional extracorporeal 
ultrasound. IVUS provides histologic detail of the vessel wall 
and also demonstrates blood  fl ow within the lumen  [  5,   6  ] . 

 The early IVUS probes rotated mechanically inside a cath-
eter, sweeping an ultrasound signal around 360° similar to a 
radar sweeping around a ship at sea. But the disadvantage of 
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such early rotating catheters was that the probe did not 
con fi gure coaxially with the guidewire. This meant that it did 
not track smoothly through the artery and could damage it. 
Furthermore, the images were two-dimensional axial cuts, 
which being only “black and white” were dif fi cult to interpret. 
Fortunately many advances have now made IVUS much more 
easily understandable in the operating room environment  [  7  ] . 

 IVUS has two main clinical roles. It provides a diagnostic 
ability to assess and measure the severity of disease before 
treatment and also evaluates the completeness of treatment fol-
lowing intervention  [  8–  10  ] . Arteriography provides the endo-
vascular surgeon with details of the collateral circulation, vessel 
contour, quality of  fl ow, and in fl ow and out fl ow. IVUS, how-
ever, allows greater appreciation of the vessel wall than the 
lumen and can distinguish between soft plaque and calci fi cation. 
Intimal  fl aps, thrombus formation, and ulceration are also vis-
ible with IVUS and the luminal diameter and cross-sectional 
areas can also be measured. IVUS can also detect lesions 
missed on conventional arteriography  [  4  ] . IVUS can be used 
following percutaneous transluminal angioplasty, atherectomy, 
laser, thrombolysis, and endoluminal grafting. It has also been 
used recently to visualize venous abnormalities and guide treat-
ment in patients with multiple sclerosis being treated for venous 
insuf fi ciency of the jugular and azygous veins. 

 This very practical assistance within the operating room 
environment has become much easier to use with the devel-
opments of three-dimensional reconstruction, color  fl ow, and 
virtual histology IVUS. Its use is described in detail in this 
chapter together with the latest technical advances of IVUS 
and its application in many different peripheral situations.  

   Technical Aspects of IVUS Applications 
and Peripheral Interventions 

 There are two main IVUS systems currently commercially 
available. The Galaxy system (Boston Scienti fi c, Natick, MA) 
uses mechanically rotating probes, which provide grayscale 
IVUS imaging with two- and three-dimensional reconstruc-
tions. The second system is the Volcano system (Volcano 
Corporation, Rancho Cordova, CA), which uses phased array 
imaging with probes that are coaxial (with fast exchange ver-
sions). The main advantage of the Volcano Therapeutics system 
is that it also provides colored blood  fl ow imaging. This has 
signi fi cant diagnostic advantages over “grayscale” IVUS  [  5  ] . 

 Probe size varies depending on the situation. In general, 
high-frequency, low-pro fi le probes are used in the smaller 
arteries to obtain high-quality resolution, for example, using 
20 MHz transducers. To achieve a greater penetration of 
ultrasound distance for larger vessels, 10-MHz catheters are 
required  [  5  ] . We use 2.9F, 20-MHz catheters that con fi gure 
with 0.014-in. guide-wires for the smaller arteries such as 
the carotid, renal, super fi cial femoral, popliteal, and tibial 

arteries (Fig.  53.1 ). A 3.5F, 135-cm-long, fast-exchange 
catheter that is coaxial for 30 cm of its length and con fi gures 
with a 0.018 in. wire has an ultrasound diameter range of 
24 mm. We  fi nd this suitable for larger arteries such as the 
iliac. An 8.2F probe with a maximum diameter of 60 mm 
that is compatible with a 0.035-in. guidewire is used for the 
great vessels: the abdominal and thoracic aortas. Motorized 
pullback sled devices are available for peripheral interven-
tions from both Boston Scienti fi c and Volcano Corporation 

  Fig. 53.1    A 2.9F Eagle Eye IVUS probe compatible with a 0.014-in. 
guidewire       

  Fig. 53.2    A motorized pullback sled device       
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(Fig.  53.2 ). However, they are rarely used in peripheral inter-
ventions because long-distance pullbacks are necessary com-
pared to coronary artery evaluation and the pullback devices 
are slow and time consuming. Most have a maximum speed 
of just 1 mm/s.   

 The IVUS image created is a circular axial cut with a cen-
tral disk artifact caused by the catheter. Real-time imaging 
displays the vessel wall and lumen at 30 frames/s allowing 
pulsatility of the artery wall to be seen. The ultrasound 
images display the vessel wall in histologic detail: the thin 
inner intima re fl ects the signal brightly while the media is a 
dark circumferential ring. Outside, the adventitia is also 
bright and re fl ective. Calci fi cation typically re fl ects the ultra-
sound signal completely causing dark shadowing behind it 
(Fig.  53.3 ).  

 Three-dimensional reconstruction of the two-dimen-
sional axial images produces a picture similar in appearance 
to an angiogram allowing the whole length of the vessel 
under examination to be viewed at the one time without the 
need for repeated pullbacks (Fig.  53.3 ). Consecutive axial 
images are stacked by powerful computing during a pull-
back of the ultrasound catheter through the vessel. A com-
puterized edge tracking formula (algorithm) then aligns the 
consecutive frames  [  6  ] . The three-dimensional reconstruc-
tion can be viewed as either “longitudinal” or “volume” 
views. The longitudinal reconstruction is immediately avail-
able in the operating room and can be rotated around the 
longitudinal axis of the catheter to provide oblique and lat-
eral perspectives. The volume view takes 2–3 min longer to 
create and has some artifact, since the raw data are altered. 

a

b

  Fig. 53.3    ( a ) Two-dimensional 
color IVUS showing an 
incompletely deployed stent. ( b ) 
Two- and three-dimensional color 
IVUS showing improved stent 
deployment following 
reballooning       
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A smooth and steady pullback is necessary to acquire high-
quality reconstructions. 

 Color  fl ow IVUS was developed by EndoSonics (Rancho 
Cordova, CA, now Volcano Corporation). ChromaFlo is the 
computer software that detects blood  fl ow and colors it red. 
The software detects the differences between adjacent 
IVUS frames. As the blood cells move through the artery, 
they move through the IVUS image frames. The software 
detects differences between adjacent frames and colors the 
image red. ChromaFlo detects faster  fl owing blood and col-
ors it yellow. However, at present,  fl ow velocities cannot be 
measured using this technique. ChromaFlo does not utilize 
the Doppler effect  [  5  ] . Color  fl ow IVUS has been a very 
helpful addition because it shows clearly where the lumen 
meets the vessel wall. This was not always apparent in 
“black and white” IVUS, especially if the vessel wall con-
tained dark echolucent plaque or soft thrombus. There are 
many clinical situations that color IVUS assists in but none 
more so than arterial dissection. A speci fi c catheter, the 
Pioneer (Medtronic, MN), has been developed to identify 
true from false lumen and steer the guidewire (and treat-
ment) accordingly. 

 Virtual histology IVUS (VH IVUS) is a new advance 
 [  11–  14  ] . Where color IVUS has highlighted the blood  fl ow 
in the lumen, VH IVUS aims to identify and color code 
plaque type in the artery wall. Conventional IVUS uses the 
amplitude of re fl ected ultrasound from the different compo-
nents of the vessel and converts it into an image with a gray-
scale. VH IVUS analyzes the spectrum of re fl ected 
radiofrequency (RF) ultrasound signals and then classi fi es 
the spectral type into four categories of plaque:
    1.    Fibrous tissue—densely packed collagen  fi bers with no 

evidence of lipid accumulation.  
    2.    Fibrofatty—loosely packed collagen  fi bers with regions 

of fatty deposit.  
    3.    Necrotic core—localized areas of loss of matrix contain-

ing lipid, typically with microcalci fi cations.  
    4.    Dense calcium—focal areas of dense calcium.     

 Each category is color coded (dark green— fi brous, light 
green— fi brofatty, red—necrotic core, white—calci fi cation) 
and this is superimposed over the conventional grayscale 
IVUS image (Fig.  53.4 ). Comparison with coronary artery 
histologic examination has produced 80–93% accuracy 
rates  [  11  ] .  

 The clinical value of VH IVUS has yet to be de fi ned, 
however, soft lipidic, necrotic core plaques have been impli-
cated in acute ischemic syndromes such as plaque rupture. 
Detection of such “vulnerable” plaques using VH IVUS 
could have major treatment implications  [  10,   15  ] . While to 
date most work on VH IVUS has been in the coronary arter-
ies, the peripheral arteries merit similar investigation, par-
ticularly the carotid arteries, since plaque rupture there can 
cause stroke. Treating such vulnerable plaque by stenting 

may 1 day become routine practice despite there being no 
hemodynamic stenosis if such vulnerable plaque is shown to 
be a high risk of stroke. 

 We have used VH IVUS most often in carotid artery stent-
ing. We have found that such evaluation of carotid artery dis-
ease helps to anticipate how the plaque will behave at the 
moment of treatment. Will it resist complete stent expansion 
or break up and embolise to the brain? VH IVUS can only be 
performed in small caliber vessels using the Eagle Eye 
Catheter that has a range of 20 mm diameter.  

   Performing a Pullback 

 When the IVUS catheter has been chosen for the artery being 
treated (based on the size of the artery and the range of ultra-
sound that the catheter images), the probe is then  fl ushed 
with heparinized saline and gently introduced over the wire. 
To obtain color  fl ow, a “reference” function needs to be per-
formed on the IVUS machine when the probe is in the arte-
rial lumen. This removes near- fi eld vision artifact, a 
characteristic of phased array IVUS imaging. The probe is 
passed into the artery beyond the disease and a slow and 
steady pullback is begun through the area in order to inter-
rogate the lesion. Two- and three-dimensional views are then 
assessed.  

  Fig. 53.4    Color-coded virtual histology IVUS of a calci fi ed thin cap 
 fi broatheromatous “vulnerable” plaque containing calci fi cation ( white ), 
 fi brous plaque ( dark green ),  fi brofatty plaque ( light green ), and necrotic 
core plaque ( red ) (Courtesy of Volcano Corporation)       
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   Operative and Anatomic Situations 

   Carotid Angioplasty and Stenting 

 There are special features to bear in mind when stenting the 
carotid artery. It is particularly susceptible to incomplete 
stent deployment since heavy calci fi cation resists complete 
stent expansion  [  16  ] . Furthermore, the internal carotid artery 
is not always uniform in diameter but is narrower distally 
and wider near its origin  [  17  ] . Stenting can also compromise 
the origin of the external carotid artery by compression, and 
recurrent stenosis following carotid endarterectomy may 
respond differently during stenting compared with a primary 
atherosclerotic lesion  [  18,   19  ] . The IVUS operator must 
appreciate these aspects and avoid dislodging embolic mate-
rial or causing intimal dissection to the artery through over-
zealous instrumentation. 

 IVUS is a powerful tool in carotid stenting; however, the 
penalties are high if the disease is underestimated or the stent 
is badly deployed. We use IVUS more frequently now in 
carotid stenting since the introduction of cerebral protection 
devices. Immediately after deploying the protection device, 
IVUS can assess the lesion and take measurements to help 
stent and balloon sizing. We currently use the Eagle Eye 

Platinum catheter (Volcano Corporation, Rancho Cordova, 
CA), which is a low-pro fi le 2.9F 20-MHz probe that 
con fi gures with the 0.014-in. wire of most cerebral protec-
tion devices (Fig.  53.5 ).The IVUS probe is advanced into the 
distal internal carotid artery, and the pullback is begun. The 
distal internal carotid artery has a characteristic appearance 
on IVUS because it is so thin and usually spared of disease. 
The histologic layers are elegantly seen. Measurements can 
be taken just above the lesion to help size balloon and stent 
diameters, and the degree of stenosis can also be assessed to 
decide whether predilation is required or whether primary 
stent deployment can be performed  [  20  ] . While currently 
plaque morphology can be subjectively assessed by IVUS, 
the new advance of VH IVUS (Volcano Corporation, Rancho 
Cordova, CA) is promising since it will provide classi fi ed 
histologic plaque types.  

 Following stenting, the IVUS probe is introduced again and 
a pullback assesses the completeness of stent deployment. 
IVUS measurements of the minimum stent diameter can be 
made to decide whether further ballooning is required. Mid-
stent waisting is a common  fi nding. In general, a minimum 
stent diameter of more than 4 mm is recommended in the inter-
nal carotid artery to avoid residual hemodynamically signi fi cant 
stenosis  [  7  ] . The stent should be uniformly well expanded 

a

b

  Fig. 53.5    ( a ) Intraoperative 
carotid angiogram and IVUS 
showing a stenosis of the internal 
carotid artery. ( b ) There is 
resolution of the stenosis 
poststenting. IVUS con fi rms 
excellent stent deployment       
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throughout its length following deployment. It should also 
appose completely to the artery wall with no space apparent 
between the stent and the vessel. It is important to make sure 
that the length of the lesion is covered by the expanded stent 
such that no proximal or distal disease is left untreated. A care-
ful inspection for intimal dissection is also important. 

 Despite our enthusiasm for carotid IVUS, passing balloon 
catheters and the IVUS probes up and down the internal 
carotid artery is not without hazard even with protection 
devices. The decision to reballoon or deploy another stent 
needs to be made cautiously. The advantages must be 
weighed against the risks of possible complication for the 
patient. Sometimes it is best to accept a reasonable deploy-
ment rather than overpursue it. 

 Stenting the origin of the common carotid artery from a 
retrograde carotid approach poses a challenge to all endovas-
cular specialists. The common carotid artery comes off the 
aortic arch or the innominate artery, and accurate stent loca-
tion at the origin is dif fi cult using aortography alone because 
of the natural curvature of the arch  [  20  ]  (Fig.  53.6 ). Accurate 
placement is possible using IVUS by passing the IVUS probe 
down the common carotid artery from above. Fluoroscopy 
visualizes the radiopaque transducer as it passes down the 
vessel. Blood  fl ow is displayed in color pulsing red with each 

cardiac cycle. When the probe passes from the stenosis into 
the aorta, there is a sudden change in the size of the luminal 
color. Together with  fl uoroscopy, this technique pinpoints 
the origin of the vessel exactly for accurate device deploy-
ment. The same technique can also be used to stent the origin 
of all the supraaortic vessels.   

   Thoracic Aorta 

 In the thoracic aorta, a larger probe is required (8.2F) with 
more penetration (10 MHz), a larger diameter of 60 mm, and 
compatibility with a larger guidewire (0.035 in.). IVUS is 
useful in assessing and measuring the neck of a thoracic aneu-
rysm being treated by endoluminal grafting. The exact origin 
of the subclavian artery can also be identi fi ed (Fig.  53.7 ). 
IVUS also de fi nes the extent of thoracic dissection and greatly 
assists treatment of coarctation of the aorta  [  21  ] .   

   Abdominal Aorta 

 Similarly in endoluminal grafting for abdominal aortic aneu-
rysm, IVUS provides accurate measurements of neck 

a

  Fig. 53.6    ( a ) Magnetic resonance angiography showing a tight steno-
sis at the origin of the left common carotid artery. At operation, the 
IVUS probe is passed down from a cervical access assisting road map-
ping. Two- and three-dimensional color IVUS locates the origin of the 

carotid artery. ( b ) Two- and three-dimensional color IVUS showing 
accurate stenting at the origin of the common carotid artery together 
with the completion angiogram (Reprinted from Irshad et al.  [  20  ] . With 
permission from Informa Healthcare)       
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b

Fig. 53.6 (continued)

  Fig. 53.7    A thoracic aortic aneurysm. IVUS demonstrates the origin of the left subclavian artery, the neck, and the aneurysm       
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diameters and assessment of the iliac arteries  [  3  ] . The IVUS 
catheter is advanced from the groin to a level just above the 
renal arteries. The proximal and then the distal necks of the 
aneurysm are measured together with the luminal length 
requiring grafting. The amount of calci fi cation and mural 
thrombus is noted, and assessment of the shape of the proxi-
mal and distal necks can indicate how well the endoluminal 
graft will exclude the aneurysm. IVUS provides a greater 
understanding of the case than computed tomography (CT) 
alone (Fig.  53.8 ). Immediately following endoluminal graft 
deployment it is dif fi cult to obtain good IVUS images 

because of tiny pockets of air trapped in the endomaterial 
and because of the metal endoskeleton. These both cause 
bright re fl ection of ultrasound. Further technological 
advances with IVUS or the endoluminal grafts in this situa-
tion are necessary since color IVUS could potentially detect 
endoleak and its source in the operating room at the time of 
device implantation  [  4  ] .  

 In occlusive disease of the aorta, IVUS provides accu-
rate diameters to judge balloon and stent sizing  [  1  ] . This is 
important since ballooning the aorta with too large a bal-
loon to only a few atmospheres can cause aortic rupture.  

a

b

  Fig. 53.8    ( a ) CT scan of an 
aortic aneurysm showing 
dissection. ( b ) Two- and 
three-dimensional IVUS of the 
abdominal aortic aneurysm 
demonstrating thrombus with a 
 fl apping dissection       

 



67553 Arterial and Venous Intravascular Ultrasound Applications

   Iliac Arteries 

 The iliac arteries are tortuous and deeply placed in the abdo-
men and pelvis. It is, therefore, not surprising that IVUS can 
occasionally detect disease not apparent on arteriography. 
However, the main use of IVUS in the iliac arteries is to 
check stent deployment. We use IVUS routinely in this situ-
ation together with arteriography and measurements of arte-
rial pressure gradients before and after stenting. This “triple 
assessment” thoroughly examines the completeness of treat-
ment (Fig.  53.9 ), particularly for patients with critical limb 
ischemia  [  4  ] .   

   Infrainguinal Arteries 

 We have used IVUS in the infrainguinal arteries to assist the 
placement of endoluminal grafts in un fi t patients with occlu-
sive disease who might otherwise have undergone distal 
bypass surgery for critical limb ischemia  [  4  ]  (Fig.  53.10 ). We 
routinely balloon and stent on the 0.018-in. guidewires to 
avoid time-consuming wire exchanges for IVUS examina-
tion. A combination balloon/IVUS catheter originally devel-
oped for coronary angioplasty is commercially available. We 
have found them extremely useful at swiftly checking the 
results of tibial angioplasty  [  4  ] .   

   Venous IVUS 

 IVUS can also be used to assist endovascular assessment and 
treatment in the venous circulation. It can be used at the patient’s 
bedside to accurately place caval  fi lters, especially when intra-
venous X-ray contrast is contraindicated. Most recently, we 
have used IVUS to understand venous abnormalities in patients 
with multiple sclerosis with chronic cerebrospinal venous 
insuf fi ciency  [  22  ] . These patients have venous narrowing or 
abnormal valves in the internal jugular and azygous veins. We 
have found IVUS extremely helpful in identifying lesions in a 
very new  fi eld. Not only are we able to appreciate the pathol-
ogy better but also our completeness of treatment (Fig.  53.11 ).    

   Discussion 

 IVUS is probably more helpful in peripheral interventions 
than in the coronary situation, assessing the completeness of 
treatment and providing detailed and accurate luminal mea-
surements. However, it is perceived by many as an expensive 
guidance system with little support from clinical data and 
studies. While there are no cost-effective studies of IVUS in 
the periphery, there are some studies of its clinical value. 
Arko et al. reported in a retrospective study an improved 
clinical outcome in patients undergoing iliac stenting 

  Fig. 53.9    Angiogram and color IVUS demonstrating restenosis of the left common iliac stent. Neointimal hyperplasia can be seen inside the stent 
struts       
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compared to those who had no IVUS assistance  [  23  ] . Another 
study of 100 consecutive peripheral interventions reported 
that IVUS detected that 34% of the patients had unsatisfac-
tory stent deployment despite a satisfactory completion 
angiogram. Following retreatment, the cross-sectional area 
through the stent was increased by 42% (52 of these patients 
were undergoing carotid stenting)  [  7  ] . 

 In another study, 131 patients underwent renal artery 
stenting with IVUS evaluation. IVUS detected unsuspected 
maldeployment of the stent in 23.5% of cases. The IVUS 
 fi ndings included 22 (14.4%) instances of incomplete stent 
apposition/expansion, 8 (5.2%) dissections, and 6 (3.9%) 
incompletely covered ostia  [  24  ] . 

 A favorable limb salvage rate in 50 consecutive patients 
undergoing IVUS-guided treatment for critical limb isch-
emia also reported the bene fi cial use of IVUS  [  4  ] . IVUS was 
crucial in 32% of cases, discovering unsuspected disease and 
inaccurately deployed stents. Limb salvage rate was 79% at 
3 years despite the fact that nearly 25% of the patients were 
diabetic  [  4  ] . Such studies lend support to IVUS having clini-
cal outcome bene fi t, but no randomized controlled peripheral 
trial has yet been undertaken. 

 We have become suf fi ciently familiar with IVUS to use it 
in patients with renal failure and contrast allergy to treat them 
without angiography. Together with  fl uoroscopy, the IVUS 
probe can be used to road map the intervention. This 

a

b

  Fig. 53.10    ( a ) A critical stenosis of the popliteal artery in a patient with critical limb ischemia. IVUS demonstrates a tight and calci fi ed stenosis. 
( b ) Angiography and IVUS show resolution of the stenosis following deployment of a balloon-mounted endoluminal graft       
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technique of IVUS-guided treatment is very gratifying for the 
operator and is greatly assisted by the preoperative evaluation 
of the patient with magnetic resonance angiography  [  25  ] . 

 We have found IVUS especially helpful in complex 
cases. However, the operating room team needs to frequently 
use IVUS so that when it is needed (e.g., an emergency case) 
it is quickly available and used with experience. Technology 
has advanced IVUS with great bene fi t, especially the addi-
tions of color  fl ow and three-dimensional reconstruction 
which make it much more user friendly in the operating 
room. However, industry could perhaps do more to manu-
facture probes speci fi cally for peripheral interventions that 
have a low pro fi le and are compatible with 0.035-in. 
guidewires. 

 VH-IVUS allows the operator to identify the type of 
plaque in the artery being treated. The CAPITAL Study com-
pared “virtual” with true histology in 153 sections of carotid 
plaque. VH IVUS was performed immediately prior to 
carotid endarterectomy in order to obtain VH images and 
these were then compared in a blinded study with true histo-
logical sections. The predictive diagnostic accuracy of VH 
IVUS to agree with true histology in different carotid plaque 

types was, in thin cap  fi broatheroma 99.4%, calci fi ed thin 
cap  fi broatheroma 96.1%,  fi broatheroma 85.9%,  fi brocalci fi c 
85.5%, pathological intimal thickening 83.4%, and calci fi ed 
 fi broatheroma 72.4%. This study validated the accuracy of 
VH IVUS in identifying plaque types. “Vulnerable” plaque 
types were the most accurately identi fi ed.  [  26–  28  ]   

   Conclusions 

 Peripheral endovascular procedures have advanced and 
replaced many open vascular surgical operations at an 
astonishing rate in the past decade. There is now an over-
whelming variety of devices, and technology being used 
to treat arterial and venous disease from inside the vessel 
lumen. The successful use of these new endovascular 
techniques heavily relies on good imaging. A strong 
knowledge and understanding of IVUS is important 
because it is able to guide and assess the completeness of 
endovascular treatment. Its perceived expense has resulted 
in its underuse in peripheral interventions despite advances 
of color  fl ow IVUS and three-dimensional reconstruction, 
which have made it much more readily understandable 
within the operating room environment. 

  Fig. 53.11    Color  fl ow IVUS of an abnormal valve at the lower end of 
the internal jugular vein in a patient with multiple sclerosis and chronic 
cerebrospinal venous insuf fi ciency. The valve lea fl ets ( arrows ) did not 

open and close normally and were seen on IVUS to be like an obstruct-
ing web preventing normal venous  fl ow       
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 While IVUS is still driven by interventional cardiologists, 
industry has an opportunity to translate much of the tech-
nology to the peripheral setting. The latest advance in 
IVUS is virtual histology, which is potentially promising 
in improving our understanding of how plaque will behave 
when treated. If the complexity of endovascular proce-
dures continues to increase and the limitations of conven-
tional imaging continue to be appreciated, it is likely that 
IVUS will increasingly  fi nd a larger role in peripheral 
inventions.      
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   Introduction 

 From the very early days of bistable ultrasound imaging, it 
has been the goal of clinicians and engineers to develop tech-
niques for the three-dimensional (3D) imaging of structures 

and systems within the body. As early as 1956, Howry et al. 
 [  1  ]  proposed “stereoscopic” viewing of body structures. 
Since that time a number of schemes to accomplish 3D imag-
ing have been attempted to realize the potential value of ren-
dering volumetric data  [  2–  4  ] , but until very recently these 
have met with limited success in their clinical application 
 [  5–  9  ] . These early efforts all required extensive off-line, non-
real time processing of image data, often with signi fi cant 
operator interaction, and provided reconstructions with 
reduced resolution and/or inadequate image registration. 
Despite these constraints, 3D imaging with off-line process-
ing of grayscale image data has been applied for a number of 
years in a wide variety of clinical situations, including fetal 
imaging, breast ultrasound, urology, ophthalmology, hepato-
biliary ultrasound, and echocardiography  [  10–  17  ] . More 

  Abstract 

 Current ultrasound technology allows non-invasive  fl ow imaging techniques to generate 
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recently freehand scanning techniques have been combined 
with the necessary computational power and high-speed data 
processing capabilities to produce more timely and accurate 
3D images within a more acceptable time frame close to 
“real time.”  [  18,   19  ]  These same limitations for general ultra-
sound imaging have applied as well to vascular imaging, 
with the additional constraint that the target organs, in this 
case the blood vessels of the peripheral vascular system, are 
anatomically small structures with increased requirements 
for high-resolution imaging  [  20–  22  ] . 

 For 3D vascular imaging, there are two alternatives to 
visualization: the  fi rst is imaging of the arterial wall and 
related echogenic tissue using conventional B-mode echoes 
for reconstruction; the second is to visualize the blood  fl ow 
within the lumen using either color Doppler or power 
Doppler, providing an indirect image of luminal narrowing 
and the luminal surface, which are often the areas of 
interest. 

 An advantage of vascular imaging is that the region of 
interest is often somewhat limited so that a  fi xed probe orien-
tation can be used over short segments of the vascular anat-
omy, allowing the use of freehand scanning. Higher frequency 
ultrasound probes, with center frequencies beyond 12 MHz 
and improved electronic focusing in 1- or 2D, are now widely 
available to give very high-resolution grayscale data 
(Fig.  54.1 ). Recent improvements in power Doppler imaging 
have provided a signal related to blood  fl ow volume with 
good sensitivity to very low  fl ow velocities characteristic of 
those seen near the vessel wall, with improved resolution of 
the lumen-vessel wall interface (Fig.  54.2 ).    

   3D Power Doppler Angiography 

 Bendick et al.  [  23  ]  evaluated the accuracy of 3D power 
Doppler angiography in the carotid artery bifurcation com-
pared with digital subtraction contrast angiography and sur-
gical  fi ndings at carotid endarterectomy. Thirty-two patients 
were studied, with 64 vessels available for correlation. 
Luminal narrowing was categorized according to standard 
gradations of percent stenosis or total occlusion, using direct 
measurements from the 3D images without knowledge of the 
angiographic results and applying the methodology of steno-
sis measurement of the NASCET study (Fig.  54.3 ). In addi-
tion, surface morphology of the 3D images was evaluated to 
determine the extent of luminal narrowing, de fi ned as focal, 
moderate (<1 cm), or lengthy (>1 cm), as well as the pres-
ence of plaque ulceration. Three carotid bifurcations had ath-
erosclerotic lesions that were too heavily calci fi ed for 
adequate power Doppler angiography and could not be 
classi fi ed by 3D imaging. Of the remaining 61 bifurcations, 
53 were accurately classi fi ed as to percent stenosis, giving an 
overall accuracy of 87%, similar to results obtained when 
Doppler velocity criteria are used to categorize lesion sever-
ity. The sensitivity of 3D imaging to a >50% diameter steno-
sis was 100%; the positive predictive value for >50% 
diameter stenosis was 81% (21 of 26 bifurcations) (Fig.  54.4 ). 
All four total occlusions were correctly identi fi ed by 3D 
imaging.   

 In the evaluation of the extent of lesions, 11 of 13 (85%) 
were correctly classi fi ed as focal, 24 of 29 (83%) as being of 
moderate extent of <1 cm, and 14 of 14 (100%) as extended 

a b

  Fig. 54.1    ( a ) 3D gray scale ( colorized ) image of carotid artery atherosclerotic disease in the distal CCA with a small surface ulceration. ( b ) 
Corresponding B-mode (2D) image showing small plaque ulceration initially seen in 3D reconstruction       
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lesions of >1 cm. Five lesions were considered to be ulcerated 
by 3D angiography (Fig.  54.2 ) with four of these ulcerations 
shown by subtraction angiography. 3D power Doppler angiog-
raphy was believed to provide an accurate noninvasive tech-
nique comparable to subtraction angiography for the anatomic 
evaluation of carotid bifurcation atherosclerotic disease, with 
selectable viewing projections that helped eliminate vessel 
overlap and other artifacts. The technique complemented the 
hemodynamic data already available from conventional 2D 

duplex ultrasound, but at this time could not replace it; instead, 
it allowed a more thorough evaluation of any obstructive dis-
ease present without signi fi cant additional testing. 

 Delcker et al.  [  24  ]  investigated 3D power Doppler angiog-
raphy for transcranial imaging of the major intracranial ves-
sels. Previous studies have shown improved ability for 
transcranial duplex ultrasound to detect and image the intrac-
ranial vessels using power Doppler compared with color 
Doppler imaging  [  25,   26  ] . Delcker et al. also studied the use 
of a transpulmonary-stable ultrasound contrast agent. When 
their 3D studies were compared with diagnostic cerebral 
angiography, they had imaging success rates of 100% for the 
ipsilateral anterior cerebral artery, middle cerebral artery 
(with three or more branches), posterior cerebral artery, and 
posterior communicating artery, and 90% for the anterior 
communicating artery. On the side contralateral to the trans-
ducer, imaging success rates were 90% for the anterior cere-
bral artery, 80% for the middle cerebral artery (again with 
three or more branches), and 100% for the posterior cerebral 
artery. They concluded that 3D transcranial power Doppler 
angiography with contrast agent enhancement provided 
signi fi cant improvements in the visualization and evaluation 
of the major intracranial arteries.  

   Recent Clinical Experience Using Power 
Doppler Angiography 

 A number of other reports have been published on the clini-
cal utility of power Doppler ultrasound in vascular patients 
 [  27–  30  ] . The most recent report evaluated 53 patients referred 

a

b

  Fig. 54.2    ( a ) 3D power Doppler reconstruction of a carotid artery 
bifurcation showing an ulceration in the lesion just past the origin of the 
internal carotid artery ( ICA ).  IJV  internal jugular vein,  ECA  external 
carotid artery. ( b ) Corresponding arteriogram showing ulcerated plaque 
in proximal ICA       

  Fig. 54.3    3D reconstruction of a carotid bifurcation region applying 
the NASCET methodology for stenosis measurement, with ultrasonic 
calipers on the internal carotid artery showing the minimal lumen diam-
eter (X) and the distal ICA lumen diameter (+). Also note the small 
ulcerative crater at midlesion       
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to the vascular laboratory who had conventional color duplex 
ultrasound followed by power Doppler imaging  [  31  ] . All 53 
patients had conventional arteriography to verify the duplex 

ultrasound results. Patients were seen for the following indi-
cations: Carotid/Vertebral Artery – (1) subtotal versus total 
carotid occlusion; (2) tortuosity of the artery with limited 
imaging; (3) the presence of signi fi cant disease by spectral 
Doppler velocity measurements with limited imaging on 
conventional duplex examination; (4) patients with heavy 
calci fi cation and limited imaging; and (5) high and/or deep 
internal carotid arteries. Deep Lying Arteries – Renal/Aorta: 
(1) limited imaging secondary to obesity or bowel gas and 
(2) nonvisualization of the renal origin. Peripheral Arteries 
– (1) subtotal versus total occlusion and (2) anatomy with 
limited imaging on conventional color duplex ultrasound. 
The color duplex imaging and the power Doppler examina-
tions were performed by experienced registered vascular 
technologists in an accredited vascular laboratory using an 
HDI 5000 Phillips, ATL system (Bothell, WA). Sequential 
parallel longitudinal views and perpendicular cross-sectional 
views were obtained on both color duplex and power Doppler 
imaging. The display quality of both sonographic examina-
tions was classi fi ed as satisfactory or unsatisfactory by both 
the technologist and the interpreting physician. A satisfac-
tory image was de fi ned as one with clearly seen anatomy and 
well-visualized pathology of the examined vessel. Power 
Doppler imaging was considered to be of positive diagnostic 
value if the results of that examination were helpful in dif-
ferentiating subtotal from total occlusion, optimizing image 
quality, or visualizing deep-lying vessels (e.g., renal artery) 
that were not seen on conventional duplex examination. If 
the two portions of the duplex examination were inconsis-
tent, the  fi nal conclusion was decided based on the results 
obtained by conventional arteriography. 

 A positive diagnostic value was achieved using power 
Doppler imaging in 22 out of 29 (76%) carotid artery exami-
nations. Similarly, 10 out of 14 (71%) peripheral artery 
examinations had a positive diagnostic value. Four out of 
 fi ve (80%) renal artery examinations had a positive diagnos-
tic value, while three out of  fi ve (60%) aortoiliac examina-
tions had a positive diagnostic value. Overall, a positive 
diagnostic value was achieved by adding power Doppler 
imaging in 39 out of 53 arteries (74%, Table  54.1 ). The over-
all sensitivity of power Doppler imaging in patients with a 
positive diagnostic value was 95% and the positive predic-
tive value was 97%.  

a

c

b

  Fig. 54.4    ( a ) 3D reconstruction of a carotid bifurcation region show-
ing the coronal view (not obtainable with 2D imaging) of a complex, 
irregular atherosclerotic lesion at the origin of the ICA. ( b ) 3D recon-
struction of a carotid bifurcation region showing a 50–70% diameter 
reduction in the proximal internal carotid artery ( ICA ); the minimum 
lumen diameter was 2.5 mm (+) and the distal ICA lumen measured 
5.8 mm (×), a 58% diameter reduction. ( c ) Spectral Doppler data for the 
lesion shown in ( b ) with a peak systolic velocity of 221 cm/s and an 
end-diastolic velocity of 68 cm/s, corresponding to a 50–70% diameter 
reduction       
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 Table  54.2  summarizes the indications of power Doppler 
imaging and the positive diagnostic value in carotid artery 
applications. As noted,  fi ve out of six patients (83%) who 
were believed to have total carotid occlusion by conventional 
color duplex were con fi rmed to have subtotal occlusion by 
adding power Doppler imaging. However, 10 out of 14 (71%) 
carotid artery patients who were believed to have suboptimal 
images had an improved image on power Doppler imaging. 
Table  54.3  summarizes the  fi ndings in patients for whom the 
indications included peripheral arteries, renal arteries, and 
aortoiliac arteries. Six out of eight (75%) patients with a 
questionable subtotal versus total occlusion by conventional 
duplex examination were con fi rmed to have subtotal occlu-
sion by power Doppler imaging. Overall, 10 out of 14 (71%) 
patients with peripheral arterial examinations had a positive 
diagnostic value. Four out of  fi ve (80%) renal examinations 
resulted in a positive diagnostic value, which included three 
patients in whom the origin of the renal arteries was not seen 
by conventional duplex examinations. Three out of  fi ve 

(60%) aortoiliac examinations resulted in a positive diagnos-
tic value. Figures  54.5 ,  54.6 ,  54.7 ,  54.8 ,  54.9 ,  54.10 ,  54.11 , 
 54.12 , and  54.13  illustrate various clinical scenarios where a 
positive diagnostic value was achieved by adding power 
Doppler imaging.             

