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Foreword to the Second Edition

Rapid development of sophisticated technology, as well as efforts by vascular 
surgeons to improve vascular care, has resulted in the widespread proliferation of
vascular laboratories throughout the United States in the last three decades.
Prior to that, only a handful of vascular laboratories were available, and all served
as space for an academic surgeon to study peripheral circulation in humans. Early
instrumentation included the use of various types of cumbersome plethysmographs.
The introduction of ultrasound technology in the 1970s ushered in a new era in non-
invasive diagnosis. At present, noninvasive vascular diagnostic techniques have
much wider applications, and there is a need for a book on noninvasive vascular
diagnosis to guide therapy. After all, effective treatment follows precise diagnosis.
Noninvasive Vascular Diagnosis: A Practical Guide to Therapy, edited by Ali 
AbuRahma and John Bergan, is a welcome addition to the field of noninvasive 
diagnosis.

The continued refinement of duplex ultrasound technology has led to the gradual
replacement of indirect tests using plethysmography in the diagnosis of deep 
vein thrombosis or carotid artery disease. Duplex scan is now the dominant 
technology in vascular laboratories, and its use has extended to the diagnosis 
of chronic venous insufficiency, mesenteric ischemia, and disease of the renal 
artery. In addition to diagnostic use, duplex ultrasound has also found use in 
surveillance of patency of bypass or hemodialysis grafts and following carotid
endarterectomy or stent placement. It also is helpful to map saphenous veins prior
to infrainguinal bypass. In addition, use of duplex scan has evolved to therapeutic
applications, such as sclerotherapy for varicose veins, newer minimally invasive abla-
tion procedures, injection of thrombin into pseudoaneurysms of the femoral artery
after catheterization, and bedside placement of vena cava filter. Meanwhile, ankle
systolic pressure recorded by a handheld Doppler probe, first introduced in 1969,
has stood the test of time as a simple diagnostic test for arterial occlusive disease
of extremities. Doppler ankle pressure is now widely used to grade degree of
ischemia objectively and as a screening test for peripheral arterial disease and 
epidemiology study. Newer ultrasound technologies, such as transcranial Doppler,
intravascular ultrasound, and 3-D ultrasound, have found new application in 
noninvasive vascular diagnosis.

The last three decades also have seen a rapid development of imaging technique,
ushering in an era in which diagnosis and early detection of arterial and venous
disease can be readily made by a host of noninvasive diagnostic techniques.
High-resolution ultrasound, magnetic resonance, and CT technology have 
completely changed the face of imaging techniques. At present, we have many
choices in imaging techniques that can be used alone or in combination to obtain
the needed diagnostic information. Arteriography by CT or MR has provided
images similar to those obtained by the traditional invasive contrast arteriography,
thus significantly decreasing the clinical use of venography or invasive contrast 
arteriography.

There is no question that advancement of vascular care depends on technology.
Noninvasive technology is now an important component in training of future 
generations of vascular surgeons. However, the widespread use of vascular labora-
tories calls for quality control and certification of the laboratories as well as 
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viii Foreword to the Second Edition

the technologists and physicians. Technology, when used wisely, benefits the patient;
when used indiscriminately, it results in waste of time, energy, and resources.
The reader is advised to follow the excellent guidelines and advice put forth in this
volume by the editors and the group of distinguished contributors that they have
assembled.

James S.T. Yao, MD, PhD
Emeritus Professor of Surgery

Division of Vascular Surgery
Department of Surgery

Northwestern University, Feinberg School of Medicine
Chicago, Illinois



Foreword to the First Edition

This book is remarkable when compared with books concerning the vascular diag-
nostic laboratory of a few years ago, one of which Dr AbuRahma co-authored. At
the present time, noninvasive diagnosis is dominated by duplex scanning and other
imaging modalities. Physiologic studies are being down-played. This is due to the
increasing dominance of the field by radiology-based laboratories. Therefore it is a
pleasure to see this book which covers both imaging and physiologic studies well,
and does so in a problem-oriented format.

This volume does more than that. It addresses the full gamut of vascular 
laboratory operations including accreditation of laboratories and their personnel;
it covers the basic physics of ultrasound instrumentation; and it treats thoroughly 
each of the four important components of vascular laboratory accreditation:
cerebrovascular, peripheral arterial, venous and abdominal studies. The book 
also deals with a number of special areas which are peripheral to most 
vascular diagnostic laboratories but are included in their operations by 
some – three-dimensional imaging, intravascular ultrasound, magnetic resonance
angiography and Doppler flow wire to name just a few. This breadth of 
coverage has not been seen since the mammoth volumes of a decade ago that 
the late Gene Bernstein published as proceedings of his San Diego meetings.
But this book differs from those volumes in that it is not a compendium of 
focused presentations for a meeting. It is instead a carefully organized comprehen-
sive coverage of everything one would need to know and could expect to 
encounter in the most complete vascular laboratory operation conceivable.
For example, the section on cerebrovascular diagnosis not only includes overviews
of clinical considerations and the various techniques, it provides individual 
chapters on carotid duplex examination, evaluation of the proximal aortic 
arch vessels, examination of the vertebral arteries and even descibes use of 
the transcranial Doppler. This then ends up with a clinical correlation 
chapter that critiques these competitive techniques and discusses their relative 
value in specific clinical settings. The intraoperative assessment of technical 
adequacy of carotid endarterectomy or angioplasty is described, for example;
then the survey of a patient developing neurological deficits after operation 
is addressed; the postoperative surveillance after endarterectomy or angioplasty 
is detailed; the laboratory evaluation of the trauma victim is included; and 
examination of the patient presenting with vertebrobasilar symptoms is 
explained. Each major section has a final chapter such as this which brings 
all the preceding information together in a practical and meaningful summary for
the clinician.

As organized, this book is ideal for any physician of any specialty background,
whether in training or in practice, who wants current and in-depth coverage of non-
invasive vascular diagnosis from operations and administration, to credentialing, to
fundamental techniques and their instrumentation or specific clinical applications
in every conceivable setting.

The authors are to be commended for putting together such a compre-
hensive text at this time of need to hold all the components of noninvasive 
diagnosis together as a traditional vascular diagnostic laboratory. The reader will
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benefit from their vision and from efforts of their well-selected contributing 
authors.

Robert B. Rutherford, MD
Emeritus Professor of Surgery

University of Colorado



Preface

The purpose of this revision of what has become a very popular textbook is to high-
light recent advances in the investigation of vascular disorders. The additions to this
volume describe new methods of investigation and how they can be used to the best
advantage of the patient by the physician. This volume is designed to instruct physi-
cians on how to make a greater number of correct decisions regarding care and how
to save some patients from unnecessary and expensive procedures.

Although it is nearly 200 years since John Hunter transformed vascular surgery
from a terrifying craft to a positive scientific success, there have been long stagnant
periods during which little progress could be seen. That is not true of the past 10
years. During this time, the noninvasive vascular laboratory has become an essen-
tial part of every general hospital. It is now a place where objective measurements
can be obtained on which prognosis and treatment can be based. There is a growing
sophistication of methods and new terms have emerged that are at first sight unfa-
miliar. This volume is designed to help guide the reader through these problems.

The rapid expansion of this field in the past several years, in terms of new modal-
ities and new applications, justifies this second edition. A few examples of these are
the role of duplex technology in carotid stenting, the diagnosis of temporal arteri-
tis, surveillance after percutaneous transluminal angioplasty/stenting of peripheral
arteries, abdominal stent grafts for abdominal aortic aneurysms, and the use of
duplex ultrasound for bedside insertion of inferior vena cava filters. Interestingly,
noninvasive vascular technology has spread from a very few early pioneers, mostly
vascular surgeons influenced by the late Gene Strandness, to a much broader group
of physicians, including neurologists, radiologists, cardiologists, and internists. An
entire corps of vascular technologists has evolved. There are now vascular sonog-
raphers, a number of whom participate in the development of new and important
applications of ever changing diagnostic equipment.With this in mind, this textbook
is designed to be comprehensive enough to address the needs of all who are involved
in vascular diagnostic technology.

A new level of maturity and technological advancement in the field of noninvasive
testing has been reached and, as a result, 14 chapters of the current edition are new
and 24 chapters have been radically revised.The section on cerebrovascular diagno-
sis includes several new chapters: Carotid Plaque Echolucency Measured by
Grayscale Median (GSM) Identifies Patients at Increased Risk of Stroke during
Carotid Stenting: The ICAROS Study, Duplex Ultrasound in the Diagnosis of 
Temporal Arteritis, Duplex Ultrasound Velocity Criteria for Carotid Stenting
Patients, Use of Transcranial Doppler in Monitoring Patients during Carotid Artery
Stenting, and the Use of an Angle-Independent Doppler System for Intraoperative
Carotid Endarterectomy Surveillance. The section on peripheral arterial disease
includes the following new chapters: Rationale and Benefits of Surveillance after
Prosthetic Infrainguinal Bypass Grafts, Rationale and Benefits of Surveillance after
Percutaneous Transluminal Angioplasty and Stenting of Iliac and Femoral Arteries,
Duplex Ultrasound in the Diagnosis and Treatment of Femoral Pseudoaneurysms,
Lower Extremity Arterial Mapping: Duplex Ultrasound as an Alternative to 
Arteriography Prior to Femoral and Popliteal Reconstruction, Noninvasive Diagno-
sis of Upper Extremity Vascular Disease, and Protocol and Technique for Dialysis
Ultrasound Surveillance. The section on venous disorders includes new chapters on
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xii Preface

Duplex Ultrasound Use for Bedside Insertion of Inferior Vena Cava Filters and
Venous Stenting Using Intravascular Ultrasound (IVUS). In the section on deep
abdominal Doppler, a new chapter was added on The Role of Color Duplex Ultra-
sound in Patients with Abdominal Aortic Aneurysms and Stent Grafts.These reflect
the development of better methods and display the changing indications for use of
the new technology. The earlier techniques must be placed in a proper perspective.

Several modalities are now described in this edition by new authors who were
selected because of their comparative knowledge of alternative and supplementary
approaches. These new contributors and their increasingly diverse backgrounds
have added immeasurably to the breadth of this volume. To these contributors, the
previous authors, and all of their staffs, the editors wish to express their full and
most sincere appreciation. We hope that the reader will enjoy dipping into this
volume as much as we have enjoyed updating it.

Ali F. AbuRahma
John J. Bergan
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Vascular Laboratory Operations



Noninvasive testing had its roots in early research labo-
ratories more than half a century ago. The first 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 flow. The
ability of the early measurement methods to provide
objective noninvasive determination of vascular parame-
ters 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 labo-
ratories expanded, providing an increasing volume of
routine examinations directed toward patient manage-
ment. 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 office, thus increasing the
availability of the tests.

Education and Training

Physician

The testing in the early laboratories was done and super-
vised by the physicians who worked on developing and
validating the techniques. These researchers were com-
mitted to critical evaluation of the tests being developed
and careful work preceded widespread clinical applica-
tion. Once the value of vascular testing was promulgated,
increasing numbers of physicians became interested in
the field. The majority of physicians who established clin-
ical laboratories in the late 1970s and early 1980s lacked
the research background and the experience of the orig-
inal investigators.The newcomers relied on learning what
they could from the few published articles and visits to

observe the work done in established laboratories. Over
time there has been an increase in the quality and avail-
ability of courses and teaching materials available. Some
specialties require training in vascular testing in the core
curriculum. Many programs include didactic presenta-
tions, direct participation in examinations, and experience
in test interpretation. As the result of these programs
many doctors come out of 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 additional personnel and the training of these
people. The most important change was adding person-
nel whose job was to perform the different testing pro-
tocols. People from a variety of technical backgrounds
were recruited, including nurses, radiology technicians,
and catheter laboratory specialists. With time this hybrid
group evolved into vascular technologists. Adequate
training and supervision became an obvious problem.
These people were initially taught the basics by the super-
vising physician, who might or might not have an ade-
quate background. With time there was a growth in
meetings and courses dedicated to teach the principles
and practice of the different testing methods. In general,
most technologists learned by a hit-or-miss approach 
of “on-the-job” training. Where a knowledgeable physi-
cian supervised the experience, a reasonable level of
expertise 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 complex both in terms of equip-
ment and procedures. Understanding vascular disease
and the instrumentation used has become increasingly
important. In many settings physicians rely on the tech-
nologists to assess patients with vascular disease and
ensure appropriate utilization of noninvasive testing,
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thus the increased need for better and more advanced
education.

Dedicated vascular technology educational programs
have continued to evolve over the past decade. Their
measured development can be attributed partly to inad-
equate funding and partly to the classification of vas-
cular 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 Cardiovas-
cular Technology were completed in 1983, and adopted 
by 12 allied health organizations [including the Society 
of Vascular Ultrasound (SVU)]. While recognition gave
credibility to the cardiovascular technology profession,
and established Standards and Guidelines, it failed to rec-
ognize the practical specialty of vascular technology. In
theory, CVT includes invasive and noninvasive cardio-
vascular technology as well as peripheral vascular testing.
As a result, educational programs in CVT routinely
included very limited didactic or clinical exposure to
peripheral vascular testing.

Increased utilization of noninvasive vascular testing
combined with local carrier directives requiring certified
vascular technologists to perform noninvasive vascular
testing has created a high demand for vascular technol-
ogy programs. Three baccalaureate programs in vascular
technology are currently available (Oregon Institute of
Technology, Rush University, and Nova Southeastern
University). In addition, vascular programs are offered by
10 CVT-CAAHEP accredited associate degree programs
and 2 baccalaureate programs. Several accredited Diag-
nostic Medical Sonography programs also offer “vascu-
lar tracks”. This educational information can be accessed
through the SVU and CAHEP websites.

The emergence of “distance” or “internet” educational
programs is also impacting the educational choices of 
vascular technologists. Currently, registered vascular
technologists desiring a bachelor’s degree in vascular
technology can do so through the Oregon Institute of
Technology (OIT). The school began the first vascular
technology bachelor degree program in the nation, and
currently enrolls 30 to 40 students on-campus and up to
100 students in the off-campus annually. The Degree
Completion Program integrates basic medical science and
vascular diagnostic courses with a general college educa-
tion, allowing students to complete a Bachelor of Science
Degree in Vascular Technology.The distance program was
developed for vascular technologists desiring a degree
without leaving their present employment. The program
is available to technologists who lack a bachelor’s degree,
and credits are awarded for achieving certification as a
Registered Vascular Technologist (RVT). Details of the
program are available at the school’s website.

Certification

From the early days of vascular testing there was concern
about the level of knowledge, experience, and compe-
tence of the individual technologist. In 1979, the national
association of vascular technologists, the Society of Non-
invasive Vascular Technologists (SNIVT, which later
became the SVU) recognized that validation of the 
specialty required documentation of competence
through certification. The American Registry of Diag-
nostic Medical Sonographers (ARDMS) was selected to
provide the vascular technology certification examina-
tion. For 30 years, the ARDMS has developed and admin-
istered practice-based examinations in six ultrasound
specialty areas. Certified by the National Commission 
of Health Certifying Agencies (NCHCA), ARDMS 
has consistently maintained “category A” classification
with the National Commission for Certifying Agencies
(NCCA). ARDMS has certified more than 45,000 indi-
viduals and has become a recognized standard for diag-
nostic medical ultrasound credentialing by many facility
accreditation programs. The ARDMS has well-defined
educational and clinical prerequisites for candidates
preparing to sit for ultrasound certification examinations.
These prerequisites are available on the website. Once
the prerequisites are met, applicants are required to pass
two comprehensive examinations to earn a credential: (1)
a physical principles and instrumentation examination,
and (2) a specialty examination. After acquiring a cre-
dential, continuing competency must be documented by
submitting evidence of continuing medical education to
the ARDMS. The first vascular technology examination
was administered by ARDMS in 1983; since that time,
over 14,000 RVT credentials have been awarded. Nearly
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 surveys. These surveys,
completed by active RVTs, reflect changes occurring
within the practice of vascular technology and assist with
examination validation by documenting the tasks rou-
tinely 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 reflects technological
advances within the profession. The surveys are also
required to maintain accreditation by the NCCA. The
NCCA establishes accreditation standards; ARDMS is
the only certifying body for sonography accredited by
NCCA.

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
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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. In 1988, most RVTs
worked in the department of vascular surgery (70%) in
dedicated vascular laboratories. By 1994, this number had
decreased to 51%, with an increasing number of vascular
technologists in radiology (18%) and ultrasound depart-
ments (17%). Increasingly, the individual seeking the
RVT credential may be “cross-trained” in other areas of
ultrasound. Data collected between 2000 and 2004 show
that 55% of vascular technologists are “RVT-only,” 34%
are RVT/RDMS (general sonographers), and 11% are
RVT/RDCS (cardiac sonographers).

A second pathway to certification is through Cardio-
vascular Credentialing International (CCI). Established
in 1988, CCI is a not-for-profit corporation founded for
the purpose of administering credentialing examinations.
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). CCI registry examinations are offered
in three specialty areas: invasive/cardiac catheterization,
noninvasive echocardiography, and vascular technol-
ogy/ultrasound. The Registered Vascular Specialist
(RVS) credential is awarded to candidates who success-
fully complete the two-part examination in vascular 
technology. Similar to the ARDMS process, the only
mechanism for obtaining the CCI credential is through
examination. Candidates for the RVS credential may
qualify for exemption for the Cardiovascular Science
component of the examination if they hold an “active”
CCI registry or meet two additional criteria, as noted on
the website. There are currently 950 active CCI regis-
trants with the RVS credential; nearly 40% also hold the
CCI Registered Cardiac Sonographer (RCS) credential.
Recent data indicate that fewer than 5% of the RVSs also
hold the RVT (1%) or RDMS (4%) credentials awarded
by ARDMS. Only 13 MDs (less than 1%) have acquired
the RVS credential. 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.

In an effort to demonstrate competence in vascular
technology, many vascular surgeons have acquired the
RVT credential. The majority of MD/RVTs are vascular
surgeons. There has been concern expressed that the
RVT credential, designed to evaluate the knowledge and
competence of the vascular technologist, is not the appro-
priate vehicle for a physician. To address these concerns,

in 2003, the Society for Vascular Surgery submitted a
formal request to the ARDMS to explore the interest in
a voluntary credential for physicians in vascular ultra-
sound interpretation. A market analysis was conducted,
and based on the favorable response, a physician inter-
pretation examination was developed. This examination
is designed to target physicians in many medical special-
ties who practice vascular ultrasound. The Physician 
Vascular Interpretation (PVI) examination is currently
under development by a six-member examination devel-
opment task force. The group is chaired by R. Eugene
Zierler, MD and represents all major medical specialties
practicing vascular technology, and one registered vascu-
lar technologist. A detailed survey of the tasks and
expertise relevant to the practice of vascular interpreta-
tion was developed and randomly distributed to 6000
physicians in February 2005.The results of the survey will
be used to develop a “blueprint” of the practice, and the
foundation of the PVI examination. Prerequisite guide-
lines and examination format have also been developed.
The PVI examination will combine physics and non-
physics questions into a single, 4–5 hour examination,
with one single passing score. A pilot examination was
delivered in the last quarter of 2005, so that the content,
scoring, reliability, and validity of the examination could
be determined prior to delivering a qualified PVI exam-
ination in 2006. Examination prerequisites and applica-
tions 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 vascular 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 equipment, 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 practice of simply
buying equipment and following protocols described in
articles or recommended by manufacturers. Likewise,
diagnostic criteria were accepted as described, presuming
that the accuracies of tests by the newly established lab-
oratory would be similar to those reported by the experts.
Internal validation of the work of an individual labora-
tory was rarely obtained. It became clear that high accu-
racy of testing is dependent on both (1) technical
considerations of protocols and procedures and (2) the
knowledge and clinical experience of the technologist
performing the examinations. In addition, there was a
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growing concern among the leaders in noninvasive
testing about the calls from the medical insurance com-
panies 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 field voiced the need for
better self-policing but had no way to bring this about.
There was also concern that some state or specialty
organization 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

Finally in 1989, an informal meeting of leaders in the field
of noninvasive testing proposed the possibility of estab-
lishing a voluntary accreditation process. This initial
group included vascular surgeons, radiologists, and vas-
cular technologists. They concluded that there was no
suitable existing accreditation option and that they
needed to study the feasibility of creating an accrediting
organization. Support and financial sponsorship were
sought from a variety of professional societies 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 inde-
pendent entity that was not specifically allied with any
one specialty or society. From the very beginning the
emphasis was on an intersocietal approach. The Ameri-
can Academy of Neurology, American College of Radi-
ology, American Institute of Ultrasound in Medicine,
International Society for Cardiovascular Surgery (North
American Chapter), Society for Vascular Surgery, Society
for Vascular Medicine & Biology, Society of Diagnostic
Medical Sonographers, and Society of Vascular Technol-
ogy committed to sponsor the initial efforts and an initial
work group was formed with two representatives from
each society.