   Limitations of Power Doppler Angiography 

 The limitations of power Doppler angiography are those that 
have long been recognized for all applications of ultrasound. 
Present techniques remain strongly operator dependent. All 
probe maneuvers must be carefully controlled and done in a 
smooth, constant speed motion as power Doppler is very sus-
ceptible to transient or erratic motion artifacts. Patient coop-
eration is also essential during the ultrasound scanning 
procedure. Speci fi c to vascular imaging and the detection of 
obstructive disease are the limitations imposed by the lesion 
itself. Very complex heterogeneous lesions are less a limita-
tion for power Doppler angiography than gray scale imaging 
since it is based on a less “noisy” signal for its image. 
However, the presence of atherosclerotic lesion or vessel 
wall calci fi cation that prevents the transmission of any ultra-
sound signals remains a signi fi cant limitation to data acquisi-
tion and display.  

   Additional Clinical Applications of 3D 
Vascular Ultrasound 

 A number of investigators have used 3D ultrasound to evalu-
ate atherosclerotic lesions in the carotid artery to assess 
plaque characteristics, plaque volume, and the effects of 
medical treatment  [  32–  35  ] . Seabra et al.  [  34  ]  have demon-
strated the utility of freehand 3D reconstructions of carotid 
artery plaque in obtaining non-standard views not available 
in conventional 2D scanning to better evaluate plaque echo-
genicity characteristics. 3D ultrasound measurements of 
combined vessel wall/plaque volume have been able reliable 
in detecting very small changes representing either an 
increase or a decrease in volume associated with medical 
therapy over time intervals as short as 3 months  [  33,   35  ] . 

 An increasing amount of research is being done using 
3D imaging to characterize the vascularity of solid organs 
and lesions, such as the kidney or tumors. 3D gray scale 
reconstructions have been used to evaluate lesions in their 
entirety as well as calculate solid organ or lesion volume as 
an indicator of tumor resolution or growth. Because of the 
increased sensitivity of power Doppler to low  fl ow veloci-
ties, not only can the major conduit arteries be imaged but 
the much smaller interlobular and arcuate arteries in the 
renal cortex can also be displayed, very nearly to the cap-
sule itself. Rubin et al.  [  36  ]  showed that a 2D power Doppler 

   Table 54.1    Positive diagnostic value of power Doppler 
arteriography a    

 Arteries  Positive Dx value  No change  Total 

 Carotid/vertebral  22 (76%)  7 (24%)  29 
 Peripheral  10 (71%)  4 (29%)  14 
 Renal  4 (80%)  1 (20%)  5 
 Aorta/iliacs  3 (60%)  2 (40%)  5 
 Total  39 (74%)  14 (26%)  53 

   a Overall sensitivity of power Doppler imaging in patients with positive 
diagnostic value = 95% and positive predictive value = 97%  

   Table 54.2    Carotid indications for power Doppler imaging   

 Positive Dx value  No change  Total 

 Subtotal/total occlusion  5 (83%)  1 (17%)  6 
 Suboptimal image  10 (71%)  4 (29%)  14 
 High/deep internal carotid 
artery 

 4 (80%)  1 (20%)  5 

 Tortuous artery  3 (75%)  1 (25%)  4 
 Total  22 (76%)  7 (24%)  29 

   Table 54.3    Peripheral and renal indications for power Doppler 
imaging   

 Positive Dx value  No change  Total 

  Peripheral  
 Subtotal/total occlusion  6 (75%)  2 (25%)  8 
 Suboptimal image  4 (67%)  2 (33%)  6 
 Total  10 (71%)  4 (29%)  14 
  Renal  
 Obscure origin  3 (100%)  0  3 
 Suboptimal image  1 (50%)  1 (50%)  2 
 Total  4 (80%)  1 (20%)  5 
  Aorta/iliacs  
 Suboptimal image  3 (60%)  2 (40%)  5 
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image of the renal vasculature can be used to estimate the 
fractional moving blood volume within a speci fi c region of 
the kidney, demonstrating signi fi cant changes in this param-
eter as a function of hydration status as well as the effects 
of an arterio-venous  fi stula in a transplant kidney. A cross-
sectional scan that sweeps through the kidney will store 

these consecutive power Doppler image frames to make 
possible a reconstruction that shows the anatomic extent of 
perfusion throughout a 3D tissue region of interest 
(Fig.  54.14 ). Similar displays can be generated for other 
tissues within the body such as liver, thyroid, breast, and 
the ophthalmic vasculature. 3D power Doppler angiography 

a

b

  Fig. 54.5    ( a ) Color duplex 
imaging of a right ICA suggest-
ing total occlusion ( arrows ), ( b ) 
power Doppler image of same 
artery showing string sign 
( arrow ), i.e. subtotal occlusion 
(Reproduced from AbuRahma 
et al.  [  31  ] . With permission 
from BC Decker, Inc.)       
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has been implemented in a number of these vascular beds to 
investigate speci fi c clinical problems. In a prospective 
study of 24 patients Carson et al.  [  37  ]  examined the vascu-
larity of breast masses seen on mammography and corre-
lated their  fi ndings with the pathology noted in biopsy 
specimens. In addition to conventional grayscale image cri-
teria, vascular criteria were identi fi ed for grading the 3D 

angiographic images and a numeric score between 1 (benign 
extreme) and 5 (malignant extreme) was assigned. These 
parameters included inner and outside (to 1 cm) vascular-
ity, the presence and number of visible shunt vessels, vessel 
wrapping around the mass and vessel tortuosity, vessel 
enlargement, and related (beyond 1 cm) or unusual vascu-
larity indicated by the presence of multiple large vessels 

a

b

  Fig. 54.6    ( a ) Suboptimal image 
of left ICA by conventional 
duplex ultrasound ( arrow ), ( b ) 
better image is obtained by 
adding power Doppler ultra-
sound ( arrow ) (Reproduced from 
AbuRahma et al.  [  31  ] . With 
permission from BC Decker, 
Inc.)       

 



686 A.F. AbuRahma and P.J. Bendick

with elevated  fl ows. Most helpful in the discrimination of 
malignant versus benign lesions were extensive inner vas-
cularity, with a mean score of 3.3 versus 2.2 for malignant 
versus benign; extensive outside vascularity, 3.7 versus 2.4; 
the presence of clearly identi fi ed, multiple shunt vessels, 
2.7 versus 2.1; and signi fi cant vessel wrapping around the 
mass, 3.5 versus 1.9. For a  fi xed sensitivity of 90%, 3D 

power Doppler angiography improved lesion speci fi city to 
85% compared with 79% for 2D conventional color or 
power Doppler images (which could include the individual 
frames used to reconstruct the eventual 3D image). Only 
for the 3D reconstruction data did lesion vascularity dis-
play a trend toward statistical signi fi cance, which was 
somewhat limited by the small sample size. In a recent 

a

b

  Fig. 54.7    ( a ) Left ICA with 
multiple defects of color  fl ow 
(secondary to shadowing, 
 arrows ), ( b ) color  fl ow is seen in 
one area and somewhat seen in 
the other area ( arrows ) when 
power Doppler was added 
(Reproduced from AbuRahma 
et al.  [  31  ] . With permission from 
BC Decker, Inc.)       
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similar study, Huang et al. used 3D power Doppler imaging 
to differentiate benign from malignant breast masses with a 
sensitivity of 94%, a positive predictive value of 73%, and 
an overall accuracy of 81%  [  38  ] .  

 More recent research studies have combined 3D imaging 
with enhancement by an ultrasound contrast agent (not FDA 

approved in the USA at this time for applications other than 
left ventricular opaci fi cation) to evaluate tumor vascularity, 
particularly lesions of the liver  [  39–  42  ] . The addition of an 
ultrasound contrast agent allows better de fi nition of solid 
organ and lesion vascularity, particularly in hyperenhanced 
or hypoenhanced lesions, as well as improved detection and 

a

b

  Fig. 54.8    ( a ) A deep-lying left 
ICA with suboptimal imaging on 
color duplex ultrasound, ( b ) 
shows a well-de fi ned stenosis 
using power Doppler ultrasound 
(Reproduced from AbuRahma 
et al.  [  31  ] . With permission from 
BC Decker, Inc.)       
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display of smaller occult lesions  [  39,   40  ] . Luo et al.  [  41  ]  used 
a series of 282 patients with known liver lesions (60% hepa-
tocellular carcinoma) to develop a grading system for vascu-
lar and enhancement patterns during the arterial and early 
and late venous stages of perfusion. They then applied this 
system prospectively to differentiate lesions in 160 patients 
with sensitivity and speci fi city over 90%. Similar systems 

have been used to differentiate lesions for the staging, target-
ing, and follow up of liver tumors subjected to radiofre-
quency ablation  [  39,   42  ] . With contrast enhanced 3D 
ultrasound they found improved image quality in 94% of 
patients during treatment response evaluation and increased 
diagnostic con fi dence postablation in 41 of 51 patients 
(80%).  

a

b

  Fig. 54.9    ( a ) A tortuous ICA 
with poor image of the tortuous 
segment, ( b ) clearly shown 
tortuosity using power Doppler 
imaging (Reproduced from 
AbuRahma et al.  [  31  ] . With 
permission from BC Decker, 
Inc.)       
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   3D Intravascular Ultrasound 

 Additional reports of 3D vascular imaging have used intra-
vascular ultrasound (IVUS) with high-frequency transmit/
receive crystals placed at the tip of a catheter, primarily in 

the coronary arteries  [  7,   43  ] . Investigators have been able 
to identify segments of angiographically “silent” athero-
sclerosis and quantify the degree of narrowing caused by 
either atherosclerotic lesions or post-angioplasty intimal 
hyperplasia. IVUS has also proved helpful in the place-
ment of coronary stents and investigators have found good 

a

b

  Fig. 54.10    ( a ) Color duplex 
imaging showing a right 
mid-super fi cial femoral artery 
occlusion ( arrow ), ( b ) a string 
sign was seen ( arrow ) when 
power Doppler imaging was 
added (Reproduced from 
AbuRahma et al.  [  31  ] . With 
permission from BC Decker, 
Inc.)       
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correlation between IVUS and conventional angiographic 
video densitometry in post-angioplasty measurements of 
vessel cross-sectional lumen area  [  7,   44  ] . The potential 
exists for increased peripheral vascular utilization of 3D 
vascular imaging as endovascular stent grafting becomes 
more widespread; 3D IVUS has been shown to provide a 
nearly real-time perspective of the morphologic features of 
the vascular anatomy and of the stent graft placement dur-
ing the procedure  [  45  ] .  

   Future of 3D Vascular Imaging and Power 
Doppler Angiography 

 The future of 3D imaging for vascular applications appears 
promising. 3D imaging of the vessel wall remains primarily 
a research tool, with a variety of imaging and data processing 
techniques in development. Multiplanar 3D imaging of ath-
erosclerotic lesions allows selection of the optimal image for 
identifying plaque ulceration, gray scale median values to 

a

b

  Fig. 54.11    ( a ) A color duplex 
image of the renal artery which 
does not clearly show the ori fi ce 
of the renal artery ( arrows ), ( b ) 
the origin of the renal artery is 
well seen using power Doppler 
imaging ( arrows ) (Reproduced 
from AbuRahma et al.  [  31  ] . With 
permission from BC Decker, 
Inc.)       
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evaluate plaque core content, and plaque neovascularity. 
Patients with minimal atherosclerotic disease derive a sec-
ondary bene fi t from acquiring 3D data sets by reconstructing 
them into standard 2D images, shortening the overall exami-
nation time. 3D ultrasound also provides an opportunity to 
directly compare sequential screening examinations for 

changes in plaque surface morphology and total plaque area/
volume as a means of evaluating response to medical 
therapies. 

 The best results to date have relied on invasive IVUS 
using very high-frequency transducers for maximal image 
resolution. Reported results have been good for 3D 

a

b

  Fig. 54.12    ( a ) A color duplex 
image of an abdominal aortic 
aneurysm, ( b ) a better de fi nition 
of the color  fl ow and morphology 
using power Doppler ultrasound 
(Reproduced from AbuRahma 
et al.  [  31  ] . With permission from 
BC Decker, Inc.)       
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visualization of atherosclerotic lesions, both in peripheral 
arteries and in the coronary arteries. These images have pro-
vided valuable feedback, for example, in the placement of 
stents and in the assessment following their deployment. The 
techniques being developed should provide the capability to 
extend other current 2D applications, making it possible to 

investigate preoperatively the extent of any tumor invasion of 
adjacent vascular structures. In addition, 3D imaging will 
allow more thorough evaluation of extrinsic vascular com-
pression syndromes, guiding the management of cases of 
May-Thurner syndrome or thoracic outlet compression caus-
ing Paget-von Schroetter syndrome  [  46  ] . 

a

b

  Fig. 54.13    ( a ) A limited color 
duplex image of a deep-lying left 
common iliac artery, ( b ) a clearer 
image using power Doppler 
imaging (Reproduced from 
AbuRahma et al.  [  31  ] . With 
permission from BC Decker, 
Inc.)       
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 3D power Doppler angiography has been more readily 
applied to clinical problems. This is in part because of its 
ease of use, the ability to use freehand scanning, a good sig-
nal-to-noise ratio giving a well-de fi ned blood–tissue inter-
face, and the speed with which these 3D images can be 
reconstructed and displayed. 3D power Doppler angiography 
has been shown to be capable of de fi ning the severity and 
extent of atherosclerotic obstructive lesions, characterizing 
the vascularity of other lesions, and extending the use of 2D 
power Doppler imaging to further de fi ne parameters related 
to solid organ perfusion in, for example, the kidneys. The 
vascular supply and distribution in other organ systems, such 
as the orbit of the eye, have not been well studied yet, but the 
technological capability is present, with adequate resolution, 
to make such studies possible.      
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  Abstract 

 The clinical application of contrast-enhanced two-dimensional echocardiography was ini-
tially introduced in 1968 and demonstrated signi fi cant improvement in visualization com-
pared to noncontrast-enhanced ultrasound. Its use has expanded to multiple vascular 
territories including the thoracic and abdominal aorta, carotid artery, lower extremity arter-
ies, and venous circulation. Current contrast agents consist of stabilized gas- fi lled microbub-
bles (1–7  m m in diameter) that offer adequate safety pro fi les and improved ef fi cacy. 
Microbubbles do not diffuse out of the circulation and thus behave as blood-pool marker are 
able to pass through the capillary pulmonary bed, and are stable enough to achieve enhance-
ment for the duration of the examination. Although detectable with Doppler systems, spe-
cial multipulse insonating sequences have been developed that selectively display their 
presence, whether in large vessels or in the microvasculature; this latter vascular beds can 
now be interrogated for the  fi rst time with ultrasound. The effect of microbubbles depends 
on the fact that gases are compressible, whereas tissue is relatively incompressible. This 
chapter focuses on the biology, clinical applications, and future advancements in contrast 
enhanced ultrasound. Developments in material engineering and biotechnology will con-
tinue to improve the current standards and expectations; a better understanding of the 
dynamic  fl ow of microvascular beds and focused delivery of biological compounds should 
enhance end organ imaging and therapeutic strategies.  
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   Introduction 

 The clinical application of contrast-enhanced two- 
dimensional echocardiography was originally introduced by 
Gramiak and Shah in 1968  [  1,   2  ] , and its use has demon-
strated signi fi cant bene fi t  [  3  ] . The  fi rst agents used were 
“free” microbubbles that had several limitations due to low 
persistence and ef fi cacy. The development of newer contrast 
materials has explored several approaches  [  2,   4  ] . Aqueous 
solutions, colloidal suspensions, and emulsions were initially 
studied as potential contrast agents; however, their safety and 
ef fi cacy were not compatible with ultrasound. Current con-
trast agents consist of stabilized gas- fi lled microbubbles 
(1–7  m m in diameter) that offer adequate safety pro fi les and 
improved ef fi cacy. Their properties approach that of the ideal 
contrast agent, which should be nontoxic and injectable 
intravenously. Microbubbles do not diffuse out of the circu-
lation and thus behave as blood-pool markers  [  5  ] , are able to 
pass through the capillary pulmonary bed, and are stable 
enough to achieve enhancement for the duration of the exam-
ination. Although detectable with Doppler systems, special 
multipulse insonating sequences have been developed that 
selectively display their presence, whether in large vessels or 
in the microvasculature, which can thus be interrogated for 
the  fi rst time with ultrasound. Their effect depends on the 
fact that gases are compressible, whereas tissue is relatively 
incompressible  [  5  ] .  

   Basic Principles of Contrast-Enhanced 
Ultrasound Agents 

 Current contrast agents are composed of stabilized microbub-
bles made with sugar matrices, albumin, lipids, or polymer 
shells with or without surfactants; these elastic shells enhance 
microbubble stability by adding physical support and reduc-
ing surface tension at the gas–liquid interface. The choice of 
size for clinical microbubbles is determined by the diameter 
of the pulmonary capillaries (the narrowest in the body), 
since they must be able to cross the lung bed to produce sys-
temic enhancement after intravenous injection  [  3  ] . In prac-
tice, this means that they must be smaller than 7  m m in 
diameter  [  6  ] . Simple air- fi lled microbubbles have evolved to 
incorporate gases with low diffusion coef fi cients, such as 
per fl uorocarbons. Their low solubility in blood and increased 
persistence permit longer examination times  [  7,   8  ] . 
Manipulation of the type of gas used and the structure of the 
encapsulating shell is currently used to prolong contrast 
enhancement. The classi fi cation of contrast agents is depen-
dent on pharmacokinetics (Table  55.1 ). The different contrast 
agents are basically distinguished by their ability to cross the 
pulmonary circulation and have tissue- or organ-speci fi c 

phases in addition to their vascular phase  [  9  ] ; for example, 
Levovist (SHU 508A, Schering, Berlin, Germany) localizes 
to the liver and spleen once eliminated from the blood pool, 
approximately 20 min after the intravenous injection  [  10  ] . 
The mechanism of this phenomenon is not fully understood 
at this time, but it is believed that the microbubbles adhere 
to the sinusoids. Other examples include Sonazoid (Nycomed 
Amersham, Oslo, Norway) and Sonovist (SHU 563A 
Schering, Berlin, Germany), which are phagocytosed by 
hepatic Kupffer cells  [  11  ] . It is worth noting that Kupffer 
cells are not found in metastases or hepatic carcinomas, and 
therefore these agents accumulate only in normal liver 
(Fig.  55.1 ). Contrast agents increase the backscatter of the 
ultrasound signal intensity, thus improving Doppler analy-
sis as well as enhancing the grayscale echostructure on 
speci fi c imaging sequences by up to 25 dB (a greater than 
300-fold increase)  [  12  ] . The image quality that contrast 
agents provide is dependent on the properties of the agent as 
well as the imaging sequence and signal processing method. 
Each agent behaves uniquely within a certain ultrasound 
 fi eld, allowing signal processing manipulation to optimize 
microbubble detection  [  13  ] . Speci fi c contrast-imaging 
sequences have been developed by tailoring the acoustic 
power, the transmit and receive frequencies, the pulse fre-
quency, and the pulse phase and amplitude to each contrast 
agent for maximal ef fi cacy. Adverse effects are a possible 
outcome of administration of any drug or contrast agent, 
including ultrasound contrast agents. Most adverse events 
with ultrasound contrast agents, though, are rare and of mild 
intensity  [  14  ] . Most commonly, patients experience a tem-
porary alteration in their sense of taste, pain at the injection 
site, a warm facial sensation, or a generalized  fl ush  [  15  ] . 
Other previously reported adverse events include dyspnea, 
chest pain, headache, and nausea  [  16–  18  ] . Studies have 
reported that the incidence of adverse events with ultra-
sound contrast agents is similar to that in a control group 
 [  19  ] . Nevertheless, ultrasound contrast agents have a superb 
safety pro fi le with no speci fi c renal, liver, or cerebral 
toxicities.    

   Mechanics of Ultrasonographic Contrast 

 Microbubble behavior is in fl uenced by the local acoustic 
power  [  20  ] , which depends on the output power of the ultra-
sound system, the transmit frequency, and the attenuation 
of the ultrasound beam with depth. The mechanical index 
(MI) re fl ects output power, and therefore correlates with the 
local acoustic power. As mentioned previously, each con-
trast agent behaves uniquely at a given MI, and conse-
quently each agent will have its own optimal imaging 
sequence. 
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   Low Acoustic Power (MI < 0.1) 

 At low MI, symmetrical oscillations occur and the frequency 
of the scattered signals is the same as the transmitted pulse. 
Microbubbles resonate equally and symmetrically (linear 
response) with the high and low pressures generated by the 
incident ultrasound wave with minimal destruction. They act 
as very ef fi cient signal scatterers, which is attributed to the 
difference in their compressibility and density compared to 

the surrounding tissues (Fig.  55.2 ). Scattering ef fi ciency 
increases as a function of microbubble radius to the sixth 
power, and therefore larger bubbles display higher backscat-
ter coef fi cients  [  8  ] . Furthermore, increasing shell stiffness or 
gas density in turn decreases the microbubble response. 
Under low MI imaging, the intensity of the scattered signal 
is linearly related to that of the incident ultrasound beam 
 [  12  ] . Low MI is useful in conventional Doppler applications 
and real-time contrast imaging.   

   Table 55.1    Ultrasound contrast agents   

 Agent  Company  Gas  Shell  Approval 

  First generation ,  nontranspulmonary vascular  
 Free microbubbles  Schering  Air  None 

 Europe  Echovist (SHU 454)  Air  Galactose 
  Second - generation ,  transpulmonary vascular ,  short half - life  (< 5 min ) 
 Albunex  Molecular biosystems  Air  Albumin  United States 
 Levovist (SHU 508 A)  Schering  Air  Palmitic acid  Europe, Japan 
  Third - generation transpulmonary   vascular longer   half life  (> 5 min ) 
 Aerosomes (de fi nity MRX115, 
DMP115) 

 Bristol-Meyers-Squibb  Per fl uoropropane  Phospholipid  United States 

 Echogen (QW3600)  SonoGen  Dodeca fl uroropentane  Surfactant   a  
 Optison (FSO 69)  Amersham  Octa fl uoropropane  Albumin  United States 
 Sono Vue (BR1)  Bracco  Sulfur hexa fl uoride  Phospholipid  Europe 
 Imaivst (AF0150)  Alliance  Per fl uorohexane  Surfactant  United States 
  Transpulmonary with   organ - speci fi c phase  
 Levovist (SHU 508A)  Schering  Air  Palmitic acid  Europe, Japan 
 Sonavist (SHU 563A)  Schering  Air  Cyanoacrylate   b  
 Sonazoid (NC100100)  Amersham  Per fl uorocarbon  Surfactant   a  

   a Currently in clinical trials 
  b Clinical development stopped  

  Fig. 55.1    Imaging 3 min after 
Levovist injection improves the 
delineation of tumor metastases 
(Reprinted from Harvey et al. 
 [  12  ] . With permission from 
Elsevier)       
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   Intermediate Acoustic Power (0.1 < MI < 0.5) 

 The amplitude of the microbubble oscillations in an ultra-
sound  fi eld increases as the MI is increased. As the ampli-
tude increases, the microbubble oscillations become 
asynchronous with the ultrasound wave (Fig.  55.3 ). By 
manipulating the local acoustic power, the microbubbles 
begin to echo a harmonic response at frequencies that dif-
fer from that of the incident wave (fundamental frequency). 

The highest intensity response is that of the second har-
monic response, which is found at twice the fundamental 
frequency. Those responses found at higher frequencies 
are called higher harmonics. Speci fi c types of harmonics 
called ultraharmonics can be obtained at speci fi c frequen-
cies such as those at 1.5 or 3.5 times the fundamental fre-
quency  [  8  ] . Intermediate MI imaging possesses two main 
advantages. First, the technique enables avoidance of 
microbubble destruction while eliciting a good harmonic 
contrast signal. Second, the harmonics elicited from the 
surrounding tissues are reduced. As the advantage of con-
trast agents is their harmonic echo, any tissue harmonics 
become the background “noise.” Tissue is less compress-
ible and denser than the microbubbles, therefore requiring 
a higher MI for a harmonic response. Intermediate MI 
scanning allows for a higher contrast-to-tissue ratio com-
pared to a high MI by limiting the tissue harmonic response, 
and thus eases the removal of the background “noise” from 
the contrast signal  [  20  ] .   

   High Acoustic Power (MI > 0.5) 

 The destruction of microbubbles occurs at higher acoustic 
powers. The encapsulating shell is broken and the gas dif-
fuses into the surrounding  fl uid. The rupture of the microbub-
ble causes an intense echo, very rich in nonlinear (harmonic) 
components (Figs.  55.4  and  55.5 ). Although the destruction 
of contrast agents is often viewed as a limitation, it allows 
for improved sensitivity in microbubble detection. When 
color and power Doppler are used, the change in the echo of 
two  consecutive pulses is seen as a particular color pixel. 
These color signals thus correlate with the distribution 
of the micro bubbles with little affect from blood  fl ow 
characteristics  [  8  ] .     

Resonance

Resonance and harmonics
Reflected sound Reflected spectrum
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  Fig. 55.3    Nonlinear microbub-
bles return not only the funda-
mental (transmitted frequency) 
but also a second harmonic 
frequency that is at twice the 
transmitted frequency (Image 
courtesy of Dr. David Adams)       

  Fig. 55.2    Resonance of microbubbles (Image courtesy of Dr. E. Stride, 
University College London, UK)       
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   Microbubble Technology 

 Technological advances in microbubble engineering have 
focused on the optimization of tissue-speci fi c binding of 
microbubbles by manipulation of the components of the 
encapsulating shell. One such strategy exploits the disease-
related upregulation of surface receptors in activated leuko-
cytes that bind nonspeci fi cally to either albumin or lipid in 
the microbubble shell  [  21  ] . Linder et al. studied the binding 
of albumin and lipid shells to activated leukocytes after reper-
fusion injury and exposure to proin fl ammatory cytokines. 
Albumin binds to the  b 2-integrin Mac-1 on the activated leu-
kocytes, which in turn binds to intercellular adhesion mole-
cule (ICAM)-1 expressed on endothelial cells in areas of 
in fl ammation. Lipids are found to undergo opsonization by 
the complement system and bind via a complement receptor 
to activated leukocytes. By adding phosphatidylserine to the 
lipid shell, there is a sixfold increase in the af fi nity of the 
microbubble to the activated leukocytes due to increased 
complement attachment to the lipid shell  [  21,   22  ] . 

In fl ammation-speci fi c binding of microbubbles can augment 
the visualization of in fl ammatory atherosclerotic plaques. 
Since the amount of microbubbles bound correlates with the 
amount of in fl ammation, contrast-enhanced ultrasound 
(CEUS) will be able to determine the in fl ammatory pheno-
type of plaques, thus identifying those plaques with increased 
vulnerability to thrombosis. Another strategy to enhance the 
tissue-speci fi c retention of microbubbles is the conjugation of 
ligands or antibodies that recognize speci fi c antigens or 
receptors on a speci fi c tissue type (Fig.  55.6 ). One example is 
the attachment of an oligopeptide to the shell surface that rec-
ognizes the glycoprotein IIb/IIIa integrin receptor on acti-
vated platelets  [  24,   25  ] . This allows the visualization of 
thrombus by the binding of microbubbles to platelets, as well 
as a means for clot lysis when the microbubbles are ruptured 
using an ultrasound beam  [  26  ] . A modi fi cation of this strat-
egy achieved by adding the attachment of a chemical spacer, 
such as polyethylene glycol, allows the ligand to be projected 
further away from the shell surface, thus increasing its af fi nity 
for tissue-speci fi c antigens or receptors  [  27  ] . In addition to 
tissue-speci fi c binding, new microbubbles are now being 

Interaction of ultrasound
and microbubbles
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  Fig. 55.4    As acoustic power is 
increased, microbubbles move 
from a linear response to a 
nonlinear, harmonics-producing 
response. At maximum power, 
destruction of the microbubbles 
occurs (Image courtesy of 
Dr. David Adams)       
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  Fig. 55.5    Electron microscopy 
image of a microbubble 
 responding to increasing 
ultrasound MIs       

 

 



700 D. Vykoukal et al.

used as a vehicle for drug and gene delivery (Fig.  55.7 ). 
Chemotherapeutic and thrombolytic agents and plasmid DNA 
are encapsulated in an oil emulsion within the microbubble. 
Once the microbubbles have reached their  target tissue, an 
ultrasound beam with a high MI is used to rupture the bubbles 
and release the agent. This focal destruction of microbubbles 
decreases the systemic concentration of an agent, thus 
improving its therapeutic index and limiting systemic toxici-
ties  [  28  ] . Encapsulation of genes also protects naked DNA 
and vectors from plasma endonucleases and hepatic clear-
ance, which limits their stability  [  28  ]  (Fig.  55.8 ). Engineering 
microbubbles as target-speci fi c therapeutic delivery vehicles 
will have a wide range of applications in the diagnosis and 
therapy of numerous medical conditions. Stabilized gas 
microbubbles can be functionalized with antibodies or pep-
tides to speci fi cally bind receptors overexpressed on vascular 
endothelial cells, thereby generating sensitive intravascular 
molecular imaging probes. Moreover, they can also be loaded 
with drugs and genes and release these payloads upon expo-
sure to destructive ultrasound pulses  [  29,   30  ] .     

   Ultrasound Imaging Techniques 

   B-Mode and Color Imaging 

 Contrast agents can be employed when using conventional 
B-mode imaging and Doppler imaging modalities, including 
color, power, and spectral imaging. They can be used to 
opacify  fl uid-containing cavities such as the bladder, uterus, 

cardiac chambers (Fig.  55.9 ), and some large venous struc-
tures. Echovist (Schering AG, Berlin, Germany) has been 
used for sonosalpingography  [  32  ]  and Levovist (Schering) 
has been used to detect vesicoureteric re fl ux  [  33  ] . This allows 
equally sensitive and speci fi c imaging alternatives to con-
ventional radiographs while avoiding ionizing radiation 
exposure. The limitation of contrast agents with B-mode 
imaging is that there is no added enhancement in solid struc-
tures. Doppler imaging provides excellent detection of 
microbubbles, but it is limited by color blooming and over-
saturation artifacts  [  8  ] .   

   Stimulated Acoustic Emission 

 This microbubble destructive modality involves an initial 
wave of ultrasound at a high MI, which ruptures the microbub-
bles. Signal responses are recorded before and after this 
destruction, and the loss of correlation between the two sig-
nals maps the distribution of the contrast agent  [  10  ] . As men-
tioned above, some organ-speci fi c contrast agents accumulate 
only in normal liver tissue. This characteristic has been uti-
lized to detect liver metastases using Levovist. Metastases 
appear as signal defects  [  34  ]  (Figs.  55.10  and  55.11 ).    

   Contrast-Enhanced Dynamic Flow 

 Conventional Doppler imaging can be used with multiple 
pulse techniques. After the ideal bandwidth is determined, 
consecutive pulses are emitted. The  fl ow signals are isolated 
from static tissue signals by amplifying their intercorrelation 
at different times, and the static tissue signals are removed. 
This technique, called advanced dynamic  fl ow, allows better 

  Fig. 55.6    Fluorescent targeted microbubble (Reprinted from Borden 
et al.  [  23  ] . With permission from American Chemical Society)       

Targeting ligand

Lipid bubble

Drugs in oil layer

Perfluorocarbon gas

  Fig. 55.7    Schematic of a microbubble with ligands conjugated to its 
outer shell and encapsulating drugs (Image courtesy of Dr. Evan Unger, 
University of Arizona. Tucson, AZ)       
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spatial delineation of the microvasculature of super fi cial 
structures compared to conventional Doppler modes 
(Fig.  55.12 ). However, its sensitivity is limited by the depth of 
the structure of interest. The utilization of contrast agents with 
this technique expands its uses to the visualization of deep 
structures, hypoperfused structures, and even real-time perfu-
sion imaging using lower MIs to preserve microbubbles  [  8  ] .   

   Harmonic Imaging 

 This is a nonlinear imaging modality that can detect 
microbubble harmonic responses at a higher sensitivity than 
the response from the surrounding tissues. The weaker non-
harmonic echos from the multiple responses from the body 
wall (as with obese patients) are  fi ltered from the  fi nal image 

Popping

microbubble

Cell

Microsphere

Binding ligand

DNA

Ultrasound  Fig. 55.8    Schematic of 
microbubble gene delivery (Image 
courtesy of Dr. Evan Unger, 
University of Arizona. Tucson, 
AZ)       

  Fig. 55.9    An apical four-cham-
ber view demonstrating optimal 
left ventricular opaci fi cation with 
microbubbles (Reprinted from 
McCulloch et al.  [  31  ] . With 
permission from Elsevier)       
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as well, improving the signal-to-noise ratio  [  12  ] . This sensi-
tivity is derived from the fact that the microbubbles produce 
a unique nonlinear, harmonic response that can be separated 
from the tissue echos and large vessel blood  fl ow. Currently, 
there are commercially available transducers that can both 

emit ultrasound energy and detect the microbubble harmonic 
response. These transducers are tuned in to detect the reso-
nant frequency of microbubbles, which range in diameter 
from 1 to 9  m m, in the 1–9 MHz range  [  35,   36  ] . Several tech-
niques can be used with harmonic imaging to re fi ne the 

  Fig. 55.10    B-mode imaging 
shows the liver is heterogeneous 
with an ill-de fi ned lesion ( arrow ) 
(Image courtesy of Dr. Evan 
Unger, University of Arizona. 
Tucson, AZ)       

  Fig. 55.11    The    presence of 
liver-speci fi c microbubbles 
(Levovist) administered 5 min 
earlier. A defect is clearly seen in 
the central right lobe of the liver, 
with several additional defects 
thought to represent additional 
satellite foci of hepatocellular 
carcinoma (arrow) (Image 
courtesy of Dr. Evan Unger, 
University of Arizona. 
Tucson, AZ)       

 

 



70355 Contrast-Enhanced Ultrasound

detection of the nonlinear, harmonic response of the contrast 
agents including conventional imaging, subtraction tech-
niques using single (coherent imaging mode) or multiple 
pulses (pulse or phase inversion), and a combination of the 
latter for multiframe subtraction techniques. Conventional 
imaging uses a monopulse technique in which a single pulse 
of ultrasound is emitted and the second harmonic of the 
microbubble echo is isolated using  fi lters. The microbubble 
signal returns at 10–15 dB higher than the signal from the 
surrounding clutter. Harmonic imaging can provide gray 
scale and Doppler information; however, it does have its 
limitations. First, the  fi ltering process to isolate the second 
harmonic from the fundamental frequency affects the image 
quality. Also, the increased attenuation of the harmonic fre-
quency compared to the fundamental frequency limits the 
depth of the imaging capabilities  [  8  ] . 

 Pulse or phase inversion involves the emission of two 
consecutive pulses in inverted phases and the detection of 
the difference of the unique resonance of microbubbles in 

each phase  [  36  ] . Since microbubbles have a unique harmonic 
response to the consecutive pulses, the difference in the echo 
signals in the two phases results in an increased sensitivity 
in the detection of the microbubbles (Fig.  55.13 ). Power 
pulse inversion utilizes these same principles using a multi-
pulse technique. The multipulse technique adds to the sensi-
tivity of the modality and improves the differentiation 
between liquids and solids, as well as limiting motion arti-
facts  [  14  ] . Intermittent imaging and scanning are employed 
when using a high MI imaging modality for microbubble 
destruction  [  8  ] . This approach allows for replenishment of 
the contrast agent between images. The frame rate is reduced 
to about 1 frame/s compared to the conventional 30 frames/s. 
The frame rate can also be synchronized with the cardiac 
cycle so that the microbubble can be carried into the area of 
interest where the microbubbles have been destroyed. 
Depending on the imaging delay time after the microbubbles 
have been destroyed, regions with either increased or 
decreased blood volumes can be determined. Intermittent 

a

c

b

  Fig. 55.12    Normal liver scanned at high MI using advanced dynamic 
 fl ow in the liver-speci fi c late phase 4:50 min post-Levovist. Advanced 
dynamic  fl ow can be displayed ( a ) as conventional B-mode only, ( b ) as 

a combination of B-mode and colorized contrast information, or ( c ) as 
a contrast only image (Images courtesy of Dr. Thomas Albrecht, 
Vivantes Hospital. Berlin, Germany)       
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a b

  Fig. 55.13    A 78-year-old man with metastatic liver disease. ( a ) Native 
B-mode sonogram shows inhomogeneous parenchyma of the liver, sug-
gestive of focal liver lesions. ( b ) Contrast-enhanced late-phase pulse-
inversion sonogram shows clear demarcation of multiple focal lesions 

without enhancement surrounded by enhanced liver parenchyma. Liver 
biopsy revealed metastatic liver disease by adenocarcinoma. Diffuse 
in fi ltration of the liver was con fi rmed on CT (Reprinted from von Herbay 
et al.  [  37  ] . With permission from American Roentgen Ray Society)       

  Fig. 55.14    Contrast echography images obtained using the  fl ash echo 
imaging system (harmonic imaging). ( a ,  b ) First and second frames of 
intermittent scanning (interval: 4 s, multiple frame scanning: three 

frames); ( c ) dual window method (interval: 1 s, multiple-frame scan-
ning: two frames); and ( d ) intermittent scanning ( left ) with monitoring 
(Reprinted from Kamiyama et al.  [  38  ] . With permission from Elsevier)       
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imaging is thus limited by its inability to provide real-time 
imaging. Another limitation is motion artifact between 
image acquisitions.   

   Flash Echo Imaging 

 Flash echo imaging is a technique that involves using a low 
MI between intermittent high MI destructive phases and fol-
lowing the target to be imaged during the entire study. A 
real-time anatomic image and a contrast-enhanced image 
during bubble destruction can be viewed simultaneously on 

the image screen  [  8  ]  (Toshiba Medical Systems, Tokyo, 
Japan) (Fig.  55.14 ).   

   Real-Time Digital Subtraction 

 Another imaging sequence involves real-time digital sub-
traction of a bubble-destruction phase image from a con-
secutively acquired background image taken milliseconds 
apart. This technique limits motion artifact and improves the 
visibility of the microbubbles in the resulting image  [  8  ]  
(Fig.  55.15 ).    

  Fig. 55.15    A 72-year-old woman with a hemangioma (diameter, 
12.7 mm) on the left liver. ( a ) Subcostal plain ultrasound (US) scan 
shows a hypoechoic nodule in the left lobe. ( b ) Digital subtraction 
image (DSI) of the same tumor, at 50 s after the injection, shows hyper-
enhancement. ( c ) DSI of the same tumor, at 5 min after the injection, 
shows hyperenhancement. ( d ) US angiography of the same tumor, at 

5 min after the injection, shows hyperenhancement. ( e ) Hepatic angio-
gram obtained during the arterial phase shows a hypervascular tumor. 
( f ) Hepatic angiogram obtained during the late phase shows a hypervas-
cular tumor (Reprinted from Yamamoto et al.  [  39  ] . With permission 
from Demetrios Spandidos, Spandidos Publications)       
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   Clinical Applications of Ultrasound 
Contrast Agents 

   Assessment of Vascular Abnormalities 

 Imaging of vascular structures using CEUS allows simultane-
ous assessment of the vascular lumen (   using the CEUS signal) 
and the vascular wall (using the classical B-Mode signal). 
Thus, vascular anatomy and vessel patency can be evaluated, 
allowing reliable detection of several vascular abnormalities 
 [  40  ] . Since CEUS can easily be used at the bedside and during 
interventions, it is also suitable for guiding and monitoring 
vascular interventions and following them up  [  41  ] . CEUS can 
also be used to image vascular plaques. Location and exten-
sion as well as ulcerations can be visualized.  

   Renovascular Assessment 

 Diagnosis of renal artery stenosis, determination of microp-
erfusion, and extent of infarcts, as well as delineation of solid 
or cystic masses are all applications of CEUS that are being 
studied. It has been shown that using contrast agents with 
ultrasound evaluation improved the ef fi cacy of the scan by 
enhancing the operator’s ability to visualize the renal arteries 
and by increasing the number of de fi nitive examinations. 
Although angiography has been considered the “gold stan-
dard” in the evaluation of renal artery stenosis, its invasive-
ness and patient exposure to radiation and nephrotoxic 
contrast agents restrict its use as a screening modality. 
Conventional Doppler ultrasound is routinely used for renal 
artery stenosis evaluation; however, studies have shown that 

there is great variability from center to center in its correla-
tion to angiographic  fi ndings. In addition, the ability to obtain 
technically successful examinations was also shown to vary 
among the studies. Avasthi et al. reported good correlation 
between the studies when evaluating 52 renal arteries with 
both Doppler ultrasound and angiogram  [  42  ] . They reported 
89% sensitivity and 73% speci fi city for Doppler ultrasound 
in detecting lesions with a greater than 50% lumen reduction. 
Technically adequate examinations were performed in 
approximately 84% of the patients. Similarly, Norris et al. 
performed successful examinations in 90% of the patients 
studied, with Doppler ultrasound having 73% sensitivity and 
97% speci fi city when compared to angiography  [  43  ] . In con-
trast, Berland et al. obtained adequate examinations in only 
58% of their patients, while being unable to identify any of 
the seven patients who had renal artery stenosis on angio-
gram. They reported only 37% speci fi city, as patients without 
renal artery stenosis were detected on only 7 out of 19 ultra-
sound examinations  [  44  ] . Desberg et al. reported success in 
only 51% of ultrasound examinations  [  45  ] . Such variability 
in the success of Doppler ultrasound in the evaluation of renal 
artery stenosis is re fl ective of the technical dif fi culty of per-
forming an adequate examination in a wide variety of patients. 
Patient body habitus and variable renal artery anatomy also 
complicate examinations. CEUS is proving to be the imaging 
modality that can overcome these limitations. Claudon et al. 
reported the results of a randomized crossover study of 198 
patients from 14 European centers who were referred for 
renal arterial angiography because they were suspected of 
having renal arterial stenosis  [  15  ] . They reported a 63.9–
83.8% increase in successful examinations when adding con-
trast to the ultrasound scan, including in obese patients and 
those with renal dysfunction. When comparing Doppler 

Fig. 55.15 (continued)



70755 Contrast-Enhanced Ultrasound

ultrasound to angiography, CEUS results correlated with 
angiographic results in the diagnosis or exclusion of renal 
artery stenosis more often than conventional Doppler ultra-
sound ( p  = 0.001). In addition, Lacourciere et al. reported 
results from 78 patients involved in a Canadian multicenter 
controlled pilot study who were undergoing evaluation for 
renal artery stenosis comparing captopril-enhanced scintigra-
phy and unenhanced and enhanced ultrasound  [  46  ] . Results 
revealed that CEUS examination yielded a diagnosis in more 
patients than unenhanced ultrasound or scintigraphy—99%, 
82%, and 81%, respectively ( p  = 0.002). The proportion of 
technically successful ultrasound examinations increased 
signi fi cantly with the addition of contrast. CEUS has also 
been used to evaluate the microperfusion of the kidney and to 
de fi ne areas of ischemia or infarct. Renal perfusion has been 
quanti fi ed by using a high MI to destroy microbubbles, then 
using low MI intermittent harmonic imaging at various pulse 
intervals to plot pulse interval versus video intensity to derive 
microbubble velocity (MV) and renal blood volume fraction 
(BVF)  [  47  ]  (Fig.  55.16 ). Wei et al. showed that measuring the 
rate of microbubble replenishment after destruction re fl ected 
MV. When the tissue is completely replenished with contrast, 
the signal re fl ects the tissue BVF. The product of MV and 
BVF correlates with tissue nutrient blood  fl ow (NBF)  [  48  ] . 
Total renal blood  fl ow (RBF) is estimated by cortical MV 
since >90% of total RBF supplies the renal cortex. Wei et al. 
showed that CEUS provides an assessment of RBF and tissue 
NBF that correlates with blood  fl ow measurements obtained 

with a conventional Doppler  fl ow probe  [  47  ] . The added 
assessment of NBF with CEUS allows the evaluation of renal 
pathologies that affect NBF with little affect on RBF and vice 
versa. Thus, CEUS provides improved information on the 
perfusion pattern of the kidneys in conditions such as pyelo-
nephritis, embolism to the kidney, and post-transplant assess-
ment of a transplanted kidney  [  49  ] . In addition to the imaging 
capabilities of CEUS, recent reports have demonstrated non-
vector gene transfer into the kidney using microbubbles and 
ultrasound as a delivery vehicle. For example, Lan et al. stud-
ied the use of ultrasound and microbubbles to transfer a 
doxycycline-regulated Smad7 gene into the kidney as a 
potential therapy for renal  fi brosis. They found that compared 
with nonultrasound treatment, the combination of ultrasound 
microbubble-mediated delivery largely increased Smad7 
transgene expression up to a 1,000-fold in all kidney tissues 
 [  50  ] . CEUS is an imaging and therapeutic modality that will 
hopefully provide a safe, noninvasive, and easily applicable 
alternative in the management of renal disease.   

   Echocardiography 

 Left ventricular cavity opaci fi cation (LVO) is clinically 
important in the evaluation of cardiac structure and ventricu-
lar function in resting and stress echocardiography. In the 
United States, contrast agents are FDA approved for ventric-
ular opaci fi cation and enhancement of endocardial border 
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  Fig. 55.16    Background-subtracted color-coded images obtained from 
an animal at progressively longer pulsing intervals ( a – c ), at baseline 
and in the presence of a  fl ow-limiting renal artery stenosis. The pulsing 
interval versus video intensity curves obtained from the cortex during 

both stages are shown in ( d ). The lower rate of rise of video intensity 
( open  versus  closed circles ) was re fl ected by a signi fi cant decrease in 
cortical microbubble velocity from 0.8 to 0.2 s −1  (Image courtesy of 
Dr. Kevin Wei, Oregon Health & Science University, Portland, OR)       
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de fi nition. CEUS is used in those patients with a technically 
suboptimal echocardiogram. Contrast has been shown to 
increase the diagnostic capability of echocardiograms in 
numerous studies. In one study with 200 patients, the patient 
cohort was selected on the basis of suboptimal baseline 
echocardiograms with nonvisualization of at least 2 of 6 seg-
ments in the apical four-chamber view. CEUS in these 
patients converted a nondiagnostic study to a diagnostic 
echocardiogram in 75% of those patients examined. This 
added improvement in image quality resulted in a greater 
ability to answer the primary referral question in as many as 
50% of patients  [  51  ] . Similar  fi ndings have been observed 
after left ventricular (LV) opaci fi cation produced by intrave-
nous injections of investigational contrast agents  [  19,   52  ] . 

 Administration of an intravenous contrast agent has also 
been shown to enable more accurate measurement of LV vol-
ume and ejection fraction in humans  [  53  ] . It has also been 
demonstrated clinically that with the use of contrast agents, 
harmonic imaging produces improvements over fundamen-
tal imaging in LVO, endocardial border de fi nition, and 
reviewer con fi dence in the assessment of systolic function 
 [  14,   15,   20,   21,   36,   43,   49,   54  ] . The use of contrast agents has 
been demonstrated in other cardiac pathologies. The diagno-
sis of complications of myocardial infarction, such as wall 
rupture and left ventricle pseudoaneurysm formation, has 
been facilitated by the use of contrast agents. CEUS has also 
been used to improve the accuracy of transesophageal 
echocardiography in ascending aortic dissection by discrimi-
nating the true and false lumen. Intracardiac masses, such as 
tumors or thrombi, have been easier to identify with the use 
of ultrasonic contrast.   

   Other Applications 

   Plaque Assessment 

 The signi fi cance of in fl ammation in relation to plaque stabil-
ity has been well established in animal models of disease. 
The in fl ammatory response includes the recruitment of 
monocyte-derived macrophages and leukocytes to athero-
sclerotic endothelium leading to plaque propagation, 
increased susceptibility of rupture, and vascular remodeling 
 [  55  ] . Identifying these in fl amed, vulnerable plaques would 
be valuable in determining which patients would require an 
immediate intervention to prevent ischemic complications 
from a ruptured plaque. Those microbubbles with shells 
composed of albumin or lipids bind to activated leukocytes 
in response to ischemic injury or exposure to proin fl ammatory 
mediators. The extent of leukocyte binding by these 
microbubbles correlates with the amount of in fl ammation, 
allowing for quanti fi cation of the extent of the in fl ammatory 
process  [  19,   56  ] . The albumin and lipid shells of microbubbles 

bind to these activated leukocytes via different mechanisms, 
although they both require the upregulated expression of 
adhesion molecules stimulated by activated leukocytes in 
response to in fl ammation. Albumin is bound via the leuko-
cyte  b 2-integrin Mac-1 to endothelial ICAM-1, while lipid 
shells become coated with complement proteins that are rec-
ognized by complement receptors on the leukocyte surface 
 [  21,   22,   28,   56  ] . Once the microbubble is bound to the leuko-
cyte, it is phagocytosed completely by neutrophils and mono-
cytes. Within these cells the microbubble remains capable of 
oscillating enough to create an echo response  [  24,   56  ] . 
Another strategy for the targeting of in fl amed plaques 
involves engineering the microbubbles to incorporate ligands 
to extracellular adhesion molecules (ECAMs) into the encap-
sulating shell. Targeting of ECAMs allows for tissue-speci fi c 
binding since they are expressed on the surfaces of plaques, 
in neovessels of plaques, and in adventitial vessels, and are 
absent in normal vessels  [  56,   57  ]  (Fig.  55.17 ). ECAMs 
known to be associated with atherosclerosis include ICAM-
1, vascular cell adhesion molecule (VCAM)-1, selectins, and 
the integrin  a v b 3  [  56,   57  ] . Several investigators have 
exploited the expression of ECAMs to target regions of 
in fl ammation. Villaneueva et al. targeted activated endothe-
lial cells in a  fl ow chamber system by conjugating a mono-
clonal antibody to ICAM-1 on the surface of a microbubble 
encapsulated in a lipid shell  [  58  ] . Demos et al. employed this 
same strategy using acoustically active liposomes instead of 
microbubbles. They demonstrated in vivo targeting of these 
antibody-carrying liposomes to in fl amed atherosclerotic 
plaques within the carotid arteries of pigs  [  59  ] . Linder et al. 
also used antibodies to P-selectin to target in fl amed venules 
as a means of identifying ischemia-reperfusion injury  [  21  ] .  

 Yet another strategy for identifying in fl amed plaques acts 
by targeting the neovessels within their core. Angiogenesis-
targeted microbubbles have been created by attaching anti-
bodies to  a v integrin. Leong-Poi et al. demonstrated the 
adherence of these microbubbles to arterioles, capillaries, 
and venules in areas of angiogenesis  [  60  ] . Currently, the fea-
sibility of creating microbubbles to  a v b 3 integrin found 
within the neovessels of the plaque core is being studied as a 
means of localizing plaque in fl ammation.  

   Mesenteric Evaluation 

 Bowel ischemia is a surgical condition that is often dif fi cult 
to diagnose. Nonspeci fi c symptoms and laboratory results, 
along with the limitations of diagnostic imaging, make the 
evaluation for bowel ischemia challenging. The gold stan-
dard, angiography, is an invasive imaging modality that is 
not easily performed and provides limited information on the 
microperfusion of the bowel wall. Its invasiveness limits its 
use as a screening test for bowel ischemia. Conventional 
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Doppler ultrasound is noninvasive; however, it is limited in 
its ability to evaluate transmural bowel wall perfusion. Using 
CEUS in the evaluation of bowel ischemia is a relatively new 
application being studied by investigators in Japan  [  54,   61  ]  
(Fig.  55.18 ). Early results, which included a study of 51 
patients who had evidence of small bowel dilation on plain 
abdominal radiographs, were reported. All patients under-
went conventional color power Doppler initially to identify 
the most dilated or nonperistaltic loop of bowel, and then 
CEUS was performed to evaluate that loop for 2 min at 4-s 
intervals. Twenty of the 51 patients had bowel ischemia, 5 
due to thromboembolism of the superior mesenteric artery 

and 15 due to strangulation of the small bowel. CEUS sig-
nals were classi fi ed as normal, diminished, or absent. All  fi ve 
patients with thromboembolism were found to have absent 
signals. Seven of the 15 with strangulation had absent sig-
nals, 5 had diminished signals, and 3 had normal signals. All 
the patients without bowel ischemia had normal CEUS 
examinations. The sensitivity and speci fi city of CEUS in 
identifying bowel ischemia was 85% (95% CI: 62.1%, 
96.8%) and 100% (95% CI: 90.8%, 100%), respectively. The 
positive predictive value was 100% (95% CI: 83.8%, 100%) 
and negative predictive value was 91.2% (95% CI: 76.3%, 
98.1%)  [  61  ] .   

  Fig. 55.17    Ultrasound images with low mechanical index pulse 
sequence scheme showing the presence of microbubbles binding to 
the arterial endothelium in a balloon-injured carotid artery ( a ,  right ) 
and the absence of microbubbles in the control noninjured carotid 
artery ( b ,  right ). Scanning electron microscopy revealed sites of injury 

with endothelial denudation and attachment of microbubbles ( black 
arrows ) to the denuded endothelium only in the injured vessel ( a ) and 
normal appearing endothelium in the control vessel ( b ) (Image cour-
tesy of Dr. Thomas R. Porter, The University of Nebraska Medical 
Center. Omaha, NE)       
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   Carotid Assessment 

 Cerebrovascular accident continues to be a major source of 
morbidity and mortality in the United States, and duplex 
ultrasonography is considered the primary modality for 
screening. However, while it is inexpensive and readily 
accessible, its ability to discriminate the echogenicity of 
ulcerations and plaques and the precise degree of stenosis 
and to differentiate occlusion from “string sign” stenoses is 
not optimal. Again, angiography is the gold standard exami-
nation, but is limited to outlining the luminal pro fi le in  fi nite 
angular projections while not truly depicting the plaque or 
ulceration  [  62  ] . CEUS was used to evaluate carotid artery 
disease and was compared with traditional duplex and 
angiography  [  63  ] . Kono et al. evaluated 19 internal carotid 
arteries in ten subjects. This study found a strong correlation 
between CEUS and conventional angiography in determin-
ing the degree of stenosis ( r  = 0.988). Contrast ultrasound 
also depicted ulceration in more patients than angiography. 
A strong correlation was also found between CEUS and ex 
vivo magnetic resonance (MR) imaging of the carotid plaque 
( r  = 0.979). These results demonstrate the potential utility of 
ultrasonographic agents in the screening and potential follow 
up of carotid disease. Contrast avoids much of the artifact 
generated by color studies, and does not necessarily suffer 
from the angular variability found with Doppler evaluations 
of velocity measurement (Fig.  55.19 ). The use of sonographic 
contrast agent tends to increase the sensitivity of the ultra-
sound examination in carotid artery diseases, overcoming 
some of its limitations and improving the detectability of 
blood  fl ow within the vessels, with no need for complex 
maneuvers and discomfort for the patient  [  64  ] .   

   Aortic Evaluation: Abdominal Aortic Aneurysm 

 In the past decade, endovascular aneurysm repair (EVAR) 
has become the preferred method for infrarenal abdominal 
aortic aneurysm (AAA) repair in patients with suitable anat-
omy. While the bene fi ts of the minimally invasive approach 
are obvious, continued surveillance for possible complica-
tions is required in these patients, including continued aneu-
rysm growth, endoleaks, and device migration. The gold 
standard is computed tomography (CT), which is associated 
with increased cost, exposure to nephrotoxic agents, and 
exposure to ionizing radiation. Several recent reports have 
shown that CEUS is a possible alternative as a surveillance 

  Fig. 55.18    US scan obtained in a 
68-year-old man with bowel 
strangulation. Bowel segments 
show normal ( A ), diminished ( B ), 
and absent ( C ) color signals 
(Reprinted from Hata et al.  [  61  ] . 
With permission from Radiology 
Society of North America)       

  Fig. 55.19    Contrast-enhanced carotid artery of a patient with a moder-
ate atherosclerotic plaque in the internal carotid artery (arrow) (Image 
courtesy of Dr. Steven B. Feinstein, Rush University Medical Center, 
Chicago, IL)       
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modality. Recently, Bendick et al. found eight endoleaks 
after endovascular repair, two of which were missed on CT. 
Napoli et al. found 1 type I, 6 type II, 1 type III, and 2 
unde fi ned leaks that were all missed by CT. Bargellini et al. 
found 8 type II endoleaks on CEUS that were missed on CT 
(Fig.  55.20 ). Our own experience with CEUS after endovas-
cular AAA showed nine endoleaks found with contrast ultra-
sound, three of which were not demonstrated on CT. 
Ultrasonographic contrast was shown to be safe and reliable 
in all of these studies, and is a promising adjunct in the sur-
veillance of AAA after endovascular repair  [  65–  67  ] . A study 
by Henao et al. published in 2006 con fi rmed previous obser-
vations that suggested the ef fi cacy of CEUS versus computed 
tomography angiography (CTA). Using a continuous infu-
sion technique, the authors visualized 8 type II endoleaks 
and 1 type I after EVAR, whereas CTA identi fi ed 5 type II 
and 1 type I  [  68  ] . Interestingly, the amount of time available 
to search for endoleaks was substantially greater with a con-
tinuous infusion. Their continuous infusion modality may 
have contributed to improved detection compared with pre-
vious reports of bolus contrast. On the other hand, CEUS 
imaging also has limitations. Patient’s habitus (obesity) and 
bowel gas can interfere with imaging, and the patient must 
cooperate. The results of US    are operator-dependent, and 
obtaining quality images requires training and speci fi c skills. 

Furthermore, CTA provides superior information related to 
graft anchoring and integrity, aneurysm morphologic changes 
or visceral vessels patency  [  69  ] .  

 Early and sensitive detection of endoleaks, which is 
indeed highly desirable during the initial intervention when 
endovascular treatment can be administered immediately, 
might therefore improve long-term outcomes. Recently Kopp 
et al.  [  70  ]  evaluated the use of CEUS for visualization of the 
proximal aortic and distal iliac landing zones and for exclu-
sion or detection of relevant endoleaks. This study suggested 
that the application of intraoperative CEUS might become an 
additional imaging modality, especially for patients with 
impaired renal function, allergy to iodine-based contrast 
 fl uids or possibly risk for iodine-induced hyperthyroidism. 
This application was accomplished in 14 out of 17 patients 
as veri fi ed by intraoperative angiography and postoperative 
CEUS, CT, or MR angiographies.  

   Lower Limb Evaluation 

 Duplex ultrasonography in the evaluation of infrainguinal 
arterial disease is important in the evaluation, planning, and 
follow-up of reconstructive efforts. However, little has been 
published describing the use of contrast agents as an adjunct. 

  Fig. 55.20    Transverse contrast-enhanced US scans with an anterior 
approach of a patient with an enlarging abdominal aortic aneurysm. 
Endoleak or other complications were not visualized at duplex US and 
CT angiography. ( a – c ) Images obtained after administration of an ini-
tial bolus of 2.4 ml of second-generation contrast agent show enhance-
ment and slight contrast agent uptake 4 min after contrast agent 

administration. ( a ) Image obtained in arterial phase. ( b ) Image obtained 
in venous phase. ( c ) Image shows contrast agent uptake posterior to 
iliac branches ( arrow ). ( d ) Image obtained after administration of a sec-
ond bolus of 2.4 ml of contrast agent better depicts endoleak ( arrow ) 
(Reprinted from Napoli et al.  [  65  ] . With permission from Radiology 
Society of North America)       
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A 2002 European study demonstrated the use of CEUS in 
14 patients and found that all vessels that appeared occluded 
by the use of contrast-enhanced duplex were also occluded on 
angiogram. However, the ultrasound study found four cases 
of patent vessels that were not visualized on conventional 
angiography. These visualized arteries were thought to be col-
laterals, rather than the named vessels in question, which was 
a limitation in the application of CEUS in this study  [  71  ] .  

   Molecular Imaging Using CEUS: Evaluation 
of Angiogenesis and Cell Therapy 

 The use of CEUS molecular imaging techniques has also 
been extended to the evaluation of angiogenesis and cell 
therapy  [  72  ] . Angiogenesis is a complex, multistep process 
regulated by the interplay of several pro- and antiangiogenic 
factors  [  73  ] . Since microbubble contrast agents are purely 
intravascular, the speci fi c target for molecular imaging of 
angiogenesis must be present within the vascular space, and 
ideally expressed on the luminal surface of the angiogenic 
vessel. There are several molecules expressed on the vessel 
endothelium that serve as suitable molecular targets for 
imaging of angiogenesis; although numerous studies have 
investigated CEUS molecular imaging of angiogenesis in 
tumor models, fewer experimental studies have examined 
the potential of CEUS to evaluate angiogenesis and neovas-
culagenesis in models of cardiovascular disease  [  72  ] . Of the 
potential targets, the majority of experience to date has been 
with microbubbles targeted to alpha-integrins  [  74  ] . These 
agents have been developed by conjugation of either mono-
clonal antibodies (mAbs) targeted against alpha v integrins 
or arginine-glycine-aspartate (RGD)-containing peptides 
that have strong af fi nity for select integrins. This application 
was subsequently extended to image revascularization in a 
clinically relevant rat model of chronic hind limb ischemia, 
using echistatin-bearing microbubbles  [  75  ] . In this model, 
after unilateral iliac artery ligation, blood  fl ow to the isch-
emic limb immediately decreases to 25% of normal resting 
values and over the next 2 weeks increases to 40% due to 
angiogenesis. In this study, CEUS molecular imaging of 
Alpha V Beta 3 expression using an RGB peptide-conjugated 
microbubble agent was able to assess both the endogenous 
arteriogenic response to chronic occlusion peripheral arterial 
disease (PAD) as well as the therapeutic neovascularization 
response to prolonged growth factor administration (FGF-2). 
With accelerated growth in research into stem cell therapy to 
treat cardiovascular diseases, there is a need to develop imag-
ing modalities to track progenitor cells in vivo. CEUS tech-
niques have now been developed that would potentially allow 
the tracking of delivered progenitor cells in vivo. Preliminary 
experiments that at the very least provide proof of concept 
have been reported  [  76,   77  ] .   

   Applications in Venous System 

   Assessment of Portal Vein Thrombosis 

 Based upon the reported preliminary clinical experience  [  78, 
  79  ] , CEUS appears to be a reliable technique for evaluating 
the patency of the veins of the portal systems. CEUS was 
signi fi cantly more sensitive than color Doppler sonography 
for both the detection and characterization of thrombi, and it 
was also more sensitive than conventional sonography for 
thrombus characterization. Portal vein thrombosis (PVT) is 
an important complication that occurs in 0.6–16% of patients 
with compensated liver cirrhosis and in 35% in patients with 
decompensated liver cirrhosis and hepatocellular carcinoma 
 [  80  ] . Patients with cirrhosis and early hepatocellular carci-
noma may have either malignant or benign thromboses. The 
assessment of the malignant or benign character of PVT is 
very important with regard to the available therapeutic 
options. CEUS has demonstrated an important role for 
assessment. “Benign” thrombi are usually avascular and do 
not enhance in the arterial phase. When the portal venous 
thrombus contains malignant vascularity, it enhances in the 
arterial phase and wash out occurs in the portal and late 
phases  [  81  ] .  

   Venous Vascularization and In fl ammation 
on CEUS in Deep Venous Thrombosis: 
Ongoing Clinical Trial 

 A search of the clinicaltrials.gov website revealed a recently 
approved observational prospective study. The aim of this 
clinical trial is to determine the presence and degree of 
venous perivascular revascularization and in fl ammation as 
assessed by CEUS in patients with acute deep venous throm-
bosis (DVT) and super fi cial vein thrombophlebitis (SVT). 
The investigators hypothesized that venous perivascular 
revascularization and in fl ammation assessed by CEUS can 
be quanti fi ed, will be signi fi cantly more pronounced in 
perivascular tissue of the thrombosed vessel compared to a 
nonaffected vein and control group, and that these  fi ndings 
will directly correlate with levels of in fl ammatory markers. 
This clinical trial is expected to provide novel data on the 
pathophysiological concept of thrombosis and thrombus res-
olution  [  82  ] .   

   Future Directions 

 Ongoing advances in ultrasound technology and microbub-
ble engineering will expand applications of CEUS as a diag-
nostic tool as well as a therapeutic modality. As science 
continues to provide new insight into the body’s molecular 
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processes and into disease pathology, these new discoveries 
will translate into potential targets for microbubbles and 
improved utility of CEUS. As mentioned above, microbub-
bles have the ability to target areas of early in fl ammation. 
Albumin- and lipid-encapsulated microbubbles bind to acti-
vated leukocytes in a nonspeci fi c manner. Additional studies 
have shown the feasibility of targeting-speci fi c imaging via 
attachment of antibody-coated microbubbles to endothelial 
adhesion molecules expressed during in fl ammation  [  21,   56–
  59  ] . Recently, Weller et al. proposed a means of translating 
the basic science of target-speci fi c microbubbles and ultra-
sound to the clinical setting. Their previous studies have 
shown the importance of microbubble antibody density in 
the binding of microbubbles to their intended target  [  83  ] . 
Therefore, in search of a means of improving microbubble 
adhesion to improve the signal-to-noise ratio of the ultra-
sound images, Weller et al. attempted to detect in fl ammation 
via a multitargeted approach. They compared microbubbles 
with antibodies to both ICAM-1 and the selectin family of 
leukocyte adhesion molecules to those with only a single 
in fl ammatory target to show that multitargeting in fl ammation 
would increase overall microbubble adhesion strength. Since 
microbubble binding is linearly related to the degree of 
in fl ammation, they proposed that CEUS with multitargeted 
microbubbles will allow clinical evaluation of early 
in fl ammation before it is evident, as well as provide a means 
to monitor the progression of in fl ammatory plaques or 
peripheral vascular disease. Microbubbles with equal 
amounts of anti-ICAM-1 antibody and sialyl Lewis X (binds 
to selectin) were prepared and compared to those with each 
moiety alone  [  84  ] . These microbubbles were perfused across 
endothelial cells activated by interleukin-1 b  at four different 
concentration levels, demonstrating four different severities 
of in fl ammation, which was assessed by the quantitative 
determination of ICAM-1 expression. Weller et al. found 
that ICAM-1-targeted microbubbles had an adhesion strength 
that was linearly related to the degree of in fl ammation. 
Additionally, microbubble adhesion strength was improved 
with multitargeted microbubbles when compared to single-
targeted microbubbles, allowing for improved sensitivity in 
detecting in fl ammation. Weller et al. concluded that ultra-
sound evaluation with multitargeted microbubbles to various 
ECAMs may be a sensitive, noninvasive means of detecting 
not only the presence of in fl ammation, but the severity as 
well. 

 Targeting of early, middle, and late in fl ammatory endothe-
lial surface antigens has the potential to delineate the molec-
ular processes involved in in fl ammation and determine the 
“stage” of the in fl ammatory process. CEUS has the potential 
to decrease the requirements for more costly imaging stud-
ies, decrease the rate of equivocal, conventional examina-
tions, and increase the diagnostic accuracy and con fi dence 
of ultrasound studies in general. More studies are required 

to fully delineate the indications for its use as a broadly 
applicable adjunct. Cost analysis studies are needed to jus-
tify the potentially sweeping changes this modality may 
bring to its many diagnostic, and potentially, therapeutic 
applications. 

 Recently, nanoparticle-containing composites have 
attracted attention for functional and molecular imaging 
investigations  [  85  ] . It has been reported that some solid nano-
particles, such as silica, polystyrene, and superparamagnetic 
iron oxide (SPIO) nanoparticles are able to boost the acoustic 
impedance, increase backscattered signals, and consequently 
contribute to contrast enhancement for US  [  86,   87  ] .  

   Conclusion 

 The risk of the development of malignancies due to radia-
tion exposure and nephrotoxicity secondary to iodinated 
contrast agents has lead to the search for better noninva-
sive studies and surveillance modalities after endovascu-
lar procedures, particularly after aortic endografting. 
Newer technologies are continuously evolving, and the 
“perfect” surveillance tool still does not exist. 
Developments in material engineering and biotechnology 
will continue to improve the current standards and expec-
tations; a better understanding of the dynamic  fl ow of 
microvascular beds and focused delivery of biological 
compounds should enhance end organ imaging and thera-
peutic strategies.      
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 A family of just over 20 CPT codes is used to report 
 ultrasound-based diagnostic noninvasive vascular laboratory 
studies. This renders the infrastructure of vascular lab coding 
relatively straightforward, but the application of these codes 
in the everyday business of running a lab becomes substan-
tially more complex. Several aspects of reporting vascular lab 
studies differ from those of traditional surgical or evaluation 
and management (E&M) coding. Perhaps, the most important 
issue is that reporting the diagnostic vascular exams depends 
on the physical setting where the study takes place. For exam-
ple, reporting studies performed in a physician’s of fi ce is 
completely different from reporting the same exams when 
performed in a hospital, moreover, in the hospital there is an 
important difference depending on whether the individual 
undergoing the test is an inpatient or an outpatient. 

 Next, it is crucial to understand that a diagnostic study 
is composed of two distinct components, technical and pro-
fessional. The technical component focuses on collection of 

information and is usually performed by a specially trained 
technologist. The professional component includes review 
of the physiologic, imaging, and Doppler data along with 
the written preliminary information provided by the tech-
nologist. A  fi nal interpretation is compiled and printed. The 
basic data and the  fi nal report must be archived and avail-
able for review. Coding shorthand for the technical compo-
nent is “TC,” while the professional interpretation modi fi er 
is “PC” or “-26” in coding parlance. Of these latter two, the 
 abbreviation −26 will be used throughout this chapter. 

   Reporting Based on Site 
of Service—Physician’s Of fi ce 

 There are actually four distinct sites of service from which 
the technical portion of vascular lab studies may be reported. 
These are (1) the physician’s of fi ce; (2) the independent 
diagnostic testing facility (IDTF); (3) the hospital outpatient 
department; and (4) the hospital inpatient area. The most 
straightforward setting from a coding perspective is the phy-
sician’s of fi ce where the typical study is likely to include 
both technical and professional components. When per-
formed simultaneously, the combination of technical and 
professional components is reported by use of the  fi ve-digit 
CPT code without any trailing modi fi ers such as TC or −26. 

  Abstract 

 Noninvasive vascular lab studies constitute an integral portion of the vascular surgeon’s 
diagnostic armamentarium. Studies are safe, inexpensive compared to advanced diagnostic 
imaging, and when performed by quali fi ed individuals, highly accurate and reproducible. In 
order to maintain a viable noninvasive lab, a manager must understand the nuances of cod-
ing, insurance carrier coverage policies, and many details regarding reimbursement.  
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An example would be the patient who undergoes a complete 
(technical plus professional) bilateral extracranial cerebro-
vascular duplex exam in a physician’s of fi ce. The appropri-
ate CPT code is 93880, and no trailing modi fi er would be 
added. Provided in this manner, the complete service is com-
monly described by the word “global,” but this application of 
“global” should not be confused with surgical services in 
which global implies inclusion of a certain number of post-
operative days. 

 If only the technical portion of an extracranial cerebrovas-
cular study were performed in the physician’s of fi ce it would 
be reported as 93880-TC. If only the professional interpreta-
tion were done in the of fi ce, it would be a 93880-26. It is 
important to realize that in almost all circumstances, payment 
for the global service represents the sum of payments for the 
technical component plus the professional component.  

   Site of Service—IDTF 

 An IDTF is a diagnostic testing facility not associated with a 
physician’s of fi ce or hospital. The regulations de fi ning this 
entity were published originally in the October 31, 1997, 
issue of the  Federal Register , and a multitude of revisions and 
re fi nements have followed. The purpose of an IDTF is to pro-
vide diagnostic tests but not to treat patients, and the Centers 
for Medicare and Medicaid Services (CMS) regularly updates 
the complex set of requirements. The most recent regulatory 
event involving IDTFs is a provision in Section 135(a) of the 
Medicare Improvements for Patients and Providers Act of 
2008 (MIPPA) that requires accreditation of IDTFs that pro-
vide “advanced diagnostic imaging.” MIPPA de fi nes advanced 
diagnostic imaging as including magnetic resonance imag-
ing, computed tomography, nuclear medicine imaging, and 
positron emission tomography. MIPPA expressly excludes 
X-ray, ultrasound, and  fl uoroscopy procedures from their 
de fi nition of advanced imaging, and IDTFs are not required 
to undertake accreditation for these latter three modalities. 
Further details about IDTFs are beyond the scope of this 
chapter, but suf fi ce to conclude that any physician involved or 
potentially involved in an IDTF needs a much more detailed 
and focused document than I could provide.  