The initial meetings were dedicated to defining the
scope of vascular laboratory accreditation and the
minimum guidelines necessary for the assurance of
quality. The overall objective was “To ensure high quality
patient care by providing a mechanism that recognizes
laboratories providing quality vascular diagnostic tech-
niques through a process of voluntary Accreditation.”
This goal was to be achieved by establishing an accredi-
tation process, issuing certificates of accreditation, and
maintaining a registry of accredited laboratories. An
important principle that was established early was that
the accreditation should be as inclusive as possible, some-
thing that could be achieved by even the smallest labo-

ratory that was doing quality work. Another important
principle adopted was that accreditation would not
require a specific medical specialty training but would
evaluate the particular education and experience of the
doctors and the technologists in each laboratory. Stan-
dards for the overall laboratory organization addressed
the qualifications 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
specific testing areas (cerebrovascular, peripheral arte-
rial, peripheral venous, and abdominal vascular). Atten-
tion was also given to indications, testing protocols,
diagnostic criteria, and quality assurance. Not all compo-
nents of the standards carried equal weight; some aspects
were mandatory or required while others were recom-
mended. 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 Commis-
sion for the Accreditation of Vascular Laboratories
(ICAVL) and in November 1990 it was incorporated as a
nonprofit corporation in Maryland. The members of the
ad hoc work group became the original Board of Direc-
tors and Brian Thiele, MD, who had chaired the work
group, was elected the first President. In January 1991
Sandra Katanick, RN, RVT, was selected as the Execu-
tive Director and charged with creating the administra-
tive structure for the Commission.

The accreditation process starts with submission of a
detailed application form, which includes documentation
of all aspects of the facility. The sample cases and their
reports are the most important part of the application, for
the greatest weight in the evaluation process is on the
quality of the testing provided. The final part of each
testing section is the laboratory’s documentation of vali-
dation or quality assurance. The Board of Directors
reviews applications quarterly and decides on granting
accreditation. Some applications have noted deficiencies
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 mate-
rial is received completing the application or document-
ing the correction of a problem, the final decision is made.
If a laboratory is not considered to be in substantial com-
pliance with the Essentials and Standards, a site visit is
required to permit more extensive evaluation of the
problem areas. While the visit may confirm the problems
detected in the application, experience through the years
has been that more often than not the problem was not
with the laboratory itself but with a poorly prepared
application. Also noted is that some laboratories with
clearly documented problems have identified these and
efforts toward correction are being made by the time of
the site visit.
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Accreditation is granted for 3 years. Reaccreditation
requires an abbreviated application. New personnel com-
plete an information and background section but for
prior staff only an updated listing of CME is required. As
with the original accreditation, the most important aspect
of the application 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 reaccreditation is the adequate docu-
mentation of correction of the deficiencies or weaknesses
identified 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
principle that vascular testing is an advancing field and
that the Essentials and Standards needed regular review
and consideration for revision. The revisions to the Stan-
dards give examples 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 laboratories performing only
physiologic tests would no longer qualify for accredita-
tion 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 proficiency 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 philoso-
phy: the most important factor in granting accreditation
should be the quality of the work being done. In the expe-
rience of the members of the Board, low volume labora-
tories often have trouble producing 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.

Through the years the ICAVL Board has been con-
cerned about the validity of the review process. Site visits
were used only when the review identified serious con-
cerns about the data in the application. For several years
consideration was given to instituting a process for
random site visits to validate applications the quality of
which did not trigger additional scrutiny. In 1998 a policy
was established for random site visits to be carried out
each quarter. The findings and recommendations of the
site visit team will be compared with the recommenda-
tions resulting from the regular review of the applications.

The Commission was created as an independent, self-
funded organization, so it was critical to generate suffi-

cient interest in accreditation to be able to cover the
entire cost of the operation. At first there were low
numbers of applicants, but there has been a continuing
steady growth in the number of accredited laboratories,
currently totaling 1150. It was encouraging that most lab-
oratories chose to reapply for accreditation after the first
3 years. An increasing number of laboratories have com-
pleted five cycles. One of the leading goals set by ICAVL
was to help improve the quality of testing through the
education resulting from completing the application
process. Probably the most important evidence of impact
of accreditation is the fact that most laboratories apply-
ing for reaccreditation show improvement over what was
found the first time around. Another indicator of success
was the fact that ICAVL was used as the basis for the cre-
ation of the Intersocietal Commission for the Accredita-
tion of Echocardiography Laboratories (ICAEL) in 1996
and of the Intersocietal Commission for the Accredita-
tion of Nuclear Medicine Laboratories (ICANL) in 1997.

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 radiol-
ogists in having a single accreditation for all the areas of
diagnostic ultrasound. This move certainly came in
response to the success of ICAVL. In 1997 the new accred-
itation was offered to radiology-based laboratories. The
vascular component directly paralleled that of ICAVL,but
the requirements were less stringent and the application
therefore easier to complete.A number of radiology labo-
ratories have stopped renewing their ICAVL accreditation
in favor of that offered by ACR. Approximately 900 facil-
ities have this vascular accreditation.

Accomplishments and Impact

Over the years since the introduction of certification, and
later accreditation, there has been growth in both these
areas. The number of RVT certificates issued was low in
the early years but has shown a later growth. 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 recom-
mended that all technical personnel be credentialed, but
last year a mandate was introduced requiring that all
technical directors hold an approved credential. The
growing appreciation of technologist credentialing was
reflected by the creation by CCI of a parallel process.
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quality issue, with 27 companies requiring either accred-
itation or that credentialed technologists perform the
tests. An additional 11 recommend (do not require) that
these standards be met. It is encouraging to see that
groups outside the Medicare carriers are beginning to
look at similar mandates. The Coalition for Quality in
Ultrasound (CQU), a group of professional organizations
participating in diagnostic ultrasound studies, is conduct-
ing an active campaign to increase the mandates for cer-
tification and accreditation across the country. The ideal
would be to achieve these regulations on a national basis.
This will fulfill the goal of wide reaching improvement in
the quality of vascular testing and hopefully the elimina-
tion of poor operations, which have been the bane of the
specialty throughout the years.

Appendix

Education
www.oit.edu/zimmermg/mithome/vtdcom/vasgate.html

(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

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 sur-
viving 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 creation of the ACR ultra-
sound accreditation. The ICAVL staff participated in the
creation of standards for accreditation in echocardiogra-
phy and nuclear medicine laboratories.

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 officer stated, “We assume that anyone billing
us for a test is providing a quality examination.” This atti-
tude is changing and in recent years different insurance
programs including Medicare have developed an interest
in the quality of work done in vascular laboratories.There
has been a growing recognition of technologist certifica-
tion and laboratory accreditation as predictors of higher
quality. An important step occurred in March 1998 when
the Medicare carrier for Virginia implemented a regula-
tion requiring ICAVL accreditation as a prerequisite for
reimbursement. Additional carriers have addressed the



The vascular diagnostic laboratory (VDL) is of increas-
ing importance in the care of patients with vascular
disease1–3 while coming under greater governmental
scrutiny and economic pressures.4 In view of these chal-
lenges, the qualifications and credentials of physicians
who interpret noninvasive diagnostic studies have taken
on additional importance. The InterSocietal Commission
for the Accreditation of Vascular Laboratories (ICAVL)
has established overall standards for vascular laborato-
ries, including credentials for interpreting physicians.
Several professional societies5–10 have published guide-
lines for credentials for physicians interpreting noninva-
sive vascular studies but, as yet, there is no universally
accepted standard. Physicians from different specialty
backgrounds and with different training and clinical diag-
nostic experience may all read and direct vascular labo-
ratories.7,11,12 Can these diverse backgrounds and training
be accommodated in a single set of standards that quali-
fies physicians for working in the VDL in these capaci-
ties? This chapter will examinationine the desired
attributes in regard to formal education and necessary
skills, as well as special qualifications required for physi-
cians interpreting noninvasive vascular diagnostic
studies.

Educational Background

Although the first vascular laboratories were developed
by vascular surgeons,13 today a variety of other physician
specialties are involved in the interpretation of noninva-
sive vascular studies. These include radiology, cardiology,
neurology, and neurosurgery, as well as vascular medicine
specialists.7 However, each of these specialties has, stereo-
typically, certain deficiencies in their usual training expe-
riences when it comes to understanding and interpreting
vascular diagnostic laboratory tests. Neurologists and
neurosurgeons have clinical knowledge regarding cere-
bral vascular disease, particularly stroke, but are less fre-

quently provided the opportunity to acquire significant
experience in the VDL evaluation of patients with those
conditions. In addition, cerebrovascular diagnosis is only
a limited segment of the broad scope of today’s VDL.
Radiologists often are well-grounded in the principles of
ultrasound and have experience interpreting and per-
forming duplex ultrasound examinations, but generally
lack knowledge of the principles that govern physiologic
vascular testing and the clinical aspects of vascular
disease. Training in cardiology includes a focus on the
pathogenesis of arterial disease, particularly atheroscle-
rosis, and the clinical aspects of some other peripheral
vascular diseases, such as venous thromboembolism, but
it infrequently includes adequate exposure to noninva-
sive vascular diagnosis or nonarterial vascular disease,
such as chronic venous insufficiency. Vascular surgeons
and vascular internists have broad educational exposure
to the hemodynamic principles, the pathogenesis, and
clinical aspects of a broad spectrum of vascular disease
and how they apply to diagnosis. However, they are less
often exposed to the principles and instrumentation of
ultrasound and often are not given the opportunity to
actually perform duplex ultrasound examinations.

While training requirements in each of these fields 
has evolved considerably in the past several years, no 
one specialty characteristically provides adequate expo-
sure to all the educational components of vascular diag-
nosis that have been recommended7,12,14 to qualify
physicians to interpret noninvasive vascular tests. These
educational components, listed in Table 2–1, require a
multispecialty approach to the education of residents or
fellows in the vascular diagnostic laboratory. The table
lists all the areas in which knowledge and skills should be
acquired. These components provide a framework for
noninvasive vascular diagnosis training within standard
specialty training so that individuals can work effectively
in the VDL.

Although residency and fellowship training may vary
between specialties, and between different programs
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within those specialties, individuals interpreting vascular
laboratory studies should have acquired a certain set of
basic skills (Table 2–2). A thorough understanding of dis-
eases that affect the vascular system is an absolute
requirement.This should include an understanding of the
epidemiology and pathophysiology of vascular disorders
as well as their clinical signs and symptoms, prognosis,
and treatment options. This fundamental knowledge is
necessary because noninvasive VDL tests are based upon
both normal and abnormal vascular physiology. By the
same token, since noninvasive testing is an adjunct to
caring for patients with vascular disease, physicians 
interpreting noninvasive vascular tests should have a
thorough understanding of appropriate indications for
the performance of these tests. It is incumbent upon the

interpreting physician to understand these indications to
ensure appropriate clinical conclusions are reached and
wasteful or excess testing is avoided. This, of course,
includes an understanding of the false-positive and false-
negative rates of VDL studies.

It should also be understood that not every laboratory
will be able to produce an equivalent experience for
every individual in each listed area, nor is it absolutely
necessary (i.e., there is little need for residents in neurol-
ogy to learn venous testing). Areas of expertise and
emphasis can and should be designated by each specialty,
although individuals who hope to direct a VDL should
seek an educational experience that covers all the com-
ponents listed in Tables 2–1 and 2–2. Additionally, it is
desirable that individuals learn how to utilize instruments
by actually performing clinical studies, although this may
be more difficult to achieve in some specialty areas. As a
minimum, in our opinion, a basic knowledge of the instru-
mentation and testing is desirable—if not essential. Expe-
rience actually performing the various examinations is
necessary in order to adequately assist technologists with
difficult examinations and, for the surgeon, to perform
intraoperative duplex scanning.1

Qualifications

The qualifications for physicians interpreting vascular
noninvasive studies have been outlined previously.12 They
consist of the following: (1) understand instrumentation
(and be able to troubleshoot technical problems); (2) be
able to perform and instruct others in performing nonin-
vasive tests; (3) have a thorough knowledge of vascular
diseases studied in the VDL; (4) understand the meaning,
accuracy, and limitations of test results in light of other
tests and the clinical setting; (5) either be completely sup-
ported by the VDL or have other activities that do not
interfere with the ability to be accessible for the VDL;
and (6) have no conflicts of interest between acting as
both diagnostician and clinician. The individual should
have a valid medical license and be in good standing in
the medical community. Some professional organizations
have suggested minimum numbers of examinations to
qualify interpreting physicians in the VDL, but no con-
sensus exists.5,7–10,15 In many situations, no single individ-
ual will meet those criteria and more than one individual
(physician, engineer, or technologist) may need to share
these qualifications.

Credentialing

ICAVL encourages all technologists to seek certification
as Registered Vascular Technologists (RVT) and consid-
ers such certification by physicians suitable evidence 

Table 2–1. Educational components of training in vascular 
laboratories.7,12,14

• Ultrasound and doppler physics
• Plethysmographic principles
• Hemodynamic principles
• Instrumentation
• Extremity arterial disease

� Continuous wave Doppler
� Segmental limb pressures and plethysmography
� Duplex ultrasound scanning
� Provocative testing (reactive hyperemia, exercise)

• Cerebrovascular disease
� Duplex ultrasound scanning
� Transcranial Doppler (TCD)

• Visceral disease
� Renal arterial duplex ultrasound
� Mesenteric artery duplex ultrasound
� Organ transplant duplex ultrasound
� Portal venous duplex ultrasound

• Venous disease (acute and chronic)
� Duplex ultrasound scanning
� Photoplethysmography
� Air plethysmography

• Testing for erectile dysfunction
• Ophthalmic ultrasound

Table 2–2. Prerequisite skills for physicians interpreting 
noninvasive vascular studies.5

• Thorough understanding of vascular disease
• Understanding of principles of vascular testing

� Hemodynamics
� Physiology
� Ultrasound and Doppler physics

• Understanding of the appropriate tests and indications for testing
• Familiarity with instrumentation
• Ability to perform vascular noninvasive tests
• Understanding of the clinical utility of noninvasive vascular tests

� Reliability
� Accuracy
� False-positive and false-negative rates
� Technical limitations



2. Qualifications of the Physician in the Vascular Diagnostic Laboratory 9

of appropriate experience and training. However, it
should be noted that a credential specifically for 
physicians has only recently been introduced by the
American Registry of Diagnostic Medical Sonographers
(ARDMS). Until there is widespread adoption of this
credential it remains up to individual departments and
hospitals to set credentialing criteria in a responsible
rather than self-serving manner. For examinationple, at
the University of Vermont, a Department of Surgery
ultrasound credentialing committee reviews and sets 
criteria for physicians using diagnostic ultrasound.14 The
criteria and subsequent credentialing recommendations
are then sent to the hospital’s credentials committee.
However, this oversight obviously falls short for free-
standing VDLs, pointing out the need for a national,
multispecialty credentialing system. Such an approach 
to credentialing should be inclusive, not exclusive, to
allow for the variety of specialists who have a stake 
in vascular noninvasive diagnosis. It may be difficult 
for certain specialists to obtain the adequate hands-on
experience that is necessary, particularly after completing
formal training. We would suggest spending an extended
period of time in the VDL, e.g., 1–2 hours per week 
for 6–12 months, depending upon the tests to be inter-
preted, which could serve as a means to gain adequate
experience.

The vascular surgical societies have developed hospi-
tal privileging guidelines for vascular surgery, includ-
ing noninvasive vascular diagnosis.5 Besides a medical
license, these suggested requirements basically include
the skill sets listed in Tables 2–1 and 2–2, as well as
minimum numbers of cases and experience necessary for
physicians in established practices, newly trained physi-
cians, and those without formal training in the VDL
during residency.5

Initial credentialing must be followed by periodic
recertification. Such a process should include, as a
minimum, evidence of continued effective clinical activ-
ity in the VDL and attendance at continuing medical 
education courses related to the VDL and vascular 
diagnosis.5,12,14 Educational activities should include 
specific ultrasound and vascular diagnostic training but
also continuing education in the vascular diseases being
referred to the VDL.

Registered Vascular 
Technologists Examination

Can the RVT examination, administered by the Regis-
tered Physician in Vascular Interpretation (RPVI) 
examination serve as a suitable substitute for credential-
ing of physicians interpreting noninvasive studies? 
First, it should be pointed out that no examination 

guarantees competence. Thus, as noted above, it falls 
to hospital and/or departmental credentialing commit-
tees to assess initial and continued competence in 
the awarding of credentials.5,12,14 However, many of 
the criteria noted above may be fulfilled in meeting 
the eligibility for and passing the ARDMS examina-
tions.16 The RVT examination requires documentation 
of significant hands-on clinical experience before one 
can sit for the examination. The RPVI examination 
does not require hands-on experience, however. The 
3-hour RVT examination uses a two-part format to 
test the candidate on (1) the principles of physics,
hemodynamics, and noninvasive testing, and (2) the 
clinical aspects of vascular disease.The RVT examination
is criterion-referenced; the minimum level for passing 
is set in advance, and will not be adversely affected 
by highly trained physicians who might skew the exami-
nation results.16 Although it should not be an absolute
requirement, it seems desirable for physicians inter-
preting noninvasive vascular tests to be qualified as 
RVTs or RPVIs.

The RPVI credential provides an alternate, and
perhaps more appropriate credential for physicians inter-
preting vascular noninvasive studies.

Requirements for Physicians Directing
Vascular Laboratories

In addition to the training, skills, and qualifications 
outlined above, physician-directors of VDLs must 
have additional capabilities. Minimum training should
cover all the aspects discussed above for physician-
readers in the VDL. It has also been suggested that 
a mandatory requirement should be for the director 
to have obtained the RVT credential,17 though in the
future this may be the RPVI credential. The broadest
clinical experience and skills are desirable for someone
to serve as a VDL director. Clinical experience will 
be necessary for credibility when the director is asked 
to resolve issues or complaints regarding appropriate
selection of diagnostic tests or assistance in under-
standing test results in light of a clinical situation. In 
addition to diagnostic skills, the director must also have
administrative and budgeting skills, particularly in 
difficult financial times.11,17 Directors must be responsible
for developing and instituting scanning protocols,
interpretation criteria, accreditation applications, person-
nel decisions, and day-to-day operational management.
Additionally, good interpersonal skills are impor-
tant, for the person in this position must lead as 
well as direct, but these are judgment attributes.
Finally, while an academic career is not essential, a good
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VDL director should not only be interested in the per-
formance of the laboratory and its staff, but ideally
should be interested in examining and, where appropri-
ate, reporting clinically significant correlations with labo-
ratory tests or their diagnostic criteria. Clearly, directors
have much greater responsibility and the selection of
those individuals should reflect these needs.
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Section II
Basic Physics



This chapter is an April 2005 revision of a chapter written
in April 1998. During that period, the basics of ultrasound
examination have been surprisingly stable. Electronics
have shrunk so that now full function ultrasound duplex
scanners can fit in your pocket. The speed of personal
computers has advanced so that the new scanners are just
software residing in personal computers equipped with
an ultrasound receiver on the front end and a printer or
DICOM adaptor on the back end.

In spite of shrinking electronics, all of the “modern”
triplex-Doppler, color flow, (three-dimensional real-time)
“four-dimensional” scanners have converged on a single
standard package. Most instruments are still 20 inches 
(50cm) wide, 30 inches (75cm) long, and 50 inches 
(125cm) tall, with a power cord that requires 120V 
(240V in Europe), 60Hz (50Hz in Europe), delivering a
maximum of 15 A (7.5 A in Europe) or 1800W (volts 
multiplied by amps) with a printer included.This standard
was developed because doorways are 30 inches (760mm)
wide and the eyes of ultrasound examiners are located 
60 inches (150cm) off the ground, and power outlets 
are ubiquitous. This way, an examiner can roll the 
ultrasound instrument through a door while the exam-
iner’s view over the top of the instrument is unobstructed
and connect the instrument to power at the patient’s
bedside. Thus the systems are “portable,” something that
will always be out of reach of the computed tomography
(CT) and magnetic resonance imaging (MRI) alternative
technologies. It is truly surprising that the manufacturers,
over the period from 1979 (when commercial duplex
scanners became popular) to 2005, while electronics have
shrunk to (1/2)18 or 1/250,000 size, have elected to keep
the instrument package unchanged until this year with the
introduction of notebook size systems. What has changed
is that the complexity of the systems has exploded. Now
ultrasound scanners are over 4000 times as complex as 
in 1979. But, that era has come to an end. The first 
companies to introduce palm size scanners have reverted
to mounting them on standard size carts, not because

small size is impossible, but because the customers appear
to want ultrasound scanners that look large. Now, all the
major manufacturers offer palm size ultrasound scanners
as an alternative to the large systems.