   Site of Service—Hospital Outpatient 
and Inpatient 

 When a hospital employs the technologists and owns or leases 
the relevant equipment, the technical portion of outpatient 
noninvasive vascular studies is reported by a completely dif-
ferent set of codes titled the “Ambulatory Payment Category,” 
or “APC” system. These are published as part of the Medicare 
Hospital Outpatient Prospective Payment System (HOPPS). 

The HOPPS APC system is a provision of the Balanced 
Budget Act of 1997, created to provide a prospective payment 
system for diagnostic studies, surgical procedures, and E&M 
services performed on outpatients at a hospital facility. One 
of the goals of the HOPPS system was to collapse the number 
of individual payments to a level far less than the approxi-
mately 8,000 CPT codes. Thus, for all but the most common 
procedures, multiple CPT codes are bundled into each APC. 
In fact, for the  fi rst 6 years of the APC system, all vascular lab 
studies were reportable through use of only two APC codes, 
APC 96 for all vascular physiologic studies and APC 267 for 
all vascular duplex exams. The Society for Vascular Surgery 
and the Society for Vascular Ultrasound complained vocifer-
ously to the Heath Care Financing Administration (now 
CMS) that this two-bucket plan lacked suf fi cient granularity 
to represent the actual work performed in vascular labs. The 
Agency responded, albeit slowly. In 2004, APC 266 was 
added to represent two duplex exams of lesser complexity, 
and now in 2012 we have a family of  fi ve APCs that corre-
sponds to the vascular lab studies. APCs 96 and 97 represent 
two complexity levels of physiologic studies, and APCs 265, 
266, and 267 are used to report duplex exams of low, medium 
and high complexity  [  1,   2  ] . Table  56.1  provides the proposed 
2012 crosswalk between CPT codes and APC codes. These 
crosswalks can change annually, so it behooves the manager 
of a hospital-based lab to check the Medicare website or reli-
able private sources each year.  

 It should be remembered that this APC discussion relates 
only to the technical portion of vascular lab studies performed 
in hospitals on outpatients. The professional interpretation of 
these exams is reported by traditional CPT codes with addition 
of the −26 modi fi er to identify the studies as being profes-
sional component only. A coding example re fl ecting this seg-
ment would be performance of a complete bilateral lower 
extremity venous duplex exam on an outpatient Medicare 
bene fi ciary for the indication of sudden onset lower extremity 
swelling. The hospital-based vascular lab would report APC 
0267, and the interpreting physician would submit 93970-26. 

 Finally, if a vascular lab study is performed on a hospital 
inpatient, it would be most common for the technical compo-
nent to be bundled in the prospective payment for the hospi-
talization. Medicare uses “Diagnosis Related Groups” or 
“DRGs” for this purpose, and many private carriers also uti-
lize the DRG approach. The vascular lab would identify per-
formance of the exam, typically by CPT code or APC, but this 
would be used exclusively for internal hospital accounting 
purposes. The overall hospital payment would be based on 
the DRG, and frequently the DRG will not be impacted by the 
vascular lab results. In this setting, the interpreting physician 
would report a −26 modi fi ed CPT code. A typical example is 
the hospital ICU inpatient requiring a bilateral lower extrem-
ity venous duplex exam. Technical billing rolls into the DRG, 
and the interpreting physician reports 93970-26.  
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   Vascular Lab Coverage Requirements 
and Advanced Bene fi ciary Notice 

 In order to meet Medicare coverage requirements, all vascu-
lar laboratory studies must (1) have a valid, recorded medical 
indication; (2) be ordered by a licensed independent pro-
vider; (3) have archived retrievable test data; and (4) include 
a physician’s professional interpretation. Each of these will 
be examined in more detail. 

 What constitutes a valid medical indication can be a frus-
trating issue for vascular lab managers because the clinical 
indications as listed on the requisition or physician’s order 
determine whether or not a service is covered, meaning paid, 
by the insurance carrier. A clinical indication that the order-
ing provider believes is totally appropriate, may not be con-
sidered valid by the carrier. For instance, a 60-year-old-lifelong 
smoker and his primary care provider may believe that a 
 fi rst-time carotid duplex exam is entirely appropriate espe-
cially if two of the patient’s brothers and three of his sisters 
have all suffered strokes. However, the patient’s insurance 
carrier may consider this a noncovered “screening” exam if 

the patient has no lateralizing neurologic symptoms. The lab 
manager is then faced with a dilemma. Refusing to do the 
exam antagonizes the patient and the ordering provider. On 
the other hand, performing the exam with no expectation of 
payment can only be done a limited number of times if the 
lab is to remain  fi scally viable. 

 From the Medicare perspective, the correct approach in 
this setting is for the lab to provide the patient with an 
“Advanced Bene fi ciary Notice” or “ABN,” a document that 
explains to the patient that he or she is about to undergo a test 
that the Carrier believes is not medically indicated and will 
therefore not cover. This ABN approach, while meeting 
payer requirements, may oftentimes engender ill will. The 
patient may ask why the doctor is ordering an unindicated 
test. If not exceptionally clear and tactful, the vascular lab 
manager’s response may confuse the patient even further, 
potentially delaying the schedule or resulting in patient 
refusal to undergo the exam. The best way to avoid this 
annoying and oftentimes costly issue is to educate one’s 
ordering providers regarding the relevant national and local 
coverage decisions. For the Medicare program, an updated 

 CPT  CPT descriptor  APC 

 93880  Duplex extracranial arteries, complete bilateral  0267 
 93882  Duplex extracranial arteries, unilateral or limited  0267 
 93886  Transcranial Doppler intracranial arteries; complete  0267 
 93888  Transcranial Doppler intracranial arteries; limited  0265 
 93890  Transcranial Doppler; vasoreactivity study  0266 
 93892  Transcranial Doppler; emboli detection, no bubble injection  0266 
 93893  Transcranial Doppler; emboli detection with bubble injection  0266 
 93922  Limited bilateral extremity artery physiologic study 1–2 levels  0097 
 93923  Complete bilateral extremity arterial physiologic study  ³ 3 levels  0096 

 93924  Treadmill lower extremity physiologic exam  0096 
 93925  Duplex lower extremity arteries or bypass grafts; complete bilateral  0267 
 93926  Duplex lower extremity arteries or bypass grafts; unilateral or limited  0266 
 93930  Duplex upper extremity arteries or bypass grafts; complete bilateral  0267 
 93931  Duplex upper extremity arteries or bypass grafts; unilateral or limited  0266 
 93965  Physiologic study of extremity veins, complete bilateral  0096 
 93970  Duplex extremity veins including compression; complete bilateral  0267 
 93971  Duplex extremity veins including compression; unilateral or limited  0266 
 93975  Duplex arterial in fl ow and venous out fl ow of abdominal, pelvic, scrotal or 

 retroperitoneal organs, complete study 
 0267 

 93976  Duplex arterial in fl ow and venous out fl ow of abdominal, pelvic, scrotal or 
 retroperitoneal organs, limited study 

 0267 

 93978  Duplex aorta, IVC, iliac vasculature, or bypass grafts; complete  0267 
 93979  Duplex aorta, IVC, iliac vasculature, or bypass grafts; unilateral or limited  0266 
 93980  Duplex arterial in fl ow and venous out fl ow, penile vessels; complete  0267 
 93981  Duplex arterial in fl ow and venous out fl ow, penile vessels; follow-up or limited  0267 
 93982  Physiologic study implanted wireless pressure sensor aneurysm sac  0097 
 93990  Duplex hemodialysis access including arterial in fl ow, body of access and venous 

out fl ow 
 0266 

  Reprinted from CMS 2012 HOPPS NPRM Median Cost File 
 CPT descriptors are abbreviated. See CPT Manual for complete descriptors and associated introductory material  

 Table 56.1    2012 CPT APC 
Vascular Lab technical 
 component crosswalks  
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list of coverage decisions may be found at   https://www.cms.
gov/medicare-coverage-database/indexes/national-and-
local-indexes.aspx    .  

   Vascular Lab Retrievable Data 

 The value of archived retrievable vascular lab data is obvious 
in terms of patient care. As part of the service provided to 
patients and those who order lab studies, the vascular report 
should compare current test results to those of prior exams. In 
order to do so ef fi ciently, the lab must have ready access to 
archived data. Previous era hard copy image and report storage 
was labor intensive, but without organized records it was a 
nightmare trying to  fi nd previous exams for comparison. Most 
laboratories have now eliminated that problem with use of 
digital Picture Archive and Communication Systems (PACS). 
While there is no additional reimbursement for implementing 
a PACS system, the additional retrieval ability will also serve 
to protect the vascular lab in case of a post-payment audit. 

 The current Medicare initiative to eliminate overpayment 
to providers is called the Medicare Recovery Audit Contractor 
program, or RAC. RAC pilot programs were performed in 
six states from 2005 to 2008, allowing Medicare to recover 
nearly $1 billion in supposed overpayments. Congressional 
Ways and Means Committee extrapolations estimated a 
nationwide rollout would net a $10 billion recovery. Thus, 
Medicare started an expanded program in 2009 focusing on 
hospitals with impacts widely noted during 2010. Currently, 
the RACs are investigating physicians, laboratories, and 
other types of providers. A solid set of records demonstrating 
quality data, appropriate clinical indications, and accurate 
coding and billing will be of great assistance should Medicare 
decide your lab merits a RAC evaluation.  

   Reimbursement for Physician Interpretation 

 What constitutes an appropriate physician interpretation, 
and how does it differ from what the technologist provides? 
From Medicare’s perspective, noninvasive vascular studies 
have two distinct components, one technical, and the other 
professional. While approximately 80% of payment for a 
complete vascular lab diagnostic service (technical plus pro-
fessional) represents reimbursement for the technical por-
tion of the exam, the  fi nal physician’s interpretation must be 
identi fi able if the 20% re fl ecting the professional component 
is to be earned. The technologist’s core role is to collect 
accurate Doppler and imaging data and to organize it in such 
a manner that the physician can provide the best possible 
interpretation. In some cases, this means that the technolo-
gist could provide a preliminary data assessment. It is the 
interpreting physician’s core responsibility to review all data 

for content and accuracy, and to provide a  fi nal interpretation 
of the data based on his or her laboratory and clinical knowl-
edge. The most straightforward way to demonstrate how 
the interpreting physician adds value to a vascular lab study 
may be through example. For instance, during an extracra-
nial cerebrovascular study, the technologist collects a series 
of B-mode ultrasound images, Doppler velocity spectra, 
and color- fl ow images. The technologist’s responsibility is 
to record and annotate the data accurately. The lab may use 
a literature-based interpretation scale to convert Doppler 
velocities to internal carotid stenosis estimates, and while 
this conversion may be identi fi ed by the technologist, it is the 
responsibility of the interpreting physician to review all the 
data, perform an assessment about accuracy such as correct 
application of Doppler angle adjustment, and to ensure that 
a  fi nal interpretation considers and weighs all information 
appropriately. As another example, elevated velocities in an 
internal carotid indicate presence of a stenosis, but standard 
grading scales may lead to an overestimate of severity if the 
contralateral internal carotid is completely occluded. This 
observation should be noted by the interpreting physician in 
the  fi nal report. Likewise, areas of heavy calci fi cation may 
preclude adequate Doppler velocity analysis because the 
ultrasound waves are re fl ected by the dense plaque. If this is 
a very short segment, and if the waveforms just beyond the 
blind spot are similar to those on the in fl ow side, the inter-
preting physician may conclude that the short calci fi ed area 
likely does not contain a  fl ow-limiting stenosis. The opposite 
assessment may be reached by the physician if the out fl ow 
waveform demonstrates a blunted systolic upstroke and a low 
peak velocity. These are just a few examples of how the  fi nal 
interpretation may differ from the preliminary data presenta-
tion based on knowledge and clinical correlation provided by 
the interpreting physician.  

   Complete Versus Limited Vascular Studies 
93880, 93922, and 93923 

 CPT descriptors for the vascular lab codes commonly use the 
terms “complete” or “limited,” but there is little or no docu-
mentation of the threshold requirements to report the more 
comprehensive exam. Exactly what does CPT, or for that 
matter Medicare, require for a study to be considered a com-
plete bilateral exam? Oftentimes we need to look outside the 
coding world to  fi nd reasonable answer. The Intersocietal 
Commission for Accreditation of Vascular Laboratories 
(ICAVL) has promulgated detailed recommendations for a 
thorough examination of most vascular beds, and these serve 
as excellent proxies for CPT reporting purposes in the 
absence of actual CPT guidance  [  3  ] . For instance, ICAVL 
standards call for detailed assessment of the carotid bifurcation 

https://www.cms.gov/medicare-coverage-database/indexes/national-and-local-indexes.aspx
https://www.cms.gov/medicare-coverage-database/indexes/national-and-local-indexes.aspx
https://www.cms.gov/medicare-coverage-database/indexes/national-and-local-indexes.aspx
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as well as Doppler sampling of the cervical vertebral artery 
as required components of a complete extracranial cerebro-
vascular duplex examination. In contrast, CPT does not pro-
vide any details that I can  fi nd of what CPT 93880  Duplex 
scan   of extracranial   arteries ;  complete bilateral  actually 
entails. In situations where CPT is silent, I recommend the 
following ICAVL guidelines. 

 For some vascular lab codes, recent CMS activity has led 
to more focused de fi nitions. For example, the lower extrem-
ity arterial physiologic examination, CPT code 93922, was 
identi fi ed during a CMS screen of services with faster than 
anticipated volume grown. CMS believes that volume growth 
unexplained by disease prevalence may be due to overly gen-
erous relative value unit (RVU) assignment. A major ques-
tion then evolved regarding what a provider must do to meet 
the minimum requirements for this code. The pre-2011 CPT 
descriptor was vague, and there was no background literature 
in CPT or at CMS to bolster the descriptor. With no way to 
answer the question regarding minimum service, it is no sur-
prise that CMS was then poised to attack the physician work 
RVU. It was impossible to conduct a physician relative work 
survey without more clearly de fi ning the service, and there-
fore the stakeholder professional societies, led by SVS, sub-
mitted a CPT coding proposal to focus the de fi nition. After 
considerable debate and many revisions, the 2010 CPT Panel 
vote favored this very detailed new descriptor for 93922 
which  fi rst appeared in the 2011 CPT Manual  [  4  ] :

  Limited bilateral noninvasive physiologic studies of upper or 
lower extremity arteries, (e.g., for lower extremity: ankle/bra-
chial indices at distal posterior tibial and anterior tibial/dorsalis 
pedis arteries plus bidirectional, Doppler waveform recording 
and analysis at 1–2 levels, or ankle/brachial indices at distal pos-
terior tibial and anterior tibial/dorsalis pedis arteries plus volume 
plethysmography at 1–2 levels, or ankle/brachial indices at distal 
posterior tibial and anterior tibial/dorsalis pedis arteries with 
transcutaneous oxygen tension measurements at 1–2 levels)   

 For those familiar with the earlier de fi nition of 93922, this 
long paragraph may seem like overkill, but no longer is there 
any confusion about what constitutes the service. In addition, 
this clear detailed descriptor provided a solid platform on 
which to survey for physician work. That survey was per-
formed in 2010, and recommendations were presented to 
CMS. The Agency reviewed the survey, felt it valid, and pub-
lished the physician work RVU for the 2011 calendar year 
 [  5  ] . The previous work RVU was retained because a more 
clear service de fi nition was created, and while that de fi nition 
may be wordy, the actual service is essentially what high 
quality vascular labs have been doing for decades. At  fi rst 
glance, some might conclude that “no change” in work RVU 
is not a major victory, but an in-depth look at recent diagnos-
tic cardiology and radiology services should lead to the 
opposite conclusion. In addition, the CPT Editorial Panel 
de fi nition of this service now closely resembles the clinical 
requirements set out by ICAVL, a remarkable achievement. 

 For the vascular lab manager more interested in code 
application than historical development, this example of 
what happened to 93922 and its family members 93923 and 
93924 should provide convincing evidence that CPT is a liv-
ing entity with revisions and new codes every year. Annual 
review of the new and revised codes is essential. The 
Medicare Fee Schedule can be downloaded at no cost from 
the CMS website. The AMA CPT manual is updated every 
year and is the authoritative source for code descriptors. 
Finally, the Society for Vascular Surgery now has a vascular-
speci fi c Coding Manual that is also updated yearly. These are 
solid investments  [  6,   7  ] .  

   Intraoperative Duplex Examinations 

 Completion duplex exams following carotid endarterectomy 
and bypass grafts are routine in some practices. Although 
there are no published exclusions for reporting a completion 
duplex exam that I am aware of, the technical portion of the 
study would not typically be reportable because the study is 
being done in the hospital on a hospital inpatient; therefore, 
the entire technical aspect of the patient’s hospital stay will 
be reimbursed by DRG. The small professional fee related to 
interpretation of the vascular lab study may be reportable if 
the exam meets all the requirements of archived images and 
a formal interpretation. An example of reporting an intraop-
erative carotid duplex would be 93882-26 recognizing that 
this is a unilateral exam (93882) and only the professional 
portion is being reported (−26). A completion duplex follow-
ing lower extremity bypass grafting would be reported as a 
93926-26.  

   The De fi cit Reduction Act Limits Of fi ce-Based 
Technical Reimbursement 

 Vascular surgeons commonly ask why Medicare payment for 
vascular lab studies fails to follow the long-established con-
vention that the allowable payment in dollars equals the sum 
of the relative values units multiplied by the Medicare 
Conversion Factor. The answer is the De fi cit Reduction Act 
(DRA) of 2005 (although it was signed by the President early 
in 2006). When searching for funds to enhance the Medicare 
Advantage HMO plans, an aide of House Ways and Means 
Committee Chair Bill Thomas noticed that a signi fi cant dis-
crepancy exists between technical payments for certain 
imaging exams depending on whether they are paid in the 
of fi ce setting where the Medicare Physicians Fee Schedule 
dictates the payments vs. those exams paid under the HOPPS. 
This discrepancy exists because the two systems have com-
pletely different methods by which to set payment. Without 
regard to which of the methods more accurately re fl ects the 
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resources required to complete an imaging exam, the Ways 
and Means Committee wrote a provision subsequently incor-
porated in the DRA stating that of fi ce based imaging ser-
vices would receive the lesser of the Hospital Outpatient 
APC payment or the Medicare Fee Schedule allowable. The 
DRA was implemented in 2007 and affected CT, MR, PET, 
ultrasound, and echocardiography. In the  fi rst year, CMS 
spent $1.7 billion less on imaging than during the prior year 
despite the fact that the number of imaging studies per 
bene fi ciary increased by 3.2%. Based on the need to cut 
Medicare spending, my prediction is that the DRA will never 
be abolished. 

 The one notable bit of good news related to the DRA is that 
SVS convinced CMS that the extremity physiologic codes 
should be excluded from the DRA because there is no imaging 
involved. This prevented about $65 million per year from 
being siphoned from Part B Medicare payments for noninva-
sive lab studies. Thus, there is no negative impact of the DRA 
on CPT 93922-93924. However, the DRA penalty on a com-
plete extracranial carotid/vertebral duplex exam is over $50 
per study. The technical component of this test was reimbursed 
$216 in 2006, and for the past 5 years, the Medicare payment 
has been just over $150 thanks to the DRA.  

   Conclusion 

 The vascular lab provides a hugely important service to our 
vascular disease patients. Like all other types of imaging, vas-
cular lab study payments are coming down. At this point, if a 
vascular technologist is not performing studies throughout a 
full workday, that lab is likely to be running at a de fi cit.      
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   Introduction 

 Over the last decade, the use of ultrasound-guided imaging 
to obtain arterial and venous access has exponentially 
increased in most centers. Traditional techniques to access 
the vascular tree had relied on either anatomic landmarks or 
palpation. This can be limited and time consuming in vessels 
that are deep in location or variable from normal anatomy. It 
is essential, therefore, for all vascular specialists to become 
facile with sonographic-guided access. 

 At our institution, our residents and fellows have experi-
enced a substantial increase in the amount of hands on train-
ing with ultrasound guidance. All residents are oriented 
thoroughly on the appropriate techniques utilized, and each 

is required to use a portable ultrasound machine during 
access attempts throughout their training. This has resulted 
in a decrease of our overall complication rate and led to 
signi fi cantly less patient discomfort. 

 This chapter is dedicated to providing information for prac-
titioners involved in both simple and complicated vessel can-
nulation. The most commonly accessed vessels for diagnostic 
and interventional procedures are covered, with the most essen-
tial content directed toward technique and available literature 
supporting ultrasound-guided intervention. Finally, our phi-
losophy of ultrasound-guided access in speci fi c case scenarios 
will hopefully provide an easy way to identify those situations 
in which this method can be used as the only form of entry.  

   Central Venous Access 

   Internal Jugular Vein 

 Our group is commonly consulted for the placement of both 
tunneled and nontunneled central venous catheters. The pre-
ferred site in such patients has always been the jugular vein. 
In predominantly nonemergent situations, it is easily cannu-
lated at the bedside and offers a lower infection rate than 
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other locations. The vein is also used as an access site for the 
placement of inferior vena cava  fi lters and their subsequent 
retrieval. Although the later is far more common, most  fi lters 
do have a jugular delivery system for use if needed. 

 Ultrasound is  fi rst used to identify the vessel, with B-mode 
imaging, in a transverse orientation. In most patients, the 
vein is located lateral to the carotid artery, within the carotid 
sheath. In a standard gray scale view, it has a larger diameter 
and more of an oval shape. Pulsations of the neighboring 
artery can also be seen, which helps preliminarily identify 
the correct structure to be targeted. 

 The vein should be assessed for compressibility and the 
presence of both acute and chronic thrombosis. Acute clot 
does not display the thickened vessel wall and hyperechoic 
thrombus that a chronic one will; however, it does demon-
strate a signi fi cant lack of compressibility. When this occurs, 
con fi rmation with color Doppler is necessary, and a lack of 
spontaneous, phasic venous  fl ow should lead the operator to 
choose a different site for access. Chronic deep venous throm-
bosis does not always mandate a similar approach; however, 
the vessel is not generally seen as a preferred option. 

 The vein can be accessed at the junction of the sternal and 
clavicular heads of the sternocleidomastoid, as in the tradi-
tional landmark method, or at the base of the neck via a lat-
eral approach. Although techniques with two operators have 
been described, we prefer to use the “one-handed” technique 
in which the operator holds the ultrasound probe with one 
hand and insert the needle with the other  [  1  ] . 

 Here, the ultrasound probe is placed on the patient’s neck in 
a transverse orientation to the jugular vein and a local anes-
thetic is administered. A 19-gauge needle is used to enter the 
vessel while in the B-mode function. For standard central non-
tunneled catheters, this is accomplished with the needle ori-
ented at a 45° angle, just above the middle of the probe. Once 
access is attained, a guidewire is passed and the ultrasound 
probe can be used to follow the single echogenic point it cre-
ates for a short distance to the base of the clavicle. A catheter 
or sheath can then be placed (See Figs.  57.1  and  57.2 ).   

 For tunneled catheters, our group has preferred the lateral 
approach to the jugular vein, which was initially described by 
Silberzweig and Mitty in 1998  [  2  ] . A standard transverse view 
is obtained at the base of the neck with the ultrasound probe 
placed parallel to and just above the clavicle. Both the anes-
thetic and access needle are inserted into the skin at a similar 
45° angle, lateral to the transversely oriented probe. Following 
the needlepoint is essential to prevent a “through and through” 
puncture of the carotid artery, which occurs if the needle tip is 
out of plane with the ultrasound beam. We have found that this 
approach minimizes the risk of kinking by allowing a gentle 
curve of the catheter at the base of the neck into the lateral wall 
of the vein. The probe can also be reoriented to show a longi-
tudinal plane, where insertion of the guidewire into the innom-
inate vein can be followed (See Fig.  57.3 ).  

 One of the most compelling early studies to examine the 
effectiveness of using ultrasound was performed by Denys 
et al. in 1993. Their group prospectively analyzed over 300 
patients accessed by both traditional landmark techniques as 
well as ultrasound guidance. A higher technical success rate 
was seen with ultrasound-guided access (100% vs. 88.1%), 
with 78% of veins successfully punctured on  fi rst pass 
attempts as opposed to 38% with the traditional landmark 
based group. The average time to access from skin to vein 

  Fig. 57.1    Percutaneous insertion of needle into the jugular vein       

  Fig. 57.2    Echogenic tip of needle in the lumen of the jugular vein, 
transverse view       
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was 9.8 and 44.5 s, respectively, and complication rates were 
signi fi cantly less in the ultrasound group with regards to 
inadvertent carotid artery puncture, brachial plexus irritation, 
and access site hematomas  [  3  ] . 

 Subsequently, several other prospective trials have com-
pared the ultrasound-guided access with that of landmark 
techniques, most of which were randomized and controlled. 
A randomized trial of 450 critical care patients demonstrated 
a higher technical success rate with an ultrasound-guided 
access and showed complications with the landmark method 
were much higher. Carotid artery puncture rates of over 10% 
and a hematoma rate of 8.4% were seen, as compared to 
1.1% and 0.4%, respectively, in patients with ultrasound-
guided access. A direct correlation was also observed 
between blood stream infection and the number of passes, 
which was substantially reduced by imaging-guided punc-
ture  [  4  ] . Three years later, Turker et al. conducted a random-
ized study involving 380 patients comparing ultrasound 
guided to that of landmark techniques. This was one of the 
lowest reported carotid puncture and hematoma rates while 
using the landmark technique (4.73% and 3.68%); however, 
there was still a statistically signi fi cant increase as compared 
to ultrasound-guided access  [  5  ] . 

 In 2003, a meta-analysis of central venous cannulation 
was performed, examining studies of the internal jugular, 
subclavian, and femoral veins. The jugular vein was the most 
studied access site but all sites were included for analysis. A 
relative risk reduction of 86% was found for failed catheter 

placement, 57% for placement complications, and 41% for 
failure on  fi rst attempt when ultrasound-guided access was 
used. Most series also showed fewer required attempts for 
successful cannulation and less time to access when ultra-
sound was used as an adjunct  [  6  ] .  

   Subclavian Vein 

 The subclavian vein has also been used for both temporary 
and permanent central catheters, albeit less frequently. It is 
accessed in the costoclavicular space of the thoracic outlet. 
The subclavian vein, artery, and brachial plexus all pass 
through this space, in close proximity to the pleural cavity 
making a precise puncture is critical. Arterial cannulation is 
dif fi cult to manage, especially once a sheath has been 
inserted, and pneumothoraces have been reported much more 
frequently with subclavian vein access attempts than with 
the jugular vein. 

 A standard transverse view is more dif fi cult to obtain, and 
longitudinal views below and above the clavicle are often 
employed. In addition, conventional compression is not usu-
ally feasible secondary to the bony architecture surrounding 
the vein, and the presence of intraluminal echoes and respira-
tory phasicity with Doppler waveform analysis are generally 
all that is used to assess the vein for clot burden. The skin 
puncture is at the junction of the medial two-thirds and lat-
eral one-third of the clavicle, and the needle is visualized in 
the same plane as it enters the lumen of the vessel. A classic 
Seldinger technique then ensues (See Fig.  57.4 ).  

 Series comparing landmark with ultrasound-guided tech-
niques are limited; however, the results have shown ultra-
sound guidance to be superior in certain outcomes. Between 
1994 and 1998, three prospective, randomized trials by 
Branger et al., Gualtieri et al., and Lefrant et al. showed a 

  Fig. 57.3    “Low and lateral” approach to sticking the jugular vein for 
tunneled catheters       

  Fig. 57.4    Subclavian vein, longitudinal plane (B-Mode)       
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statistically signi fi cant relative risk reduction of 86% of 
failed catheter placement along with a lower complication 
rate  [  7–  9  ] . The sample sizes were not as large as those seen 
in some of the series looking at the internal jugular vein, but 
ultrasound has shown itself to be of clear bene fi t in accessing 
the vein. We feel strongly that in both routine and complex 
situations ultrasound should be considered for vessel cannu-
lation. The dif fi culty with visualization around the clavicle 
can be more technically demanding, but the results with the 
use of two-dimensional imaging far outweigh the risks asso-
ciated without it.  

   Femoral Vein 

 The common femoral vein is viewed as the simplest access 
point to the deep venous circulation. This is predominantly 
due to its location and the lower risks associated with access 
compared to others. The vein lies medial to the common 
femoral artery and travels with the artery proximally under 
the inguinal ligament. It can be easily cannulated while the 
patient lies in the supine position, and is currently the site 
most amenable to emergency access. 

 The ultrasound probe is oriented transversely over the 
femoral vessels, parallel to the groin crease. Similar to the 
jugular vein, the vein is compressed and B-mode assessment 
of intraluminal thrombus is done. Once patency is con fi rmed, 
the needle is positioned inferior to the midportion of the 
probe and directed at a 45° angle into the plane of the ultra-
sound beam. The echogenic tip is followed as it advances 
through the  anterior  wall of the vein. 

 Success rates have been well established for a number of 
years. In 1990, Mallory et al. was one of the  fi rst to show a 
signi fi cant decrease in the amount of time to cannulation (2.5 
vs. 6 min) as well as a higher number of successful cannula-
tions with the  fi rst pass  [  10  ] . Since then,  fi ve different stud-
ies—both prospective and retrospective—have con fi rmed 
their group’s results. For the most part, retrospective series 
have reported better technical success, including more suc-
cessful  fi rst attempt punctures along with lower hematoma 
rates and inadvertent femoral artery punctures  [  11,   12  ] . 

 A prospective study by Hilty et al. evaluated femoral can-
nulation in patients undergoing cardiopulmonary resuscita-
tion, showing a relative risk reduction of failed catheter 
placement by 71%  [  13  ] . Another prospectively randomized 
trial of 110 patients undergoing femoral vein dialysis cathe-
ter insertion reported improved technical success (98.2% vs. 
80%) and reduced complications (18.2% vs. 5.5%) in patients 
randomized to ultrasound-guided access  [  14  ] . 

 We have previously published our institutional experience 
with central venous access for inferior vena cava  fi lter place-
ment. The focus of our study was on the safety of using the 
subclavian vein for access during inferior vena cava  fi lter 

placement. A striking  fi nding during our review, however, 
was how fast the procedures were when performed using the 
femoral vein for access  [  15  ] . During  fi lter placement, we 
also routinely assess the femoral veins with the probe. This 
helps visualize any clot burden, acute or chronic, in addition 
to reducing the number of passes for successful cannulation 
and inadvertent punctures. The later can be devastating in 
this clinical scenario in that some patients may already be on 
anticoagulation.  

   Popliteal and Tibial Veins 

 The popliteal vein is rarely accessed and is clearly the least 
accessed of all deep veins. The most common circumstance 
that this occurs is in patients with acute deep venous throm-
bosis undergoing thrombolysis. The popliteal veins lie on 
either side of the popliteal artery and branch distally into the 
tibial veins, similar to the corresponding arterial anatomy. 
Intraluminal thrombus is often present making access to 
either popliteal vein challenging, and avoidance of inadver-
tent arterial puncture is paramount in patients undergoing 
lytic therapy. 

 The most common technique to access the vein is via 
prone positioning, and ultrasound insonation should occur 
by a transverse orientation. A standard angle of 45° is used, 
however, it is often seen that a steeper angle of approximately 
60° can be needed. In the popliteal fossa, the veins are 
super fi cial during a prone approach, and we have found that 
identifying the small saphenous vein can sometimes be help-
ful. Following its course as it empties into the popliteal vein 
can make access easier by identifying a more super fi cial vein 
to cannulate, especially if there is already a signi fi cant throm-
bus burden in the popliteal veins. Once the needle has entered 
the lumen, the procedure can be continued (See Fig.  57.5 ).  

 The anterior tibial and posterior tibial veins are even less 
accessed than the popliteal. They may be of some use in 
ascending venography, when peripheral intravenous cathe-
ters in the feet cannot be attained. The patient is usually in a 
supine position, and the ultrasound image helps identify both 
tibial veins for each corresponding artery. Accessing one 
will allow for a suitable catheter injection and ascending 
venogram. Occasionally, we have even used the posterior 
tibial vein for lytic access, but this is only done if attempts at 
cannulating the popliteal vein are unsuccessful.   

   Peripheral Venous Access 

   Great and Small Saphenous Veins 

 With the advent of radiofrequency and laser ablation, 
endovenous procedures for great saphenous (GSV) ablation 
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can now be performed without surgical intervention in the 
majority of patients. It produces similar results, with 
signi fi cantly decreased morbidity. Ultrasound only aids in 
providing safe access to accomplish these various 
procedures. 

 The GSV lies within the saphenous sheath and runs down 
the medial border of the entire lower extremity. It is a 
super fi cial vein, with four or more large sets of perforators 
throughout its course. Typically, in re fl ux surgery, the vein is 
larger than 3 mm in its entirety and is accessed at the level of 
the medial condyle of the femur. The needle is inserted at a 
45° angle to the skin surface, directly beneath the probe. In a 
transverse view, the needle tip is identi fi ed superior to the 
vein, and puncture can occur in either this view or a longitu-
dinal one, as the needle is advanced. Upon blood return, a 
standard seldinger technique is used for sheath placement. 
An ablative catheter is then inserted, and visualization of its 
tip should always be ensured. Here, a longitudinal view of 
the sapheno-femoral junction is imperative. In this view, the 
super fi cial epigastric vein is visualized, and the catheter 
should be withdrawn to a point inferior to this branch. Finally, 
a transverse projection is employed again and tumescence 
anesthesia is injected within the saphenous sheath along the 
entire course of the vein (See Figs.  57.6  and  57.7 ).   

 The small saphenous vein is cannulated in ablative proce-
dures and lower extremity deep venous thrombosis lytic cases. 
Ultrasound can be used to identify the small saphenous vein 

approximately three to four  fi ngerbreadths below the level of 
the lateral femoral condyle on the lateral aspect of the lower 
extremity, and a standard image guided technique is utilized. 
The literature regarding the use of ultrasound to access this 
vein is limited; however, it is clearly less invasive and is 
likely associated with a lower complication rate.  

   Basilic Vein 

 The super fi cial veins of the upper extremity are most often 
times accessed by nursing or ancillary staff during peripheral 
intravenous access. At our institution, specialty nurses also 

  Fig. 57.5    Popliteal veins (transverse view, B-Mode)       

  Fig. 57.6    Sapheno-femoral junction (longitudinal plane, B-mode)       

  Fig. 57.7    Transverse view of common femoral artery, common femo-
ral vein, and great saphenous vein (transverse view, B-Mode)       

  

 



728 P.A. Stone and M. Srivastava

achieve access for peripherally inserted central catheters. 
Portable ultrasound units are used at the bedside to do so, and 
they are present in each hospital for use by all staff if needed. 

 It is only on occasion that our group needs to access the 
basilic vein in the interventional suite, with the most com-
mon case being thrombolysis for upper extremity deep 
venous thrombosis. The basilic vein is identi fi ed in the trans-
verse plane just above the antecubital fossa. It lies on the 
medial portion of the upper arm over the groove between the 
biceps and triceps muscles.   

   Arterial Access 

   Common Femoral Artery 

 The common femoral artery is the most common artery 
accessed for percutaneous based arterial procedures. Several 
techniques have been used, including “the best pulse,” 
 fl uoroscopic guidance, and ultrasound guidance. Our group 
routinely utilizes the  fl uoroscopic-guided principle in patients 
with palpable femoral pulses. We do, however, recommend 
ultrasound guided arterial access in several speci fi c case sce-
narios. These include endovascular aortic aneurysm repair, 
planned thrombolysis, a nonpalpble pulse, and antegrade 
access. If access is not achieved in the proper location, dev-
astating complications can be seen. Accessing the super fi cial 
or deep femoral arteries may result in either a groin hema-
toma or pseudoaneurysm upon removing the intra-arterial 
sheaths. This is secondary to lack of bony surface to com-
press the artery against posteriorly. Punctures occurring 
above the common femoral artery can lead to signi fi cant ret-
roperitoneal bleeding. Severe pain, extensive transfusion 
requirements, and operative exploration can all result. 