This chapter was written in the United States in a world
where inches and feet, gallons and quarts are the rule,
and room temperature is 72°F (22°C) and body tempera-
ture is 98.6°F (37°C). “Science” has “advanced” to use a
decimal metric system. The decimal system, however, is
misaligned with the computer-friendly binary number
system. As an example, 0.1 is an irrational number in
binary computer math. In the future, I predict, the decimal
system will be discarded in favor of a binary (or hexa-
decimal) system that is more compatible with computers.
In the meantime, the relationship between the decimal
and binary systems will require constant explanation.

In this chapter, the MKS (meter kilogram second)
system will be used when alternatives are not more con-
venient.To facilitate understanding, all units will be listed
every time a number is given. To make things more diffi-
cult, the “scientists” have decided to honor their own by
naming often used groups of units after the great people
in physics, like Hertz for frequency instead of cycles per
second, Pascals for pressure instead of Newton per
square meter, and Rayls for impedance instead of kilo-
grams per square meter per second. In this chapter, along
with the modern names, the more primitive units of
measure will be included in order to foster the ability of
the reader to correctly perform important computations,
which facilitate the understanding of future instruments
and methods. The results of many computations are quite
astounding.

Introduction

Medical imaging of the body requires the completion of
three tasks: (1) locating volumes of tissue in the body
(voxels) to be examined, (2) measuring one or more
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feature(s) of the tissue within each volume, and (3) deliv-
ering the data to the brain of the examiner/interpreter.
The primary sensory channel used in medical imaging 
is the retina, a two-dimensional, analog/trichromatic
(color), cine-capable (motion) data path. A secondary
channel used exclusively in ultrasound Doppler is 
dual audio channels (two ears). Although used in physi-
cal examination, the tactile, taste, and olfactory senses 
are not currently used in medical imaging. A two-
dimensional medical image presentation involves two
tasks: (1) arranging areas on a screen (pixels) that corre-
spond to tissue voxels and (2) displaying the measure-
ment from the corresponding tissue voxel in each pixel.
If more than one measurement type is made from each
voxel (for example, echogenicity and tissue velocity) 
then both data types can be shown in a single pixel on
the screen by differentiating the echogenicity (shown 
in gray scale) from the velocity (shown in colors) by using
the trivariable (red-green-blue) nature of the eye. If 
the process is done once to form one image, the image 
is called “static”; if the process is repeated rapidly (10 
or more times per second) to show motion, then the
process may be called “real time.” These steps are
required in all sectional imaging modalities such as CT,
MRI, positron emission tomography (PET) imaging,
and ultrasound. Note that the voxels used in sectional
imaging are different from the voxels used in projectional
imaging like conventional X-ray and nuclear imaging.
In sectional imaging, the voxels are nearly cubic, whereas
in projectional imaging the voxels are long rods pene-
trating the entire body and viewed from the end as pixels
(dots).

In the following discussion, ultrasonic imaging consists
of three steps: (1) the voxels will be located, (2) meas-
urements on each tissue voxel will be made, and (3) the
tissue data from each voxel in the image plane will be dis-
played as a two-dimensional array of pixels. This discus-
sion will be limited to pulse echo ultrasound; continuous
wave ultrasound will not be covered. There are several
alternatives to the popular methods that may become
useful in the future.

Locating Voxels with Pulse 
Echo Ultrasound

A transmitting ultrasound transducer is designed to
direct a pulse of ultrasound along a needle-like beam
pattern from the transducer through the body tissues.
Voxels located along that beam pattern provide echoes
that return to the receiving transducer along a needle-
like beam pattern. Usually the transmitting transducer
aperture and the receiving transducer aperture are at the
same location, so the transmit beam path and the receive

beam path are the same. The location of each voxel
reflecting ultrasound from along the beam can be deter-
mined by the time taken for the echo to return. Data from
a reflector at a depth of 1cm returns to the transducer in
13µs; data from a depth of 3cm returns in 40µs; data from
15cm returns in 200µs. Except for the details, this is a
complete description of pulse-echo ultrasound.To under-
stand the physics and consequences on the image in more
detail, we need to separate four coordinate directions in
tissue: (1) distance from the ultrasound transducer
(depth), (2) lateral direction in the image (ultrasound
beam pattern width), (3) thickness direction in the image
(ultrasound beam pattern thickness), and (4) time of
image acquisition (frame interval/sweep) in the cardiac
cycle. The physics of each of these is different. Thus, each
of these has an associated resolution. We will consider
each of these in sequence.

Distance from the Ultrasound 
Transducer Depth

Pulse-echo ultrasound involves transmitting a short pulse
of ultrasound into tissue and then receiving the echoes
that return from the tissues located at each depth along
the ultrasound beam pattern.The echo time, the time after
transmission for an echo to return from a voxel at a par-
ticular depth, can be computed from the speed of ultra-
sound in tissue. The speed of ultrasound in tissue is called
C. In most body tissues C is about 1500 (± 80) m/s =
150,000cm/s = 1.5mm/µs.

To compute the time [t] required for an echo to return
from a voxel at a particular depth [d], the round trip dis-
tance of travel must be used [t = 2d/C]. For an echo to
return from a depth of 3cm (30mm), the time required
is [t = 2 ∗ 30mm/1.5mm/µs = 40µs]. The result of this
computation for a series of depths is given in Table 3–1.

In a typical ultrasound machine, the time when echoes
are returning is divided into 200 divisions, each division
being 1µs long. Each division takes data from a 0.75-mm
voxel along the ultrasound beam pattern to provide data
for a pixel along the beam line on the screen. Each beam
line on the screen is thin and straight corresponding to
the thin straight ultrasound transmit beam pattern and
thin straight ultrasound receive beam pattern. Most ultra-

Table 3–1. Ultrasound echo time for depth.

Depth Time Vessel

0.75mm 1µs
1.5mm 2µs Finger artery

15mm 20µs Superficial vein
3cm 40µs Carotid artery
9cm 120µs Renal artery

15cm 200 µs
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sound systems assume that the speed of ultrasound is
exactly 1.54mm/µs; unfortunately the speed in some soft
tissues is 7% above or below this value.

Speed of Ultrasound in Tissue

The speed of ultrasound in tissue is determined by the
character of tissue. From basic physics, the speed can be
computed; it is determined by tissue density (ρ) and 

stiffness (K). C = . Ultrasound speed is the square
root of the ratio of the tissue stiffness and the tissue
density. Both stiffness and density are different in differ-
ent tissues and both vary with temperature. Temperature
is not an issue (unless you examine a lizard or snake)
because the normal mammalian body temperature is
37°C. If you examined a body part with ultrasound for a
really long time, you might increase the temperature by
1°C, which would increase the sound speed by about
0.2%. For diagnostic ultrasound, the ultrasound speed 
is the same for all ultrasound frequencies and is the 
same for all ultrasound intensities. Typical ultrasound
speeds have been measured in dead meat. They are 
used as if they are the correct speeds for living tissue.
Most commercial ultrasound systems assume that the
“average” speed of ultrasound is 1.54mm/µs. Thus, the
dimensions of the image in the depth direction are
correct only in liver. Objects in breast [C(fat) = 1.45mm
/µs] appear to be 6% deeper than the actual depth
because the echoes take longer to return due to the lower
speed. The diameter of blood vessels appears to be 2%
smaller than actual because the ultrasound speed in the
tissue between the blood vessel walls (blood) is higher
than the assumed “average” [C(blood) = 1.57mm/µs]
(Table 3–2).

Depth Resolution

Depth resolution, the ability to see two independent
objects located along the same beam pattern, separated
in depth by a small distance, is determined by the length
of the burst of ultrasound, which is often near the wave-
length of ultrasound. The wavelength of ultrasound can

K ρ( )
be computed from the ultrasound frequency (F) and the
speed of ultrasound in tissue C (Table 3–3).

λ(cm/cy) = C/F[(cm/s)/(cy/s)]

Ultrasound Reflection

In pulse-echo ultrasound, an ultrasound burst is sent from
the transducer into the tissue. Echoes from the tissues
return to the transducer. All of the information that we
learn from the tissues is contained in the echo. There are
three kinds of information in the echo: (1) the strength
or amplitude, (2) the phase or relative timing, and (3) the
shape or frequency content. The strength is used for gray
scale imaging.The phase of the echo is determined by the
exact distance of the reflector from the ultrasound trans-
ducer; the phase is used for velocity and motion meas-
urement. The shape of the echo is determined by the
propagation and attenuating properties of the tissue
between the transducer and the reflector plus the nature
of the reflector.The shape of the echo is used in harmonic
imaging. If the shape of the echo is not “sinusoidal” then
the echo contains harmonics or frequency components at
2×, 3×, 4× . . . times the “fundamental” transmitted ultra-
sound frequency.

Echoes occur only when the ultrasound encounters
changes in a tissue property called ultrasound impedance,
called Z. The ultrasound impedance (Table 3–4) 
depends on the same factors as ultrasound speed, the 
stiffness and the density. Z = . But in contrast K ×( )ρ

Table 3–2. Ultrasound speeds in tissues.

Tissue Speed Difference from standard value

Air 0.33mm/µs
Fat 1.45mm/µs −6%
Urine 1.49mm/µs −3%
Liver 1.54mm/µs 0% standard value
Blood 1.57mm/µs 2% correct Doppler value
Muscle 1.58mm/µs 3%
Cartilage 1.65mm/µs 7%
Bone 3.5mm/µs 130%
Ultrasound transducer 3.8mm/µs

PZTa

aPZT (PbZrTi) = lead zirconium titanite.

Table 3–3. Typical ultrasound wavelengths in soft tissues.

Frequencya Wavelength Use

1.5MHz 1mm Transcranial Doppler
3MHz 0.5mm Adult cardiac and abdomen
5MHz 0.3mm Pediatric cardiac and carotid
7.5MHz 0.2mm Superficial imaging

10MHz 0.15mm Vascular wall
20MHz 0.075mm Intraluminal ultrasound

aMHz is megaHertz = 1,000,000 cycles/s = cycles/microsecond = cy/µs.

Table 3–4. Ultrasound Impedance in Tissues.a

Tissue Impedance Impedance

Air 0.4Mg/m2/s 400Rayls 4atms/km
Fat 1,380Mg/m2/s 1.38MRayls 13.8atms/m
Urine 1,490Mg/m2/s 1.49MRayls 14.9atms/m
Liver 1,640Mg/m2/s 1.64MRayls 16.4atms/m
Blood 1,620Mg/m2/s 1.62MRayls 16.2atms/m
Muscle 1,700Mg/m2/s 1.70MRayls 17.0atms/m
Bone 7,800Mg/m2/s 7.80MRayls 78.0atms/m
Ultrasound 29,000Mg/m2/s 29MRayls 290.0atms/m

transducer PZT

aMg/m2/s = megagrams/square meter/second = megaRayls = kiloNewton
seconds/cubic meter. Atmosphere = 100,000 Newton/square meter =
100,000 Pascal = 1,000,000 dyne/square cm. PZT (PbZrTi), lead zirco-
nium titanite.
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to ultrasound speed, ultrasound impedance is the square
root of the product of the tissue stiffness and the tissue
density.

Rayl =kg/m2/s

Some authors prefer to express impedance as the product
of tissue density and ultrasound speed. With algebra, you
can demonstrate that these are the same.

The difference in impedance between the superficial
tissue and the deep tissue at an interface determines the
strength of the reflector and therefore is proportional to
the amplitude of the ultrasound echo. R = (Z2 − Z1)/
(Z2 + Z1). If the difference between the impedances is
greater, then the fraction of the incident ultrasound that
is reflected is larger. The pulse energy is proportional to
the square of the amplitude, so the energy reflected is
equal to R2. Table 3–5 shows that the reflected energy
from an ultrasound pulse as it crosses an interface
between two soft tissues is usually less than 1%. Reflec-
tions at the surface of bone interfaces are near 50%.
Reflections at the surface of air interfaces are greater
than 99%. The greatest reflections between solids occur
at the surface of a PZT (PbZrTi, lead zirconium titanite)
ultrasound transducer. Less than 0.12% of the energy in
the transducer will pass into tissue in an ultrasound cycle;
less than 0.01% will pass from the transducer into air.

As ultrasound passes from fat into muscle, 1% of the
ultrasound pulse energy is reflected and 99% is trans-
mitted. The same percentage is reflected as ultrasound
passes from muscle into fat. However, as shown in Table
3–6, there is a difference between the two reflections. As
ultrasound is passing from muscle to fat, the shape of the
reflected pulse is inverted because the distal tissue has a
lower impedance than the proximal tissue; the inversion
is indicated by the minus sign in Table 3–6.

Ultrasound Attenuation

As an ultrasound pulse travels through tissue, the energy
in the pulse decreases. Some of the energy is reflected by
interfaces and scatterers where the impedance changes,
some of the energy is absorbed by the tissue causing the
tissue to heat, and some of the energy is converted into
harmonic ultrasound frequencies that are not received by
the ultrasound system. For imaging purposes, the impor-
tance of attenuation is that the strength of the echoes
received from deep tissues is less than the strength of the
echoes from similar superficial tissues. This complicates
the interpretation of echo strength. The time gain control
(TGC) should be set to compensate for the attenuation.
This control is also called depth gain compensation
(DGC), system time compensation (STC), and other
names.

Table 3–5. Ultrasound energy reflection at different interfaces between materials.

Impedance Air Fat Urine Blood Liver Muscle Bone
Tissue MRayls 0.0004 1.38 1.49 1.62 1.64 1.7 7.8

Air 0.0004
Fat 1.38 99.88%
Urine 1.49 99.89% 0.15%
Blood 1.62 99.90% 0.64% 0.17%
Liver 1.64 99.90% 0.74% 0.23% 0.00%
Muscle 1.7 99.91% 1.08% 0.43% 0.06% 0.03%
Bone 7.8 99.98% 48.91% 46.13% 43.04% 42.58% 41.23%
PZTa 29 99.99% 82.66% 81.41% 79.96% 79.74% 79.08% 33.19%

aPZT (PbZrTi), lead zirconium titanite.

Table 3–6. Ultrasound amplitude reflection at different interfaces between materials.

Material on the superficial side of the interface

Impedance Air Fat Urine Blood Liver Muscle Bone PZTa

Tissue Mrayls 0.0004 1.38 1.49 1.62 1.64 1.7 7.8 29

Air 0.0004 0 −0.99942 −0.99946 −0.99951 −0.99951 −0.99953 −0.99990 −0.99997
Fat 1.38 0.99942 0 −0.03833 −0.08000 −0.08609 −0.10390 −0.69935 −0.90915
Urine 1.49 0.99946 0.03833 0 −0.04180 −0.04792 −0.06583 −0.67922 −0.90226
Blood 1.62 0.99951 0.08000 0.04180 0 −0.00613 −0.02410 −0.65605 −0.89419
Liver 1.64 0.99951 0.08609 0.04792 0.00613 0 −0.01796 −0.65254 −0.89295
Muscle 1.7 0.99953 0.10390 0.06583 0.02410 0.01796 0 −0.64211 −0.88925
Bone 7.8 0.99990 0.69935 0.67922 0.65605 0.65254 0.64211 0 −0.57609
PZT 29 0.99997 0.90915 0.90226 0.89419 0.89295 0.88925 0.57609 0

aPZT (PbZrTi), lead zirconium titanite.
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The effect of attenuation on the strength of the echo
received from a voxel can be computed using the atten-
uation rate and thickness of the tissues between the ultra-
sound transducer and the voxel. The attenuation rate is
expressed in three different kinds of units: Nepers, deci-
bels, and half-thickness.

As a 1-MHz ultrasound pulse passes through a section
of typical soft tissue 10cm thick, approximately 90% of
the energy is reflected (scattered), absorbed (converted
to heat), or converted to harmonics, so only 10% of the
original energy is present in the pulse leaving the section.
Attenuation to 0.1 of the original pulse energy is called
1 bel (B) of attenuation. If the ultrasound passes through
an additional 10-cm-thick section, only 0.1 of the previ-
ous 0.1 or 0.01 of the original energy survives. This is
called 2B of attenuation. If ultrasound passes through 
30cm of soft tissue, only 0.001 (0.13) of the original pulse
energy survives. This is called 3B of attenuation. These
units are too large for the engineers that use them so they
use decibels: 10dB is equal to 1B.

As a 1-MHz ultrasound pulse passes through a section
of typical soft tissue 3cm thick, approximately 50% of the
energy is reflected (scattered) or absorbed (converted to
heat), so 50% of the original energy is present in the pulse
leaving the section. Thus, 3cm is the half value thickness
or half value layer. If the ultrasound passes through 3 half
value layers or 9cm, then (0.5 × 0.5 × 0.5) 0.125 of the
energy in the pulse survives. If the ultrasound passes
through 30cm or 10 half value layers, then (0.510) 0.001 of
the original energy is still in the pulse. Fortunately, the
answer is the same for 30cm of tissue whether computed
in decibels or in half value layers.

If Ef is the surviving energy and Eo is the incident
energy, then

Ef/Eo = 0.1d/10 = 0.5H

where d is in decibels and H is in half value layers.
If the ultrasound frequency is doubled, the attenuation

for each centimeter is doubled.The attenuation per ultra-
sound cycle is constant over wide ranges. A half value
layer of soft tissue is about 20 wavelengths thick. A tissue
layer that attenuates ultrasound by 10dB is 67 wave-
lengths. The attenuation rate in some soft tissues is
greater than in others.

The attenuation refers to energy or power, but not to
intensity. Power is energy/time; intensity is power/area.
As ultrasound spreads or converges, the area of the beam
changes. Changes in intensity are due to a combination
of changes in power and changes in area. In turn, pres-
sure amplitude is dependent on intensity. Attenuation in
Nepers is defined as If/Io = exp(− η) where η is the atten-
uation in Nepers. This would be acceptable if the beam
did not diverge or converge so that the beam cross-
sectional area did not change. In that case d = 3 × H =
8.69 × η.

Attenuation in some tissues is greater than in other
tissues (Table 3–7).

Ultrasound Intensity

The meaning of ultrasound impedance is not as obvious
as the meaning of ultrasound speed. To understand
impedance, imagine what happens as ultrasound passes
through tissue. As the ultrasound wave travels through 
a portion of tissue, the molecules in that portion of 
the tissue jiggle in the wave propagation direction, in
response to pressure changes in the forward and back-
ward direction as the wave passes. Since the molecular
motion is in the same direction as the wave travels, this is
called a longitudinal wave. Ultrasound impedance is the
ratio of the pressure fluctuation (p) to the molecular
velocity fluctuation (v) as the wave passes Z = p/v. The
instantaneous intensity of the wave is the product of the
pressure fluctuation and the velocity fluctuation. i = p × v.
P, the instantaneous air pressure, includes two parts, the
atmospheric pressure A and the fluctuating part p, P =
A + p. With algebra, you can show that i = Z × v2 or that 
i = p2/Z. Typical medical ultrasound values are shown in
Table 3–8.

For continuous wave (CW) ultrasound, a continuous
sound wave that can be expressed as a sine wave, the
average intensity I can be computed.

Table 3–7. Ultrasound attenuation in tissues.a

Tissue Cycles/decibel Cycles/half thickness Cycles/Neper

Urine 1000 3010 8690
Blood 37 111 321
Fat 11 33 95.6
Liver 7 21 60.8
Muscle 3 9 38.7

aFor a nonconverging beam.

Table 3–8. Ultrasound intensity wave parameters in soft tissue
if Z = 1.5MRayls.

Molecular velocity
Intensitya Pressure fluctuations fluctuations

10mW/cm2 17kN/m2 = 0.17atm 1.2cm/s
100mW/cm2 b 54kN/m2 = 0.54atm 3.6cm/s
333mW/cm2 100kN/m2 = 1.00atmc 6.6cm/s

1,000mW/cm2 170kN/m2 = 1.70atm 11.5cm/s
3,000mW/cm2 d 295kN/m2 = 2.95atm 20cm/s

10,000mW/cm2 e 540kN/m2 = 5.40atm 36.4cm/s
2,000W/cm2 f 7.6MN/m2 = 76atm 510cm/s

aIntensity refers to spatial peak temporal peak for pulsed ultrasound.
bMaximum “continuous wave” intensity for diagnostic ultrasound.
cPressure fluctuaftion equals 1 atmosphere.
dTypical continuous wave intensity used for therapeutic ultrasound.
eSpatial peak temporal peak intensity typical of diagnostic ultrasound.
fHigh intensity focused ultrasound cautery.
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or

pm =

and similarly

vm =

Note that the relationships between intensity, the pres-
sure fluctuations, and the molecular velocity fluctuations
are independent of ultrasound frequency. Each depends
on the ultrasound intensity and the tissue impedance.

At instantaneous intensities of 333mW/cm2, the
highest pressure at the compression half cycle is 2 atmos-
pheres and the lowest pressure at the decompression half
cycle is zero according to linear theory.When spatial peak
temporal peak (SPTP) intensities exceed that, as they
often do in diagnostic imaging, the simple (linear) equa-
tions no longer apply. The wave changes in shape; the
compression half cycle travels faster than the decom-
pression half cycle causing the decompression half cycles

2 ×( )I Z

2 × ×( )I Z

I p t Z p Zm m= × ( )[ ]{ } = ⎛
⎝

⎞
⎠time average sin ω 2 21

2

to flatten while the compression half cycles become more
sharply peaked.

Harmonic Waves

The change in ultrasound waveshape that occurs when
SPTP ultrasound intensities exceed 333mW/cm2 can be
expressed as the introduction of harmonics: frequencies
two or three times as high as the transmitted ultrasound
frequency. If the harmonic waves are phase aligned prop-
erly (Figure 3–1A), the decompression portions of the
wave are flattened and the compression peaks are sharp-
ened. This effect is exploited in harmonic imaging. In
Figure 3–1, two cycles of the wave can be seen. If the
amplitude were low, then only the fundamental frequency
would be seen as in Figure 3–2.

The harmonics permit the transmission of the ultra-
sound without the necessity of “negative” pressures,
which are prohibited by the laws of physics. The actual
absolute pressure values are not usually measured,
because the transducers used to measure pressure are
“AC” coupled, which delivers only differences. Changes
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Figure 3–1. Waveshape of a 1.0W/cm2 SPTP
intensity ultrasound wave in soft tissue. (A, B)
The waveshape seen in tissue is shown as a wide
line. Three frequency components of the wave
are shown in light lines, the fundamental, the
second harmonic, and the third harmonic.
The three-component waves are added to form
the resulting wave. The phase alignment and
amplitude of each harmonic determine the
shape of the resulting wave.
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in wave speed at extreme pressures can alter the wave-
shape (Figure 3–1B). George Keilman has shown that a
focused ultrasound beam that forms peaks like those in
Figure 3–1 will revert to a sinusoid like Figure 3–2 if
reflected by an inverting reflector in the middle of the
path (Z2 < Z1), but will convert more energy to harmon-
ics if reflected by a noninverting reflector in the middle
of the path (Z2 > Z1).

Harmonics are also formed when ultrasound interacts
with bubbles in the ultrasound beam. The history of
bubbles and harmonic imaging is interesting. Ultrasound
contrast made by agitating saline has been used for years
by cardiologists to diagnose patent foramen ovale (PFO).
Injected intravenously, the microbubbles are too large to
pass through the lung.They are very echogenic in the ven-
tricle. If they appear in the left ventricle, a PFO is diag-
nosed. Recently ultrasound contrast agents consisting of
bubbles smaller than 8µm in size (the size of an erythro-
cyte) have been manufactured so that they will pass
through the capillaries of the lung. When injected intra-
venously, these will permit ultrasound contrast studies in
arteries and organs supplied by the systemic arterial 
circulation.

Usually, small bubbles are not stable in liquid because
the surface tension at the interface between the gas and
the liquid squeezes the bubbles and causes the gas to dis-
solve.The surface tension can be reduced by adding a sur-
factant that acts like soap. Common surfactants include
albumen and sugars. Of course, the chemical properties
of the surfactant can be used to cause the bubbles to
attach to the endothelial surface of blood vessels. Rather
than a bubble filled with air, which has a moderate solu-
bility in water (which shortens the life of the contrast
agent in blood), contrast bubbles often contain fluoro-
carbons that have poor solubility in water and blood
plasma. This increases the duration of bubble survival in

the tissues. The fluorocarbons do have a high solubility in
fat, a factor that has not yet been explored in ultrasound
contrast agents.

Unfortunately, ultrasound contrast agent bubbles are
not as echogenic as expected. Therefore, new ultrasound
imaging systems have been adapted to transmit at one
frequency and receive at a harmonic. Contrast agents are
conspicuous in harmonic images. Surprisingly, many
tissues produce bright harmonic echoes when contrast
agents are not present. This is evidence of the harmonic
conversion of ultrasound due to the high SPTP inten-
sities common in ultrasound imaging. Thus, there is a 
new B-mode imaging method called harmonic imaging
(Figure 3–3), which changes the appearance of the image,
making some structures appear to be more conspicuous
and others less conspicuous. There may be some utility in
superimposing the colorized images of different received
frequencies to form a composite.1 With current ultra-
sound systems, that is not possible because they require
different software at different frequencies.

Piezoelectric Transducers

An ultrasound transducer is a polarized wafer of crys-
talline, ceramic, or plastic piezoelectric material that has
a conductor applied to each side. Wires connected to the
conductors connect to the ultrasound imaging system. If
a voltage ranging from 4 to 400V is applied between the
conductors, the thickness of the material will expand or
contract depending on the polarity. If a compression or
expansion is applied to the transducer from outside, a
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Figure 3–2. Waveshape of a 210mW/cm2 SPTP intensity ultra-
sound wave in soft tissue. At intensities below 300mW/cm2

ultrasound behaves as predicted by linear equations and the
shape of a sine wave (or any other shape) is preserved.

Figure 3–3. Fundamental frequency image and harmonic fre-
quency image of liver. The left image was formed with the fun-
damental frequency echo and the right image was formed with
the second harmonic of the transmitted frequency. The echo
strengths of the harmonic are much lower than the echo
strengths of the fundamental. Of course, attenuation of the
echoes from greater depth is more severe at the second har-
monic frequency.
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voltage will appear between the conductors. Thus the
transducer is able to convert an electrical signal into a
mechanical motion for transmitting an ultrasound pulse
and is able to convert a mechanical motion into an elec-
trical signal for receiving ultrasound echoes.

Each ultrasound transducer has a natural frequency of
oscillation, much like the natural frequency of a bell. As
with a bell, the natural frequency of the transducer is
determined by a dimension of the transducer; this dimen-
sion is the thickness. Thin ultrasound transducers oscil-
late at high frequencies and thick transducers oscillate at
low frequencies. The oscillation occurs because ultra-
sound is “trapped” in the transducer; the ultrasound
energy reflects back toward the center from both surfaces
and cannot get out because the impedance difference
between the transducer material and the material outside
is so great that all of the ultrasound is reflected. A similar
trapped wave is a jump rope. The wave traveling down
the rope cannot get past the hand holding each end, so
the center just vibrates up and down. As with a jump
rope, only certain wavelengths are allowed. The allowed
wavelengths in a jump rope are 1–2 , 2–2 , 3–2 , 4–2 , 5–2 , 6–2 , 7–2 . . . of the
total length dimension. In a piezoelectric ultrasound
transducer, only the odd values are present. The even
values (2–2 , 4–2 . . .) do not interact with the electric or
mechanical environment because one-half of the wave
exactly counteracts the other (Figure 3–4), so only the
odd values are effective (1–2 , 3–2 , 5–2 , 7–2 ). The most common
oscillation occurs when the wavelength is half of the
transducer thickness (T):

λ = 2 × T = C/F

So the ultrasound frequency of a transducer is deter-
mined by the thickness.

F = C/(2 × T)

Other possible oscillation frequencies are shown in Table
3–9. These oscillating crystals are used for many applica-

tions, including the clock timing for computers. The
“highest quality” (High Q) transducers lose very little
energy each cycle and therefore oscillate for a long time
at a single frequency. When a short voltage pulse is used
to “strike” the transducer, it will ring for a long time at a
single frequency.

For ultrasound, three things should be different: (1)
transmit a short pulse into tissue to produce good depth
resolution, (2) transfer of the mechanical ultrasound
pulse energy into the tissue from the transducer, and (3)
transfer of the mechanical echo energy coming back into
the transducer to create a voltage. When the transducer
is in air, 99.99% of the ultrasound energy is reflected back
into the transducer, so almost no ultrasound is transmit-
ted. If gel is applied to couple the transducer with skin,
only 80% of the energy in the pulse is reflected back into
the transducer and 20% is transmitted into the tissue with
each cycle of oscillation. CW Doppler transducers are
constructed like this. If 20% of the energy leaves the
transducer each cycle, then after 5 cycles only 33% of the
energy remains in the transducer, and after a total of 10
cycles of oscillation only 11% of the original energy
remains. The transducer “rings” for too long to provide
good depth resolution for imaging. To “damp” the oscil-
lation more quickly, a backing material is applied to the
back of the transducer that removes 50% of the energy
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Voltage 0.1–1 mVolt10–100 Volts
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Figure 3–4. (A) Piezoelectric ultrasonic transducer. The trans-
ducer is transmitting on the left and receiving echoes on the
right. (B) Ultrasound transducer vibrational modes that inter-
act electrically and mechanically. Positive half waves will cancel

Table 3–9. Possible ultrasound transducer frequencies.a

Mode Frequency Relative amplitude Relative power

F = C/(2 × T) 3cy/µs 1 1
F = 3 × C/(2 × T) 9cy/µs 1/3 1/9
F = 5 × C/(2 × T) 15cy/µs 1/5 1/25
F = 7 × C/(2 × T) 21cy/µs 1/7 1/49
F = 9 × C/(2 × T) 27cy/µs 1/9 1/81

aFor a 0.63-mm-thick lead zirconium titanite transducer.

negative half waves for even harmonics. Only the shaded half
cycle interacts effectively with the electric and mechanical
fields.
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each cycle. With 20% leaving through the front and 50%
leaving through the back, only 30% remains after 1 cycle,
9% after 2 cycles, and less than 1% after 4 cycles. This is
called a low Q transducer because it wastes so much
energy, but makes images with good depth resolution
because the transmitting pulse is so short and the receiv-
ing response is so quick. The wasted energy makes the
transducer warm. Such transducers are also inefficient
from an energy point of view.

Two new methods are used in modern transducers to
lower the Q and improve depth resolution (Figure 3–5).
One method is to couple the transducer more effectively
to the skin by using a piezoelectric material with lower
impedance or using a matching layer of intermediate
impedance, one-quarter wavelength thick, between the
transducer and the skin. The other method is to combine
the damping material with the piezoelectric material in
the transducer; piezoelectric columns span from elec-
trode to electrode with damping material between the
columns. The first method makes the transducer more
efficient as a transmitter and as a receiver. The second
method makes transmitting and receiving less efficient.

Broad Band and Narrow Band

Well-damped and well-coupled transducers create short
pulses that provide good depth resolution. When tested
for the presence of a series of frequencies, positive tests
are found over a broad band of frequencies (Figure 3–6).

Lateral Direction in the Image Ultrasound
Beam Pattern Width

Ultrasound pulses are sent into tissue along a beam
pattern that is established by the location, orientation,
widths, and shape of the active ultrasound transducer.
The beam pattern is quite complex. It is useful to 
begin with a simplified view of the ultrasound beam

Figure 3–5. Advanced transducer damping methods. The left
image is a composite transducer and the right image is a backed
transducer with matching layer. Black is piezoelectric material.
Wires are hooked to electrodes. The damping material between
the transducer columns on the left transducer and on the back
of the right transducer is shown as clear. Electrodes are dark
gray. Light gray is the quarter wavelength matching layer on the
bottom face of the right transducer where it comes in contact
with the patient.A similar matching layer could be added to the
face of the left composite transducer.

A B

C

Figure 3–6. (A) Broad bandwidth pulse. A short pulse has a
broad bandwidth because so many frequencies exhibit an
equally poor fit with the pulse. The results of each frequency
test are shown as a bar graph spectrum on the left. (B) Mod-
erate bandwidth pulse. A long pulse has a moderate bandwidth
because several frequencies exhibit a fit with the pulse. Note:
the middle frequency is the best fit. The results of each fre-
quency test are shown as a bar graph spectrum on the left. (C)
Narrow bandwidth wave. The continuous wave has a narrow
bandwidth because only one frequency exhibits a fit with the
wave. The results of each frequency test are shown as a bar
graph spectrum on the left.
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pattern and then to include aspects of the complexity 
in steps.

In the simplest view, the ultrasound beam pattern is a
straight line that extends into tissue along the axis of the
ultrasound transducer. If the ultrasound transducer is a
disk, the beam pattern is a line through the center of the
disk perpendicular to the surface. In a slightly more
complex view (Figure 3–7), the ultrasound beam pattern
is a cylinder extending from the face of the transducer.
Because ultrasound is a wave, the shape of the ultrasound
beam pattern includes diffraction effects that alter the
shape of the beam pattern near the transducer (Fresnel
zone), far from the transducer (Fraunhoffer zone), and at
the boundary between these regions (Transition zone). In

the Fresnel zone, there is a patchwork of regions of high
intensity and low intensity. From the Transition zone into
the Fraunhoffer zone, the ultrasound beam pattern is
smoother. The distance from the transducer face to the
Transition zone (L) is determined by half the transducer
width (W/2) and the wavelength (λ). In a circular trans-
ducer (W/2) is the radius.

L = (W/2)/λ

Thus, with shorter wavelength or a larger diameter trans-
ducer [that is if (W/λ) is larger], the length of the region
over which the beam converges increases. The width of
the ultrasound beam at the transition zone is half of the
transducer width. By increasing the bandwidth of the
transducer, unwanted variations in the beam pattern are
smoothed out (Figure 3–8).

Focusing and Lateral Resolution

The width of the ultrasound beam pattern may be
decreased to improve lateral resolution by focusing. To
achieve focusing, a transducer may have a concave face,
a lens added to the front, and/or segmentation into an
array with delayed action at the center. The beam diam-
eter at the focus is narrow compared to the half trans-
ducer width natural focus at the Transition zone (Figure
3–9). Focusing causes the beam to be narrow at one
depth. With such a narrow beam, the space between
closely positioned reflectors can be identified as the beam
passes between them. It is easy to obtain reflections from
objects in tissue, but it is difficult to detect and display the
space between objects. The minimum separation distance
between objects recognized as separate is the resolution.
A smaller number is better. The lateral resolution is 

Figure 3–7. Concepts of ultrasound beam patterns. Increas-
ingly sophisticated concepts of ultrasound beam patterns. From
left to right: thin beam pattern, collimated beam pattern, beam
pattern with Fraunhoffer zone, beam pattern with Transition
zone natural focus and Fraunhoffer zone, beam pattern with
Fresnel zone, Transition zone natural focus, Fraunhoffer zone,
and first-order sidelobes.

Figure 3–8. Beam pattern for damped transducers. The narrow
band continuous wave transducer on the left has a complex
Fresnel zone and narrow sidelobes. The broad band, high pulse
repetition frequency (PRF) transducer in the center and the
broad band, low PRF transducer on the right have a smoothed
Fresnel zone and broadened sidelobes due to the differences in
patterns for each of the frequency components.

Figure 3–9. Focusing of ultrasound beam patterns. Left: trans-
ducer with concave face. Middle: transducer with lens. Right:
phased focus transducer.
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It is essential to recognize that depth resolution is
always near the wavelength of ultrasound. Lateral reso-
lution is always much larger (poorer). Therefore details
can be seen in the depth direction even when features in
the lateral direction are obscure. Many examiners see the
detail in the depth direction and assume that the resolu-
tion is isotropic so that the lateral image detail is also
present. This leads to misinterpretation of the image. By
steering and angling the transducer, features visible in
one view are not visible in another (Figure 3–10). These
features become visible when the ultrasound beam is per-
pendicular to a specular reflector providing superior
depth resolution.

Refractive Distortion

As ultrasound travels through and crosses a boundary
from one tissue with one ultrasound speed to another
tissue with another ultrasound speed, the direction of
ultrasound propagation changes due to refraction. The
angle of deflection of the beam is determined by Snell’s
law: C2/C1 = sin θ2/sin θ1 where the angle of deflection is
equal to θ2 − θ1 (Table 3–10). If ultrasound passes from
fat into a prism of muscle at an incident angle of 30°, the
deflection angle is 2.7°. If the ultrasound continues
through the muscle back into fat leaving the prism at an
angle of 30°, the deflection is an additional 3°, which is a
total deflection of 5.7°. In the midline of the abdomen,
the rectus abdominus muscles and the fat-filled linea alba
act as a pair of prisms tilting a left- directed ultrasound
beam toward the right and a right-directed ultrasound
beam toward the left. These two beams, which are
expected to image structures 2.2cm apart at a depth of
11cm, cross and provide echoes from the same structure.
The ultrasound machine shows two objects when only
one is actually present in tissue (Figure 3–11).

Refractive distortion can alter dimensions and
numbers of objects in the lateral direction in any ultra-
sound image. Therefore dimensional measurements in

Figure 3–10. Venous valve leaflets in a reverse saphenous vein
graft seen only when scanlines are perpendicular. In the upper
image with the scanlines angled left, the upper venous valve
leaflet can be seen because the ultrasound beam patterns are
perpendicular to it. In the middle image with the scanlines
angled down, the double line of Pignoli (intima-media thick-
ness) can be seen because the ultrasound beam patterns are
perpendicular to it. In the lower image with the scanlines angled
right, the lower venous valve leaflet can be seen because the
ultrasound beam patterns are perpendicular to it.

Table 3–10. Ultrasound beam deflection at different interfaces between materials.

Incident angle is 30° Material on the superficial side of the interface

Speed in mm/µs Fat Urine Liver Blood Muscle Bone Cartilage PZTa

Speed 1.45 1.49 1.54 1.57 1.58 1.65 3.5 3.8
Tissue
Fat 1.45 0 0.884 1.915 2.498 2.686 3.935 18.05 19
Urine 1.49 −0.92 0 1.068 1.672 1.867 3.159 17.71 18.69
Liver 1.54 −2.08 −1.116 0 0.63 0.834 2.182 17.29 18.31
Blood 1.57 −2.78 −1.793 −0.65 0 0.209 1.591 17.04 18.08
Muscle 1.58 −3.01 −2.019 −0.86 −0.21 0 1.394 16.96 18
Cartilage 1.65 −4.68 −3.621 −2.39 −1.7 −1.48 0 16.37 17.46
Bone 3.5 −120b −120b −120b −120b −120b −120b 0 2.579
PZT 3.8 −120b −120b −120b −120b −120b −120b −2.88 0

aPZT (PbZrTi), lead zirconium titanite.
bDeflection angles greater than 90° means that total internal reflection has occurred.

A = 2Fλ /W. So if the transducer diameter is half of the
focal length, then the lateral resolution at the focal depth
is four times the wavelength of the ultrasound. The reso-
lution deteriorates in regions shallower and deeper than
the focus. Therefore it is very important to adjust the
focus of an ultrasound transducer carefully.
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the lateral direction are hampered by two factors: (1)
poor lateral resolution and (2) lateral refractive distor-
tion. This distortion becomes obvious only when dupli-
cated structures are seen. A duplicated aorta is an
unbelievable finding.A twin blastocyst in early pregnancy
is believable. A duplicated aortic valve due to refraction
in the peristernal cartilage is unbelievable.

Reflective duplications also occur such as the duplica-
tion of the subclavian artery image due to reflection of
ultrasound from the pleura. Refractive duplications show
both structures at generally the same depth; reflective
duplications usually show the duplicate at a deeper
depth. Duplications appear in B-mode images and in
color Doppler images. Spectral waveforms can be
obtained from both images. Therefore the only defense
against misdiagnosis is knowledge of anatomy and of
anatomic anomalies.