 In the majority of patients, the common femoral artery is 
located anterior to the medial 1/3 portion of the femoral head. 
Proximally, the transition from the external iliac artery to the 
common femoral artery is divided anatomically by the inguinal 
ligament. Distally, it bifurcates into the femoral and profunda 
femoris arteries at variable levels. Fluoroscopic-guided access 
is performed by solely identifying the medial border of the 
femoral head. This method allows for the artery to be punc-
tured in what is most likely the common femoral portion, with 
only a small percentage of vessels displaying a high bifurcation 
where the super fi cial femoral artery may inadvertently be can-
nulated. In this situation, pressure can often times still be held 
due to the fact that the femoral head is still present to hold the 
vessel against. Doppler needles and visualization of calcium in 
the wall of the vessel can sometimes aid in this type of access, 
especially with arteries that are not palpable. 

 Ultrasound offers a unique bene fi t of identifying athero-
sclerotic plaque within the evaluated vessel, in addition to 

accurate placement. It is our practice to identify the bifurca-
tion  fi rst and trace up to the common femoral artery in a trans-
verse view. Then, the probe is turned to create a longitudinal 
projection through which the needle can be advanced into the 
common femoral artery. The standard 45° angle of needle 
entry into the skin is employed and the entire body of the 
needle is seen in the longitudinal view entering at a point just 
above the bifurcation. In an effort to decrease both periproce-
dural embolization and thrombosis, any areas of the artery 
that display severe plaques are avoided. 

 The literature supporting the use of ultrasound as com-
pared to  fl uoroscopic-guided technique is limited. A recent 
prospective trial randomized 1,004 patients to receiving 
either  fl uoroscopic-guided puncture or ultrasound-guided 
puncture of the femoral artery. The overall cannulation rate 
was similar between the two groups; however, the ultra-
sound-guided cohort was more successful at  fi rst pass access 
(83% vs. 46%) and median time to puncture (136 vs. 148 s). 
The study also demonstrated a lower complication rate with 
ultrasound guided femoral access (1.4% vs. 3.4%), with the 
major difference in regards to hematomas >5 cm  [  16  ] . 

 In the past 2 years, our group has favored ultrasound-guided 
techniques to obtain access for percutaneous endovascular 
aneurysm repair. The need for accurate access with >20 french 
sheaths cannot be underscored, and we have relied on ultra-
sound-guided punctures of the common femoral artery to allow 
safe placement of these larger sheaths. Recently, in 2008, 
Arthurs et al. examined 88 patients who underwent total percu-
taneous closure for aortic aneurysm repair. Although retro-
spective, their group identi fi ed a signi fi cant bene fi t of ultrasound 
guided common femoral access. It not only decreased opera-
tive time, but they also found a higher technical success rate as 
well as a lower conversion to open repair with its use  [  17  ] .  

   Popliteal Artery 

 The popliteal artery is cannulated predominantly for retro-
grade access, and it can be used for peripheral arterial inter-
ventions. Our group has generally not preferred the use of 
this site due to fear of complications; however, with ultra-
sonic imaging this can be minimized. The ultrasound probe 
is placed in a transverse plane similar to the technique for 
accessing the popliteal vein, but a slight cranial angle is 
added for better visualization. 

 In 2005, Yilmaz et al. retrospectively looked at 174 
patients who underwent retrograde popliteal artery access 
for both claudication and critical limb ischemia. In a total of 
234 procedures, the overall complication rate was 6.4%, with 
only 4.3% being related to arterial puncture. It is clearly a 
safe method with sonographic guidance, and although it is 
not our preference, it is still a valid option for access  [  18  ] .  
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   Brachial Artery 

 The brachial artery is the second most common arterial site 
accessed in peripheral intervention. The brachial artery is 
found in the groove just underneath the bicipital aponeurosis, 
with the median nerve coursing medial to it. There are typi-
cally paired brachial veins on each side, as is seen in the 
popliteal and tibial arteries of the lower extremity. Higher com-
plication rates, including thrombosis, have been reported here 
and are primarily related to the small diameter of the vessel. 

 Many vascular specialist use this site for visceral and renal 
angiography/and intervention. Percutaneous techniques rely on 
either palpation of the artery, use of Doppler needle, or ultra-
sound guidance. It is our preference to use ultrasound guidance 
by transverse and longitudinal imaging similar to that employed 
in the common femoral artery. It allows for visual identi fi cation 
of the artery and reduces the number of unsuccessful punc-
tures. Additionally we are able to determine the size of the bra-
chial artery prior to access and can better determine the ability 
to tolerate larger sheaths for planned interventions.  

   Radial Artery 

 The radial artery was traditionally only used for inpatient 
arterial access in blood pressure monitoring. Recently, how-
ever, it has gained signi fi cant interest as a site for percutane-
ous cannulation. The artery is being used in both diagnostic 
and therapeutic cardiac catheterization, and cannulation 
rests mostly on palpable pulsation of the vessel. Ultrasound 
imaging has proven a useful adjunct, and a recent meta-anal-
ysis reported a de fi nite bene fi t. An improved  fi rst pass 
 success rate of 71% was seen, and even though most trials 

did not use uniform criteria for their outcome measurements, 
a trend toward reduced number of attempts and a faster time 
to catheterization was seen  [  19  ] . Our group has not utilized 
the radial artery for any peripheral procedures, but it is a 
viable option for use and its acceptance is growing.   

   Reimbursement 

 Reimbursement is available when ultrasound is used to 
gain vessel access. It is dependent on three primary com-
ponents during the dictation of each procedure. The  fi rst 
is that the operator must document the patency of the 
selected vessel (i.e., widely patent, patent but with area 
of stenosis, etc…). Second, the operator must document 
the real-time visualization of needle entry using ultra-
sound as a guide. Third, the operator must have docu-
mentation of permanent recording and reporting. Please 
see Table  57.1  for the reported physician reimbursement 
in 2010. CPT + 76937   

   Conclusion 

 In conclusion, ultrasound imaging provides a safe, effec-
tive way to visualize a vessel while achieving access. It 
provides both gray scale imaging and Doppler  fl ow to 
 better assess the vessel for stenosis or thrombosis. It gives 

   Table 57.1    2010 reimbursement for ultrasound assisted access   

 2010 Medicare reimbursement ($) 

 Professional fee  15.87 
 Technical fee  20.92 
 Total cost  36.79 

   Table 57.2    Major randomized controlled trials for ultrasound guided arterial and venous access   

 Trial  Arterial/venous  No. of patients 
 First pass success (FP)/overall success 
rate (OS) ultrasound vs. traditional 

 Complication rates (%) traditional 
vs. ultrasound 

 Troianos et al.  [  20  ]   Venous  160  73% vs. 54% (FP)  8.43% vs. 1.39% (Arterial 
Puncture)  100% vs. 96% (OS) 

 Denys et al.  [  3  ]   Venous  928  78% vs. 38% (FP)  13.2% vs. 2.9% 
 100% vs. 88.1% (OS) 

 Branger et al.  [  7  ]   Venous  130  96.8% vs. 86.2% (FP)  3.1% vs. 2.3% 
 Teichgraber et al.  [  21  ]   Venous  100  96% vs. 52% (FP)  12% vs. 0% (Arterial Puncture) 
 Lefrant et al.  [  9  ]   Venous  286  64.3% vs. 65.7% (FP)  16.8% vs. 5.6% 

 86.7% vs. 90.9% (OS) 
 Augoustides et al.  [  22  ]   Venous  429  80.9% vs. 68.9% (FP)  4.2% vs. 4.2% (Arterial Puncture) 
 Karakitsos et al.  [  4  ]   Venous  900  100% vs. 94.4% (OS)  23.3% vs. 1.5% 
 Prabhu et al.  [  14  ]   Venous  110  85.5% vs. 54.5% (FP)  18.2% vs. 5.5% 

 98.2% vs. 80% (OS) 
 Turker et al.  [  5  ]   Venous  380  99.47% vs. 97.36% (OS)  4.4% vs. 0.5% 
 Seto et al.  [  16  ]   Arterial (Fluoro-scopic 

vs. Ultrasound) 
 1,004  83% vs. 46% (FP)  3.4% vs. 1.4% 
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signi fi cantly more information than both anatomic land-
marks and  fl uoroscopy can provide. All clinicians engag-
ing in peripheral percutaneous intervention should have a 
thorough knowledge of how to image each of the vessels 
discussed in this chapter, and have the ability to interpret 
the image seen, using it as a guide to access the vessel 
lumen effectively with a needle (See Table  57.2 ).       
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  The following glossary has been collected to help the nonin-
vasive vascular laboratory technician understand the many 
terms used in the vascular laboratory.        

  A-mode    In diagnostic ultrasound, a one-dimensional pre-
sentation of a re fl ected sound wave in which echo ampli-
tude ( A ) is displayed along the vertical axis and time of 
rebound (depth) along the horizontal axis; the echo infor-
mation is presented from interfaces along a single line in 
the direction of the sound beam.   

  Absorption    Conversion of sound to heat.   
  AC (alternating current) coupled    Output signal to graphic 

display only responds to changes faster than 0.5 Hz (one 
complete cycle every 2 s).   

  Acceleration    Change in velocity.   
  Acoustic    Having to do with sound.   
  Acoustic impedance    Property of a medium equal to the 

product of density and propagation speed.   
  Acoustic propagation properties    Characteristics of a me-

dium that affect the propagation of sound through it.   
  Acoustic shadow    Loss of acoustic properties of structures 

lying behind an attenuating structure.   
  Acoustic variables    Pressure, density, temperature, and 

particle motion – functions of space and time in a sound 
wave.   

  Acrocyanosis    Symmetric mottled cyanosis of the hands 
and feet associated with coldness and sweating. It is a 
vasospastic disorder accentuated by cold or emotion and 
relieved by warmth.   

  ADC    Analog-to-digital converter.   
  Aliasing    Improper Doppler shift information from a pulsed-

Doppler or color- fl ow instrument when true Doppler shift 
exceeds one half the pulse repetition frequency.   

  Allen test    A test performed to check the continuity of the 
palmer arch normally supplied by both the radial and ul-
nar arteries. The test may be performed using Doppler 
ultrasound, photoplethysmography, or strain-gauge pl-
ethysmography.   

  Amaurosis fugax    Temporary partial or total blindness often 
resulting from transient occlusion of the retinal arteries. 

May be a symptom of impending cerebrovascular acci-
dent.   

  Ampere    The unit of electric current used in Ohm’s law, 
 I  =  E / R , where  I  = intensity,  E  = electromotive force, and 
 R  = resistance. It measures the rate at which electric cur-
rent is transferred.   

  Ampli fi cation    The act of enlarging, increasing, or extending.   
  Amplitude    The maximal height of a wave form, either from 

the baseline, or peak to peak.   
  Analog    Representing numerical values by physical quanti-

ties, so as to allow the manipulation of numerical data 
over a continuous range of values. A chart recorder is an 
analog form of data presentation.   

  Anastomosis    A natural or surgical communication between 
blood vessels.   

  Anechoic    Echo-free.   
  Aneurysm    A bulging of the wall of a vein or artery, due to 

a thinning or weakening by disease or congenital abnor-
mality.   

  Angle of incidence    Angle at which an ultrasound beam 
strikes an interface (with respect to the normal or per-
pendicular angle); in Doppler ultrasound, the angle of the 
beam with respect to the  fl ow axis.   

  Ankle/brachial index    A numerical comparison of the sys-
tolic blood pressures in the arm and ankle, obtained by 
dividing the ankle pressure by the arm pressure. Values 
below 1.0 indicate varying degrees of ischemia.   

  Annular    Ring-shaped.   
  Annular array    Array made up of ring-shaped elements ar-

ranged concentrically.   
  Antegrade (anterograde)  fl ow    Blood  fl owing toward the 

Doppler probe. By convention, this is heard in the left ear 
when using a stereo headset.   

  Anticoagulant    A substance which prevents or retards blood 
clotting, such as heparin.   

  Aperture    Size of transducer or group of elements.   
  Apodization    Nonuniform (involving different voltage am-

plitudes) driving of elements in an array to reduce grating 
lobes.   

  Array    Transducer array.   
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  Arrhythmia    Abnormal rhythm of the heart beat.   
  Arterial compliance    The property of healthy arterial walls 

to expand and contract with blood  fl ow pulsations.   
  Arterial in fl ow    Pertaining to blood  fl ow into the lower ex-

tremities to the level of the common femoral arteries.   
  Arterial insuf fi ciency    Inadequate blood supply in the arte-

rial system usually caused by stenosis or occlusion proxi-
mal to the inadequately supplied area.   

  Arterial occlusive disease    Any disease process which clos-
es the arteries.   

  Arterial out fl ow    Pertaining to blood  fl ow between common 
femoral artery and trifurcation.   

  Arterial runoff    Pertaining to blood  fl ow from trifurcation 
(branching of popliteal artery into anterior tibial, perone-
al, and posterior tibial arteries) to the digital arteries of 
the foot.   

  Arteriography    Invasive radiologic procedure involving in-
jection of a radiopaque substance into the arteries. Long 
recognized as the “gold standard” for arterial evaluation, 
the procedure carries de fi nite mortality and morbidity 
risks and give no functional information. Essentially the 
same as angiography.   

  Arterioles    The smallest arterial vessels (0.2 mm diameter) 
resulting from repeated branching of the arteries. They 
are composed of smooth muscle only and conduct blood 
from the arteries to the capillaries.   

  Arteriosclerosis    Generic term which encompasses a variety 
of conditions causing the artery walls to thicken, harden, 
and lose elasticity.   

  Arteriovenous malformation (AVM)    Abnormal connec-
tion between the arterial and venous systems. May be 
traumatic, congenital, or surgical, as in dialysis.   

  Atheroma    A deposit of fatty (or other) substances in the 
inner lining of the artery wall.   

  Atherosclerosis    A form of arteriosclerosis in which the in-
ner layer of the artery wall is made thick and irregular by 
deposits of atheroma. These deposits result in a decrease 
in vessel diameter.   

  Attenuation    Decrease in amplitude and/or intensity as a 
wave travels through a medium.   

  Attenuation coef fi cient    Attenuation per unit length of wave 
travel.   

  Augmentation    The normal increase in the Doppler sound 
of venous  fl ow upon compression distal to the Doppler 
probe or release of compression proximal to the probe. 
Augmentation resulting from release of distal compres-
sion or application of proximal compression indicates 
valvular incompetence.   

  Autocorrelation    A rapid technique, used in most color-
 fl ow instruments, for obtaining mean Doppler shift fre-
quency.   

  Axial    In the direction of the transducer axis (sound travel 
direction).   

  Axial resolution    The minimum re fl ector separation along 
the sound path that is required to produce separate echoes 
(i.e., to distinguish between two re fl ectors).   

  B-Scan    A brightness image that represents a cross section 
of an object through the scanning plane.   

  B-Mode    A two-dimensional diagnostic ultrasound presen-
tation of echo-producing interfaces in a single plane; the 
intensity of the echo is represented by modulation of the 
brightness ( B ) of the spot; the position of the echo is de-
termined from the position of the transducer and the tran-
sit time of the acoustical pulse.   

  Back pressure    The pressure increase, engorgement, and di-
lation proximal to a narrowed blood vessel (such as the 
internal carotid artery).   

  Backscatter    Sound scattered back in the direction from 
which it originally came.   

  Bandwidth    Range of frequencies involved in an ultrasound 
pulse.   

  Baseline shift (Zero-shift)    Movement of the zero Doppler-
shift frequency or zero  fl ow speed line up or down on a 
spectral display.   

  Basilar artery    An artery formed by the union of the two 
vertebral arteries, which partially supply the brain and ter-
minate in the circle of Willis.   

  Beam    Region containing continuous-wave sound; region 
through which a sound pulse propagates.   

  Beam area    Cross-sectional area of a sound beam.   
  Beam former    The part of an instrument that accomplishes 

electronic beam scanning, apodization, steering, focus-
ing, and aperture with arrays.   

  Bernoulli effect    Pressure reduction in a region of high- fl ow 
speed.   

  Bidirectional    Indicating Doppler instruments capable of 
distinguishing between positive and negative Doppler 
shifts (forward and reverse  fl ow).   

  Bidirectional Doppler    A Doppler instrument capable of 
determining whether the frequency of the Doppler shift 
is above or below the transmission frequency, permitting 
determination of blood  fl ow toward or away from the 
probe.   

  Bifurcation    The site of division into two branches, as in an 
artery. Often the area of atherosclerotic deposits.   

  Bistable    Having two possible states (e.g., on or off; white 
or black).   

  Bistable display    Display in which all recorded spots have 
the same brightness.   

  Bit    Binary digit.   
  Bradycardia    Abnormally slow heart rate (under 60 beats/

min).   
  Bruit    An auscultatory sound caused by blood turbulence. 

The turbulence is caused by deposits in the arterial lumen 
which alter normal hemodynamics.   

  Burst    A cycle or two of voltage variation.   
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  Burst-excited mode    A mode of operation by which a 
transducer is driven by a cycle of alternating driving 
voltage.   

  Bypass    A surgically created detour between two points in 
a physiologic pathway, often to circumvent obstruction. 
Similar to shunt.   

  C-mode    Mode of operation in which the display records a 
spot brightening for each pulse delivered from the receiv-
er, producing a cross-sectional image parallel to the body 
surface (C-scan).   

  C-Scan    An image that is a cross section of the object paral-
lel to the surface and at a depth selected by gating.   

  Carotid arteries    The right and left common carotid arter-
ies are the major arteries supplying blood to the head and 
neck. The common carotid artery bifurcates into the ex-
ternal (supplies skin and muscle tissue) and the internal 
(supplies eye and brain tissue) arteries.   

  Cathode ray tube    A display device that produces an im-
age by scanning an electron beam over a phosphor-coated 
screen.   

  Cavitation    Production and dynamics of bubbles in sound.   
  Cerebral vascular accident (CVA)    Impeded blood supply 

to a part of the brain generally caused by one of the fol-
lowing: (1) blood clot formation in the vessel (thrombo-
sis); (2) rupture of the vessel wall (hemorrhage); (3) an 
obstruction in the form of a clot or other material from an-
other part of the vascular system which  fl ows to the brain 
(embolism); (4) pressure on the vessel, as by a tumor.   

  Cerebrovascular    Pertaining to the blood vessels and circu-
lation of the brain.   

  Channel    An independent element, delay, and ampli fi er 
path.   

  Circle of Willis    Arterial circle of the cerebrum composed 
of the anterior, middle, and posterior communicating ar-
teries. This important anastomosis connects the bilateral 
carotid circulation with the vertebral circulation and may 
be a source of collateralization in internal carotid artery 
occlusive disease.   

  Claudication    Pain and dysfunction of the lower extremity 
due to arterial insuf fi ciency during exercise. Usually in-
termittent, and relieved with rest.   

  Clutter    Noise in the Doppler signal that is generally caused 
by high-amplitude, Doppler-shifted echoes from the heart 
or vessel walls.   

  Coarctation    Literally, a pressing together. In practice, a 
narrowing of a vessel, usually congenital in origin.   

  Collagen disease    Any of various clinical syndromes char-
acterized by widespread alterations of connective tissue 
including in fl ammation and degeneration. Included are 
polyarteritis and systemic lupus erythematous.   

  Collateral circulation    The circulation established through 
anastomotic communicating channels, when the direct 
blood supply is compromised or abolished.   

  Color- fl ow display    The presentation of two-dimensional, 
real-time Doppler shift or time shift information superim-
posed on a real-time, gray-scale, anatomic cross-sectional 
image. Flow directions toward and away from the trans-
ducer (i.e., positive and negative Doppler or time shifts) 
are presented as different colors on the display.   

  Comet tail    A series of closely spaced reverberation echoes.   
  Common femoral artery    A major artery of the thigh at the 

level of the inguinal ligament, arising from the external 
iliac artery and terminating in the super fi cial femoral ar-
tery.   

  Compensation    Equalization of received echo amplitude 
differences caused by different attenuations for differ-
ent re fl ector depths; also called depth gain compensation 
(DGC) or time gain compensation (TGC).   

  Compliance    Distensibility; nonrigid stretchability of ves-
sels.   

  Composite    Combination of a piezoelectric ceramic and a 
nonpiezoelectric polymer.   

  Compressibility    Ability of a material to be reduced to a 
smaller volume under external pressure.   

  Compression    Reduction in differences between small and 
large amplitudes; region of high density and pressure in a 
compressional wave.   

  Constructive interference    Combination of positive or neg-
ative pressures.   

  Continuous mode    Continuous-wave mode.   
  Continuous-wave    A wave in which cycles repeat 

inde fi nitely; not pulsed.   
  Continuous-wave (CW) Doppler    A Doppler instrument 

which emits an ultrasound beam without interruption. It 
is not range-speci fi c and so will detect  fl ow at any depth 
of penetration governed by the frequency of the probe.   

  Contralateral    Pertaining to the opposite side of the body.   
  Contrast resolution    Ability of a gray-scale display to dis-

tinguish between echoes of slightly different amplitudes 
or intensities.   

  Convex array    Curved linear array.   
  cos    Abbreviation for cosine.   
  Coupling medium    A gel used to provide a good sound path 

between a transducer and the skin by eliminating the air 
between the two.   

  Crescendo TIAs    Transient ischemic attacks (TIAs) increas-
ing in frequency over a given period of time.   

  Critical Reynolds number    The Reynolds number above 
which turbulence occurs.   

  Cross-correlation    A rapid technique for determining time 
shifts in echo arrival; a technique used to determine  fl ow 
speeds without using the Doppler effect.   

  Cross talk    Leakage of strong signals in one direction chan-
nel of a Doppler receiver into the other channel; can pro-
duce the Doppler mirror-image artifact.   

  CRT    Cathode ray tube.   
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  Crystal    Element.   
  Cuff artifact    Consistently high segmental blood pressure 

in the lower extremity resulting from the use of nar-
row segmental cuffs which may not completely transmit 
cuff pressure to the vessels in the central part of the limb 
(i.e., the femoral artery). This effect is most pronounced in the 
upper thigh where true normal blood pressure corresponds 
closely to brachial pressure. Cuff artifact must be considered 
to avoid false-negative examinations; it can be avoided with 
the use of wide (17–22 cm) contoured thigh cuffs.   

  Curie point    Temperature at which an element material loses 
its piezoelectric properties.   

  cw    Abbreviation for continuous wave.   
  Cyanosis    A bluish-purple discoloration of the membranes and 

skin, due to the presence of excessive amounts of reduced 
(deoxygenated) hemoglobin in the capillary arteries.   

  Cycle    One complete variation of an acoustic variable.   
  DAC    Digital-to-analog converter.   
  Damping    Material placed behind the rear face of a trans-

ducer element to reduce pulse duration; also, the process 
of pulse duration reduction.   

  Damping factor    The ratio of two adjacent pulsatility in-
dexes.   

  DC (direct current) coupled    Output signal to graphic dis-
play responds to steady-state conditions as slow shifts 
from baseline. Gives baseline information as well as 
changes above or below.   

  Dead zone    Distance closest to the transducer in which im-
aging cannot be performed.   

  Decibel (dB)    A unit expressing the ratio of two amounts of 
electrical or acoustical power equal to ten times the loga-
rithm (base 10) of the power ratio. A logarithmic scale 
compresses large signal amplitudes and expands small 
ones, allowing both to be displayed at the same time.   

  Deep vein thrombosis (DVT)    The presence of a blood clot 
in the deep venous system of the lower extremity. This 
condition most often arises in the calf veins and, if un-
treated, may result in pulmonary embolism.   

  Demodulation    Conversion of voltage pulses from radio fre-
quency (RF) to video form.   

  Density    Mass divided by volume.   
  Depth gain compensation    Compensation.   
  Depth of penetration    Depth in tissue at which intensity is 

reduced to some fraction of what it was at the transducer 
surface.   

  Destructive interference    Combination of positive and neg-
ative pressures.   

  Detail resolution    Ability to image  fi ne detail and to dis-
tinguish closely spaced re fl ectors. (See axial and lateral 
resolution.)   

  DGC    Depth gain compensation.   
  Digital    Related to a procedure or system in which data are 

represented by discrete units (numerical digits).   

  Digital scan converter    Computer memory that stores echo 
information.   

  Digital-to-analog converter (DAC)    A device that converts 
a (digital) number to a proportional voltage amplitude.   

  Disk    A thin,  fl at, circular object.   
  Disturbed  fl ow    Flow that cannot be described by straight, 

parallel stream lines.   
  Doppler    A diagnostic instrument which emits an ultrasonic 

beam into the body. The ultrasound is re fl ected back from 
moving structures within the body at a frequency higher 
or lower than the transmitted frequency (Doppler shift). 
The shift is ampli fi ed and presented as a sound or graphic 
(chart) display.   

  Doppler angle    The angle between the sound beam and the 
 fl ow direction.   

  Doppler effect    The observed frequency change of re fl ected 
sound due to re fl ector movement relative to the source or 
the observer.   

  Doppler equation    The mathematical description of the 
relationship between Doppler shift frequency, Doppler 
angle, propagation speed, and re fl ector speed.   

  Doppler sample volume    See sample volume.   
  Doppler shift    Re fl ected frequency minus incident frequency.   
  Doppler shift frequency    Doppler shift.   
  Doppler spectrum    The range of frequencies present in 

Doppler-shifted echoes.   
  Dorsalis pedis artery    The main artery in the dorsum of the 

foot.   
  Dorsum    The back or analogous to the back – dorsal,  adj.    
  Duplex instrument    An ultrasound instrument that com-

bines gray-scale sonography with pulsed Doppler and, 
possibly, continuous-wave Doppler.   

  Duty factor    Fraction of time that pulsed ultrasound is actu-
ally on.   

  Dynamic aperture    Aperture that increases with increasing 
focal length (to maintain constant focal width).   

  Dynamic focusing    A continuously variable reception fo-
cus that follows the changing position of the transmitted 
pulse.   

  Dynamic imaging    Rapid-frame-sequence imaging; real-
time imaging.   

  Dynamic range    Ratio (in dB) of largest power to smallest 
power that a system can handle.   

  Echo    Re fl ection of acoustic energy.   
  Echogenic    A medium that contains structures capable of 

producing echoes.   
  Eddies    Regions of circular  fl ow patterns present in turbu-

lence.   
  Edema    Swelling due to increased  fl uid in the tissues.   
  Effective re fl ecting area    The area of a re fl ector from which 

sound is received by a transducer.   
  Electric impulse    A brief excursion of electric voltage from 

its normal value, usually zero.   
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  Electric voltage    Electric potential or potential difference 
expressed in volts.   

  Electricity    A form of energy associated with the displace-
ment or  fl ow of electrons.   

  Element    The piezoelectric component of a transducer as-
sembly.   

  Embolus, pl. emboli    An obstruction to circulation com-
posed of blood clot, air, fat, tumor, or other substance.   

  Endarterectomy    The surgical removal of endarterium and 
atheromatous material from an arterial segment that has 
become stenosed.   

  Energy    Capability of doing work.   
  Enhancement    Increase in re fl ection amplitude from 

re fl ectors that lie behind a weakly attenuating structure.   
  Ensemble length    Number of pulses used to generate one 

color- fl ow image scan line.   
  Etiology    The study of the cause of disease; pathogenesis.   
  External focus    A focus produced by a lens attached to a 

transducer element.   
  Extracranial    Anatomical structures outside the cranial 

vault (skull).   
   f  number    Focal length divided by transducer size (aperture).   
  False-negative rate    Statistical research term indicating the 

rate of negative results on a diagnostic test when disease 
was actually present.   

  False-positive rate    Statistical research term indicating the 
rate of positive results on a diagnostic test when no dis-
ease was actually present.   

  Far zone (far  fi eld, Fraunhofer zone)    The region of a 
sound beam in which the beam diameter increases as the 
distance from the transducer increases.   

  Fast Fourier transform (FFT)    Digital computer imple-
mentation of the Fourier transform.   

  Femoral artery    The chief artery of the thigh, arising from 
the external iliac artery and terminating in the popliteal 
artery.   

  Femoral vein    A major vein adjacent to the femoral artery in 
the thigh. It arises from the external iliac vein and contin-
ues into the popliteal vein behind the knee.   

  Filter    An electric circuit that passes frequencies within a 
certain range.   

  Fistula, arteriovenous (AV)    An abnormal communication 
between an artery and a vein, often resulting in cavity or 
aneurysm formation and abnormal Doppler  fl ow dynam-
ics.   

  Flow    To move in a stream; volume  fl ow rate.   
  Flow speed    Rate of motion of a portion of a  fl owing  fl uid.   
  Fluid    A material that  fl ows and conforms to the shape of its 

container; a gas or liquid.   
  Focal length    Distance from focused transducer to center of 

focal region or to the location of the spatial peak inten-
sity.   

  Focal region    Region of minimum beam diameter and area.   

  Focal zone    Length of the focal region.   
  Focus    To concentrate the sound beam into a smaller beam 

area than would exist without focusing.   
  Force    That which changes the state of rest or motion of an 

object.   
  Fourier transform    A mathematical technique for obtaining 

a Doppler frequency spectrum.   
  Fractional bandwidth    Bandwidth divided by operating 

frequency.   
  Frame    Display image produced by one complete scan of 

the sound beam.   
  Frame rate    Number of frames displayed per unit time, usu-

ally seconds.   
  Fraunhofer zone    Far zone.   
  Freeze frame    Constant display of the last frame entered 

into memory.   
  Frequency    Number of regular recurrences in a given time, 

e.g., heartbeats or sound vibrations.   
  Frequency spectrum    The range of frequencies present; in 

a Doppler instrument, the range of Doppler shift frequen-
cies present in the returning echoes.   

  Fresnel zone    Near zone.   
  Frontal artery    A terminal branch of the ophthalmic artery 

often used as the site for indirect internal carotid artery 
Doppler evaluation.   

  Gain    Ratio of output to input electrical power.   
  Gating    Electronically controlled transmission or reception 

of signal.   
  Grating lobes    Additional weaker beams of sound traveling 

out in directions different from the primary beam as a re-
sult of the multielement structure of transducer arrays.   

  Gray scale    Range of brightness between white and black.   
  Gray-scale display    A display in which the intensity (ampli-

tude) information is recorded as changes in brightness.   
  Heat    Energy resulting from thermal molecular motion.   
  Hemiparesis    A slight paralysis or incomplete loss of mus-

cular power on one side of the body.   
  Hemiplegia    Paralysis of one side of the body. May be tem-

porary (TIA) or permanent (stroke).   
  Hemodynamics    The study of the interrelationship of blood 

pressure, blood  fl ow, vascular volumes, physical proper-
ties of the blood, heart rate, and ventricular function.   

  Hertz (Hz)    Unit of frequency, one cycle/s; unit of pulse rep-
etition frequency, one pulse/s.   

  Homans’ sign    Pain in the calf and popliteal area on passive 
dorsi fl exion of the foot, which may indicate deep venous 
thrombosis of the calf.   

  Hue    The color perceived due to the frequency of light.   
  Hydrophone    A small transducer element mounted on the 

end of a narrow tube; a piezoelectric membrane with 
small metallic electrodes.   

  Hydrostatic pressure    A pressure created in a  fl uid system 
by the weight of the  fl uid itself.   
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  Hypercholesteremia    An excess of blood cholesterol.   
  Hyperechoic    Having relatively strong echoes.   
  Hyperemia    The presence of an increased amount of blood 

in a body part. See Reactive hyperemia.   
  Hypoechoic    Having relatively weak echoes.   
  Impedance    Alterations of resistance    with application of 

current Ohm’s law applies. Density multiplied by sound 
propagation speed.   

  Impedance plethysmograph (IPG)    An instrument em-
ploying measurement electrodes that sense changes in a 
minute electric current sent through a portion of the body 
by means of separate electrodes proximal and distal to the 
sensing electrodes. Changes in electrical impedance of a 
limb are a re fl ection of the change in blood content and 
limb volume.   

  Impulse    A brief excursion of electric voltage from its nor-
mal value, usually zero.   

  Incidence angle    Angle between propagated sound beam di-
rection and line perpendicular to the media boundary.   

  Inertia    Resistance to acceleration.   
  Infarct    A localized area of ischemic tissue necrosis due to 

inadequate arterial blood supply.   
  Infrasound    Sound below range of human hearing (less than 

20 Hz).   
  Intensity    Total energy in an acoustic wave as it travels 

through a space per unit of time.     
Power

Intensity .
Area

=      

  Intensity re fl ection coef fi cient    Re fl ected intensity divided 
by incident intensity.   

  Intensity transmission coef fi cient    Transmitted intensity 
divided by incident intensity.   

  Interface    Surface between two media.   
  Interference    Combination of positive and/or negative pres-

sures.   
  Internal focus    A focus produced by a curved transducer 

element.   
  Intima    The innermost lining of the arterial wall; endart-

erium.   
  Intracranial    Refers to structures located within the cra-

nium (skull).   
  Invasive procedure    A procedure characterized by in-

strumental penetration of the tissues; arteriography and 
venography are invasive procedures.   

  Ipsilateral    Pertaining to anatomical structures on the same 
side of the body.   

  Ischemia    Local reduction of blood supply, due to obstruc-
tion of in fl ow or arterial blood, or to vasoconstriction. 
Symptoms may include pallor, coldness, impairment of 
function, pain, and gangrene.   

  Kilohertz (kHz)    1,000 cycles/s.   
  Kinematic viscosity    Viscosity divided by density.   

  Laminar  fl ow    Fluid moving in concentric rings parallel to 
the axis of a tube. The center stream of  fl uid has the great-
est velocity, with velocities diminishing in successive 
rings from the axis, and slowest at the tube wall for fully 
developed steady  fl ow. The velocity pro fi le is parabolic 
such that     max mean/ 2.U U @      

  Lateral    Perpendicular to the direction of sound travel.   
  Lateral resolution    Minimum re fl ector separation perpen-

dicular to the sound path required for separate re fl ections 
to be produced.   

  Lead zirconate titanate    A ceramic piezoelectric material.   
  Lens    A curved material that focuses a sound or light beam.   
  Lesion    A structural or functional alteration due to disease.   
  Linear array    An array made up of rectangular elements in 

a line.   
  Linear phased array    A linear array operated by applying 

voltage pulses to all elements but with small time differ-
ences.   

  Linear switched array    A linear array operated by applying 
voltage pulses to groups of elements sequentially.   

  Logarithm    The power to which 10 must be raised to equal 
the original number. Example: the common logarithm of 
100 is 2. 10 2  = 100.   

  Longitudinal resolution    Minimum re fl ector separation 
along the sound path required for separate re fl ections to 
be produced.   

  Longitudinal wave    Wave in which the particle motion is 
parallel to the direction of wave travel.   

  Luminance    Brightness of a presented hue and saturation.   
  M-Mode (motion made)    Mode of operation in which the 

display records a spot brightening for each pulse deliv-
ered from the receiver, producing a one-dimensional time 
display of re fl ector position (motion).   

  Mass    Measure of an object’s resistance to acceleration.   
  Matching layer    Material placed in front of the front face of 

a transducer element to reduce the re fl ection at the trans-
ducer surface.   

  Maximum venous out fl ow (MVO) examination    A nonin-
vasive plethysmographic procedure performed to deter-
mine the presence of deep vein thrombosis.   

  Mean frequency    The average frequency in one line of the 
Doppler spectrum. May be computed with several differ-
ent algorithms.   

  Mechanical index    An indicator of nonthermal mechanism ac-
tivity; equal to the peak rarefactional pressure divided by the 
square root of the center frequency of the pulse bandwidth.   

  Mechanical transducer    A transducer that scans the beam 
by moving the element(s) or a beam re fl ector with a mo-
tor drive.   

  Medium    Material through which a wave travels.   
  Megahertz (MHz)    One million cycles/s. Doppler transduc-

er crystals usually operate at 2–10 MHz.   
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  Microprocessing    The processing of electronic signals us-
ing a small digital computer, normally a single integrated 
circuit.   