Sidelobes

Undesired sidelobes are also present in the beam pat-
terns of ultrasound transducers, in addition to the desired
central beam patterns. Sidelobes degrade the image. The
sidelobes are shown in Figure 3–7 as lines angled out to
the left and right of the image. If the transducer is circu-
lar, the beam pattern is symmetrical around the axis of
the beam pattern. Thus, the sidelobe(s) look like a cone
extending from the face of the transducer. The angle at
which the sidelobes diverge (µ) can be computed from
the ultrasound wavelength and the transducer width (W).

Sin α = [(2n + 1) × λ]/(2 × W)

n is any integer that is equal to 1 or greater. If (W/λ) is
large, then n can have many values and therefore many
sidelobes form. The position of each sidelobe is deter-
mined by the wavelength.

Sidelobes are a problem in imaging because strong
reflectors in tissue that are located within a sidelobe at a
distance of 3cm from the transducer will send a weak
echo back to the ultrasound transducer that is indistin-
guishable from an echo from a weak reflector in the
strong central beam at the same depth. The ultrasound
instrument will show the sidelobe echo in the image as a
reflector along the central beam direction. This is one of
the causes of poor ultrasound images.

The amplitude of the signal along the sidelobe portion
of the beam is about 1/n of the central amplitude, dimin-
ished further by the divergence of the sidelobe pattern.
For n = 3, the sidelobe amplitude is 1/3, the power is 1/9,
and the receiver sensitivity is 1/9. The overall pulse-echo
strength is diminished 1/81 compared to a similar reflec-
tor in the central lobe of the beam pattern. The reduction
is greater when the effect of divergence is included. So
the echo from the sidelobe is suppressed by about 20dB
(about 1/100) compared to echoes from the beam axis.
The difference in echogenicity between blood and muscle
at 5MHz is about 30dB, so a strong reflector in the side-
lobe could appear to be along the beam in the image
inside a blood vessel where the central lobe echoes are
weak.

Other factors and methods can suppress sidelobes. One
method is to cut notches in the boundary of the trans-
ducer so that the width W is fuzzy. This will smear the
sidelobes. A similar method is to reduce the transmit
strength and receive sensitivity near the edge of the trans-
ducer. This method is called apodization. The sidelobe
position depends on wavelength (λ) as well as width (W).
Therefore, a broad band transducer with a range of wave-
lengths will have smeared sidelobes with diminished 
sensitivity.

Sidelobe effects are more severe in Doppler kinds of
imaging because large differences in amplitude are
ignored in the signal analysis process, minimizing the dif-
ference between sidelobe echoes and beam axis echoes.

Thickness Direction in the Image Ultrasound
Beam Pattern Thickness

Most ultrasound instruments use one-dimensional elec-
tronic array transducers to sweep the ultrasound beam
across a plane in tissue to form an image (Figure 3–12).
The fixed focusing in the thickness direction causes the
beam pattern to be thick at most depths. Therefore
objects in tissue that are outside the tissue “plane” are
included in the image (Figure 3–13).

An additional interesting feature of Figure 3–13 is the
presence of reflected images. A moderately bright circu-

Figure 3–11. Duplication of abdominal aorta image due to
ultrasound beam refraction. Beginning at a depth of 11cm at
the center of the image, the 1.8-cm-diameter aorta can be seen
(pulsating in real time); 2.2cm to the left of that image is a
second image of the aorta (pulsating in real time). A further 
2.4cm to the left is the 2.1-cm-diameter inferior vena cava. The
“duplication” of the aorta is due to ultrasound refraction from
the linea alba/rectus abdominus muscles.2
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surface and finally back to the transducer. The additional
time for that “reverberant” trip forms the moderately
bright reflected image.A third deeper image is also barely
detectable.

Time of Image Acquisition Frame
Interval/Sweep

When ultrasound image data are acquired, data along
each line extending from the scanhead into tissue are
gathered within one pulse-echo cycle. The conventional
two-dimensional image is formed by a series of such lines,
each gathered in sequence. Common formats are sector
from a phase or curved array or raster from a linear array
(Figure 3–14). With modern linear arrays, the location of
the aperture can be selected as well as the direction of
beam pointing (Figure 3–15).

The time to acquire data from each scan line is deter-
mined by two factors: (1) the maximum depth from which
data are coming, and (2) the number of pulse-echo cycles
required to acquire the data from the scanline (ensemble
length). The time for each pulse-echo cycle is T = 2 × D/C
where D is the maximum depth and C is the speed of
ultrasound. For a maximum depth of 3cm, the time
required is 40µs and for a maximum depth of 15cm, the
time required is 200µs. For B-mode imaging, the ensem-
ble length is 1 and for typical Doppler color flow imaging,
the ensemble length is 8 (Table 3–11).

In a typical Doppler color flow image that is 3cm wide
(Figure 3–15), the images are formed from 128 B-mode
scanlines and 64 color scanlines. The B-mode scanlines
extend to a depth of 6cm (requiring 80µs) for each of the
128 scanlines. The B-mode portion of the image requires
(80µs × 128) 10.2ms for image formation.The color scan-
lines extend to a depth of 3cm (requiring 40µs each
cycle) with an ensemble length of 8 requiring (40µs × 8)
320µs for each of the 64 scanlines. The color Doppler
portion of the image requires (320µs × 64) 20.5ms for
image formation. The total time to create the image is
(10.2ms + 20.5ms) 30.7ms, which nearly matches the 
33ms time for each image in a standard ultrasound

Figure 3–12. Different arrangements of ultrasound transduc-
ers from the patient view. Upper left: circular single element
transducer. Upper center: annular array transducer for elec-
tronic focusing. Upper right: linear array transducer for elec-
tronic beam pointing in the lateral direction and fixed
mechanical focus in the thickness direction. Lower left: single
element “star” transducer to suppress sidelobes; a five-point
design or seven-point design is preferred because of fewer sym-
metries. Lower center: two-dimensional array to steer the beam
electronically in two directions for three-dimensional imaging.
Lower right: 1.5-dimensional array to steer the beam electron-
ically in the lateral direction and electronically focus the beam
in the thickness direction.

Figure 3–13. Five-millimeter-diameter straw in cross section
and longitudinal section. To demonstrate the effect of ultra-
sound image thickness on the image of a 5-mm-diameter vein
graft, a 5-mm-diameter drinking straw is imaged in a water tank.
A wire was attached to the side, outside the lumen. In cross
section (left) the wire can be seen outside the lumen. In longi-
tudinal section on the right, the wire image appears to be within
the lumen between the superficial and deep walls. The strong
specular (mirror like) reflections from the superficial and deep
walls combined with excessive image gain cause a “blooming”
of the image that smears the echoes making the superficial and
deep walls appear thicker than they are. Reducing the ultra-
sound transmit power will provide a proper image of the per-
pendicular wall thickness.

Figure 3–14. Image scan formats. Left: sector format from a
phase array. Middle: sector format from a curved linear array.
Right: raster format from a straight linear array.

lar image of the straw appears below the “real” image.
This deeper image is formed because of ultrasound that
reflects from the lower straw surface, back up to the
upper straw surface, then back down to the lower straw
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(National Television Standard Code) at 30 images per
second. If greater depths are required, then more time is
required for each scanline and either the number of scan-
lines or the frame rate must be sacrificed.

In “real time” imaging, a frame is not formed instantly,
but the data are acquired systematically from left to 
right. In Doppler color flow imaging, the data for color
lines are acquired in sequence across the 3cm image
width in 0.02s (20ms); the acquisition proceeds from 
left to right at a speed of 150cm/s. This speed should 

be compared with the speeds in the vascular system:
wall motion <1cm/s, average arterial blood velocity = 30
cm/s, and pulse propagation speed = 1000cm/s. It takes
about five cardiac cycles for blood to travel 150cm from
the heart to the toes; it takes only 0.15s for the pulse 
to travel from the heart to the toes. Note that the speed
of the Doppler acquisition line moves across the image
more slowly than the pulse propagation speed. This
causes a time distortion in all color flow images (Figure
3–16).

ACTIVE

A

APERTURE

B

Figure 3–15. (A) Modern phased-linear array beam steering.
The ability to steer the beam pattern to a variety of angles for
B-mode imaging is easier that to steer to a variety of angles for
Doppler data. (B) Receiver channel echoes from each trans-
ducer. The echoes received by each of 32 transducer elements

are displayed. Before adding the transducer data together,
“beam forming” time delays are introduced on each channel to
align the echoes from a particular depth and location, then the
data from the channels are added to produce “beam formed”
RF data for demodulation and display.
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Table 3–11. Ultrasound modes and factors.a

Ultrasound operating modes

Color power Color flow Pulsed Doppler
Factor B-mode angiography imaging waveform CW Doppler Harmonic imaging

Ultrasound frequency b c c c c Depressed Tx Elevated Rcv
Ultrasound bandwidth Wide Moderate Moderate Moderate Narrow Broad split
Demodulation method Amplitude Phase Phase Phase Phase Band filtered/pulse invert
Ensemble length 1 8 8 128 NA 1 or 2
PRF Max Low Max Max 0 Max or max/2
Filter method None Hi pass Hi pass Hi pass Hi pass Dual band
Analysis method Square sum Variance Lambda FFT Heterodyne Square sum
Display method Gray Colorize Bicolor Gray/V-t Audio Gray
Frame rate High Low Moderate 0 0 High or moderate
Averaging None Time and space Time None Time or none None or difference

aCW, continuous wave; PRF, pulse repetition frequency; FFT, fast Fourier transform.
bThe dynamic range of echogenicity of solid tissues in ultrasound images is about 42dB (7 bits in a computer) and most instruments are capable
of processing a dynamic range of 96dB (16 bits). Thus, echoes attenuated by 54dB still have the full dynamic range. A soft tissue layer that atten-
uates ultrasound by 10dB is 67 wavelengths (from the attenuation discussion). So the roundtrip path of (67 × 54/10) 360 wavelengths defines the
maximum imaging depth, or 180 wavelengths deep.
cThe echogenicity of blood is 54dB (9 bits) lower than the brightest solid tissues in ultrasound images. Thus, for attenuation and Doppler from
blood in the presence of solid tissues, 42dB (7 bits) remains. Blood echogenicity increases with the fourth power of the frequency of ultrasound.
Selection of the best ultrasound frequency depends on the balance between increased blood echogenicity and increased attenuation. For blood
vessels in liver (0.5dB/MHz/cm) the best ultrasound frequency is F = 1.7cmMHz/d where d is the depth of the blood vessel in cm.

Figure 3–16. The effect of image sweep speed on color flow
images.These are three images of the same segment of an artery
taken in sequence. Although we intend to show distance dis-
played along the horizontal dimension, because of the slow
sweep speed compared to the pulse propagation speed, the hor-

izontal dimension shows time. Peak systole shows as an aliased
blue velocity. In the bottom image, the Doppler data were
acquired near the left edge of the image during peak systole; in
the middle image, the Doppler data were acquired near the
right edge of the image during peak systole.
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The interaction between the pulse propagation speed
and the Doppler acquisition speed suggests that a “sys-
tolic velocity bolus” is just 2cm long, however, high 
systolic velocities appear at the toes while they are still
present at the aortic valve during systole.

Learning about the Tissues 
within Voxels

In modern ultrasound systems, the information displayed
in each pixel about the corresponding voxel depends on
the selection of 10 factors: (1) the frequency of the ultra-
sound pulse transmitted into tissue—“ultrasound fre-
quency,” (2) the shape and duration of the ultrasound
pulse transmitted into tissue—“ultrasound bandwidth,”
(3) the measurements made on the echo that come from
the voxel—“demodulation method,” (4) the number 
of times that similar pulse-echo cycles are from the
voxel—“ensemble length,” (5) the time interval between
the pulse-echo cycles—“pulse repetition interval” (the

inverse of the pulse repetition frequency, PRF), (6) 
the filter method, (7) the analysis method, (8) the display
method, (9) the time required to update the other pixels
on the screen—“frame interval” (the inverse of frame
rate), and (10) averaging between times and/or between
pixels. The basic modes of ultrasound imaging can be
characterized by the alternative choices between the pos-
sibilities of each of these factors.

The process of voxel interrogation has two parts: an
analog part and a digital part. In modern ultrasound scan-
ners, most of the processing is done digitally. In old instru-
ments everything was done with analog electronics.
Figure 3–17 diagrams the analog signal portion of a
modern instrument. This Figure is the basis for describ-
ing the methods.

The ultrasound transmit pulse consists of a selected
number of cycles. Transmit voltages applied to the trans-
ducer range from 4 to 400V. The echo is segmented into
pixels that are equal in length to the transmit pulse. In
modern ultrasound imaging systems, the radio frequency
oscillations in each pixel are converted to a digital signal.
The voltages along the oscillation are measured, four
times for each cycle, and the measured numbers are com-
bined to form the digital signal. This process is called dig-
itization. In modern instruments, each measurement has
a dynamic range of 16 bits (binary digits). Each operat-
ing mode has a different pulse protocol and computation
method.

Each of the following modes will be described using
the same format. The number of cycles in the transmit
pulse will be specified; this number will be called m. The
duration of each received pixel is equal to the transmit
pulse duration.The oscillations in each received pixel will
be digitized at a frequency equal to four times the trans-
mitted frequency, so there will be 4m sampled measure-
ments digitized. Each of those sampled voltages will be
identified by number. In the case in Figure 3–17 with two
cycles transmitted, there are two cycles in each received
pixel and 4 × 2 or 8 samples in each pixel. The sampled
voltages are called V1, V2, V3, V4, V5, V6, V7, and V8. Finally,
we may need to transmit along the ultrasound beam line
more than once to determine if the tissue is moving. The
number of times that we transmit, called ensemble length,
will be called k. From here, the method is as simple as an
income tax form.

B-Mode Imaging at 5MHz

The length of the transmit pulse is short to create the best
depth resolution, therefore m = 1. At 5MHz, one cycle
lasts just 0.2µs. The echo digitizing rate is four times the
transmit frequency or 20MHz. The pixel is short, con-
taining just one cycle, so we digitize just four voltages,
called V1, V2, V3, and V4. Now we calculate the energy in
that 0.2-µs segment of the echo.

1

1 3

2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8

5 7 1 3 5 7 1 3 5 7 1 3 5 7

2 3 4

Figure 3–17. Ultrasound echo signals and demodulation.
Upper: ultrasound transmit pulse. Middle: radio frequency
ultrasound echo segmented into pixels. Lower: pixels parsed for
digitization.
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Echo energy for each pixel = V 1
2 + V 2

2 + V 3
2 + V 4

2

The pixels with the highest energies are displayed as
white on the screen and the pixels with the lowest ener-
gies are displayed as black. An inverted gray scale or col-
orized scale may also be used.

Before display, time gain compensation is applied. For
a pixel representing depth d from a tissue with attenua-
tion rate A in dB/cm/MHz and ultrasound frequency F,
the measured pixel voltage (square root of energy) is
multiplied by 1.26AxdxF.

The eye can see only 16 levels of gray. Video screens
display about the same. To convert 256 possible bright-
ness levels into 16 levels of gray, the brightness levels are
usually converted by postprocessing into a logarithmic
brightness scale using Table 3–12.

Digitizing for Flow Measurement

To prepare for the flow imaging methods, we should show
how to determine the amplitude and phase of the echo
oscillation in the pixel. It is equal to the square root 
of the energy. The computation requires two numbers, I
and Q.

I = V1 − V3

and

Q = V2 − V4

With algebra you can show that

Energy = I2 + Q2

if

V1 × V3 + V2 × V4 = 0

which is true in the absence of harmonics that result from
high ultrasound intensities or the presence of ultrasound
contrast agents.

I and Q can be used to form a diagram (Figure 
3–18) that shows both the phase and the amplitude of 
the wave. The amplitude is shown as distance from 
the origin of the plot and the phase is shown as angle.
This phase map forms the basis of the flow imaging
methods.

Table 3–12. Conversion of time gain compensation adjusted received voltages into a
brightness scale.a

0 1 2 3 5 7 11 15 22 31 45 63 90 127 181 255
0 1 2 3 4 6 8 12 16 23 32 46 64 91 128 182
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

aUpper row: upper bound of voltage range. Middle row: lower bound of voltage range. Lower row:
corresponding brightness level.
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I = V1 – V3 + V5 – V7
I = 0 – 0 + 0 – 0 = 0

Q = V2 – V4 + V6 – V8
Q = 3 – (–3) + 3 – (–3) = 12

I = 2 – (–2) + 2 – (–2) = 8

Q = 2 – (–2) + 2 – (–2) = 8

I = (–3) – 3 + (–3) – 3 + (–3) = –12

Q = 0 – 0 + 0 – 0 = 0

Figure 3–18. Formation of a phase diagram from an ultrasound
echo pixel.

Autocorrelation Doppler

For all Doppler methods, the length of the transmit pulse
is long, about 5 cycles or 1µs at 5MHz to ensure that the
phase measurement is accurate. The echo digitizing rate
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is 20MHz. The pixel is long containing five cycles, so 20
voltage values are digitized to represent the voxel, V1 to
V20. Then the phase of the echo in the voxel is calculated
by computing the components I and Q.

I = V1 − V3 + V5 − V7 + V9 − V11 + V13 − V15 + V17 − V19

and

Q = V2 − V4 + V6 − V8 + V10 − V12 + V14 − V16 + V18 − V20

The measurement produces a single value on the I vs. Q
phase plane (Figure 3–19). From the value, the amplitude
can be determined, but the phase has little meaning.
The amplitude is the distance from the origin to the 
measurement. The energy is the square of the amplitude.
By the Pythagorean theorem, the echo energy is 
I2 + Q2.

If the process of transmitting a pulse along a beam
pattern and receiving an echo from the selected depth is
repeated eight times, the resulting echo samples from the
voxel under investigation can be compared. If the tissue
in the voxel has neither moved nor changed, then over
the period of the sampling, all samples are identical. If,
however, all the tissue in the sample volume is moving
toward the ultrasound transducer, then the magnitude
will stay constant, but the phase of the echo will 
progressively change and each of the echoes will 
contribute a point to a circle of rotation around the 
origin (Figure 3–20). The number of samples collected
from each voxel, to form this circle, is called the ensem-
ble length.

In Figure 3–20, in each pulse repetition interval (PRI =
1/PRF), the phase of the echo has moved 1/8 cycle 
toward the transducer. The velocity component toward

the transducer is

VD = dp × λ/(2 × PRI) = dp × λ × PRF/2
= (dp/PRI) × (C/F) × (1/2)

where = dp is the fraction of a complete cycle that the
phase has shifted between one echo to another, λ is the
ultrasound wavelength (C/F), 2 accounts for the round
trip of the ultrasound, PRI is the time between echo
samples, and PRF is the number of echo samples per
second.

The component of the blood velocity measured by the
Doppler is the leg of a right triangle. A right triangle can
be circumscribed with a semicircle with the hypotenuse
(the real velocity vector) shown in Figure 3–21. The com-
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Q

Figure 3–19. I/Q plot for one pulse-echo cycle.
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Figure 3–20. I/Q plot for eight pulse-echo cycles from tissue
moving through the sample volume.
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Figure 3–21. Component of blood velocity measured by
Doppler.
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ponent velocity is represented by a cord of the circle
formed by the blood velocity as diameter.

VD × cos θ = VD = (dp/PRI) × (C/F) × (1/2)
= (f/2) × (C/F)

This is the well-known Doppler equation where (dp/
PRI) is known as the Doppler frequency and happens,
by fortunate chance, to be in the audible frequency 
range.

Unfortunately, in many cases, the interrogated Voxel
contains echogenic solid tissue as well as moving blood
so the phase diagram usually looks like Figure 3–22. The
phase circle is rotating in a counterclockwise direction so
the velocity component is away from the transducer. The
stationary echo S makes analysis more difficult. If only

two pulse-echo cycles were taken, then an incorrect
velocity measurement would result. Although the direc-
tion of rotation appears to be counterclockwise, as indi-
cated by the arrow suggesting flow away from the
transducer in Figure 3–23, the flow could be aliased, twice
as fast toward the transducer.

In a color flow image, flow toward the transducer indi-
cated by clockwise rotation on the I/Q diagram is usually
shown as a red pixel on the image and flow away from
the transducer indicated by counterclockwise rotation on
the I/Q diagram is usually shown as a blue pixel on the
image. If the points do not form a uniform circle on the
I/Q phase diagram, then the signal contains variance;
cardiac color Doppler systems show high variance as a
green pixel on the image.