  Mirror image    An artifactual gray-scale, color- fl ow, or Dop-
pler signal appearing on the opposite side (from the real 
structure or  fl ow) of a strong re fl ector.   

  Mode frequency    The strongest (brightest) frequency in one 
line of the Doppler spectrum.   

  Morbidity    Conditions inducing disease; also, the ratio of 
unhealthy individuals to the total population of a given 
group.   

  Multipath    Relating to paths to and from a re fl ector that are 
not the same.   

  Multiple re fl ection    Several re fl ections produced by a pulse 
encountering a pair of re fl ectors.   

  Myocardial infarctions (MI)    Damage or necrosis of an 
area of heart muscle resulting from reduction of blood 
supply; heart attack.   

  Nasal artery    A small artery arising from the ophthalmic ar-
tery and running across the dorsum of the nose. May be a 
source of collateral circulation from the contralateral side 
in internal carotid occlusive disease.   

  Near zone (near  fi eld, Fresnel zone)    The region of a sound 
beam in which the beam diameter decreases as the dis-
tance from the transducer increases.   

  Necrosis    The pathologic death of a cell or group of cells in 
contact with living cells. Similar to gangrene.   

  Neurogenic    Caused or affected by a dysfunction of the ner-
vous system, e.g., neurogenic impotence.   

  Noise    Thermally generated, random variations in a voltage 
signal.   

  Nondirectional    A Doppler instrument which assesses  fl ow, 
via frequency shift, without regard for direction of blood 
 fl ow.   

  Noninvasive    A procedure which has no instrumental pen-
etration of the tissues. Ultrasound is noninvasive.   

  Normal incidence    Sound direction perpendicular to media 
boundary.   

  Nyquist limit    The Doppler shift frequency above which 
aliasing occurs; one half the pulse repetition frequency.   

  Oblique incidence    Sound direction not perpendicular to 
media boundary.   

  Occlusion    The state of being closed or shut, as a venous or 
arterial occlusion.   

  Oculoplethysmography (OPG)    A procedure by which 
changes in eye volume as related to arterial blood  fl ow 
are detected and recorded. These volume changes may be 
expressed as pulse delays or as variations in ophthalmic 
artery pressure, indirectly evaluating internal carotid cir-
culation.   

  Ohm    The ohm is the unit used to measure electrical resis-
tance. One ohm is the resistance which will permit one 

ampere of current to  fl ow under an electromotive force 
of one volt.   

  Ohm’s law     I  =  E / R , where  I  = (intensity) current in amperes, 
 E  = electromotive force of potential difference in volts, 
and  R  = resistance.   

  Operating frequency    Preferred (maximum ef fi ciency) fre-
quency of operation of a transducer.   

  Ophthalmic artery    The major artery of the eye, arising as 
a branch of the internal carotid artery and terminating in 
numerous branches including the frontal and supraorbital 
arteries.   

  Oscillator gate    The electronic portion of a pulsed Doppler 
system that converts the continuous voltage of the oscilla-
tor to a pulsed voltage.   

  Pansystolic bruit    A bruit that extends throughout systole 
from the  fi rst to second heart sounds. Usually highly 
signi fi cant for arteriosclerotic disease. May be tapering 
or crescendo.   

  Parabolic  fl ow    Laminar  fl ow with a pro fi le in the shape of 
a parabola.   

  Particle    Small portion of a medium.   
  Particle motion    Displacement, speed, velocity, and accel-

eration of a particle.   
  Patency    The condition of blood  fl ow through an open ves-

sel. Opposite of occluded.   
  Pathogenesis    The origin and course of disease develop-

ment.   
  Peak frequency    The highest visible frequency in a Doppler 

spectrum.   
  Pedal pulse    Pulses of the foot.   
  Penetration    Imaging depth.   
  Penile/brachial index    An index obtained by dividing the 

penile blood pressure by the brachial blood pressure. Val-
ues of less than 1.0 may suggest a vasculogenic etiology 
for urologic symptoms.   

  Perforating veins (communicating veins)    Venous chan-
nels that link the super fi cial and deep venous systems. 
Found predominantly below the knee, containing valves 
enabling unidirectional  fl ow from super fi cial to deep 
veins, they vary in number from 90 to 200 over the entire 
course of the leg.   

  Period    Time/cycle.   
  Periorbital    Enclosing or affecting the tissues around the 

orbit (eye). The periorbital Doppler examination is fre-
quently utilized to assess the internal carotid circulation.   

  Peripheral resistance    Impedance to blood  fl ow in the sys-
temic vascular bed. Results in elevated blood pressure.   

  Peripheral sympathetic tone    A state of normal tension in 
the peripheral vasculature caused by the sympathetic ner-
vous system. Under certain conditions this tone may be 
altered by sympathectomy.   

  Perpendicular    Geometrically related by 90°.   
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  Perpendicular incidence    Sound direction that is perpen-
dicular to a media boundary.   

  Phantom    A tissue-equivalent device that has some charac-
teristics that are representative of tissues (e.g., scattering 
or attenuation properties).   

  Phase    A description of progress through a cycle; one full 
cycle is divided into 360° of phase.   

  Phase quadrature    Two signals differing by one fourth of 
a cycle.   

  Phased array    An array that steers and focuses the beam 
electronically (with short time delays.)   

  Phased linear array    Linear array with phased focusing 
added; linear array with phased steering of pulses to pro-
duce a parallelogram-shaped display.   

  Phlebitis    In fl ammation of a vein, with or without infection 
and thrombus formation.   

  Phlebography    See venography.   
  Phleborheograph (PRG)    An instrument which records the 

moving currents within the venous system to diagnose 
deep vein thrombosis.   

  Phonoangiography (CPA)    The oscillographic recording of 
the amplitude of an arterial bruit with respect to time, as 
detected by a sensitive microphone. Hard copy is derived 
from a chart recording or Polaroid photograph of the im-
age obtained on a storage oscilloscope.   

  Photoplethysmograph (PPG)    An instrument which uses 
light to assess changes in skin blood perfusion; related to 
blood  fl ow and limb volume change.   

  Piezoelectric crystal    A crystal used to transmit and receive 
ultrasound information. When excited by electrical charge, 
the crystal vibrates and sends ultrasound waves. When ex-
cited by re fl ected ultrasound waves, the piezoelectric crys-
tal emits an electrical signal which in turn is processed to 
indicate frequency of ultrasound energy received.   

  Piezoelectricity    Conversion of pressure to electrical volt-
age.   

  PIND    Permanent ischemic neurological de fi cit; synony-
mous with cerebral vascular accident.   

  Pixel    Picture elements (dots) on the video display of an 
 image of spectrum analyzer   . The unit into which imaging 
information is divided for storage and display in a digital 
instrument.   

  Plaque    A patch or small differentiated area on a body sur-
face. In vascular disease this usually refers to vessel distur-
bances of the intima. Consists of a collection of platelets, 
 fi brin, lipids, calcium salts, and smooth muscle cells.   

  Plethysmograph    Any instrument which measures limb 
volume change through a change in quantity of blood 
therein. Types: air, water, impedance, strain-gauge, and 
photoplethysmography.   

  Plug  fl ow    Flow with all  fl uid portions traveling with the 
same  fl ow speed and direction.   

  Poise    Unit of viscosity.   

  Poiseuille’s law    The mathematical description of the depen-
dence of volume  fl ow rate on pressure, vessel length and 
radius, and  fl uid viscosity.   

  Polyvinylidene  fl uoride    A piezoelectric thin- fi lm material.   
  Popliteal artery    A major leg artery, located behind the 

knee, arising from the femoral artery and terminating in 
the anterior tibial, posterior tibial, and peroneal arteries.   

  Popliteal vein    A major leg vein, located behind the knee 
and adjacent to the popliteal artery. It arises from the 
femoral vein and continues into the anterior and posterior 
tibial veins and peroneal veins.   

  Postphlebitic syndrome    Chronic venous insuf fi ciency re-
sulting from deep venous thrombosis of the lower extrem-
ity. Symptoms may include edema, pain, varicose veins, 
and leg ulceration.   

  Postprocessing    Signal processing done after memory.   
  Power    Rate at which work is done; rate at which energy is 

transferred.   
  Power Doppler    Color- fl ow display in which colors are as-

signed according to the strength (amplitude, power, inten-
sity, energy) of the Doppler-shifted echoes.   

  Preprocessing    Signal processing (gain, compensation, etc.) 
done before memory.   

  Pressure    Force divided by area in a  fl uid.   
  Priority    The gray-scale echo strength below which color-

 fl ow information is preferentially shown on a display.   
  Probe    Transducer assembly.   
  Propagation    Progression or travel.   
  Propagation speed    Speed with which a wave moves 

through a medium.   
  Proximal    Nearest the point of origin along the course of 

any asymmetrical structure; nearer to the attached end.   
  Pseudoclaudication    Pain on walking, usually in the thigh 

and buttocks, caused by herniated disc or spinal cord 
neoplasm. It is relieved by rest and may be distinguished 
from intermittent claudication usually by variation in the 
walk-pain-rest cycle and by the location of the pain.   

  Pulmonary embolism (PE)    Any obstruction to circulation 
lodged in the lung vasculature. Such obstruction often re-
sults from deep vein thrombosis of the lower extremity.   

  Pulsatile  fl ow    Flow that accelerates and decelerates with 
each cardiac cycle.   

  Pulsatility index (PI)    A Doppler wave form index de fi ned 
as the peak-to-peak height of the wave divided by the 
mean height. The PI is a direct measure of severity of 
wave form damping which is independent of probe angle. 
This results in more reproducible data.   

  Pulse    A brief excursion of a quantity from its normal value; 
a few cycles.   

  Pulse duration    Interval of time from the beginning to the 
end of a pulse.   

  Pulse-echo diagnostic ultrasound    Ultrasound imaging in 
which pulses are re fl ected and used to produce a display.   
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  Pulse reappearance time (PRT)    The time needed for a toe 
pulse to reappear following 4 min of suprasystolic occlu-
sion. The pulses are recorded on a strain-gauge plethys-
mograph.   

  Pulse repetition frequency (PRF)    Number of pulses per 
unit time. Sometimes called pulse repetition rate.   

  Pulse repetition period    Time from the beginning of one 
pulse to the beginning of the next.   

  Pulse volume recorder (PVR)    Segmental air plethysmo-
graph which employs changes in cuff pressure to indicate 
changes in limb volume due to blood  fl ow.   

  Pulsed mode    Mode of operation in which pulsed ultrasound 
is used.   

  Pulsed ultrasound    Ultrasound produced in pulsed form by 
applying electric pulses or voltages of a few cycles to the 
transducer.   

  Pulsed wave    A wave consisting of a series of pulses, each 
containing a few cycles of ultrasound; not continuous.   

  Pulsed wave Doppler    Single transducer system in which 
bursts of ultrasound are transmitted; reception of return-
ing signals is determined by gate which allows  fl ow to be 
assessed at speci fi c sites and depths.   

  PVDF    Polyvinylidene  fl uoride, a piezoelectric thin- fi lm 
material.   

  PZT    Lead zirconate titanate.   
  Quality factor (Q factor)    Operating frequency divided by 

bandwidth.   
  Radial artery    A major artery of the forearm, arising 

from the brachial artery and terminating in the palmar 
arch.   

  Radio frequency    Voltages representing echoes in cyclic 
form.   

  Range ambiguity    An artifact produced when echoes are 
placed too close to the transducer because a second pulse 
was emitted before they were received.   

  Range equation    Relationship between round-trip pulse 
travel time and distance to a re fl ector.   

  Range gating    Selection of the depth from which echoes are 
accepted based on echo arrival time.   

  Rarefaction    Region of low density and pressure in a com-
pressional wave.   

  Rayl    Unit of impedance.   
  Raynaud’s disease    Intermittent pallor, cyanosis, or rubor of 

the digits, usually induced by cold or emotion, with nor-
mal arterial  fl ow and the absence of other primary causal 
disease.   

  Raynaud’s phenomenon (syndrome)    Intermittent pallor, 
cyanosis, or rubor of the digits usually induced by cold 
or emotion, often secondary to chronic arterial occlusive 
disease.   

  Reactive hyperemia    Increased blood  fl ow resulting from 
distention of the blood vessels in response to temporary 
occlusion.   

  Real-time display    Display system in which the image is 
continuously reviewed and updated as the target changes 
or moves.   

  Recanalization    Restoration of a lumen in a blood vessel 
following thrombotic occlusion.   

  Receiver gate    A device that allows only echoes from a se-
lected depth (arrival time) to pass.   

  Recti fi cation    Conversion from an alternating (reversing) to 
a direct (one-way) form of voltage.   

  Re fl ection    Acoustic energy re fl ected from a structure; in-
tensity of re fl ection depends upon acoustic impedance 
ratios at the interface.   

  Re fl ection angle    Angle between re fl ected sound direction 
and line perpendicular to media boundary.   

  Re fl ector    Media boundary that produces a re fl ection; 
re fl ecting surface.   

  Refraction    Change of sound direction on passing from one 
medium to another.   

  Registration    Positioning of re fl ectors in the display.   
  Rejection    Eliminating smaller-amplitude voltage pulses.   
  Resistance    Pressure difference divided by volume  fl ow 

rates for steady  fl ow.   
  Resolution    The ability to separate in space, time, or strength 

(detail, temporal, and contrast resolutions, respectively).   
  Resonance frequency (RF)    Operating frequency.   
  Rest pain    Pain in an extremity at rest, due to chronic arterial 

occlusive disease. Such patients usually have an ankle/
brachial index of 0.5 or less.   

  Retrograde  fl ow    Blood  fl owing away from the Doppler 
probe. By convention, this is heard in the right ear when 
using a stereo headset.   

  Reverberation    Multiple re fl ections.   
  Reynold’s number    Abstract dimensionless number used 

to describe disturbed  fl ow of a  fl uid in a tube or past an 
obstruction. A number that depends on  fl ow speed and 
viscosity to predict the onset of turbulence.   

  RIND    Reversible ischemic neurologic de fi cit.   
  Ring-down artifact    An artifact resulting from a continuous 

stream of sound emanating from an anatomic site.   
  Rubor    Redness; a classical sign of in fl ammation.   
  Sample volume    Site of  fl ow detection; size of sample vol-

ume determined by beam diameter and length of ultra-
sound burst.   

  Saturation    The amount of hue present in a mix with white.   
  Scan converter    A device that stores a gray-scale image and 

allows it to be displayed on a television monitor.   
  Scan line    A line produced on a display by moving a spot 

(produced by an electron beam) across the face at con-
stant speed.   

  Scanhead    Transducer assembly.   
  Scanning    Sweeping a sound beam to produce an image.   
  Scatterer    An object that scatters sound because of its small 

size or its surface roughness.   
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  Scattering    Diffusion or redirection of sound in several di-
rections on encountering a particle suspension or a rough 
surface.   

  Sclerosis    A hardening or thickening of the arteries, pro-
duced by proliferation of  fi brous connective tissue and 
deposit of lipids and calcium salts.   

  Section thickness    Thickness of the scanned tissue volume 
perpendicular to the scan plane; also called slice thick-
ness.   

  Sector    A geometric  fi gure bounded by two radii and the arc 
of a circle included between them.   

  Segmental blood pressure (SBP)    The blood pressure ob-
tained by placing a series of blood pressure cuffs at regu-
lar intervals on an extremity to determine the severity and 
level of arterial disease.   

  Sensitivity    Statistical research term indicating the ability of 
a diagnostic test to detect disease when disease is actu-
ally present. Poor sensitivity is a high false-negative rate. 
Ability of an imaging system to detect weak echoes.   

  Shadowing    Reduction in re fl ection amplitude from 
re fl ectors that lie behind a strongly re fl ecting or attenuat-
ing structure.   

  Shock-excited mode    Excitation of a transducer by a brief 
driving voltage impulse.   

  Shunt    A natural or surgically created anastomosis or chan-
nel, diverting  fl ow from one pathway to another. Similar 
to bypass.   

  Side lobes    Minor beams of sound traveling out in directions 
not included in the primary beam.   

  Signal    Information-bearing voltages in an electric circuit; 
and acoustic, visual, electric, or other conveyance of in-
formation.   

  Snell’s law    Relates incidence and transmission angles of 
refraction with varying propagation speeds from one me-
dium to another medium.   

  Sound    Traveling wave of acoustic variables.   
  Sound beam    The region of a medium that contains virtually 

all the sound produced by a transducer.   
  Source    An emitter of ultrasound (transducer).   
  Spatial pulse length    Length of space over which a burst or 

pulse occurs.   
  Speci fi city    Statistical research term relating the ability of a 

diagnostic test to indicate normality when no disease is 
actually present. Poor speci fi city is a high false-positive 
rate.   

  Speckle    The granular appearance of images and spectral 
displays that is caused by the interference of echoes from 
the distribution of scatterers in tissue.   

  Spectral analysis    Separation of frequencies in a Doppler 
signal for display as a Doppler spectrum.   

  Spectral broadening    The widening of the Doppler shift 
spectrum; that is, the increase of the range of Dop-

pler shift frequencies present that occurs because of a 
broadened range of  fl ow velocities encountered by the 
sound beam; this occurs for disturbed and turbulent 
 fl ow.   

  Spectral display    Visual display of a Doppler spectrum   
  Spectral width    Range of Doppler shifts or  fl ow speeds 

present at a given point in time.   
  Spectrum    The complete range of Doppler shift frequencies 

and amplitudes.   
  Spectrum analyzer    Using one or two bidirectional Dop-

plers, a spectrum analyzer employs microprocessing to 
display and analyze the complete frequency range of the 
Doppler shift for more complete diagnostic information 
regarding an arterial stenosis.   

  Specular re fl ection    Re fl ection from a large (relative to 
wavelength),  fl at, smooth boundary.   

  Speed    Displacement divided by the time over which dis-
placement occurs.   

  Speed error    A propagation speed that is different from the 
assumed value (1.54 mm/ms).   

  Stasis    Cessation of blood  fl ow. In the venous system of the 
lower extremity, stasis may contribute to deep vein throm-
bosis.   

  Stenosis    Constriction or narrowing of vessel lumen.   
  Stiffness    Property of a medium; applied pressure divided by 

the fractional volume change produced by the pressure.   
  Stoke    Unit of kinematic viscosity.   
  Stokes-Adams syndrome    Syncope of cardiac origin occur-

ring most often in patients with a pulse rate of less than 40 
beats/min and complete atrioventricular block.   

  Strain-gauge plethysmograph (SPG)    An instrument which 
assesses blood  fl ow through detection of limb volume 
changes as re fl ected by impedance changes in an elastic 
tube  fi lled with an electroconductive metal, placed around 
the limb being examined.   

  Stream line    A line representing the path of motion of a par-
ticle of  fl uid.   

  Strength    Nonspeci fi c term referring to amplitude or inten-
sity.   

  Stroke    Informal term for cerebrovascular accident.   
  Supine position    Lying on the back, face upward.   
  Supraorbital artery    One of several terminal branches of 

the ophthalmic artery. The supraorbital artery exits the 
orbit usually through the supraorbital notch and anasto-
moses with the super fi cial temporal artery. The supraor-
bital artery is often the site of an indirect Doppler internal 
carotid artery evaluation.   

  Sympathectomy    Excision of a portion of the sympathetic 
(autonomic) nervous system. May be used as surgical 
therapy for chronic arterial vasoconstriction.   

  Syncope    An episodic loss of consciousness of brief dura-
tion with complete recovery.   
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  Syndrome    A group of signs and symptoms, which, when 
considered together, are presumed to characterize a dis-
ease.   

  Tachycardia    Excessive rapidity of heart action; elevated 
heart rate.   

  Temperature    Condition of a body that determines transfer 
of heat to or from other bodies.   

  Temporal resolution    Ability to distinguish closely spaced 
events in time; improves with increased frame rate.   

  Test object    A device without tissue-like properties that is 
designed to measure some characteristic of an imaging 
system.   

  Thermal index    An indicator of thermal mechanism activity 
(estimated temperature rise); a value equal to transducer 
acoustic output power divided by the estimated power re-
quired to raise tissue temperature by 1°C.   

  Thoracic outlet compression syndrome    A condition in 
which nerves, arteries, and veins serving the upper ex-
tremity may be compressed at the outlet from the thoracic 
cavity. Primarily a mechanical neurologic dysfunction, 
arteries or veins may be compromised as well, in which 
case Doppler ultrasound and photoplethysmography may 
be of value in diagnosis.   

  Threshold    Rejection.   
  Thrombophlebitis    In fl ammation of a vein associated with 

thrombosis.   
  Thrombosis    The formation of a thrombus.   
  Thrombus    A blood clot formed within the heart or blood 

vessels.   
  Time gain compensation (TGC)    Selective gain 

ampli fi cation with time to compensate for loss in echo 
intensity due to attenuation; permits echoes from greater 
depths to have the same intensity as those from shallow 
sites.   

  Transcutaneous (percutaneous)    Performed through the 
skin. Doppler ultrasound is a noninvasive transcutaneous 
examination.   

  Transducer    A device that transforms one kind of energy 
into another. The Doppler probe contains a crystal that 
changes electrical energy into ultrasound energy, and 
back again. The speaker is also a transducer.   

  Transducer array    A transducer assembly containing sev-
eral transducer elements.   

  Transducer assembly    Transducer element(s) with damping 
and matching materials assembled in a case.   

  Transducer element    A piece of piezoelectric material in a 
transducer assembly.   

  Transient ischemic attack (TIA)    An episode of transient 
cerebral symptoms, including visual disturbances, mem-
ory loss, hemiparesis, numbness, dizziness, and speech 
dif fi culties which are of brief duration and resolve with 
no residual dysfunction. Usually related to atherosclerotic 

thrombotic disease and often a prelude to cerebrovascular 
accident.   

  Transmetatarsal amputation    Amputation of toes across 
the metatarsals.   

  Transmission angle    Angle between transmitted sound (in-
cident sound beam crossing medium boundary is now 
transmitted sound beam) direction and line perpendicular 
to media boundary.   

  Transmission gel    A substance speci fi cally formulated to 
transmit ultrasound from the transducer to the body tis-
sues. Air is a poor transmitter of ultrasound.   

  Turbulence    The occurrence of eddies and vortices in blood 
 fl ow, usually caused by a stenotic process which reduces 
vessel lumen diameter. A bruit may result from this tur-
bulence.   

  Ulnar artery    A major artery of the forearm arising from the 
brachial artery and terminating in the palmar arch.   

  Ultrasound    Very high frequency sound far beyond the 
range of hearing. Often expressed in megahertz (MHz) or 
millions of cycles/s.   

  Ultrasound transducer    A device that converts electric en-
ergy to ultrasound energy and vice versa.   

  Unidirectional    A Doppler instrument which assesses 
 fl ow in one direction only and gives no information as 
to direction in relation to the probe. This may be satis-
factory for peripheral vascular evaluation, but discrimi-
nation of direction is needed for the cerebrovascular 
examination.   

  Valsalva maneuver    Forcible exhalation against the closed 
glottis (vocal folds) which increases intrathoracic pres-
sure and impedes venous return.   

  Valvular incompetence (insuf fi ciency)    A condition in 
which a vascular valve does not completely close, caus-
ing blood to leak in an abnormal direction (back fl ow, 
re fl ux).   

  Variable focusing    Transmission focus with various focal 
lengths.   

  Variance    Square of standard deviation; one of the outputs 
of the auto-correlation process; a measure of spectral 
broadening (i.e., spread around the mean).   

  Vasculogenic    Originating from, or relating to, the vascular 
system.   

  Vasoconstriction    Narrowing of the vessel lumen caused by 
contraction of the muscular vessel walls.   

  Vasodilation    Enlargement of the vessel lumen due to relax-
ing of the muscular vessel walls.   

  Vasospasm    A localized, intermittent contraction of a blood 
vessel.   

  Vector array    Linear sequenced array that emits pulses from 
different starting points and (by phasing) in different di-
rections.   

  Velocity    Speed with direction of motion speci fi ed.   
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  Velocity detector    An ultrasound Doppler instrument which 
detects the velocity of blood  fl ow transcutaneously. This 

is expressed by the formula:     2Fo (cos )F V

C

q
D =    

 where  C  = velocity of sound in blood 
  D   F   = Doppler frequency shift 
 Fo = frequency of transmitted ultrasound 
  V  = blood velocity 
   q   = probe angle to vessel   

  Venography    Radiographic examination of veins following 
injection of contrast medium. This is an invasive proce-
dure with associated hazards and is not satisfactory for 
serial studies; phlebography.   

  Venous capacitance (VC)    Ability of a vein or system of 
veins to accommodate a large quantity of blood.   

  Venous insuf fi ciency (incompetence, re fl ux)    Malfunction 
of the venous valves which allows blood to  fl ow in a ret-
rograde direction. See postphlebitic syndrome.   

  Venous out fl ow (VO)    A noninvasive plethysmographic 
procedure to determine the presence or absence of a deep 
vein thrombosis by measuring the emptying rate (millili-
ters of  fl ow/100 cc tissue/min or percent/min) in the deep 
veins postrelease of a venocclusive cuff.   

  Vertebral artery    One of two bilateral arteries arising from 
the subclavian artery, coursing through the neck, and ter-
minating in the basilar artery. Along with the internal ca-
rotid arteries, the vertebral arteries are the source of blood 
supply to the midbrain.   

  Video    Demodulated amplitude voltages representing echoes.   
  Viscosity    Resistance of a  fl uid to  fl ow.   
  Voltage burst    A cycle or two of voltage variation.   
  Voltage impulse    Brief excursion of voltage from its normal 

value.   
  Volume  fl ow rate    Volume of  fl uid passing a point per unit 

time (s or min).   
  Vortices    Regions of circular  fl ow patterns present in turbu-

lence.   
  Wall  fi lter    An electric  fi lter that passes frequencies above 

a set level and eliminates strong, low-frequency Doppler 
shifts from pulsating heart or vessel walls.   

  Wave    Traveling variation of wave variables.   
  Wave variables    Quantities that are functions of space and 

time in a wave.   
  Wavelength    Length of space over which a cycle occurs.   
  Window    An anechoic region appearing beneath echo fre-

quencies presented on a Doppler spectral display.   
  Work    Force multiplied by displacement.   
  Wrap around    The shift of Doppler information on a spec-

tral display to the wrong side of the base line (caused by 
aliasing).   

  Zero crossing detector    An electrical circuit which allows 
chart recording of Doppler signals. This circuit deter-
mines when an incoming signal passes through a zero 
point and produces an output proportional to the average 
(root mean square) (RMS) frequency at which such cross-
ings occur. An analog detector that yields mean Doppler 
shift as a function of time.         



743A.F. AbuRahma, D.F. Bandyk (eds.), Noninvasive Vascular Diagnosis,
DOI 10.1007/978-1-4471-4005-4, © Springer-Verlag London 2013

  A 
  Abdominal angina , 626   
  Abdominal aorta 

 abdominal , 443, 444  
 color  fl ow image , 594, 596, 600  
 Doppler spectral waveforms , 606–607  
 IVUS imaging , 672, 674   

  Abdominal aortic aneurysms (AAA) 
 CT scanning 

 3D reconstruction , 640  
 palpation , 639  
 rupture evaluation , 639–640  
  vs.  ultrasound , 640–642  

 imaging history , 638–639  
 ultrasound 

 aneurysm sac size , 644  
 B-mode imaging , 643  
 color Doppler , 643–644  
 contrast enhanced , 644  
  vs.  CT scanning , 640–642  
 equipment , 643  
 indications , 642–643  
 patient preparation , 643  
 pre-intervention surveillance , 639  
 pulsed Doppler , 643  
 study protocol , 643   

  ABI  .  See  Ankle-brachial index (ABI)  
  Acceleration index (AI) , 291–292, 610–611   
  Accreditation 

 DVL , 11–12  
 noninvasive vascular testing 

 ACR , 8  
 description , 6  
 ICAVL , 6–8   

  Acoustic shadowing 
 automated measurement errors , 232  
 description , 80  
 mirror image artifacts , 231–232  
 refraction , 232   

  Acute cerebral ischemia , 139–140   
  Acute lower extremity deep venous thrombosis (DVT)  .  See  Deep 

venous thrombosis (DVT)  
  Acute mesenteric ischemia , 634–635   
  Adson’s test , 500   
  Advanced Bene fi ciary Notice (ABN) , 719   
  Advanced venous thrombosis , 458   
  Air plethysmography (APG) 

 PAD , 273  
 venous disease , 468–469   

  Allen test , 383   
  Ambulatory Payment Category (APC) system , 718, 719   
  American College of Radiology (ACR) , 8   

  American Registry of Diagnostic Medical Sonographers 
(ARDMS) , 5–6   

  Analog wave tracing 
 abnormal arterial tracing , 290  
 drawbacks , 288  
 limitations of , 292   

  Angle of insonation 
 beam and sample volume positioned , 229  
 cursor alignment , 228, 229  
 description , 228  
  fl ow vector , 229  
 velocity measurement comparison , 228–229   

  Ankle-brachial index (ABI) , 663  
 in PAD patients , 665  
 peripheral vascular disease , 294–295  
 and segmental pressure readings , 300  
 trauma patient , 419–420   

  Anterior cerebral artery stenosis , 140–141   
  Anterior communicating artery (AComA) , 145   
  Anterior cross- fi lling , 145   
  Antiplatelet drug therapy, PAD , 279–280   
  Aortic arch 

 anatomy , 58, 112–113  
 imaging , 113–115  
 vessels, CTA , 203, 205   

  Aortoiliac ultrasound 
 indications , 642  
 limitations , 643   

  Arterial access 
 brachial artery , 729  
 common femoral artery , 728  
 popliteal artery , 728  
 radial artery , 729   

  Arterial aneurysms , 443–445   
  Arterial bypass 

 hemodynamics , 323–326  
 procedure , 551   

  Arterial dissections, VA ultrasonography , 128   
  Arterial hemodynamics 

 diseased arteries, blood  fl ow 
 atherosclerosis , 47–48  
 autoregulation , 49–50  
 critical stenosis , 48  
 peak velocity , 48–49  
 turbulence , 49  
 velocity pro fi le , 49, 50  
 vertebral steal , 50  

 normal arterial circulation, blood  fl ow 
  fl ow pro fi les , 46, 47  
 resistance patterns , 46  
 velocity curve , 46  
 velocity pro fi les , 46–47   

          Index           
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  Arterial obstruction, in lower extremities 
 aneurysmal disease , 309  
 graft surveillance , 309  
 lower extremity arterial imaging , 308  
 post-exercise measurements , 308  
 PVR amplitude , 307–308  
 PVR re fl ected wave , 307, 308  
 segmental systolic limb pressures , 308   

  Arterial occlusion 
 chronic , 91  
 TCD sonography , 142   

  Arterial segmental indices (ASI) , 664   
  Arterial segmental pressures (ASPs) , 664   
  Arteriovenous  fi stulas (AVFs) 

 AGA approach , 409  
 clinical evaluation , 409  
 diagnostic studies , 409  

 arteriography , 413–414  
 clinical correction , 416  
 computed tomography scan , 415  
 magnetic resonance imaging , 415  
 radionuclide AV shunt quanti fi cation , 414–415  

 diagnostic tests , 410  
 duplex scanning , 413  
 hemodynamic changes , 409–410  
 interpretation of  fi ndings , 410–411  
 physiologic tests , 408, 412–413  
 segmental plethysmography , 411  
 velocity waveform analysis , 411–412   
  Arteriovenous malformations (AVMs) , 440–442 .    See also  

Arteriovenous  fi stulas (AVFs) 
 diagnostic studies , 409  
 segmental plethysmography , 411   

  Artery stenosis, TCD sonography 
 anterior cerebral , 140–141  
 intracranial vertebral , 142  
 terminal internal carotid , 141   

  Asymptomatic carotid artery stenosis 
 cost-effectiveness analysis methods , 178–179  
 ECST , 175  
 ipsilateral stroke risk , 176  
 long-term outcomes , 175  
 low incidence , 174  
 prospective serial duplex scan surveillance , 175  
 relative risk reduction , 176  
 scoring system, high-risk patients identi fi cation , 179  
 stroke 

 description , 174  
 risk , 175   

  Asymptomatic Carotid Atherosclerosis Study (ACAS) , 97, 176, 179   
  Asymptomatic carotid bruit , 236–237   
  Asymptomatic carotid emboli study (ACES) , 164   
  Asymptomatic Carotid Stenosis and Risk of Stroke (ACSRS) 

study , 162   
  Atherosclerosis , 47–48, 590  

  fi bromuscular dysplasia , 233  
 ICA dissection , 233  
 IMT measurement , 221–222  
 incidence , 111  
 pathophysiology , 266  
 progression , 323  
 screening test, coronary artery surgery , 177  
 Takayasu’s disease , 233  
 theories of , 267  
 VA ultrasonography , 127–128   

  Auditory, Doppler velocimetry , 288, 289    

  B 
  Baseline angiography , 194–195   
  Basilar artery (BA), TCD sonography 

 occlusion , 144  
 reversed  fl ow , 145–146  
 stenosis , 141   

  Basilic vein , 727–728   
  Bedside  fi lter insertion techniques , 522   
  Blood  fl ow 

 diseased arteries 
 atherosclerosis , 47–48  
 autoregulation , 49–50  
 critical stenosis , 48  
 peak velocity , 48–49  
 turbulence , 49  
 velocity pro fi le , 49, 50  
 vertebral steal , 50  

 diseased veins 
 Doppler spectrum , 53  
 thrombosis , 52  
 venous hypertension effects , 53  
 venous re fl ux , 52–53  

 normal arterial circulation 
  fl ow pro fi les , 46, 47  
 resistance patterns , 46  
 velocity curve , 46  
 velocity pro fi les , 46–47  

 normal venous circulation 
 blood reservoir , 50  
 breathing , 51  
 jugular vein , 50  
 muscle pump , 51  
 perforating veins , 51  
 venous blood pressure , 51, 52  
 venous volume , 51   

  Blood pressure , 51, 148–149, 177   
  B-mode gray scale imaging 

 carotid plaques , 158  
 stent  fi xation sites , 651   

  B-mode ultrasound imaging , 36, 40, 304  
 AAA diagnosis , 643  
 intraoperative duplex ultrasound scanning , 239  
 real-time , 80–81   

  Brachial artery 
 bifurcation , 380  
 color  fl ow image , 374  
 ultrasound guided clinical application , 729   

  Brachiocephalic veins 
 anatomy , 113  
 imaging , 115–116   

  Brain protection devices (BPDs) , 169, 170   
  Budd–Chiari syndrome , 584, 586    

  C 
  Calci fi ed ICA plaque, stent-angioplasty , 217, 218   
  Calf saphenous vein anatomy , 560   
  Cardiovascular Credentialing International (CCI) , 5–6   
  Cardiovascular risk assessment , 223–224   
  Carotid angioplasty/stenting 

 description , 58  
 treatment , 76   

  Carotid artery stenosis , 102–103, 174   
  Carotid artery stenting (CAS) 

 BPDs , 169, 170  
 cerebral ischemia , 169  
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 contraindications , 169  
 DUS velocity criteria , 185  
 DW-MRI , 169  
 EVA3S trial , 168  
 history of , 184–185  
 incidence , 184  
 ISR 

 Kaplan–Meier cumulative event rates , 184  
 morphologic patterns classi fi cation , 184, 185  

 SAPPHIRE , 168  
 SPACE study , 168  
 surveillance frequency , 187  
 TCD (   see  Transcranial Doppler (TCD))  

  Carotid bifurcation thrombus , 209   
  Carotid body tumors , 209–210   
  Carotid color duplex scanning , 73   
  Carotid duplex consensus criteria 

 ipsilateral , 103–106  
 Pearson correlation , 103  
 validation , 103–105   

  Carotid duplex scanning , 72–73   
  Carotid duplex ultrasound (CDUS) 

 carotid imaging modalities 
 description , 202  
 limitations , 203  
 MRA/CTA/DSA comparison , 208  
 peak systolic velocity/end-diastolic velocity analysis , 202–203  
 velocity-based estimation , 203  