Color Power Angiography

Blood vessels usually are parallel to the skin and Doppler
ultrasound beams are nearly perpendicular to the skin
and vessels. Therefore, the Doppler examination angle is
usually greater than 45° to the vessel axis. For conven-
ience and consistency, many examiners use a Doppler
examination angle of 60° between the ultrasound beam
pattern and the vessel axis. However, the normal blood
flow in a blood vessel is helical, converging into stenoses
and diverging downstream. Therefore, color Doppler
images usually contain intriguing color changes that can
be confusing. To avoid the confusion of “too much infor-
mation” some instruments provide a feature called “color
power angiography,” which shows pixels with blood
motion in color without showing direction.These systems
are based on an ensemble of pulse-echo cycles plotted on
a phase diagram such as Figure 3–24.
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In the example, data from a voxel acquired by eight
pulse-echo cycles are shown. All of the echoes fall within
the shaded region. The area of the shaded region on the
I/Q diagram is the “Doppler power.”

Fast Fourier Transform  
Spectral Waveform

The fast fourier transform (FFT) spectral waveform is
created from the same kind of data as shown in Figures
3–18 through 3–23.The FFT spectrum uses 128 pulse-echo
cycles for input data from a single voxel in tissue for each
spectrum. A waveform is a collection of 100 spectra per
second. Each I/Q phase diagram contains 128 points. The
period of data gathering is about 10ms (for a PRF of 12.8
kHz). The voxel (sample volume) is about 1mm across. If
the blood velocity is 100cm/s (1000mm/s), a cluster of red
blood cells will cross the voxel in 1ms; during the 10-ms
data acquisition period, the blood in the voxel will be
completely exchanged 10 times. There is no relationship
between the phase of the echo of one cluster of red blood
cells and another. Therefore every millisecond (13 pulse-
echo cycles) the point on the phase diagram is unrelated
to the prior phase. This introduces transit time spectral
broadening into the spectral waveform.3 Spectral broad-
ening also occurs because of fluctuations in the blood
velocity and because of system noise. The spectral broad-
ening can be manipulated by adjusting the voxel size. It
can also be used to measure “transverse velocity.” Spec-
tral broadening and spectral shape, however, are most
useful for figuring out complex flow dynamics because
they show all of the velocities all of the time.

A spectral waveform from a voxel shows the detailed
time history of the flow through that voxel. Two-dimen-
sional color flow imaging shows a single velocity for each
voxel between 10 and 30 times per second (frame rate).
Hemodynamic eddies can oscillate at frequencies of 50
Hz or greater. The FFT waveform, displayed 100 times
per second, can show those eddies.

Conclusion

Over the past half century noninvasive examination of
vascular disease has advanced greatly as Doppler
methods were augmented with B-mode imaging to form
duplex scanners. Duplex pulse Doppler spectral wave-
form analysis has become the standard noninvasive
method for evaluating arterial stenoses, venous obstruc-
tion, and venous valve incompetence. The evolution has
benefited from contributions by both manufacturers and
clinical examiners. Confusions and disagreements are a
natural part of that process. One of those disagreements

is over the visualization of lesions and plaques in ultra-
sound B-mode images. Many examiners have classified
plaque as “hard,” “soft,” “heterogeneous,” “homoge-
neous,” or “intimal thickening.” In our experience,
B-mode imaging of vascular structures has not provided
clinically useful information. Another disagreement 
is the question of choice of Doppler examination 
angle. Because the geometry of arteries and veins 
prevents the use of coaxial ultrasound beams (which 
are possible when examining the aortic and mitral
valves), some examiners believe that the cosine of the
examination angle can be used to “correct” the velocity
measurement taken at the poor angles permitted 
by anatomical restrictions. Other examiners believe 
that the definition of velocity is obscure, that a consistent
examination angle should be used, and that the 
resultant velocity value should be used only in compari-
son with an empirical standard. We subscribe to the 
latter view.

All examiners hope that new examination methods
such as color flow imaging can improve diagnostic accu-
racy. This is an elusive goal because each examination
method has strengths and weaknesses. Comparison
between methods yields surprises and increased under-
standing. A comparison between velocity measurements
taken with color flow imaging and taken with Doppler
spectral waveform (Figure 3–25) demonstrates the dis-
agreement in results that invite resolution.

To ensure that the different modes of Doppler 
display work in concert, the methods of two-dimensional
color Doppler imaging, color Doppler M-mode 
imaging and spectral waveform imaging should be 
combined (Figure 3–26). This permits an exact compari-
son between the Doppler FFT spectral waveform 
velocity information and the autocorrelation color
display. Note that the two methods of velocity 
determination occur in different sections of the ultra-
sound system and use different ensemble lengths.
Therefore, the velocity ranges and baseline shift can be
set differently.

Ultrasound instruments are passing through a new
rapid evolution, plunging in cost and size. It is now 
possible for a patient to buy an ultrasound system to 
wear and obtain constant examination.4 It is also 
possible to obtain a correct velocity measurement 
from peripheral blood vessels without assumptions 
about the examination angle5–8 and to measure tissue 
pulsations and vibrations as small as 0.05µm. The depth
derivative of displacement is pulsatility. It is possible 
to measure pulsatility due to capillary filling and display
this information in ultrasound images.9–11 This method 
has been used by Robert Pretlow to show that cancerous
tissues in breast have pulse amplitudes three times 
as high as normal tissues. It has also been used by 
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John Kucewicz to show maternal and fetal pulsations in
the placenta.

With access to internet information services, it is easy
to keep track of the latest advancements in the medical
literature12 and the most recent patents.13
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Stroke is the third leading cause of death in the United
States, and the second leading cause of death for women
in the United States. It is the cause of death in approxi-
mately 150,000 to 200,000 Americans annually. The mor-
bidity of those who survive a stroke has a significant
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 $40 billion in
1996.

It has been reported that 75% of patients suffering a
stroke have surgically accessible extracranial vascular
disease.1 Ischemic strokes constitute 80–85% of all
strokes, and the remaining 15–20% are caused by cere-
bral hemorrhage.2,3 It has been estimated that ≥50%
carotid stenosis may be responsible for up to 25% of all
ischemic strokes. Large population studies using carotid
ultrasound estimate the prevalence of ≥50% carotid
artery stenosis to be 3–7%. This emphasizes the impor-
tance of early detection for stroke prevention.

Significant 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 first
carotid endarterectomy was reported. Eastcott et al.4 per-
formed a carotid resection with reanastomosis of a dis-
eased vessel in a patient who suffered a transient ischemic
attack.This was published in 1954, but DeBakey5 reported
a successful performance of this procedure earlier.

Today, carotid endarterectomy 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 medical literature over the past 10 years.
The CASSANOVA, Asymptomatic Carotid Atheroscle-
rosis Study (ACAS), Veteran’s Administration (VA)
Cooperative study, and Asymptomatic Carotid Surgery
Trial (ACST) have looked at medical versus surgical
therapy in asymptomatic carotid stenosis.6–9 The VA
Cooperative study, the North American Symptomatic

Carotid Endarterectomy Trial Collaborators (NASCET)
study, and the European Carotid Surgery Trialists’ Col-
laborative Group (ECST) looked at symptomatic carotid
disease.10–12 Regardless of which criteria are used to deter-
mine whether operative intervention is warranted, a
surgeon must stay within the accepted perioperative
stroke rate of 3–7% (depending on indication) as recom-
mended 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 impor-
tant problems in medicine, since stroke has an immediate
mortality of 20–25% within 30 days. Of the survivors of a
first stroke, 25–50% will have an additional stroke.

Anatomy

The aortic arch gives off, from right to left, the innomi-
nate (brachiocephalic trunk), the left common carotid,
and the subclavian arteries (Figure 4–1). 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 sub-
clavian arteries 2 or 3cm from the arch, but many varia-
tions may occur (Figure 4–1). The left common carotid
artery may arise from the innominate (bovine arch) in
16% of patients and cross to a relatively normal position
on the left side. The left vertebral artery may arise
directly from the aortic arch instead of from the left sub-
clavian arteries (Figure 4–2). The right vertebral artery
may arise as part of a trifurcation of the brachiocephalic
trunk into subclavian, common carotid, and vertebral
arteries (Figure 4–3). Occasionally, both subclavian arter-
ies originate together as a single trunk off of the arch, or
the right subclavian may arise distal to the left subclavian
artery and cross to the right side.13

The common carotid arteries on each side travel in 
the carotid sheath up to the neck before branching into
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Figure 4–1. An illustration showing the aortic arch and its branches:
(1) brachial-cephalic trunk, (2) right subclavian artery, (3) right verte-
bral artery, (4) right common carotid artery, (5) right external carotid
artery, (6) right internal carotid artery, (7) aortic arch, (8) left subcla-
vian artery, (9) left vertebral artery, (10) left common carotid artery,
(11) left external carotid artery, (12) left internal carotid artery, (13)
the basilar artery.

Figure 4–2. Arch aortogram showing the left vertebral artery orig-
inating 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).
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internal and external carotid arteries just below the level
of the mandible. 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 laryn-
geal nerve, the ascending pharyngeal, and the lingual and
occipital arteries that have a close association with the
hypoglossal nerve (Figure 4–4). No branches of the inter-
nal carotid artery occur in the neck.

The carotid sinus, a baroreceptor, is located in the
crotch of the bifurcation of the internal and external
carotid artery. 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 chemorecep-
tor, responding to low oxygen or high carbon dioxide
levels in the blood. It is also innervated by the glos-
sopharyngeal 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, semilu-
nar, anterior meningeal, and ophthalmic arteries are
branches of the cavernous portion of the internal carotid
artery. The ophthalmic artery is clinically important since
it communicates with the external carotid system, which
is the basis of the periorbital Doppler study. The remain-
ing branches of the internal carotid artery arise from 
the cerebral portion, i.e., the anterior and middle cere-
bral, posterior communicating, and chorioidal branches
(Figure 4–5).

The vertebral artery leaves the subclavian artery and
pushes upward through the foramina of the transverse
processes of the cervical vertebrae into the cranium
through the foramen magnum (Figure 4–6). 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 cere-
bral artery after giving off the anterior inferior, superior
cerebellar, pontine, and internal auditory arteries.

Figure 4–3. Abnormal origin of the vertebral artery (H) from
the right common carotid artery (C) in a patient with a retroe-
sophageal right subclavian artery (B). (Courtesy of Springer-
Verlag, Surgery of the Arteries to the Head, 1992, by Ramon
Berguer and Edouard Kieffer, eds.)

Figure 4–4. Main branches of the external carotid artery: (1)
superior thyroid, (2) lingual, (3) facial, (4) internal maxillary
artery, (5) superficial temporal artery, (6) occipital artery. (Cour-
tesy of Springer-Verlag, Surgery of the Arteries to the Head,
1992, by Ramon Berguer and Edouard Kieffer, eds.)
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Blood flows through each internal carotid artery at
about 350ml/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. 14 Therefore, the carotid arteries, both from the
standpoint of accessibility and functioning, become 
the system of importance for noninvasive testing.

Morphologic Variations of the Internal
Carotid Artery

Tortuosity of the internal carotid artery (or loop) is gen-
erally defined as an S- or C-shaped elongation or curving
in the course of the artery (Figure 4–7C). Coiling is a term
used to describe an exaggerated, redundant S-shaped
curve, or a complete circle, in the longitudinal axis of the

artery (Figure 4–7A). Tortuosity and coiling are thought
to be congenital developmental abnormalities that may
become exaggerated with aging. They usually do not
produce clinical symptoms.

Kinking is a sharp angulation with stenosis of segments
of the internal carotid artery, (Figure 4–7B) 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
atherosclerotic plaque on the concave side of the kink
further narrows the lumen.
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Figure 4–5. Major branches of the internal carotid artery (i.e.,
middle cerebral, anterior cerebral, posterior communicating,
and ophthalmic artery) and vertebrobasilar arteries.

Figure 4–6. 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 ver-
tebral artery to form the basilar artery.
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carotid kinking, whereas tortuosity and coiling are
usually asymptomatic.

Collateral Pathways

Single stenotic lesions may or may not produce carotid ter-
ritory symptoms (hemispheric) or vertebrobasilar territory
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
flow, the collateral channels will increase flow up to the
point of capacity. It can then be seen that the more proxi-
mal the obstruction, the greater the potential for collateral
pathways to exist.Proximal occlusion of the arteries arising
from the aortic arch is, therefore, rarely associated with the
stroke syndrome because of this collateral flow. Branches
of each subclavian artery may anastomose with collaterals
of the opposite subclavian artery and the branches of the
external carotid system.

The subclavian steal syndrome15 occurs with proximal
subclavian occlusion and retrograde flow down the ver-
tebral artery (Figures 4–8 and 4–9A). In innominate
artery obstruction, the retrograde flow may be down to
the carotid artery (Figure 4–9B). Therefore, vascular sur-
geons may use the mechanism of collateral flow in a 
constructive manner; a patient who has both a carotid
stenosis and subclavian steal syndrome may be 
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Figure 4–7. Three types of redundancy of the internal carotid
artery. (A) Coil. (B) Kink. (C) Loop. (Courtesy of Springer
Verlag, Surgery of the Arteries to the Head, 1992, Ramon
Berguer and Edouard Kieffer, eds.)

Figure 4–8. Right subclavian steal secondary to occlusion of
the first segment of this artery. The left vertebral artery is filling
from the left subclavian artery as seen on the left (arrow). In
the middle, flow is seen retrograde in the right vertebral artery

Unlike tortuosity and coiling, kinking is thought to be
an acquired abnormality, occurring mostly in older
people in whom arteriosclerotic disease and hypertension
are important factors. Changes in head and neck posi-
tions may produce cerebral ischemia in patients with

(arrow), and as seen on the right, the right subclavian artery is
filling retrograde via the left vertebral artery. (Courtesy of
Springer Verlag, Surgery of the Arteries to the Head, 1992,
Ramon Berguer and Edouard Kieffer, eds.)
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Figure 4–9. Three patterns of flow reversal. (A) Subclavian
steal distal to an occluded left subclavian artery. (B) Reversal
of flow in the carotid and vertebral arteries distal to an occluded
innominate artery (innominate steal). (C) Reversal of flow in
the occipital artery and proximal external carotid distal to an
occluded common carotid artery (carotid steal). (Courtesy of
Springer Verlag, Surgery of the Arteries to the Head, 1992,
Ramon Berguer and Edouard Kieffer, eds.)
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Figure 4–11. Circle of Willis showing the anterior cerebral cir-
culation (shaded black) and the posterior circulation (shaded
gray); a., artery.

completely relieved of steal symptoms by carotid
endarterectomy.

An interesting collateral pathway is the retrograde
flow that may occur in the external carotid system by
proximal occlusion of the common carotid artery (Figure
4–9C). Collateral flow 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 flow up the external carotid artery and
retrograde through the supraorbital and frontal arteries
into the ophthalmic artery and, finally, antegrade in 
the distal internal carotid artery and the Circle of Willis.
This important pathway is the basis of the supraorbital
Doppler cerebrovascular examination. Patients with
proximal internal carotid occlusion and external carotid
stenosis may be relieved of symptoms with correction of
the external carotid occlusion, which alleviates symptoms
of hypoperfusion.16 Finally, emboli may course via the
external carotid artery to the eye, producing amaurosis
fugax in patients with a functional collateral pathway.17

The major collateral pathway, of course, is the Circle of
Willis (Figures 4–10 and 4–11). This unique circle pro-
vides 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 (Figure 4–12). Collateral arteries
between the occipital branches of the external carotid
arteries may bypass stenosis of the origin of both verte-
bral arteries and the muscular branches of the vertebral
arteries (Figures 4–13, 4–14, and 4–15), or between the
cervical branches of the thyrocervical trunk and vertebral

Figure 4–10. The Circle of Willis: (1) right and left vertebral
arteries, (2) basilar artery, (3) right posterior communicating
artery, (4) right internal carotid artery, (5) right middle cere-
bral artery, (6) anterior communicating artery, (7) left anterior 
cerebral artery, (8) left internal carotid artery, (9) left posterior
cerebral artery.
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Figure 4–13. Occipital connection of the vertebral artery. In this
patient with an occluded internal carotid artery, the collaterals from
the occipital artery fill the vertebral artery anterograde toward the
basilar artery and retrogradely toward the base of the neck, where
the vertebral artery is occluded.

Figure 4–12. The Circle of Willis demonstrating rudimentary
posterior communicating branches.

Figure 4–14. Occipital collateral may enter the vertebral artery
at the level of C-1, as seen in this selective external carotid 
injection.
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Figure 4–16. A patient with an occluded internal carotid artery
with a reversal of flow through the ophthalmic artery via 
periorbital branches of the external carotid artery: (1) anterior
cerebral artery, (2) middle cerebral artery, (3) posterior com-
municating artery, (4) caroticotympanic 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) superficial temporal artery, (11)
ophthalmic artery, (12) supraorbital artery, (13) supratrochlear
artery, (14) dorsal nasal artery, (15) angular artery, (16) trans-
verse fascial artery, (17) internal maxillary artery.
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Figure 4–17. Illustration of a patient with an internal carotid
artery occlusion. The flow to the corresponding cerebral hemi-
sphere is maintained by flow from the opposite internal carotid
artery (A), the vertebral 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) oph-
thalmic artery, (5) posterior communicating artery, (6) posterior
cerebral artery, (7) basilar artery, (8) internal carotid artery, (9)
vertebral artery.

Figure 4–15. The importance of the occipital collateral is seen
in this patient with an occluded internal carotid.
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arteries. Figures 4–16, 4–17, and 4–18 summarize the
important collateral pathways in patients with an
occluded internal carotid artery.

Pathology

Numerous theories exist as to the mechanism by which
atherosclerosis develops in the carotid arteries, but
whether you prescribe to the mechanical, sheer stress,
chemical injury, or infectious theory,18 the basic lesion is
essentially the same. Atherosclerosis accounts for
approximately 90% of extracranial cerebrovascular
disease, with the remaining 10% being attributed to such
disease processes as fibromuscular dysplasia, traumatic or
spontaneous dissection, aneurysms, and arteritis, includ-
ing Takayasu’s arteritis.

The carotid plaque of atherosclerosis consists of cho-
lesterol deposition in the arterial intima and an associ-
ated inflammatory reaction that results in fibroblast
proliferation. These plaques occur preferentially at areas
of vessel bifurcations 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 pos-
terior lateral wall. The atherosclerosis appears as a fatty
strip subintimally with a collection of fat cells that pro-
gresses to a fibrous plaque in the subendothelial layer,
causing gradually decreasing flow. These plaques can
enlarge in several ways. They may just continue to slowly
enlarge from an accumulation of cholesterol and fibrob-
lasts, leading to a central necrosis and rupture of the
intimal lining of the vessel. This will lead to discharge of
athromatous 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 (Figure 4–19). Another mecha-
nism by which there may be sudden plaque enlargement
is intraplaque hemorrhage.19 Intraplaque hemorrhage
may produce acute narrowing of the lumen. If the intima
overlining the site of the plaque hemorrhage ulcerates,
the necrotic contents of the atheromas escape into the
lumen and cause cerebral embolization with transient

AC

PCO

Figure 4–18. A patient with an internal carotid artery 
occlusion where the collateral flow may be reduced by the
incomplete Circle of Willis [rudimentary right posterior
communi-cating artery (PCO) and anterior cerebral artery
(AC)].
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Figure 4–19. (A) Development of pathologic features in a
plaque. (B) Partial obstruction created by a plaque may result
in accumulation of a fibrin-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 bloodstream. (E) An ulceration
may become covered by a fibrin 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, Surgery of the Arteries to the Head, 1992, by Ramon
Berguer and Edouard Kieffer, eds.)
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Figure 4–20. (A–C) Three mechanisms for thromboemboliza-
tion from an internal carotid plaque. (A) Fibrin-platelet aggre-
gates associated with an obstructing plaque. (B) Atheromatous
contents. (C) Thrombus forming on the surface. (Courtesy of
Springer-Verlag, Surgery of the Arteries to the Head, 1992, by
Ramon Berguer and Edouard Kieffer, eds.)

Figure 4–21. Carotid endarterectomy plaque.

expands to produce a critical reduction in blood flow, the
vessel will ultimately 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 sufficient collateral circulation via the Circle of Willis,
the thrombotic event may be entirely asymptomatic
(Figure 4–24). However, if small thrombi rather than a
thrombotic column form and are subsequently carried to
the intracranaial vessels by continuous blood flow, 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 (Figure
4–25). In addition, if the collateral circulation to the
Circle of Willis is inadequate, the sudden loss of blood
flow through a diseased internal carotid artery may
induce a sudden drop in flow to the cerebral hemisphere,
resulting in ischemic infarction as a consequence of inad-
equate proximal blood flow.

A less common cause of cerebrovascular ischemia is
fibromuscular dysplasia (FMD), which is usually more
distally located in the internal carotid artery. The most
common form of the disease is characterized by hyper-
plasia of the media producing alternating bands of
thinned areas, leading to a beady appearance on angiog-
raphy. Often the internal carotid artery is involved at long
lengths. Always look for evidence of fibromuscular dys-
plasia elsewhere. It will involve both internal carotid
arteries in 65% of patients.22

ischemic attacks (TIAs) or cerebral infarcts. Nonulcer-
ated lesions may alter flow and produce mural thrombi,
which may fragment, causing embolization (Figure 4–20).
The friability of these lesions is often not appreciated
until seen by the vascular surgeon (Figure 4–21).

Blaisdell et al. and Hass et al.20,21 studied the distribu-
tion of the atherosclerotic lesions involved in cere-
brovascular disease and found that approximately
one-third of responsible lesions occurred in the intracra-
nial distribution that were surgically inaccessible. The
remaining two-thirds of the lesions were in extracranial
locations.

The common carotid bifurcation and the proximal
internal 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%. More than one lesion may be present (Figure 4–22).

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 stimulus 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 frag-
ment persists, however, it can lead to focal infarction
(Figure 4–23). As noted in Figure 4–24, the end result of
the atherosclerotic plaque might be an internal carotid
artery thrombosis. When an arteriosclerotic plaque
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Figure 4–22. Sites of atheroclerosis of brachiocepahalic 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 exter-
nal carotid artery (note atherosclerosis at the left subclavian, left ver-
tebral, innominate with proximal right common carotid and subclavian
arteries, and left carotid bifurcation).
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2

Figure 4–23. Embolization from an internal carotid artery
stenotic lesion to the ophthalmic artery (1) and middle cerebral
artery (2).

2

1

Figure 4–24. Internal carotid artery thrombosis with retro-
grade flow via the ophthalmic artery (1) to the terminal inter-
nal carotid artery and middle cerebral artery (2).
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Pathophysiology

It has been stated that a 70–80% reduction of the 
cross-sectional area of the arterial lumen must be present
to produce a hemodynamically significant drop in the
usual flow rate in the cerebrovascular system.23 However,
this may not always be the case. Important mechanisms
of collateral flow 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 fibrin aggregates, cholesterol fragments, and
small clots have been noted. Most TIAs are probably
caused by this mechanism. There is a permanent neuro-
logic deficit as a result of permanently disrupted flow.
A pale infarct occurs with focal cell necrosis and cerebral
softening. The blood vessels lose integrity at the periph-
ery of the infarct at a relatively ischemic spot. However,
where neural death has not occurred, neurologic function
may be altered and blood flow, while slow, may still be
present.

Clinical Syndromes

The following well-defined syndromes of cerebrovascu-
lar ischemia have emerged:

1. TIAs are focal neurologic symptoms or deficits that
usually clear completely within 2h. Some last for only
a few moments, and others last for a few hours, but no
longer than 24h.

2. Reversible ischemic neurologic deficits (RIND) are
focal findings that clear over a period of days.

3. Minor stroke, which is defined as a neurologic deficit
that clears completely in less than a week.

4. Major stroke, which is defined as a major neurologic
deficit that lasts longer than a week.

5. Stroke in evolution or progressing stroke.
6. Complete stroke is a stroke with a significant return of

function.
7. Diffuse cerebral ischemia or “low flow” syndrome.

Each of these syndromes requires a thorough history,
physical, and neurologic evaluation with close attention
to the severity of associated cardiovascular disease,
hypertension, diabetes, neurologic aid, and diagnostic
testing.

Over two-thirds of patients who have strokes have 
had prior TIAs. The mechanism by which TIAs occur is
usually an embolic process. The source for these emboli
can be from a number of sources—intracranial lesions,
extracranial carotid, 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 first 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 deficits, in contrast to cardiac TIAs that may
vary; this is based on the principles of laminar flow within
the carotid vessels that send the embolus to the same area
each time.

The carotid TIA manifestations include transient ipsi-
lateral blindness or visual impairment (amaurosis fugax)
and contralateral sensory or motor deficit. There may be
a degree of altered consciousness. Speech deficit may be
present if the dominant hemisphere is affected.

The patient with amaurosis fugax will describe these
episodes as someone pulling a shade over one of their
eyes, which quickly resolves. A funduscopic inspection of
these patients may reveal Hollenhorst plaques, bright
yellow spots on the retina that represent cholesterol crys-
tals. These may be present in asymptomatic patients with
atherosclerotic disease as well.

Nonhemispheric TIAs present a dilemma to the vas-
cular surgeon. These patients will present with symptoms
of dizziness, ataxia, vertigo, bilateral neurologic or visual

2

1

Figure 4–25. Internal carotid artery thrombosis that extends to
the ophthalmic artery (1) and terminal internal carotid artery
and middle cerebral artery (2).



4. Overview of Cerebrovascular Disease 45

events, or even syncope. 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 significantly dimin-
ished blood flow to the brain, or diffuse cerebral
ischemia. To have this situation, the patient must have
severe stenoses involving the majority of the extracranial
vessels, incomplete Circle of Willis, or an altered flow
state, i.e., subclavian steal syndrome.

Other clinical syndromes include reversible ischemic
neurologic event (RIND). RIND is a focal neurologic
deficit 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 compensates for the loss.Another syn-
drome is crescendo TIAs. These are hemispheric deficits
that resolve within minutes, but occur with increasing
frequency. Stroke in evolution is where initial neurologic
symptoms may not completely resolve and subsequent
neurologic events are progressive.

A completed stroke is a neurologic deficit 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.

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 diag-
nosis can usually be confirmed by the noninvasive 
techniques to be described. The physical examination
includes examining or checking the pulses of the superfi-
cial temporal artery, the carotid artery, both high and low
in the neck, the subclavian artery above the mid-portion
of the clavicle, and the radial artery. One side of the body
should be compared with the other. The blood pressures
in each arm should be compared. A 15–20mmHg differ-
ence in blood pressure may indicate a significant lesion
of the subclavian or innominate arteries. Bruits in the
neck, indicating turbulence in stenotic arteries, should be
carefully evaluated. Listening for a bruit is also impor-
tant. Remember that a near or total occlusion of the
internal carotid artery has no bruit at all. A good pulsa-
tion may be felt under the mandible when a totally
occluded internal carotid artery is present due to the pal-
pation of the common carotid artery and the external
carotid artery. These cannot be differentiated on a phys-
ical examination. It is sometimes difficult to palpate the
subclavian arteries 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 steno-
sis 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 neuro-
logic examination should be done.

Investigations

The work-up of patients presenting with asymptomatic
carotid bruits or TIAs has changed over recent years.
These changes have occurred because of recently pub-
lished recommendations and improved noninvasive diag-
nostic tools. Initial screening in all of these patients must
include carotid duplex scanning; and based on the find-
ings of this study, the patient can take one of several
routes. First, the patient may have no significant disease
by duplex.These patients with classical hemispheric TIAs
will require a cardiac work-up and, if negative, a systemic
disease work-up, or possibly an arteriogram. Second, the
patient may have a severe or tight stenosis or ulcerative
plaque. In this situation, depending on the patient’s oper-
ative risk, the surgeon’s skill, the accuracy of the duplex,
and the radiologist’s complication rates, this patient could
undergo magnetic resonance angiography or conven-
tional arteriography, 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 carotid magnetic resonance angiog-
raphy or arteriography. Again, many factors must be con-
sidered when working up patients for TIAs, and each
patient must be individualized. A practical approach is
described in Chapter 16.

Arteriography

Intraarterial injection is usually performed according to
the Seldinger technique. The most commonly used artery
is the common femoral artery, and to a lesser extent, the
axillary or brachial arteries. Digital subtraction angiogra-
phy (DSA) uses real-time digital video processing to
detect the small amount of contrast medium that has
been injected into the artery (Figures 4–26, 4–27, 4–28,
and 4–29).

Interpretation of Stenosis

There are several methods of estimating stenoses. One 
of the most common methods described is the one 
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Figure 4–26. Carotid arteriogram showing a normal distal
internal carotid artery and its two major branches: anterior and
middle cerebral arteries.

Figure 4–27. Carotid arteriogram showing tight stenosis of the
proximal internal carotid artery (arrow).

Figure 4–28. Carotid arteriogram showing severe stenosis of
the carotid bifurcation and proximal internal carotid artery
(arrow).

Figure 4–29. Four vessel arch aortogram showing severe steno-
sis of the proximal left subclavian artery (arrow).

used by the NASCET trial,11 where the percentage 
of stenosis is calculated as a diameter reduction. The 
percentage of stenosis is determined 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 (Figure 
4–30). The percentage may then be expressed as the 
function of either the diameter or the cross-sectional area 
as follows.
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Percentage of Stenosis Calculation—
Diameter Reduction

Percentage of stenosis equals 1 minus A divided by B
multiplied by 100, i.e.

[1 − (A/B)] × 100

Percentage of Stenosis Calculation—
Area Reduction

To calculate the percentage of stenosis on the basis of the
vessel cross-sectional area, and assuming the lesion is
symmetrical, as seen in Figure 4–30, the percentage of
stenosis (area reduction) will equal (1 minus A2 divided
by B2) multiplied by 100, i.e.

[1 − (A3/B2)] × 100

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
vessel in question.

Generally speaking, a stenosis that reduces the vessel
diameter by 50% (which is equal to a 75% area reduc-
tion) is considered hemodynamically significant.

C A
C
− ×100

Treatment

Medical therapy generally includes control of risk factors,
e.g., weight, a low-cholesterol diet that may enhance a
normal endothelial cell metabolism, antihypertensive
drugs for hypertensive patients to decrease shear forces
on the endothelialized cells, and cessation of smoking.
Specific medical therapy includes antiplatelet agents,
such as aspirin, dipyridamole (Persantine, Boehringer),
or combined aspirin and extended release dipyridamole 
(25mg/200mg capsule, Aggrenox, Boehringer), or clopi-
dogrel (Plavix, Sanofi-Synthelabo).

Surgical intervention, a carotid endarterectomy, is indi-
cated in patients with significant carotid artery stenosis
(at least 50%) associated with TIA symptoms or strokes
with a good recovery, as recommended by the NASCET
study.11 The NASCET study concluded, after analyzing
659 patients with TIAs or nondisabling strokes occurring
within 6 months preceding presentations and with ipsi-
lateral 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 sur-
gically. 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 medically and sur-
gically treated groups, respectively.This translates into an
absolute risk reduction of 11%, or a greater than 5 to 1
benefit in favor of operation (p < 0.001). The NASCET
investigators concluded that carotid endarterectomy was
highly beneficial for patients with recent hemispheric or
retinal TIAs, or those with nondisabling stroke in the
presence of ipsilateral high-grade carotid stenoses. The
NASCET study also concluded that carotid endarterec-
tomy was highly beneficial for symptomatic patients with
50% to <70% carotid artery stenosis.24

Patients with stenoses of >60% can be candidates for
carotid endarterectomy if they are good risk patients.7

The ACAS study also concluded that carotid endarterec-
tomy 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 medical
therapy (5% versus 11%). Recently, the ACST Colla-
borative Group reported on the results of carotid
endarterectomy in the prevention of stroke for ≥70%
asymptomatic stenosis. Their conclusions were somewhat
similar to the American study (the ACAS): in asympto-
matic patients younger than 75 years of age with a carotid
diameter reduction of 70%, immediate carotid endar-
terectomy decreased the net 5-year stroke risk by one-
half, from 12% to 6% (including the 3% perioperative
hazard). 9

Recently, carotid angioplasty/stenting (CAS) has 
been recommended as an alternative to carotid endart-
erectomy. Several randomized and nonrandomized

B
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Figure 4–30. Information required for calculating the percent-
age of internal carotid artery stenosis. See text for details.
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prospective trials have been conducted over the past few
years to evaluate the efficacy of CAS in the prevention
of strokes for both symptomatic and asymptomatic
patients.Two of these studies are randomized prospective
controlled trials. 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 stent-
ing using the angioguard emboli protection device to
carotid endarterectomy in patients at increased risk for
carotid surgery. Symptomatic patients with ≥50% steno-
sis and asymptomatic patients with ≥80% stenosis by
ultrasound, who had one or more of the comorbidity cri-
teria that placed them at increased risk for surgery, were
included. The primary endpoints were death, stroke, and
myocardial infarction at 30 days postprocedure, and ipsi-
lateral stroke and death at 1 year. The composite end-
point of death, stroke, and myocardial infarction at 30
days was 5.8% for the stent group and 12.6% for the
surgery group (p = 0.047).The trial concluded that carotid
stenting in high-risk patients was comparable or some-
what favorable to carotid endarterectomy when com-
bined death, stroke, and myocardial infarction were
considered.25

The CREST (Carotid Revascularization Endarterec-
tomy versus Stent trial), which compares the efficacy of
carotid endarterectomy and carotid artery stenting in
symptomatic patients in a randomized fashion, is
presently being conducted. Recent data on the lead-in
cases demonstrated a 30-day stroke and death rate of
3.6%. An update on 500 lead-in cases has demonstrated
a 30-day stroke and death rate of 2.1% for asymptomatic
patients and 5% for symptomatic patients with carotid
artery stenting.26
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Contrast cerebrovascular arteriography has been the
definitive diagnostic technique for evaluation of cere-
brovascular disease; however, its limitations and comp-
lications played a great role in the drive to develop
accurate, reliable noninvasive diagnostic procedures.
Although arteriography serves to define anatomic lesions
and is indispensable for most vascular surgery, 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%.1 Allergic reactions to the contrast
medium occur in about 2% of cases, while the overall
incidence of neurologic deficits is around 1% if the trans-
femoral approach is used (the figure is slightly higher
with the transaxillary route). Both the North American
Symptomatic Carotid Endarterectomy Trial Collabora-
tors (NASCET) and the Asymptomatic Carotid Athero-
sclerosis Study Group (ACAS) reported stroke rates of
around 1%.2,3 Recent literature reported major compli-
cation rates of 5.9% and 9.1% for cerebral angiography.4,5

A technical shortcoming of cerebral arteriography is 
its failure to delineate shallow, superficially 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 hospi-
talization, and expense, there is little wonder that many
physicians are reluctant to subject their patients to cere-
bral arteriography. This makes the noninvasive vascular
diagnostic techniques highly desirable and cost-effective
alternatives.

In the past 30 years extensive research has been done
in the field of cerebrovascular diagnosis, resulting in the
development of a broad range of noninvasive diagnostic
tools, extending even to the use of radioactive isotope
scanning. While these nuclear studies have been useful 
in detecting intracranial lesions, they have not been as

effective as the noninvasive techniques in localizing
extracranial disease, the main site of pathology in the
carotid tree.

Ultrasound was first applied to the study of the carotid
circulation as early as 1954,6 but it was not until 1967 that
its clinical application in velocity detection was reported.7

Brockenbrough, in 1970, further refined the technique
and popularized the flowmeter.8

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 nec-
essary to provide the first noninvasive visualization of an
arterial segment using pulsed Doppler methods.9 The
concept was quite simple. If one knew the size and loca-
tion of the Doppler transducer, the position of the pulsed
Doppler sample volume, 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
flow was occurring. This led to the development of ultra-
sonic arteriography, which was successfully applied to the
study of carotid artery disease. Although this method
worked, there were significant limitations: (1) it was time-
consuming, (2) an experienced technologist was required,
(3) the image was distorted by the patient’s movement,
(4) arterial wall calcification blocked the transmission of
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 applica-
tion 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 conclusion that thrombus may have acoustic
properties similar to flowing 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 flow. It
was this combination of imaging plus Doppler that led to
the term ultrasonic duplex scanner.10 When real-time fast
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Fourier transform (FFT) spectrum analysis was added,
the basic components of the systems that are in wide-
spread use today became available.

Another breakthrough came in 1974, when Gee et al.11

introduced the use of the oculopneumoplethysmograph
for carotid disease screening.

Due to the propensity for atherosclerotic disease to
attack the extracranial (vs. intracranial) carotid network,
noninvasive testing has concentrated on this area.

Generally speaking, there are two types of noninvasive
approaches to extracranial circulation: direct, which
examines flow changes in the cervical portion of the
carotid artery near the bifurcation (site of the majority of
lesions); and indirect, which detects significant stenotic
lesions by assessing flow changes at locations distal to the
bifurcation.

Duplex with color flow imaging systems using pulsed
wave Doppler signals are now the most common direct
methods for carotid evaluation; indirect methods such 
as continuous wave Doppler technique, periorbital
Doppler,8,12 and oculopneumoplethysmography11,13,14 are
outdated and are no longer used in the modern vascular
laboratory for the diagnosis of carotid artery disease.

Indirect Methods

From a historical perspective, oculopneumoplethysmogra-
phy (OPG/Gee) detects the ophthalmic artery pressure by
suction ophthalmodynamometry. The main indication for
OPG/Gee is the identification of carotid artery steno-
sis,11,13,14 however, it can also be used in measuring oph-
thalmic artery pressure during external compression of
the common carotid artery, reflecting the collateral pres-
sure of the ipsilateral internal carotid artery. It may also
be helpful in determining the safety of ligating or resect-
ing the carotid artery.

This procedure has some limitations in common with
all other types of oculoplethysmography, such as it cannot
be used with certain types of eye disease and cannot be
applied to some patients with severe hypertension if the
systolic endpoint cannot be measured (fewer than 2% 
of patients). Also, it cannot distinguish between total
occlusion and severe stenoses cannot detect subcritical
stenoses or locate the exact site of the stenoses, and is not
useful in documenting the progression of disease.

OPG/Gee measures the ophthalmic arterial systolic
pressure by applying a vacuum to the eye. As the vacuum
distorts the shape of the globe, intraocular pressure
increases to the point at which it obliterates the arterial
inflow. Strip chart recordings are then made as the
vacuum is slowly decreased. The pulse wave reappears
when the ophthalmic arterial pressure exceeds the
intraocular pressure. A vacuum of 300 or 500mmHg is
applied according to the patient’s baseline blood pres-

sure. Since the pressure in the ophthalmic artery reflects
the pressure in the distal internal carotid artery, the meas-
urement of ophthalmic arterial pressure using this test
can be useful in detecting hemodynamically significant
carotid stenoses.

Abnormal findings are ophthalmic systolic pressures
that differ by equal to or more than 5mmHg and/or an
abnormal ratio of ophthalmic-to-systolic pressure.

Another indirect test that was used in the past is the
periorbital Doppler examination (ophthalmosonome-
try), the principle of which is based on evaluating the
Doppler velocity flow pattern in the accessible branches
of the ophthalmic artery and assessing the response to
compression of the branches of the external carotid. The
identification of advanced internal carotid stenosis by
examination of the periorbital flow patterns with the
Doppler detector was first described by Brockenbrough
in 1969.8 The original technique described by Brocken-
brough used a nondirectional velocity detector to
examine the signal obtained from the supraorbital artery
and the response to the compression of the superficial
temporal artery.8 Further refinement became possible
with the development of the directional Doppler detec-
tor, which permitted the documentation of reverse flow
in the branches of the ophthalmic artery.15,16

Direct Methods

Several direct methods that were used in the past are 
now outdated, including pulsed Doppler arteriography,17

carotid phonoangiography,18 color-coded echoflow,19

radionuclide arteriography, and carotid scanning.20,21

Real-Time B-Mode Carotid 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 techniques that have overcome the problem of
visualization. With B-mode imaging alone, variations in
the acoustic properties of different tissues reflect ultra-
sound waves and generate an image of the tissues being
examined. These variations in acoustic reflectance are
represented visually by shades of gray on the image,
which facilitates identification of different tissues. The
vessel wall, because of its high reflectively, 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 reflected ultrasound waves are often incapable of dif-
ferentiating flowing blood, thrombus, and noncalcified
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plaques. Thus, vessels that are completely occluded may
appear patent. Likewise, noncalcified plaques may be
entirely missed or, at best, only partly visualized. In addi-
tion, when atherosclerotic disease at the carotid bifurca-
tion exists, calcium is a common component of the plaque
and prevents the passage of ultrasound waves through
this area. Thus, if there is a calcified plaque on the ante-
rior wall of the vessel a very dense acoustic signal will be
registered, but there will be no information concerning
the lumen beneath the calcified segment. This is com-
monly referred to as acoustic shadowing (Figure 5–1).
These limitations are largely overcome by combining B-
mode imaging with flow detection techniques using
Doppler, such as spectral waveform analysis and color
flow imaging. Experience with B-mode imaging tech-
niques for the classification 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 difficult to estimate the size of the
arterial lumen from a B-mode image because the inter-
face between the arterial wall and flowing blood is not
clearly seen. Calcified atherosclerotic plaque, which is
extremely echogenic, results in bright echoes with
acoustic shadows (Figure 5–1).