 ICA dissection , 251  
 IMT measurement , 250  
 neck trauma , 250   

  Carotid endarterectomy (CEA) , 58  
 carotid artery stenosis contralateral , 247  
  vs.  CAS , 168, 169  
 CDUS , 247–248  
 duplex ultrasound scanning 

 abnormal scan , 215, 216  
 CCA , 212, 214  
 description , 212  
 hockey stick linear array , 212, 213  
 protocol and interpretation criteria , 212, 213  
 transverse imaging , 214–215  
 vein patch endarterectomy , 214  

 DUS velocity criteria , 185  
 history of , 184  
 incidence , 183–184  
 intraoperative duplex ultrasound assessment 

 B-mode ultrasound imaging system , 239  
 CCA , 242, 243  
 Doppler  fl ow detection technique , 240  
 Doppler probe application , 240  
 limitations , 242  
 probe scanning position , 242  
 sterile disposable plastic sleeve , 241  

 surveillance frequency , 187  
 TCD 

 description , 190  
 intentional middle cerebral artery  fl ow reversal , 192, 193  
 sonography , 242, 244   

  Carotid imaging modalities 
 alternate carotid imaging indications 

 carotid bifurcation thrombus , 209  
 carotid body tumors , 209–210  
  fi bromuscular dysplasia and associated arteridities , 209  
 internal carotid pseudo-occlusion , 208  
 intracranial pathology , 209  

 recurrent carotid stenosis , 209  
 unstable carotid plaque , 208–209  
 vertebrobasilar insuf fi ciency , 209  

 catheter-based DSA , 207  
 CDU 

 description , 202  
 limitations , 203  
 peak systolic velocity/end-diastolic velocity analysis , 202–203  
 velocity-based estimation , 203  

 CDUS/MRA/CTA/DSA comparison , 208  
 CTA 

 advantages , 203  
 aortic arch vessels , 203, 205  
 minimal carotid disease , 203, 204  
 proximal internal carotid artery stenosis , 203, 205  
 timing bolus technique , 203  

 MRA 
 advantages , 204  
 carotid bifurcation , 206  
 CE MRA , 205  
 intrathoracic and intracranial lesions , 205  
 tight stenosis , 206–207  
 TOF imaging , 204–205  
 vessel anatomy , 205–206  

 recommendations , 208   
  Carotid plaques, ultrasonic characterization 

 clinical implications , 165–168  
 clinical trials 

 ACSRS study , 162, 164  
 Asymptomatic Carotid Emboli Study , 164  
 ICAROS study , 162  

 Geroulakos classi fi cation , 157  
 GSM analysis 

 acoustic shadow , 158, 160  
 Adobe Photoshop , 160–163  
 advantages , 168–169  
 adventitia orientation , 158, 159  
 calculation , 158  
 image normalization , 160–163  
 patient position , 158  
 postprocessing curves , 158  
 time gain compensation (TGC) curve , 158, 159  

 hemorrhage , 248–250  
 histology , 157  
  vs.  in fl ammatory activity, positron emission 

tomography (PET) , 165  
 univariate/multivariate Cox analysis , 164   

  Carotid stenosis, duplex scanning 
 accuracy , 101–102  
 area reduction percent calculation , 91  
 B-mode imaging , 89–90  
 carotid duplex consensus criteria , 102–103  
 diameter  vs.  area , 91  
 Doppler velocity criteria , 105, 106  
 extracranial carotid duplex examination , 89  
 ultrasound consensus criteria , 103  
 Zwiebel criteria , 99   

  Carotid stent-angioplasty  .  See  Stent-angioplasty  
  Carotid stents 

 compliance , 185  
 design , 169  
 DUS characteristics , 246–247   

  CAS  .  See  Carotid artery stenting (CAS)  
  Catheter-based digital subtraction arteriography , 207   
  CCA  .  See  Common carotid artery (CCA)  
  CDUS  .  See  Carotid duplex ultrasound (CDUS)  



746 Index

  CEA  .  See  Carotid endarterectomy (CEA)  
  Celiac artery 

 acute occlusions of , 625  
 atherosclerotic lesions , 626  
 clinical  fi ndings , 629, 630  
 compression syndrome , 630  
 pulsed-Doppler spectral analysis , 627, 628  
 stenosis , 571   

  CE MRA  .  See  Contrast-enhanced magnetic resonance 
angiography (CE MRA)  

  Centers for Medicare and Medicaid Services (CMS) , 718   
  Central venous access 

 femoral vein , 726  
 internal jugular vein , 723–725  
 popliteal and tibial veins , 726, 727  
 subclavian vein , 725–726   

  Cerebral artery stenosis, TCD sonography , 140–141   
  Cerebral collateral pathways 

 circle of Willis , 62, 64  
  fl ow reversal , 62, 63  
 internal carotid artery occlusion , 62, 65–66  
 occipital collateral , 62, 64–65  
 retrograde  fl ow , 62, 63  
 stenosis , 61  
 subclavian steal syndrome , 62, 63   

  Cerebral embolization , 146–147   
  Cerebrovascular disease  .  See  Extracranial carotid system  
  Cerebrovascular insuf fi ciency 

 asymptomatic carotid bruit , 236–237  
 carotid plaque hemorrhage , 248–250  
 carotid stenosis progression , 247  
 CDUS 

 ICA dissection , 251  
 IMT measurement , 250  
 neck trauma , 250  

 CEA 
 carotid artery stenosis contralateral , 247  
 CDUS , 247–248  
 intraoperative duplex ultrasound assessment , 239–243  
 TCD sonography , 242, 244  

 color DUS, temporal arteritis , 251–252  
 duplex criteria , 239  
 DUS characteristics, carotid stents , 246–247  
 focal neurologic de fi cits patients , 238  
 neurologic de fi cit , 244  
 nonhemispheric symptoms , 237–238  
 noninvasive vascular testing 

 carotid stenosis , 252  
 evaluation , 235–236  
 overall accuracy calculation method , 253, 254  
 positive and negative predictive values calculation method , 

253, 254  
 sensitivity and speci fi city calculation method , 253  

 post-CEA surveillance , 244–245  
 postoperative carotid duplex surveillance 

 cost-effectiveness , 245–246  
 timing , 245  

 restenosis , 244–245  
 TIA , 238  
 ultrasonic carotid plaque morphology , 

248–250  
 vertebrobasilar insuf fi ciency, DUS role , 251–252   

  Cerebrovascular ischemia 
 clinical syndromes , 69–70  
 FMD , 69   

  Cerebrovascular resistance (CVR) , 137   

  Chronic kidney disease (CKD), hemodialysis access 
 arterial examination , 388  
 history and physical examination , 388  
 noninvasive arterial imaging , 389–391  
 noninvasive venous imaging , 391–392  
 venous examination , 388–389   

  Chronic pelvic pain , 513, 514   
  Chronic subclavian occlusion , 486   
  Chronic venous disease 

 classi fi cation , 511  
 diagnostic evaluation of , 460   

  Circle of Willis , 62, 64   
  Cirrhosis 

 causes , 574  
 complication , 581   

  Classic syndrome , 50   
  Clot characteristics , 487, 488   
  Clot retraction , 488   
  Cockett perforating veins , 452, 453   
  Coding and reimbursement 

 Advanced Bene fi ciary Notice , 719  
 CPT codes , 720–721  
 De fi cit Reduction Act , 721–722  
 intraoperative duplex examinations , 721  
 for physician interpretation , 720  
 sites of service 

 hospital outpatient and inpatient , 718–719  
 IDTF , 718  
 physician’s of fi ce , 717–718  

 vascular lab coverage requirements , 719  
 vascular lab retrievable data , 720   

  Cold challenge testing , 369–370, 372   
  Color Doppler 

 AAA diagnosis , 643–644  
 advantage , 117  
 bene fi ts , 117  
 color priority and color gain , 40–41  
 color scales , 41–43  
 color wall  fi lters , 43  
 description , 40, 116  
 frame rate , 116  
 limitations , 117  
 operating frequency , 41, 42  
  vs.  spectral Doppler , 116   

  Color duplex peripheral arterial examination , 314–315   
  Color duplex ultrasound image 

 femoral artery aneurysm , 444, 445  
 penile circulation , 437–439   

  Color- fl ow duplex ultrasound (CFD) 
 in aortic endografts 

 AAA diameter measurement , 649–650  
 contrast enhanced ultrasound , 650  
 cost considerations , 650–651  
 endoleaks detection , 650  
 equipment and settings , 651  
 iliac limb follow up , 650  
 patient preparation and positioning , 651  
 stent graft evaluation post-EVAR , 653–656  
 surveillance policy changes , 653, 655–656  

 trauma patients , 420–421   
  Color wall  fi lters , 43   
  Common carotid artery (CCA) 

 duplex scanning, CEA , 212, 214  
 intraoperative duplex ultrasound scanning , 242, 243   

  Compound imaging , 34–35   
  Computed tomography (CT) 
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 AAA 
 3D reconstruction , 640  
 palpation , 639  
 rupture evaluation , 639–640  
  vs.  ultrasound , 640–642  

 aortic aneurysm , 674   
  Computed tomography angiography (CTA) 

 carotid imaging modalities 
 advantages , 203  
 aortic arch vessels , 203, 205  
 CDUS/MRA/DSA comparison , 208  
 minimal carotid disease , 203, 204  
 proximal internal carotid artery stenosis , 203, 205  
 timing bolus technique , 203  

 DUS velocity criteria , 186  
 PAD, lower extremity , 276  
 renal artery stenosis, diagnosis of , 590  
 trauma patients , 421–422   

  Computed tomography arteriography, DUAM , 362–363   
  Computed tomography pulmonary angiography (CTPA), PE , 457   
  Continuous quality improvement (CQI) program , 18   
  Continuous wave (CW) Doppler , 37, 92  

 velocity detector , 288   
  Contrast agents 

 high acoustic power , 698–699  
 intermediate acoustic power , 698  
 low acoustic power , 697  
 principles , 696   

  Contrast angiography, PAD , 276–277   
  Contrast arteriography, DUAM , 362–363   
  Contrast enhanced imaging 

 atherosclerotic abdominal aorta , 600  
 Doppler velocities , 601  
 intra-arterial visualization , 599, 601  
 per fl utren contrast agent , 598–599   

  Contrast-enhanced magnetic resonance angiography 
(CE MRA) , 205   

  Contrast-enhanced ultrasound (CEUS) 
 AAA diagnosis , 644  
 advanced dynamic  fl ow , 700–701, 703  
 angiogenesis and cell therapy , 712  
 B-mode and color imaging , 700, 701  
 clinical applications 

 abdominal aortic aneurysm , 710–711  
 carotid assessment , 710  
 echocardiography , 707–708  
 lower limb evaluation , 711–712  
 mesenteric evaluation , 708–710  
 plaque assessment , 708  
 renovascular assessment , 706–707  
 vascular abnormalities assessment , 706  

 contrast agents 
 high acoustic power , 698–699  
 intermediate acoustic power , 698  
 low acoustic power , 697  
 principles , 696  

  fl ash echo imaging , 704, 705  
 harmonic imaging 

 conventional imaging , 703  
 metastatic liver disease , 704  
 pulse/phase inversion , 703  
 transducers , 702  

 intercellular adhesion molecule , 712  
 microbubble technology 

 antigen recognization , 699, 700  
 drug delivery , 700  

 gene encapsulation , 701  
 leukocyte activation , 699  

 real-time digital subtraction , 705–706  
 stimulated acoustic emission , 700, 702  
 venous vascularization and in fl ammation , 712   

  Conventional carotid arteriography 
 carotid bifurcation , 74, 75  
 four-vessel arch aortogram , 74, 75  
 internal carotid artery stenosis percentage , 75  
 normal distal internal carotid artery , 74  
 proximal internal carotid artery , 74   

  Conventional ultrasound imaging technique , 34–35   
  Corrective action plans , 24–25   
  CPT code , 719–721   
  CTA  .  See  Computed tomography angiography (CTA)  
  CVR  .  See  Cerebrovascular resistance (CVR)   

  D 
  D-dimer testing, pulmonary embolism , 456   
  Deep venous thrombosis (DVT) , 52, 309, 455–456  

 pathophysiology , 473–474  
 venous duplex scanning 

 diagnosis , 479–480  
 indications , 474  
 instrumentation , 474  
 reporting , 480  
 technique , 474–479   

  De fi cit Reduction Act , 721–722   
  De fl ation errors , 296   
  Delayed ischemic de fi cit (DID) , 138   
  Diabetes mellitus , 264, 278   
  Diabetic foot problems 

 limb perfusion assessment , 663  
 management algorithm , 664  
 pedal pulse examination , 663–664   

  Diagnosis Related Groups (DRG) , 718   
  Diagnostic Vascular Laboratory (DVL) 

 accreditation , 11–12  
 credentialing , 13–14  
 description , 11  
 educational background , 12, 13  
 medical and surgical specialties interaction , 12  
 physician quali fi cations , 12–13   

  Dialysis access graft imaging , 442, 443   
  Diffusion-weighted MR imaging (DW-MRI) , 169   
  Digital gangrene , 366   
  Digital subtraction angiography , 191   
  Digital subtraction arteriography (DSA) 

 catheter-based , 207  
 CDUS/MRA/CTA comparison , 208   

  Distal balloon occlusion system , 192   
  Doppler angiography  .  See  Power Doppler angiography  
  Doppler-derived maximal systolic acceleration , 292   
  Doppler spectral waveform analysis 

 abnormal  fi ndings , 92–94  
 artery  fl ow patterns , 82–83  
 description , 81  
 disease severity 

 high-grade stenosis , 96, 99  
 internal carotid artery occlusion , 96, 97  
 mild stenosis , 94, 95  
 minimal disease , 94, 95  
 moderate to severe disease , 94, 95  
 normal internal carotid artery spectra , 94, 95  
 power Doppler role , 96  
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 Doppler spectral waveform analysis  (cont.)  
 Strandness criteria , 94  
 tight stenosis , 94, 96  
 University of Washington criteria , 94  

 end-diastolic frequency/velocity , 83  
 normal  fi ndings , 91–92  
 peripheral vascular disease 

 indications for testing , 288–289  
 instrumentation and physical principles , 288  
 limitations , 292  
 methods and interpretations , 289–290  
 qualitative , 290–291  
 quantitative interpretation criteria , 291–292  

 pulsed Doppler technique , 81   
  Doppler ultrasonography 

 acoustic shadowing 
 automated measurement errors , 232  
 mirror image artifacts , 231–232  
 refraction , 232  

 angle of insonation 
 beam and sample volume positioned , 229  
 cursor alignment , 228, 229  
 description , 228  
  fl ow vector , 229  
 velocity measurement comparison , 228–229  

 diagnostic velocity criteria , 226–227  
  fi bromuscular dysplasia , 233  
 ICA dissection , 233  
 ICA  vs.  ECA 

 anatomical location , 230  
 branches , 230  
 congenital abnormalities , 231  
 Doppler recordings , 230  
 temporal artery tap , 230, 231  

 PAD, lower extremity , 270–271  
 patient factors , 232, 233  
 percentage stenosis , 227–228  
 PSV measurement 

 acoustic shadowing , 231  
 clinical example illustration , 229, 230  
 contralateral stenosis , 227  
 error , 227  
 gender , 227  
 severe carotid stenosis  vs.  complete occlusion , 227  
 stenosis , 229, 230  
 variability , 225, 226  

 sample volume positioning , 229–230  
 stenosis , 232  
 Takayasu’s disease , 233  
 vascular laboratory technologists , 225–226   

  Doppler velocity spectra, tibial artery , 315   
  DSA  .  See  Digital subtraction arteriography (DSA)  
  DUAM  .  See  Duplex ultrasound arterial mapping (DUAM)  
  Duplex scanning 

 carotid 
 advantage , 73  
 description , 72  
 disadvantages , 73  
 duplex scanners , 72–73  

 carotid artery examination 
 CCA bifurcation , 85–86  
 color DUS , 86, 88  
 duplex ultrasound machine , 84–85  
 longitudinal view , 85  
 patient position , 84  
 transverse view , 85, 86  

 carotid color , 73  
 carotid stenosis 

 accuracy , 101–102  
 area reduction percent calculation , 91  
 B-mode imaging , 89–90  
 carotid duplex consensus criteria , 102–103  
 diameter  vs.  area , 91  
 Doppler velocity criteria , 105, 106  
 extracranial carotid duplex examination , 89  
 ultrasound consensus criteria , 103  
 Zwiebel criteria , 99  

 concept , 79–80  
 historical perspectives , 79–80  
 limitations , 89  
 lower extremity PAD 

 clinical applications , 313  
 diagnostic accuracy , 313  
 duplex criteria for lower limb arterial occlusive disease , 

316–318  
 duplex surveillance , 318–320  
 endovascular and surgical intervention , 318  
 percutaneous and open procedural options , 312  
 super fi cial femoral artery , 315  

 symptomatic/asymptomatic carotid endarterectomy trials , 97–101  
 ultrasound components 

 Doppler spectral waveform analysis , 81–83  
 instrumentation , 83–84  
 real-time B-mode imaging , 80–81   

  Duplex surveillance 
 angioplasty and stenting, iliac and femoral arteries 

 after endovascular interventions , 341–342  
 clinical bene fi ts , 344–345  
 criteria of lower extremity endovascular interventions , 342–344  
 outcome measures , 341  
 protocols , 342  
 rationale , 340–341  

 infrainguinal bypass grafts 
 arterial bypass hemodynamics , 323–326  
 graft stenosis , 329–331  
 intraoperative duplex scanning , 324, 326–328  
 mechanisms and hemodynamics of graft failure , 322–323  
 postoperative duplex surveillance , 328  
 rationale and bene fi ts of , 334–337  
 testing intervals , 328  
 threshold velocity criteria for graft revision , 328–329   

  Duplex ultrasonography (DUS) 
 aortic arch vessels 

 grayscale images , 117  
 innominate artery stenosis , 120  
 limited roles , 117–118  
 occluded common carotid artery , 119  
 occlusion , 119, 120  
 ostial left subclavian artery stenosis , 119  
 ostial/proximal common carotid artery lesions , 118–119  
 type A dissection , 120–121  

 CEA 
 abnormal scan , 215, 216  
 CCA , 212, 214  
 description , 212  
 hockey stick linear array , 212, 213  
 protocol and interpretation criteria , 212, 213  
 transverse imaging , 214–215  
 vein patch endarterectomy , 214  

 dialysis access function , 400–402  
 access recirculation , 397  
 algorithm , 403  
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 color Doppler image , 404  
 contrast  fi stulography , 397  
 diagnostics , 396–397  
 distal revascularization/interval ligation , 403  
 guidelines for , 402  
 precannulation duplex , 405  
 venous line pressure , 397–398  
 volume  fl ow measurement , 398–400  

 DVT , 455, 456, 460  
 of mesenteric circulation (   see  Mesenteric duplex scanning) 
 PAD, lower extremity , 271  
 post-catheterization femoral pseudoaneurysms 

 de fi nition and incidence , 347–348  
 diagnosis , 348, 349  
 experience from institution , 351  
 thrombin injection , 350–351  
 treatment algorithm , 352  
 ultrasound-guided compression , 349–350  
 ultrasound-guided thrombin injection , 350–351  

 testing protocol, CAS , 187–188  
 upper extremity arterial disease , 370–375  
 velocity criteria 

 carotid stenting alters compliance , 185, 186  
 CAS , 185  
 CEA , 185  
 CTA , 186  
 receiver operating characteristic analysis , 186  
 stented  vs.  native carotid artery , 187  
 velocity measurements , 185  

 venous disease 
 ablation success assessment , 548  
 closure level , 548, 549  
 deep system assessment , 544  
 duplex scan , 546  
 equipment , 543–544  
 insurance company ultrasound criteria , 545  
 leg pain , 548  
 patient position , 544  
 perforator veins , 544, 547–548  
 re fl ux , 545  
 saphenous ablation , 546  
 small saphenous ablation , 547  
 super fi cial veins assessment , 544  
 tributary veins , 544–545  
 vascular lab criteria , 545  
 venous incompetence , 548  

 for venous re fl ux 
 augmentation , 512  
 catheter-directed thrombolysis , 513  
 combined deep and super fi cial re fl ux , 515  
 deep veins , 514  
 distribution and extent , 512  
 great saphenous and accessory saphenous veins , 513, 514  
 guided interventions , 515  
 limitations , 516  
 nonsaphenous veins , 515  
 patient position , 511–512  
 perforator veins , 514  
 post-thrombotic changes , 513  
 recurrent varices after surgery (REVAS) , 515–516  
 small saphenous vein , 513–514   

  Duplex ultrasound arterial mapping (DUAM) 
 actual decision making , 362  
 advantages , 362–363  
 arteriography comparison , 361  
 disadvantages , 362  

 fundamental objectives , 360–361  
 learning phase , 361  
 virtual decision making , 361   

  DUS  .  See  Duplex ultrasonography (DUS)  
  DVL  .  See  Diagnostic Vascular Laboratory (DVL)  
  DVT  .  See  Deep venous thrombosis (DVT)   

  E 
  Echogenicity and echolucency  .  See  Carotid plaques, ultrasonic 

characterization  
  Effort thrombosis , 459, 500   
  Electromagnetic  fl owmeter, PAD , 275   
  Elevated arm stress test (EAST) , 500   
  Endarterectomy versus Angioplasty in Patients with Symptomatic 

Severe Carotid Stenosis Trial (EVA-3S trial) , 76–77   
  Endothelial dysfunction , 445   
  Endovascular abdominal aortic aneurysm repair (EVAR) , 437   
  Endovascular aneurysm repair (EVAR) 

 contrast enhanced ultrasound , 650  
 cost-effectiveness of , 650–651  
 patient preparation and positioning , 651  
 stent graft evaluation 

 aneurysm sac , 653  
 B-mode gray scale , 651–653  
 color and spectral Doppler , 652  
 CT image , 655  
 detachment and kinking , 654–655  
 type 1 endoleaks , 656  
 type II endoleaks , 655, 656   

  Endovascular therapy, PAD , 280   
  Endovenous ablation assessment , 545, 546, 548, 549   
  End-stage renal disease (ESRD) , 382  

 arteriovenous access placement , 388  
 medicare costs , 387  
 prevalence , 387   

  European Society for Vascular Surgery guidelines , 169   
  Exercise therapy , 278–279   
  Extracranial carotid system 

 anatomy 
 aortic arch , 58  
 arch aortogram , 58, 59  
 external carotid artery branches , 59  
 internal carotid artery branches , 60  
 vertebral artery and cervical spine relation , 61  
 vertebral artery origin , 58, 59  

 carotid color duplex scanning , 73  
 carotid duplex scanning , 72–73  
 cerebral collateral pathways 

 circle of Willis , 62, 64  
  fl ow reversal , 62, 63  
 internal carotid artery occlusion , 62, 65–66  
 occipital collateral , 62, 64–65  
 retrograde  fl ow , 62, 63  
 stenosis , 61  
 subclavian steal syndrome , 62, 63  

 clinical syndromes , 69–70  
 conventional carotid arteriography , 74–75  
 historical perspectives , 71–72  
 internal carotid artery , 61, 62  
 investigations , 71  
 noninvasive cerebrovascular techniques , 71  
 pathology 

 atherosclerosis , 63, 66, 68  
 carotid endarterectomy plaque , 67, 68  
 embolization , 67, 68  
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 Extracranial carotid system (cont.) 
 FMD , 69  
 internal carotid artery thrombosis , 67, 69  
 plaque , 66, 67  
 thromboembolization mechanisms , 67, 68  

 pathophysiology , 69  
 physical examination , 70–71  
 RIND , 70  
 TCD , 73–74  
 treatment 

 CAS , 76  
 EVA-3S trial , 76–77  
 risk factors control , 75  
 SPACE trial , 76   

  Extracranial duplex ultrasound examination, VA , 124    

  F 
  Fast Fourier transform analysis (FFT) , 81   
  Femoral aneurysms , 645, 646   
  Femoral pseudoaneurysms, duplex ultrasound 

 de fi nition and incidence , 347–348  
 diagnosis , 348, 349  
 experience from institution , 351  
 thrombin injection , 350–351  
 treatment algorithm , 352  
 ultrasound-guided compression , 349–350  
 ultrasound-guided thrombin injection , 350–351   

  Fibromuscular dysplasia (FMD) , 209, 603  
 cerebrovascular ischemia , 69  
 Doppler ultrasound evaluation , 233   

  Flow dynamics, vertebral artery (VA) ultrasonography 
 color- fl ow ultrasound evaluation , 125  
 Doppler spectral evaluation , 126   

  Follow-up angiography , 194–195   
  Four cuff method, segmental Doppler pressures , 

292–293   
  Framingham Risk Score (FRS) , 223    

  G 
  Galaxy system, IVUS system , 668   
  Geroulakos classi fi cation , 157   
  Grayscale imaging , 566   
  Gray scale median (GSM) analysis 

 acoustic shadow , 158, 160  
 Adobe Photoshop , 160–163  
 advantages , 168–169  
 adventitia orientation , 158, 159  
 calculation , 158  
 image normalization , 160–163  
 patient position , 158  
 postprocessing curves , 158  
 time gain compensation (TGC) curve , 158, 159   

  Great saphenous vein (GSV) , 452, 475, 513  
 duplex ultrasonography , 512  
 ultrasound guided clinical application , 726–727   

  Green fi eld  fi lter , 526   
  GuardWire , 192    

  H 
  Handheld Doppler ultrasound unit, PAD , 371   
  Harmonic imaging 

 bene fi ts , 33–34  
 compression and rarefaction , 33  

 principles , 33  
 wave distortion , 33   

  Hemispheric index , 137   
  Hemodialysis access graft imaging 

 interpretations , 442  
 technique , 442  
 volume  fl ow criteria , 442–443   

  Hemodynamic indices , 137   
  Hepatic artery 

 abnormalities , 570  
 anatomy and normal Doppler , 567   

  Hepatic veins 
 abnormal hepatic venous waveforms , 583, 584, 586  
 anatomy and normal Doppler 

 multiphasic hepatic venous waveform , 569–570  
 right and left lobe , 568  

 Budd–Chiari syndrome , 584, 586  
 veno-occlusive disease , 584–585   

  Hepatoportal circulation, ultrasound of 
 Doppler assessment, of liver , 570  
 hepatic artery 

 abnormalities , 570  
 anatomy and normal Doppler , 567  

 hepatic veins 
 abnormal hepatic venous waveforms , 583, 584, 586  
 anatomy and normal Doppler , 568–570  
 Budd–Chiari syndrome , 584, 586  
 veno-occlusive disease , 584–585  

 instrumentation and technique , 566–567  
 portal veins 

 air in , 583, 585  
 altered portal venous hemodynamics , 571–573  
 anatomy and normal Doppler , 567–568  
 hypertension , 572–575  
 portosystemic shunts , 575–578  
 thrombosis , 581–584  
 transjugular intrahepatic portosystemic shunts , 

578–580   
  High-de fi nition imaging (HDI) technology , 83, 84   
  High wall  fi lters , 43   
  Horseshoe kidneys , 602   
  Hospital Outpatient Prospective Payment System (HOPPS) , 718   
  Hyperlipidemia , 277–278   
  Hypertension 

 portal veins 
 altered blood  fl ow , 573  
 cirrhosis , 572, 573  
 development and progression , 572  
 sonographic and Doppler criteria , 575  
 splenic vein  fl ow , 574  

 segmental Doppler pressures , 296  
 treatment , 278    

  I 
  Iatrogenic arterial injury , 289   
  Iatrogenic pseudoaneurysms (IPA) 

 diagnosis , 348  
 incidence of , 348  
 risk factors for , 348  
 treatment algorithm , 352  
 ultrasound-guided compression , 349–350  
 ultrasound-guided thrombin injection , 350–351   

  Iliac vein compression syndrome , 459   
  Ilio-caval out fl ow obstruction , 533   
  Image optimization , 35   
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  Imaging in Carotid Angioplasty and Risk of Stroke (ICAROS) study , 
162, 168–169   

  Impedance plethysmography (IPG) , 466–467   
  IMT measurements  .  See  Intima-media thickness (IMT) 

measurements  
  Independent diagnostic testing facility (IDTF) , 718   
  Inferior mesenteric artery (IMA) , 627, 628   
  Infrainguinal arteries , 675   
  Infrainguinal bypass grafts 

 arterial bypass hemodynamics , 323–326  
 duplex ultrasonography , 335  
 graft stenosis , 329–331  
 intraoperative duplex scanning 

 algorithm for , 326  
 interpretation of , 326, 327  
 residual stenosis , 327  

 mechanisms and hemodynamics of graft failure , 322–323  
 natural history , 334–335  
 postoperative duplex surveillance , 328  
 rationale and bene fi ts of surveillance , 335–336  
 testing intervals , 328  
 threshold velocity criteria for graft revision , 328–329   

  Infrainguinal endovascular procedures, evaluation algorithm , 319   
  Infrarenal abdominal aorta , 443, 444   
  Innominate artery stenosis , 120   
  Insertion site thrombosis (IST) , 526   
  In-stent restenosis (ISR), CAS 

 Kaplan–Meier cumulative event rates , 184  
 morphologic patterns classi fi cation , 184, 185   

  Internal carotid artery (ICA) 
 dissection , 233  
  vs.  ECA, Doppler ultrasound evaluation 

 anatomical location , 230  
 branches , 230  
 congenital abnormalities , 231  
 Doppler recordings , 230  
 temporal artery tap , 230, 231  

 stent-angioplasty, calci fi ed ICA plaque , 216–218  
 three-dimensional vascular imaging 

 color  fl ow, multiple defects of , 686  
 occlusion and string sign , 684  
 suboptimal image , 685, 687  
 tortuous segment , 688   

  Internal carotid pseudo-occlusion , 208   
  Internal jugular vein , 723–725   
  Interobserver validation , 299   
  Intersocietal Commission for Accreditation of Vascular Laboratories 

(ICAVL) , 720–721  
 noninvasive vascular testing 

 goals , 6–7  
 review process , 8  
 self-funded organization , 8  

 origin , 11–12  
 QA , 25   

  Intima-media thickness (IMT) measurements 
 ACC/AHA recommendations , 223–224  
 and atherosclerosis , 221–222  
 and cardiovascular risk assessment , 223  
 CDUS , 250  
 de fi nition , 222  
 FRS , 223  
 methodology , 222  
 myocardial infarction , 222–223  
 new risk markers, criteria evaluation , 222  
 plaque , 223  
 risk evaluation , 223  

 stroke , 222–223  
 subclinical cardiovascular disease , 223   

  Intracranial atherosclerotic disease , 140   
  Intracranial collateral pathways , 144   
  Intracranial internal carotid artery occlusion , 142, 144   
  Intracranial vertebral artery occlusion , 144   
  Intracranial vertebral artery stenosis , 142   
  Intraoperative duplex scanning, infrainguinal bypass grafts 

 algorithm for , 326  
 interpretation of , 326, 327  
 residual stenosis , 327   

  Intraoperative duplex ultrasound 
 B-mode ultrasound imaging system , 239  
 carotid stent-angioplasty , 215–219  
 CCA , 242, 243  
 CEA duplex scan protocol and test interpretation , 

212–215  
 clinical reports , 211, 212  
 Doppler  fl ow detection technique , 240  
 Doppler probe application , 240  
 limitations , 242  
 probe scanning position , 242  
 sterile disposable plastic sleeve , 241   

  Intravascular ultrasound (IVUS) 
 abdominal aorta , 672, 674  
 applications , 541  
 carotid angioplasty and stenting , 671–673  
 catheter technique 

 anatomic orientation , 530, 532, 533  
 multiple array transducers , 530–531  
 ring down , 530–531  
 rotating mirror , 530  

 clinical roles , 668  
 color  fl ow , 670  
 diagnostic venous 

 crosscut lumen area measurement , 534, 535  
 Doppler ultrasound , 534  
 echogenicity assessment , 534  
 ilio-caval out fl ow , 533  
 intraluminal assay , 534, 536  
 non-invasive tests , 533  
 stenosis , 534, 535, 538  
 transfemoral antegrade venogram , 533–534, 538  
 vein compression , 535–536  
 venous out fl ow obstruction , 533  

  fi lter placement 
 blind bedside technique , 541  
 double-puncture technique , 540–541  
 guidewire and sheath placement , 540  
 single-puncture technique , 540  

 iliac arteries , 675  
 infrainguinal arteries , 675  
 IVC  fi lter placement , 538–539  
 peripheral interventions 

 motorized pullback sled device , 668–669  
 probe size , 668  

 pullback method , 670  
 rotating catheters , 667–668  
 stent-angioplasty 

 anatomic and clinical outcomes , 217  
 calci fi ed ICA plaque , 217, 218  
 description , 215–216  
 goals , 216  
 internal carotid artery , 216, 217  
 procedure steps , 216, 218  
 technical adequacy, CAS , 219  
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 Intravascular ultrasound (IVUS) (cont.) 
 stenting 

 diameter determination , 535–536  
 disease-free endpoints identi fi cation , 536  
 transfemoral antegrade venogram , 538  
 ultrasound-guided cannulation , 536  

 thoracic aorta , 672, 673  
 two-and three-dimensional images , 669  
 vena cava  fi lter placement 

 completion imaging , 525  
 dual venous access , 523–524  
 preprocedural imaging , 523  
 single venous access , 525  

 venous circulation , 675  
 virtual histology , 670   

  Intrinsic renal parenchymal disease , 609   
  Inverse damping factor , 291   
  IPA  .  See  Iatrogenic pseudoaneurysms (IPA)  
  Ipsilateral carotid stenosis duplex criteria 

 accuracy , 106, 108  
 contralateral internal carotid occlusion , 104, 105  
 conventional standard criteria , 104  
 Doppler velocity criteria , 105, 106  
 Fujitani criteria , 105, 106  
 internal carotid artery/common carotid artery [ICA/CCA] ratio , 

105–106  
 sensitivity/speci fi city , 106–108   

  Ischemic stroke , 57   
  ISR  .  See  In-stent restenosis (ISR), CAS  
  IVC  fi lter placement.    See also  Ultrasound-guided cava 

 fi lter placement 
 indications , 522–523  
 renal artery , 524  
 thrombosis , 526   

  IVUS scanning  .  See  Intravascular ultrasound (IVUS)   

  K 
  Kaplan–Meier estimates , 319   
  Klippel–Trenaunay syndrome (KTS) , 

459–460   
  Knee dislocations , 420    

  L 
  Laser Doppler measurement, PAD , 274–275   
  Lindegaard ratio.    See  Hemispheric index  
  Lipid hypothesis , 267   
  Liver Doppler.    See also  Hepatoportal circulation, 

ultrasound of 
 indications , 569  
 role of Doppler , 569   

  Lower extremities 
 arterial obstruction 

 aneurysmal disease , 309  
 graft surveillance , 309  
 lower extremity arterial imaging , 308  
 post-exercise measurements , 308  
 PVR amplitude , 307–308  
 PVR re fl ected wave , 307, 308  
 segmental systolic limb pressures , 308  

 collateral circulation , 262  
 PAD (   see  Peripheral arterial disease (PAD)) 
 vascular anatomy , 261–262   

  Low wall  fi lters , 43    

  M 
  Magnetic resonance angiography (MRA) 

 carotid imaging modalities 
 advantages , 204  
 carotid bifurcation , 206  
 CDUS/CTA/DSA comparison , 208  
 CE MRA , 205  
 intrathoracic and intracranial lesions , 205  
 tight stenosis , 206–207  
 TOF imaging , 204–205  
 vessel anatomy , 205–206  

 DUAM advantages , 362–363  
 PAD, lower extremity , 275  
 renal artery stenosis, diagnosis of , 590   

  Magnetic resonance arteriography 
 carotids , 208  
 trauma patients , 422   

  Magnetic resonance imaging (MRI) 
 arteriovenous  fi stulas , 415  
 arteriovenous malformations , 440, 441  
 carotids , 204–207   

  May–Thurner syndrome (MTS) , 459   
  Mechanical index (MI), contrast-enhanced ultrasound , 696   
  Median arcuate ligament syndrome , 630   
  Media sclerosis, segmental Doppler pressures , 295–296   
  Medicare Improvements for Patients and Providers 

Act (MIPPA) , 718   
  Mesenteric bypass , 632, 633   
  Mesenteric duplex scanning 

 acute mesenteric ischemia , 634–635  
 arterial disorders , 625–626  
 celiac artery compression syndrome , 630  
 celiac trunk examination , 627  
 clinical  fi ndings , 629, 630  
 color Doppler scanning , 627–628  
 endovascular interventions , 633–634  
 image enhancement , 635  
 intraoperative applications , 632  
 origins visualization , 627  
 ostial location , 626  
 physiologic measurements , 629  
 population screening , 635  
 post-operative applications , 632–633  
 pulsed Doppler examination , 627  
 rabbit-ear/seagull appearance , 627, 628  
 visceral aneurysms , 629–630  
 visceral ischemic syndromes , 630–632   

  Mesenteric ischemia, acute , 634–635   
  MESs  .  See  Microembolic signals (MESs)  
  Mickey mouse duplex sign , 554   
  Microbubble technology 

 antigen recognization , 699, 700  
 drug delivery , 700  
 gene encapsulation , 701  
 leukocyte activation , 699   

  Microembolic signals (MESs) 
 air bubbles differentiation , 196, 197  
 description , 192–193  
 signi fi cance, CAS , 196   

  Middle cerebral artery stenosis , 140   
  Mirror image artifacts , 231–232   
  Monoclonal hypothesis , 267   
  MRA  .  See  Magnetic resonance angiography (MRA)  
  Multiplanar digital subtraction angiography , 216–217   
  Myocardial infarction , 222–223    
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  N 
  Neurogenic TOS , 500   
  Nielsen’s test , 369–370, 372   
  Noninvasive arterial imaging, CKD 

 duplex ultrasonography , 390–391  
 pulse-volume recording , 390  
 segmental arterial pressure , 389–390   

  Noninvasive cerebrovascular techniques , 71   
  Noninvasive vascular testing 

 accomplishments and impact , 8–9  
 accreditation 

 ACR , 8  
 description , 6  
 ICAVL , 6–8  

 ARDMS , 5–6  
 CCI , 5–6  
 cerebrovascular insuf fi ciency 

 carotid stenosis , 252  
 evaluation , 235–236  
 overall accuracy calculation method , 253, 254  
 positive and negative predictive values calculation method , 

253, 254  
 sensitivity and speci fi city calculation method , 253  

 certi fi cation , 5–6  
 CVT , 4  
 description , 3  
 education and training 

 physicians , 4  
 technologists , 4–5  

 PAD , 270  
 RVT , 6, 8  
 thoracic outlet syndrome , 504–505   

  Noninvasive venous imaging, CKD 
 central venous system , 391–392  
 superi fi cial venous system , 391   

  Nonsaphenous veins , 515    

  O 
  Obstruction, and re fl ux , 513   
  Occluded common carotid artery , 119   
  Ophthalmic artery , 144–145   
  Ostial left subclavian artery stenosis , 119   
  Ostial lesions , 626   
  Ostial/proximal common carotid artery lesions , 118–119    

  P 
  Paget–Schroetter syndrome (PSS) , 459, 500  

 risk factors , 484  
 treatment , 493–494   

  Palpating veins , 51–52   
  Peak systolic velocity (PSV) measurement 

 acoustic shadowing , 231  
 clinical example illustration , 229, 230  
 contralateral stenosis , 227  
 error , 227  
 gender , 227  
 severe carotid stenosis  vs.  complete occlusion , 227  
 stenosis , 229, 230  
 variability , 225, 226   

  Pearson correlation , 103   
  Penile circulation 

 duplex imaging techniques , 437–440  
 penile Doppler pressures , 436, 437   

  Percutaneous angioplasty and endoluminal stenting (PTAS) , 623   
  Percutaneous transluminal angioplasty (PTA) , 665   
  Per fl utren , 635   
  Perforating veins , 51, 514   
  Peripheral aneurysms , 644–645   
  Peripheral arterial disease (PAD) 

 ankle-brachial index screening , 425–426  
 arterial reconstructive procedure 

 aortofemoral popliteal reconstruction , 431  
 duplex scanning , 431  
 lumbar sympathectomy , 431–432  
 postoperative follow-up , 432–433  
 profundaplasty , 431  

 association with vascular diseases , 266  
 atherosclerosis 

 pathophysiology , 266  
 theories of , 267  

 classi fi cation of , 269  
 clinical manifestations , 267–268  
 diagnostic investigation 

 color  fl ow imaging , 271  
 contrast angiography , 276–277  
 CTA , 276  
 Doppler ultrasound , 270–271  
 duplex ultrasound , 271  
 electromagnetic  fl owmeter , 275  
 history and physical examination , 270  
 laser Doppler measurements , 274–275  
 MRA , 275  
 noninvasive testing , 270  
 plethysmography , 271–274  
 transcutaneous PO2 , 274  

 duplex scanning 
 clinical applications , 313  
 diagnostic accuracy , 313  
 duplex criteria for lower limb arterial occlusive disease , 316–318  
 duplex surveillance , 318–320  
 endovascular and surgical intervention , 318  
 percutaneous and open procedural options , 312  
 super fi cial femoral artery , 315  

 general atherosclerosis and ABI , 428–429  
 healing response 

 amputation sites , 434–435  
 arterial aneurysm , 443–444  
 arteriovenous malformations , 440–442  
 endothelial dysfunction , 445  
 hemodialysis access graft imaging , 441–443  
 ischemic skin lesions , 433–434  
 penile circulation , 436–440  
 thoracic outlet syndrome , 435–436  
 upper extremity ischemia , 440  
 vasospastic diseases , 440  

 incidence/prevalence of , 263  
 location and severity , 426–428  
 natural history and staging , 268–269  
 perioperative evaluation , 429–430  
 prognosis and medical therapeutic implications , 428  
 risk factors 

 age , 264  
 chronic renal insuf fi ciency , 265  
 diabetes mellitus and dyslipidemia , 264  
 gender , 264  
 hyperhomocysteinemia and hypercoagulable states , 265  
 hypertension , 265  
 in fl ammatory markers/C-reactive protein , 265  
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 Peripheral arterial disease (PAD) (cont.) 
 race , 265–266  
 smoking , 264  

 treatment 
 antiplatelet drug therapy , 279–280  
 diabetes mellitus , 278  
 endovascular therapy , 280  
 exercise therapy , 278–279  
 hyperlipidemia , 277–278  
 hypertension , 278  
 pharmacologic therapy , 279  
 surgical therapy , 280  
 weight reduction , 277  

 vascular laboratory evaluation of , 312, 313   
  Peripheral arterial screening 

 anastomotic site , 359  
 ankle-brachial index , 356  
 aortoiliac segment , 356–357  
 description , 356  
 diagnosis , 356  
 femoropopliteal segment , 357–358  
 infrapopliteal arteries , 358–359  
 patient follow-up , 360  
 posttreatment follow-up , 360  
 preoperative mapping , 356  
 procedure follow-up , 360  
 protocols , 355–356  
 PVR , 356  
 screening , 356  
 vein mapping , 359–360   

  Peripheral vascular disease 
 Doppler waveform analysis 

 indications for testing , 288–289  
 instrumentation and physical principles , 288  
 limitations , 292  
 methods and interpretations , 289–290  
 qualitative , 290–291  
 quantitative interpretation criteria , 291–292  

 PVR (   see  Pulse volume recording (PVR), peripheral 
vascular disease) 

 segmental Doppler pressures 
 interpretations , 294, 295  
 limitations and sources of error , 295–296  
 technique for , 292–294  
 toe Doppler systolic pressure , 295  

 tcpO 
2
  measurements 

 amputation level determination , 662–663  
 chronic lower extremity ischemia , 664–665  
 diabetic foot problems , 663–664   

  Peripheral venous access 
 basilic vein , 727–728  
 great and small saphenous veins , 726–727   

  Phlegmasia alba dolens , 458   
  Phlegmasia cerula dolens (PCD) , 458   
  Photoplethysmography (PPG) , 435, 467–468  

 PAD , 271  
 upper extremity arterial disease , 369   

  Picture Archive and Communication Systems (PACS) , 720   
  Plain radiographs , 420   
  Plaque, IMT measurement , 223   
  Plethysmography, venous disease 

 air plethysmography , 468–469  
 APG  vs.  PPG , 469  
 description , 463  
 impedance plethysmography , 466–467  
 noninvasive venous studies , 469–470  
 PPG , 467–468  

 SGP , 465–466  
 venous obstruction , 464–466  
 venous re fl ux , 465   

  Polytetra fl uoroethylene (PTFE) grafts , 334   
  Popliteal aneurysms , 646, 647   
  Popliteal artery , 262  

 entrapment syndrome , 436  
 injury , 421, 422  
 ultrasound guided clinical application , 728   

  Popliteal vein (PV) 
 duplex ultrasonography , 512  
 ultrasound guided clinical application , 726, 727   

  Portal hypertension 
 altered blood  fl ow , 573  
 cirrhosis , 572, 574  
 development and progression , 572  
 sonographic and Doppler criteria , 575  
 splenic vein  fl ow , 574   

  Portal veins 
 air in , 583, 585  
 altered portal venous hemodynamics , 571–573  
 anatomy and normal Doppler , 567–568  
 hypertension 

 altered blood  fl ow , 573  
 cirrhosis , 572, 573  
 development and progression , 572  
 sonographic and Doppler criteria , 575  
 splenic vein  fl ow , 574  

 portosystemic shunts 
 coronary vein collateral , 575–576  
 splenorenal shunt , 577  
 surgical shunts , 578  
 umbilical vein , 577  

 thrombosis 
 cavernous transformation , 582, 584  
 porta hepatis sonograms , 581, 582  
 risk factors , 581  
 tumor thrombus , 582, 583  

 transjugular intrahepatic portosystemic shunts 
 abnormalities in , 579–580  
 malfunctioning stent identi fi cation , 579  
 portal and hepatic vein  fl ow , 579  
 stent occlusion diagnosis , 580   

  Posterior cerebral artery (PCA) stenosis , 141   
  Posterior communicating artery (PComA) , 145   
  Power Doppler angiography 

 in carotid artery bifurcation , 680–682  
 carotid/vertebral artery , 682  
 limitations , 683  
 peripheral and renal indications , 683  
 positive diagnostic value , 682–683  
 transcranial imaging , 681   

  PPG.    See  Photoplethysmography (PPG)  
  Preoperative mapping , 356   
  Preoperative saphenous vein mapping.    See  Saphenous 

vein mapping  
  Primary UEDVT  .  See  Paget–Schroetter syndrome  
  Proximal internal carotid artery stenosis , 203, 205   
  PSV measurement  .  See  Peak systolic velocity (PSV) measurement  
  Pulmonary embolism (PE) 

 prevention of (   see  Ultrasound-guided cava  fi lter placement) 
 testing for , 456–457  
 Wells score , 456   

  Pulmonary embolism rule-out criteria (PERC) rule , 457   
  Pulsatility index (PI) , 137, 291, 609   
  Pulsed wave (PW) Doppler , 37   
  Pulse repetition frequency (PRF) , 41–43   



755Index

  Pulse repetition period (PRP) , 41–43   
  Pulse train , 116   
  Pulse volume recording (PVR) 

 peripheral arterial screening , 356  
 peripheral vascular disease 

 advantages , 304  
 amputation site healing, guidelines for , 306, 307  
 anatomical localization of arterial lesions (   see  Arterial 

obstruction, in lower extremities) 
 computer-controlled internal calibration system , 304, 305  
 functional lower extremity venous studies , 309  
 ischemic arterial lesions , 306  
 lower extremity arterial study, evaluation time , 304–305  
 resting ischemia , 306  
 vascular claudication , 307    

  Q 
  QI program  .  See  Quality improvement (QI) program  
  Qualitative Doppler waveform analysis , 290–291   
  Quality assurance (QA) 

 components , 17–18  
 corrective action plans , 24–25  
 CQI program , 18  
 de fi nition , 17–18  
 ICAVL , 25  
 monitoring laboratory 

 appropriate use and indications , 21–22  
 correlation and validation , 22–23  
 correlative data analysis , 23–24  
 examination quality and completeness , 22  
 patient satisfaction , 20–21  

 QI program 
 data collection tools development , 19  
 laboratory policies and procedures review , 20  
 negative  fi ndings , 20  
 policy formalization , 20  
 quality initiatives identi fi cation , 18  
 responsibility allocation , 18  
 set thresholds , 18–19  
 steps , 18, 19  

 quality control , 18   
  Quality improvement (QI) program 

 data collection tools development , 19  
 laboratory policies and procedures review , 20  
 negative  fi ndings , 20  
 policy formalization , 20  
 quality initiatives identi fi cation , 18  
 responsibility allocation , 18  
 set thresholds , 18–19  
 steps , 18, 19   

  Quantitative interpretation criteria, Doppler waveform , 291–292    

  R 
  Radial artery 

 anatomy , 379–380  
 duplex 

 arterial mapping , 382–384  
 arteriovenous  fi stula , 384–385  
 protocol , 380  
 radial forearm  fl ap , 384  
 transradial coronary interventions , 384  
 ultrasonographic changes , 380–382  

 ultrasound guided clinical application , 729   
  Rayleigh scattering , 38   
  Raynaud’s syndrome , 366   

  Reactive hyperemia , 300–301   
  Real-time B-mode imaging, duplex scanning , 80–81   
  Recurrent carotid stenosis , 209   
  Recurrent varices after surgery (REVAS) , 515–516   
  Registered Physician in Vascular Interpretation (RPVI) 

examination 
 contents , 14  
 description , 6  
 pathways , 13   

  Registered Vascular Technologist (RVT) 
 noninvasive vascular testing , 6, 8  
 test components , 13–14   

  Renal aneurysms , 602   
  Renal aortic ratio (RAR) , 623   
  Renal artery disease 

 aneurysmal dilatation , 603  
 atrophy progression , 591–592  
 etiology of , 590  
  fi bromuscular dysplasia , 603  
 horseshoe kidneys , 602  
 parenchymal dysfunction , 609–610   

  Renal duplex ultrasound 
 abdominal aorta , 606–607  
 accessory and multiple renal arteries , 601–602  
 after angioplasty and stenting , 623, 624  
 anatomy, of renal arterial system 

 B-mode image , 593  
 parenchymal tissue , 592  
 segmental branches , 593  
 sinus , 592  
 transverse color  fl ow image , 594  

 aneurysmal dilatation , 603  
 aorta examination , 595–596  
 arterial stenosis 

 classi fi cation , 591  
 hemodynamically signi fi cant , 608  
 interventions , 612  
 less than 60% , 607  

 atrophy progression , 591–592  
 contrast enhanced imaging 

 atherosclerotic abdominal aorta , 600  
 Doppler velocities , 601  
 intra-arterial visualization , 599, 601  
 per fl utren contrast agent , 598–599  

 diagnostic criteria , 613  
 equipment , 595  
  fi bromuscular dysplasia , 603  
 hilar evaluations , 610–611  
 horseshoe kidneys , 602  
 intraoperative duplex sonography 

 angiography , 618  
 B-scan defects , 620  
 complications , 618  
 Doppler velocity criteria , 619, 620  
 linear array probe , 618–619  
 primary patency , 620, 622  
 surgeon and vascular technologist role , 620  
 waveform analysis , 620, 621  

 mesenteric arteries examination , 595–596  
 normal renal artery , 607  
 occlusion , 602, 609  
 parenchymal 

 blood  fl ow evaluation , 597  
 dysfunction , 609–610  

 patient preparation and positioning , 594–595  
 pediatric evaluations , 612–613  
 post-operative repair 
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 Renal duplex ultrasound (cont.) 
 blood pressure response , 620  
 B-scan image , 622  
 diameter reducing stenosis , 622–623  

 renal artery 
 bypass grafts , 603  
 disease etiology , 590  

 renal size measurement , 591–592, 598  
 renal vein 

 evaluation of , 611  
 thrombosis evaluation , 598, 599  

 before repair and intervention , 617–618  
 stenting 

 echogenic wall , 603, 605  
 evaluation , 611–612  
  fl ow and location, of artery , 605  
 lumen/thrombosis , 603  
 origin and segments , 604  
 systolic velocity , 604   

  Renal sinus , 592   
  Renal vein ostium , 523   
  Renovascular hypertension , 589   
  Reperfusion syndrome , 191, 196–197   
  Resistive index (RI) , 137, 609, 613, 618   
  Response to injury hypothesis , 267   
  Reversed Robin Hood syndrome , 149   
  Reversible ischemic neurologic de fi cit (RIND) , 70    

  S 
  Saphenofemoral junction (SFJ) , 554  

 ultrasound examination , 513   
  Saphenous ablation , 546   
  Saphenous vein mapping 

 calf saphenous vein anatomy , 560  
 imaging method 

 equipments , 553  
 focal zones adjustment , 553  
 imaging sites , 554  
 marking method , 556  
 patient position , 554  
 saphenofemoral junction , 554  
 size measurement , 556  
 transverse vein image , 555  
 vein wall , 556–557  

 limitations , 561  
 preoperative imaging , 552  
 small saphenous vein , 561  
 ultrasound imaging , 552–553  
 variants 

 branching, distal thigh , 558–559  
 classi fi cation , 557–558  
 deep system , 558  
 double systems , 558–559  
 single lateral dominant system , 558   

  Screening test 
 carotid duplex, in patients 

 coronary artery surgery , 177  
 lower extremity arterial occlusive disease , 

177–178  
 cost-effectiveness analysis methods , 178–179  
 ultrasound role, non-operated carotid artery , 178   

  Secondary UEDVT 
 risk factors , 484  
 treatment , 493   

  Segmental Doppler pressures, peripheral vascular disease 

 interpretations , 294, 295  
 limitations and sources of error , 295–296  
 technique for , 292–294  
 toe Doppler systolic pressure , 295   

  SGP  .  See  Strain-gauge plethysmography (SGP)  
  Sickle cell disease , 138   
  Siphon stenosis , 141   
  Skin  fl uorescence , 434   
  SMA  .  See  Superior mesenteric artery (SMA)  
  Small saphenous vein (SSV) , 561  

 acute thrombus in , 478  
 duplex ultrasonography 

 anatomic variations , 512  
 site-speci fi c ultrasound examination , 513–514  

 ultrasound guided clinical application , 726–727   
  Smoking 

 cessation , 277  
 stroke , 177   

  SonoCT real-time compound imaging , 84   
  Soustiel’s ratio , 138   
  Spectral analysis, Doppler velocimetry , 288, 289   
  Spectral broadening artifact , 38, 39   
  Spectral Doppler 

 B-mode imaging , 36  
 Doppler angle 

 angle correction , 37–38  
 description , 38  
 effects , 37  
 spectral broadening artifact , 38, 39  

 Doppler effect , 36  
 Doppler error , 38  
 Doppler shift , 36–37  
 operating frequency correction 

 ideal Doppler operating frequency , 40  
 Rayleigh scattering , 38  
 re fl ectivity , 38  

 principal forms , 37   
  Spencer’s curve, hemodynamic model , 149, 151   
  Steal phenomena , 50   
  Stent-angioplasty 

 IVUS scanning 
 anatomic and clinical outcomes , 217  
 calci fi ed ICA plaque , 217, 218  
 description , 215–216  
 goals , 216  
 internal carotid artery , 216, 217  
 procedure steps , 216, 218  
 technical adequacy, CAS , 219  

 multiplanar digital subtraction angiography , 
216–217   

  STP  .  See  Super fi cial thrombophlebitis (STP)  
  Strain-gauge plethysmography (SGP) , 465–466  

 PAD , 271, 273   
  Strandness criteria , 94   
  Stress testing, peripheral arterial disease , 298   
  Stroke , 57  

 blood pressure , 177  
 carotid artery stenosis , 174  
 IMT measurement , 222–223  
 physical activity , 177  
 postmenopausal women , 177  
 prevention screening , 176  
 risk factors , 176–177  
 smoking , 177  
 TIA , 176–177   

  Subarachnoid hemorrhage , 138–139   
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  Subclavian steal 
 TCD sonography , 149  
 syndrome , 62, 63  
 VA ultrasonography , 128, 129   

  Subclinical cardiovascular disease , 223   
  Super fi cial thrombophlebitis (STP) , 52, 454–455   
  Super fi cial veins , 51   
  Super fi cial venous incompetence (SVI) , 458–459   
  Superior mesenteric artery (SMA) 

 acute occlusions of , 625  
 atherosclerotic lesions , 626  
 clinical  fi ndings , 629, 630  
 pulsed-Doppler spectral analysis , 627   

  Supra-aortic veins , 51    

  T 
  Takayasu’s disease , 233   
  TASC classi fi cation 

 aortoiliac lesions , 280, 281  
 femoral popliteal lesions , 280, 282   

  TCCD  .  See  Transcranial color-coded duplex (TCCD)  
  TCD  .  See  Transcranial Doppler (TCD)  
  Temporal arteritis , 251–252   
  Terminal internal carotid artery stenosis , 141   
  Thigh pressure indices , 294   
  Thoracic aorta , 672, 673   
  Thoracic outlet syndrome (TOS) , 435–436, 485  

 algorithm for evaluation , 501, 502  
 clinical symptoms of , 499–500  
 description , 499  
 diagnostic interpretation , 504, 506, 507  
 duplex ultrasound , 501  
 indirect physiological testing , 500–501  
 noninvasive testing , 504–505  
 protocol , 502–504  
 ultrasound evaluation , 501   

  Three-dimensional vascular imaging 
 advantages , 680  
 benign  vs.  malignant lesions , 686–687  
 breast masses vascularity , 685  
 clinical history , 679–680  
 color duplex imaging 

 abdominal aortic aneurysm , 691  
 femoral artery , 689  
 iliac artery , 692  
 renal artery , 690  

 contrast enhancement , 687–688  
 high-resolution grayscale data , 680  
 internal carotid artery 

 color  fl ow, multiple defects of , 686  
 occlusion and string sign , 684  
 suboptimal image , 685, 687  
 tortuous segment , 688  

 intravascular ultrasound , 689–690  
 power Doppler angiography 

 in carotid artery bifurcation , 680–682  
 carotid/vertebral artery , 682  
 indications and limitations , 683  
 peripheral and renal indications , 683  
 positive diagnostic value , 

682–683  
 transcranial imaging , 681  

 renal vasculature , 683–684  
 vascular applications , 690–693   

  Tibial veins , 726, 727   

  Time-of- fl ight (TOF) imaging 
 three-dimensional , 204–205  
 two-dimensional , 204   

  Timing bolus technique , 203   
  Toe-to-brachial index (TBI) , 295   
  Transabdominal duplex ultrasound 

 completion imaging , 523  
  fi lter placement , 523  
 preprocedural imaging , 522–523   

  Trans-Atlantic Inter-Society Consensus classi fi cation, 
arterial lesions , 313–314   

  Transcranial color-coded duplex (TCCD) , 134   
  Transcranial Doppler (TCD) 

 balloon protection system , 192  
 baseline angiography , 194–195  
 baseline pattern , 191  
 CEA 

 description , 190  
 intentional middle cerebral artery  fl ow reversal , 192, 193  

 examination, VA , 128–129  
 extracranial carotid system , 73–74  
 follow-up angiography , 194–195  
 GuardWire , 192  
 intentional middle cerebral artery  fl ow reversal , 192, 193  
 MESs 

 air bubbles differentiation , 196, 197  
 description , 192–193  
 signi fi cance, CAS , 196  

 peri-procedural setup 
 digital subtraction angiography , 191  
 monitoring setup , 191, 192  
 Spencer technologies headgear , 190  

 post-procedural observations , 194–195  
 reperfusion syndrome , 191, 196–197   

  Transcranial Doppler (TCD) sonography 
 cardiac right-to-left shunt detection , 147–148  
 cerebral circulatory arrest , 148–149  
 cerebral embolization , 146–147  
 clinical indications 

 acute cerebral ischemia , 139–140  
 anterior cerebral artery stenosis , 140–141  
 anterior communicating artery (AComA) , 145  
 anterior cross- fi lling , 145  
 arterial occlusion , 142  
 basilar artery (BA) occlusion , 144  
 basilar artery (BA) stenosis , 141  
 intracranial atherosclerotic disease , 140  
 intracranial collateral pathways , 144  
 intracranial internal carotid artery occlusion , 142, 144  
 intracranial vertebral artery occlusion , 144  
 intracranial vertebral artery stenosis , 142  
 MCA occlusion , 142  
 middle cerebral artery stenosis , 140  
 ophthalmic artery , 144–145  
 posterior cerebral artery (PCA) stenosis , 141  
 posterior communicating artery (PComA) , 145  
 reversed  fl ow, basilar artery , 145–146  
 sickle cell disease , 138  
 siphon stenosis , 141  
 subarachnoid hemorrhage , 138–139  
 terminal internal carotid artery stenosis , 141  

 criteria, normal  fi ndings , 136  
 CVR , 137  
 hemispheric index , 137  
 hemodynamic indices , 137  
 insonation steps 
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 Transcranial Doppler (TCD) sonography (cont.) 
  fl ow and depth directions , 136, 137  
 submandibular , 135  
 transforaminal , 135  
 transorbital , 134–135  
 transtemporal , 134  

 intracranial pressure , 148  
 intraoperative monitoring, CEA , 242, 244  
 outcomes , 149, 150  
 power motion Doppler (PMD) , 134  
 principles , 133–134  
 pulsatility indices , 137  
 resistance index (RI) , 137  
 reversed Robin Hood syndrome , 149  
 Spencer’s curve , 149, 151  
 subclavian steal , 149  
 TCCD , 134  
 three-dimensional CT angiograms , 134–136  
 TIBI  fl ow grades de fi nition , 143  
 vasomotor reactivity (VMR) , 146   

  Transcutaneous oxygen (tcpO 
2
 ) measurements 

 amputation level determination , 662–663  
 chronic lower extremity ischemia , 664–665  
 diabetic foot problems 

 limb perfusion assessment , 663  
 management algorithm , 664  
 pedal pulse examination , 663–664  

 PAD , 274  
 physiology , 661–662   

  Transfemoral venogram , 533–534, 538   
  Transient ischemic attacks (TIAs) 

 cerebrovascular insuf fi ciency , 238  
 description , 57  
 mechanism , 70  
 stroke , 176–177   

  Transjugular intrahepatic portosystemic shunts (TIPS) 
 abnormalities in , 579–580  
 malfunctioning stent identi fi cation , 579  
 portal and hepatic vein  fl ow , 579  
 stent occlusion diagnosis , 580   

  Transverse duplex scan imaging , 214–215   
  Traumatic vascular injuries 

 diagnostic evaluation , 418  
 history evaluation , 418  
 imaging 

 ABI , 419–420  
 color  fl ow duplex ultrasonography , 420–421  
 computed tomography angiography , 421–422  
 magnetic resonance arteriography , 422  
 plain radiographs , 420  
 selective angiography , 420  

 mechanism of injury , 418  
 physical examination , 418–419   

  Treadmill exercise 
 clinical studies , 299–300  
 functional evaluation , 300  
 interpretation , 299  
 technique , 299    

  U 
  Ultrasonic carotid plaque morphology , 248–250   
  Ultrasound 

 abdominal aortic aneurysm (   see  Abdominal aortic 
aneurysm (AAA), ultrasound) 

 advanced imaging technologies 
 compound imaging , 34–35  

 harmonic imaging , 33–34  
 image optimization , 35  
 IMT measurements , 35–36  

 biomicroscopy, radial artery , 381  
 color Doppler 

 color priority and color gain , 40–41  
 color scales , 41–43  
 description , 40  
 operating frequency , 41, 42  
 wall  fi lters , 43  

 components, duplex scanning 
 Doppler spectral waveform analysis , 81–83  
 instrumentation , 83–84  
 real-time B-mode imaging , 80–81  

 imaging general principles 
 absorption , 30  
 depth and speed, of sound , 31  
 image generation , 30  
 re fl ection , 30–31  
 spatial resolution , 31–32  
 video compression , 32–33  

 imaging principles 
 absorption , 30  
 axial resolution , 31  
 contrast resolution , 31  
 depth and speed, of sound , 31  
 image generation , 30  
 re fl ection , 30–31  
 spatial resolution , 31–32  
 video compression , 32–33  

 spectral Doppler 
 B-mode imaging , 36  
 Doppler angle , 37–39  
 Doppler effect , 36  
 Doppler shift , 36–37  
 operating frequency correction , 38, 40  
 principal forms , 37   

  Ultrasound guidance 
 arterial access 

 brachial artery , 729  
 common femoral artery , 728  
 popliteal artery , 728  
 radial artery , 729  

 central venous access 
 femoral vein , 726  
 internal jugular vein , 723–725  
 popliteal and tibial veins , 726, 727  
 subclavian vein , 725–726  

 peripheral venous access 
 basilic vein , 727–728  
 great and small saphenous veins , 

726–727  
 reimbursement , 729   

  Ultrasound-guided cava  fi lter placement 
 advantages , 525  
 after sterile groin preparation , 521  
 algorithm for , 527  
 caval penetration , 526  
 cost-effective , 527  
 device failure , 526  
 disadvantages , 525–526  
 equipment , 522  
  fi lter migration , 526  
 fracture , 526  
 indications , 522  
 insertion site thrombosis , 526  
 intravascular ultrasound 
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 completion imaging , 525  
 dual venous access , 523–524  
 preprocedural imaging , 523  
 single venous access , 525  

 IVC thrombosis , 526  
 misplacement/malpositioning , 526  
 modern intensive care unit , 520  
 open abdominal decompression , 520  
 prophylactic indications , 522  
 pulmonary embolism , 521  
 series of , 521  
 tilting/incomplete deployment , 526  
 transabdominal duplex ultrasound 

 completion imaging , 523  
  fi lter placement , 523  
 preprocedural imaging , 522–523   

  Ultrasound-guided compression (UGC), IPA , 349–350   
  Ultrasound-guided thrombin injection (UGTI), IPA , 350–351   
  Unstable carotid plaque , 208–209   
  Upper extremities 

 arterial disease 
 cold challenge testing , 369–370, 372  
 digital pressures and plethysmography , 369–371  
 duplex ultrasound examination , 370–375  
 hemodialysis access evaluation , 374, 376  
 noninvasive diagnostic techniques , 367  
 pathophysiology , 366–367  
 Raynaud’s syndrome , 366  
 segmental arm pressures , 367–368  

 functional studies of 
 miscellaneous studies , 310  
 upper extremity arterial studies , 309–310  

 ischemia , 440   
  Upper extremity deep vein thrombosis (UEDVT) 

 advantages and disadvantages, imaging modalities , 485, 486  
 algorithm for therapy , 494, 495  
 anatomy , 485–486  
 distribution and sites, of veins , 485  
 duplex imaging technique 

 lower extremity DVT  vs.  UEDVT , 491–492  
 secondary upper extremity thrombi , 492–493  
 soft-tissue abnormalities , 490–491  
 UEDVT in children , 488–490  
 venous abnormalities , 488  

 incidence , 484  
 indications for upper extremity scans , 485  
 treatment , 493–494   

  Upper extremity venous thrombosis (UEVT) , 457–458    

  V 
  Varicose vein management , 460   
  Vascular hemodynamics , 261  

 arterial (   see  Arterial hemodynamics) 
 description , 45  
 venous (   see  Venous hemodynamics)  

  Vascular TOS , 500   
  Vasomotor reactivity (VMR) , 146   
  Vasomotor tone changes, effect of , 296   
  Vasospastic diseases , 440   
  Vein mapping , 359–360   
  Vena cava  fi lter placement  .  See  Ultrasound-guided cava 

 fi lter placement  
  Veno-occlusive disease , 584–585   
  Venous disease 

 advanced venous thrombosis , 458  
 anatomy and pathophysiology 

 nomenclature changes, lower extremity , 451, 452  
 perforating veins of leg , 452  

 congenital venous disorders , 459–460  
 diagnostic evaluation , 460  
 incidence , 459  
 pathophysiology , 459  
 physiology of venous  fl ow , 452–453  
 plethysmography 

 air plethysmography , 468–469  
 APG  vs.  PPG , 469  
 description , 463  
 impedance plethysmography , 466–467  
 noninvasive venous studies , 469–470  
 PPG , 467–468  
 SGP , 465–466  
 venous obstruction , 464–466  
 venous re fl ux , 465  

 revised CEAP classi fi cation , 453–454  
 STP , 454–455  
 SVI , 458–459  
 venous thromboembolism 

 DVT , 455–456  
 mesenteric vein thrombosis , 458  
 ovarian vein thrombosis , 458  
 pulmonary embolism , 456–457  
 renal vein thrombosis , 458  
 upper extremity venous thrombosis , 457–458   

  Venous duplex ultrasound 
 DVT 

 diagnosis , 479–480  
 indications , 474  
 instrumentation , 474  
 reporting , 480  
 technique , 474–479  

 UEDVT 
 in children , 488–490  
  vs.  lower extremity DVT , 491–492  
 secondary upper extremity thrombi , 492–493  
 soft-tissue abnormalities , 490–491  
 venous abnormalities , 488   

  Venous gangrene (VG) , 458   
  Venous hemodynamics 

 diseased veins, blood  fl ow 
 Doppler spectrum , 53  
 thrombosis , 52  
 venous hypertension effects , 53  
 venous re fl ux , 52–53  

 normal venous circulation, blood  fl ow 
 blood reservoir , 50  
 breathing , 51  
 jugular vein , 50  
 muscle pump , 51  
 pressure gradient , 51  
 venous blood pressure , 51, 52  
 venous volume , 51   

  Venous hypertension effects , 53   
  Venous incompetence assessment , 544, 548   
  Venous out fl ow obstruction , 533   
  Venous re fl ux , 52–53  

 clinical examination , 511  
 color- fl ow imaging , 510  
 de fi nition , 509  
 duplex ultrasound 

 augmentation , 512  
 catheter-directed thrombolysis , 513  
 combined deep and super fi cial re fl ux , 515  
 deep veins , 514  
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 Venous re fl ux (cont.) 
 distribution and extent , 512  
 great saphenous and accessory saphenous veins , 513, 514  
 guided interventions , 515  
 limitations , 516  
 nonsaphenous veins , 515  
 patient position , 511–512  
 perforator veins , 514  
 post-thrombotic changes , 513  
 recurrent varices after surgery , 515–516  
 small saphenous vein , 513–514  

 multi-frequency linear array transducers , 510  
 pathological etiologies , 510   

  Venous re fl ux assessment , 545   
  Venous thromboembolism (VTE).    See also  Deep venous 

thrombosis (DVT); Pulmonary embolism (PE) 
 mesenteric vein thrombosis , 458  
 ovarian vein thrombosis , 458  
 renal vein thrombosis , 458  
 risk factors for , 474  
 upper extremity venous thrombosis , 457–458   

  Venous valvular insuf fi ciency , 309   
  Ventilation/perfusion scan (V/Q scan), PE , 457   
  Vertebral artery (VA) 

 and cervical spine relation , 61  
 origin , 58, 59  
 ultrasonography 

 accuracy , 126–127  
 arterial dissections , 128  

 atherosclerotic disease , 127–128  
 clinical indications , 127–128, 130  
 data provision , 126  
 description , 124  
 diagnostic criteria , 126–127  
 extracranial duplex examination , 124  
  fl ow dynamics , 125–126  
 longitudinal plane imaging , 124–125  
 outcomes , 129, 130  
 scanning protocol , 124  
 subclavian steal , 128, 129  
 TCD examination , 128–129  
 vertebrobasilar arterial system, anatomy of , 124   

  Vertebral steal syndrome , 50   
  Vertebrobasilar insuf fi ciency , 251–252   
  Virtual histology IVUS (VH IVUS) , 670   
  Visceral aneurysms , 629–630   
  Visceral ischemic syndromes , 630–632   
  Volcano system, IVUS system , 668    

  W 
  Wall  fi lters , 43   
  Wells score, pulmonary embolism , 456   
  Wells scoring, DVT , 474    

  Z 
  Zwiebel criteria , 99         
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