Continuous Wave and Pulse Doppler
Wave Analysis

Nonimaging Doppler techniques can directly interrogate the
common carotid, the internal carotid, and the external
carotid arteries to detect a hemodynamically significant

stenosis.Since these are nonimaging techniques,they provide
only physiologic information and cannot differentiate a tight
stenosis from occlusion. Information from more than one
vessel along the path of the beam may also be included. A
collateralized external carotid artery may be mistaken for an
internal carotid artery when the internal carotid artery is
actually occluded. These techniques require an experienced
technologist.

Principles and Instrumentation

Either continuous wave Doppler or pulse Doppler can be
used. Continuous wave Doppler emits ultrasound con-
tinuously and receives reflected wave continuously. The
difference between the transmitted and received signals
falls within the hearing range. The received signals can
then be distinguished by their auditory characteristics. In
addition, the signal can be evaluated visually on a strip
chart recorder or with a spectral analysis. In pulse
Doppler the beam of pulse Doppler ultrasound is not
continuously transmitted and received. Range-gating
allows signals only from specific depths to be processed,
thereby controlling sample size and range resolution.Two
vessels located directly above one another can be evalu-
ated separately, and vessels can also be followed as their
course changes.

Doppler Signal Displays

The display can be done using the following methods.
(1) auditory—achieved by simply displaying the
Doppler-shifted frequencies as an audible sound. (2)
Analog recording—Doppler-shifted frequencies can be
displayed on a strip chart recorder that incorporates a
zero-crossing detector. The circuitry counts every time
the input signal crosses the 0 baseline within a specific
time span. Because the number of times the sound waves
oscillate each second varies, for example, high-frequency
waves have many oscillations while low-frequency waves
have few, and because the direction of flow varies during
the cardiac cycle, the machine estimates the frequency of
the reflected signal and displays it.

The vertical access represents the amplitude of the
Doppler-shifted frequencies while the horizontal axis
represents time. Analog recording has the following lim-
itations: it works poorly in the presence of background
noise, it is amplitude dependent, it does not display two
peak frequencies, and its poor directional resolution may
cause a venous and arterial signal to be added together.
(3) Spectrum analysis—the FFT method makes it possi-
ble to display the individual frequencies that make up the
return signal. Information related to the intensity of the
spectrum is also possible: for example, a narrow well-
defined spectrum is displayed when a limited number of
frequencies is evident in a laminar flow. Spectral broad-

Figure 5–1. Color duplex ultrasound image of an internal
carotid artery showing calcified plaque where a very dense
acoustic signal is registered (arrow) with acoustic shadowing
(underneath the arrow).
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ening represents a variety of frequencies and is often
associated with turbulent flow. The velocity profile shows
various frequency shifts on the vertical axis and time on
the horizontal axis.

Technique

The patient is positioned supine with the head on a
pillow. Optimal signals are usually obtained with the neck
slightly hyperextended and the head slightly rotated
away from the side being examined. Acoustic coupling
gel is applied to the area to be examined. Pointing cepha-
lad and maintaining a 45° to 60° angle of insonation, the
continuous wave Doppler probe is placed on one side of
the trachea and just above the clavicle to investigate the
common carotid artery.As the examiner moves the probe
cephalad, a change in the Doppler arterial signal signifies
the bifurcation of the common carotid artery into the
external carotid artery, which usually courses medially,
and the internal carotid artery, which usually courses 
laterally.

Interpretation

Normal Findings

The external carotid artery supplies blood to the vascu-
lar 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 Figure 5–2 the external carotid artery has a
rapid upstroke and downstroke with a very low diastolic

component. The diastolic notch is clearly seen and
tapping the superficial temporal artery causes oscillations
in the waveform (Figure 5–2).

The internal carotid artery signal is slightly more high-
pitched and continuous than the signal from the external
carotid artery. The blood flow in the internal carotid
artery is less pulsatile since the brain is a low-resistance
vascular bed, with increased flow during diastole. As
shown in Figure 5–3, 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, meanwhile, has a
flow characteristic of both the internal and external
carotid arteries (Figure 5–4).

In a pulsed Doppler tracing, and because the sample
volume would be more precisely placed in a center
stream, the signals will have a narrow band of frequen-
cies 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 flow (Figure 5–5). In contrast, in continuous
wave Doppler, because of the inability to regulate sample
size or depth, a frequency window is not clear (Figure
5–6).

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 significant stenosis.
The waveform from a stenotic vessel has a higher than
normal amplitude because of the accelerated flow through

Figure 5–2. Color duplex ultrasound image of an external
carotid artery. Note that the external carotid artery has a rapid
upstroke and downstroke with a very low diastolic component.
The diastolic notch is clearly seen and tapping of the superficial
temporal artery causes oscillations in the waveform (bottom
right).

Figure 5–3. 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 dias-
tolic component. The diastolic notch may not be evident.
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the stenosis (Figure 5–7).The very high-pitched hissing signal
that is evident at a significant stenosis has a higher than
normal amplitude in systole and diastole. In a spectral analy-
sis, the band evident along the top of the waveform during
systole may fill in the spectral window to create the spectral
broadening that is consistent with turbulent flow (Figure
5–7). As seen in Figure 5–7, the more significant the steno-
sis, the greater the increase in systolic and diastolic frequen-
cies. In severe stenoses there will be complete loss of the
window. Distal to a stenosis, disturbed flow patterns are
evident, i.e.,damped monophasic flow (turbulence).It should
be noted that an absent signal may suggest occlusion;
however,a tight stenosis cannot be ruled out since blood flow
may be difficult to detect with velocities of less than 6cm/s.

Occlusion of the internal carotid artery (Figure 5–8) is
usually associated with a loss of the diastolic component
in the ipsilateral common carotid artery. If the contralat-
eral common carotid and internal carotid arteries are
serving as collateral pathways, increased systolic and dias-
tolic velocities may be evident in these arteries. If a
carotid siphon stenosis is present, high resistance flow
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

Figure 5–4. A color duplex ultrasound image of the common
carotid artery. The common carotid artery signal has a flow
characteristic of both the internal and external carotid arteries.
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Figure 5–5. Spectral analysis of pulse Doppler waveform: 1,
spectral envelope; 2, peak systole; 3, frequency window; 4,
dicrotic notch; 5, diastole.

Figure 5–6. Left: continuous wave Doppler signal. Note the
absence of a frequency window. Right: in contrast the pulse
wave Doppler signal has a frequency window.
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Figure 5–7. 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.



5. Overview of Various Noninvasive Cerebrovascular Techniques 55

suggest proximal disease, such as innominate or common
carotid artery stenoses.

Duplex Carotid Scanning

Duplex carotid scanning, originally developed at the 
University of Washington, combines real-time, B-mode
ultrasound imaging with a pulsed Doppler detector. As
mentioned previously, although calcified plaques can
readily be identified on a B-mode scan due to the high
acoustic reflectivity, noncalcified plaques and thrombi
have approximately the same acoustic impedance as
flowing blood.Therefore, a completely thrombosed vessel
may not be distinguished from a patent one based on the
B-mode image alone. By using Doppler flow investiga-
tion of the vessels that can be imaged, this difficulty can
be overcome.

In the initial model of the duplex scanner, the same
transducer housed both pulsed echo and pulsed Doppler
functions, as well as the multigated pulsed Doppler flow
detector. However, after clinical trials it was apparent
that separate transducers would be advisable due to the
conflicting 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 trans-
mission 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 flow 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
accurately, as well as aiding in the detection of many lesions
that were not severe enough to reduce pressure or flow.The
strength of an echo is indicated by its brightness on an oscil-
loscope screen,a double display term brightness modulation,
or B-mode. B-scan refers to the imaging technique that uti-
lizes brightness modulation and a moving transducer. A
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
flow at any point along the sound beam.The duplex scan gen-
erally 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,flow
at different depths in tissue can be detected. This technique
is referred to as a range-gating.

In the past two decades a number of commercial ver-
sions have become available. Blackshear et al.22 reported
92% correct diagnosis of high-grade stenosis or occlusion
in a series of 120 patients. A follow-up study from the
University of Washington showed an overall accuracy of
96%. Duplex scanning of the carotid bifurcation provides
a highly accurate method of identifying significant lesions
of the internal carotid artery, as well as of separating
lesions into general 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 Chapter 6.
Its major disadvantages are the high cost of the equip-
ment and the extensive operator training required.

Duplex scanning of the carotid arteries has become the
method of choice for noninvasive assessment of extracra-
nial carotid artery disease. The addition of color-coded
flow mapping facilitates the examination and allows more
accurate frequency and/or velocity measurement. Accu-
racies of equal to or more than 90% have been reported
by several investigators in the past several years.23–36

Color Duplex Carotid Scanning

In addition to the technology described for duplex ultra-
sound, 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 flow image. This development has occurred because
of advances in computer technology that enable the 
rapid processing of large amounts of information. The 
instrument simultaneously analyzes Doppler information
obtained from over 300 small sampling sites in the zone
of insonation.This frequency information is subprocessed
and displayed in a color-coded format rather than a 

Figure 5–8. A color duplex ultrasound image of a patient with
occlusion of the internal carotid artery, which is usually associ-
ated with a loss of the diastolic component in the ipsilateral
common carotid artery (bottom).
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gray-scale format. The color depiction of the frequencies
facilitates identification of focal areas of abnormal flow
patterns. This technique is performed in a manner similar
to that described for duplex ultrasound with the addition
of a hard copy of the real-time color flow image.

Color flow imaging is an alternative to spectral wave-
form analysis for displaying the pulsed Doppler infor-
mation 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 flow imaging provides an estimate of Doppler-
shifted frequency or flow velocity for each site within the
B-mode image. The color assignments are based on flow
direction and a single mean or average frequency 
estimate for each site in the B-mode image plane.
Accordingly, the peak Doppler frequency shifts or veloc-
ities shown by spectral waveforms are generally higher
than the frequencies or velocities indicated by color flow
imaging. In color flow imaging, shades of two or more dis-
tinct colors, usually red and blue, indicate the directional
flow relative to the ultrasound scan lines.Variations in the
Doppler-shifted frequency or flow velocity are then 
indicated by changes in color, with lighter shades typi-
cally representing high-flow velocities. A single sample
volume-pulsed Doppler and spectrum analyzer are
always available for a detailed evaluation of the flow 
patterns at specific arterial locations. One of the main
advantages of color flow imaging is that it presents simul-
taneous flow information on the entire image. Although
color flow imaging may be helpful in identifying flow dis-
turbances, some high-velocity jets may not be clear on the
color flow imaging because the colors are based on mean
Doppler frequency estimates rather than peak systolic
frequency. Color flow imaging has been especially helpful
in identifying unusual anatomic features such as kinking
or tortuosity, which can be difficult to recognize with con-
ventional duplex scanning. Color flow imaging is also
valuable for documenting internal carotid artery occlu-
sion.28

This technology generally is user-friendly because it
provides a real-time anatomic and flow imaging of the
vessels being examined. Although this information can 
be obtained fairly rapidly initially, additional time is
required for determining the optimal location of the
sample volume for discrete spectra. The major drawback
of this technique currently is its high cost and the fact that
a detailed knowledge of Doppler technology is essential
for meaningful interpretation of the color images.37 This
technology will be described in more detail in Chapter 6.

Transcranial Doppler

Transcranial Doppler (TCD) is capable of detecting
intracranial stenoses and occlusions. It can also evaluate

the collateral circulation in patients with severe carotid
artery stenosis or occlusion. One of the most important
applications of TCD is its ability to evaluate the onset,
severity, and time course of vasoconstriction caused by
subarachnoid hemorrhage. Other applications include
evaluation of intracranial arteriovenous malformations
and assessment of patients with suspected brain death.
TCD also allows for the identification of flow abnormal-
ities during many cerebrovascular and cardiovascular
procedures, such as carotid endarterectomy and car-
diopulmonary bypass. A significant decrease in the
middle cerebral artery flow velocities during the cross-
clamping of carotid endarterectomy may signal the need
for carotid shunting.38 Auditory signals related to
microemboli may also lead the surgeon to alter the oper-
ative technique. TCD is usually done using 2-MHz pulse
Doppler with a spectrum analyzer with an assumed angle
of insonation of 0°. Three acoustic windows provide
access to the intracranial circulation: transtemporal, tran-
sorbital, and transforaminal.The transtemporal approach
allows for three windows: anterior, middle, and posterior.
Accurate vessel identification requires appropriate
sample volume size and depth, knowledge of the direc-
tion and velocity of the blood flow, the relationship of 
the various flow patterns to one another, and common
carotid artery compression and oscillation maneuvers.
This technology will be described in detail in Chapter 9.

Conclusions

As noted, various noninvasive vascular tests have been
utilized for the diagnosis of extracranial carotid artery
disease with varying degrees of overall accuracy.A review
of these conflicting results reveals problems in study
design and analysis: for example, lack of a prospective
blinded approach; differences in criteria or standards
indicative of carotid stenosis; failure to compare carotid
noninvasive tests against standards; an assumption that
the percentage of carotid stenosis on angiography corre-
lates with hemodynamic alterations produced by the
lesion; differences in the prevalence of carotid stenosis in
the particular population examined; incomplete angiog-
raphy; 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 significant 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 effectively for the hemody-
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namic 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 abnormal result with an indirect test.

In an unbranched artery, blood flow 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 bifurcation plaque should be
calculated by comparing the narrowest 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 non-
invasive testing, the exact value necessary to cause a
measurable decrease in pressure or alteration in arterial
blood flow remains controversial. DeWeese et al.39

reported that lesions that narrowed the lumen less than
47% and left a residual lumen larger than 3mm in diam-
eter never caused measurable pressure drops, whereas
stenoses greater than 63% of the luminal diameter with
residual lumens smaller than 1mm 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 alter-
ations in blood flow are measured, diameter reductions
in excess of 67% (more than 90% of the cross-sectional
area) are necessary for abnormal test results.40 Clinically,
a stenosis greater than 75% of the diameter or 94% of
the area is necessary to cause symptomatic reduction of
cerebral blood flow.41 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
specificity, 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)
Specificity 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 cal-
culated by dividing the number of false-positive tests
detected noninvasively by the total number of noninva-
sive positive tests. (4) The false-negative rate is calculated
by dividing the number of false-negative tests detected
noninvasively by the total number of negative noninva-
sive tests. (5) The positive predictive value is the 
percentage of noninvasive test results that accurately 
predicts abnormality, in other words, the percentage of
positive noninvasive tests that correctly predicted disease
as supported by “gold standard” arteriography. It is cal-
culated 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 pre-
dictive value is defined as the percentage of noninvasive
test results that accurately predicts normality. In other
words, the percentage of negative noninvasive studies
that correctly predicted the absence of disease as sup-
ported by “gold standard” arteriography. It is calculated
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
defined as the sum of the true-positive and the true-
negative values compared with the total number of tests
performed. Figures 5–9, 5–10, and 5–11 are simplified
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methods of calculating sensitivity, specificity, positive pre-
dictive values, negative predictive values, and overall
accuracy.

Although specificity and sensitivity possess certain
advantages, they are limited to fixed threshold criteria
that are taken as positive for the noninvasive carotid
screening test. Expressing the result of a screening test as
a receiver operator-characteristic curve avoids the limi-
tations of fixed threshold criteria.41 This curve plots the
dynamic relationship between sensitivity and specificity
and allows the examiner to increase or decrease the sen-
sitivity of the tests by varying the threshold criterion for
a positive result of that particular test.
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Historical Perspectives and the 
Duplex Concept

The past 30 years have seen a significant evolution in the
application of noninvasive technology for the diagnosis
of extracranial vascular disease with more widespread
utilization of direct methods of diagnosis. Of these,
duplex scanning has achieved major prominence. In this
time, a technology that was initially highly experimental
has achieved clinical maturity with validation of its appli-
cation by many comparative studies. 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 tech-
niques.

When Kosoff 1 applied gray scale techniques to
imaging, he paved the way for identifying vessels with
ultrasound. In 1969, Olinger2 reported on the use of ultra-
sound 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
identified as echo-dense parallel structures, while the
lumen was an echo-free zone contained between the
walls.Atherosclerotic lesions would theoretically be iden-
tified as projections into the lumen and, thus, it appeared
that this technique alone would be suitable for identify-
ing all degrees of occlusive disease. Early experimental
application, however, encountered three major problems,
which in retrospect, seem obvious.

The first of these related to the complex acoustic
density of atherosclerotic plaques, particularly as the
lesions became more severe with zones of hemorrhage
and calcification. The areas of hemorrhage were 
relatively echo free and appeared as defects within the
substance of the plaque, rendering accurate delineation
of the plaque surface difficult. The presence of calcifica-
tion served as an acoustic barrier to deeper penetration
of the ultrasound beam, resulting in the production of 

an acoustic window 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 significant
error. Finally, because thrombus and flowing blood had
similar acoustic densities, it was difficult to differentiate
between occluded and nonoccluded 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 flow 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 flow detection for direct
evaluation of arterial disease led to the creation of the
first 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 disturbances in blood flow patterns that can be
characterized by Doppler flow 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 flow pattern is evaluated by spectral wave analy-
sis. Duplex scanning permits evaluation of the arterial
flow pattern at a discrete site within the B-mode image,
using pulsed Doppler. The sample volume of the pulsed
Doppler is the region in which flow is actually detected.
Adjusting the position and size of the sample volume aids
in allowing the center stream pattern to be evaluated
without interference from flow 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 calcifications,
however, the classification of arterial disease severity is
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erate severity, but least accurate for high-grade stenoses
or occlusion.

Doppler Spectral Waveform Analysis

A valuable adjunct to B-mode imaging is the use of spec-
tral 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 component frequencies. The original
technique was utilized off line and employed a Kay sono-
graph, which although providing more information than
was previously available with analog displays, was time-
consuming and did not depict forward and reverse flow.
Real-time spectral analysis was introduced using fast
Fourier transform analysis. This has the advantages of
saving time and detecting both forward and reverse flow.
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 bandpass filter analysis and time com-
pression 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
location and, depending on the sample volume size, from
a finite volume of the flow 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 determining 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 vessels 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 finite
sample volume, to interrogate a segment of the velocity
profile and, perhaps, to detect changes that would not
otherwise be apparent with a CW device.

A series of animal studies were conducted to deter-
mine the relationship between varying degrees of steno-
sis and spectral changes as identified by pulsed Doppler
and fast Fourier spectrum analysis.10 In these studies, arti-
ficial stenoses in the canine thoracic aorta were con-
structed using a snare loop technique, and the severity of
stenosis was confirmed by arteriography. Validation that
concentric stenoses were constructed was obtained by
endoscopy under experimental perfusion pressures. A
high-frequency (20-mHz) pulsed Doppler instrument was
used to obtain center stream velocity samples at one, two,
and three diameters distal to the areas of artificially
created stenosis. The signals were subsequently analyzed

based primarily on an analysis of the pulsed Doppler
spectral waveforms.

Duplex Ultrasound Components

B-Mode Imaging

B-mode imaging has been used with varying degrees of
success to evaluate carotid plaque morphology at the
level of the carotid bifurcations, and to assess the histo-
logic features of the plaques. Calcified atherosclerotic
plaque, which is very echogenic, results in bright echoes
and acoustic shadows (Figure 6–1).The ultrasonic carotid
plaque morphology may correlate qualitatively with its
histological composition, however, the clinical relevance
of this information is somewhat controversial.6–9 The B-
mode characteristic of the carotid plaque that appears to
correlate most closely with the clinical outcome is het-
erogeneity. This is generally defined as a plaque that has
a mixture of hyperechoic, hypoechoic, and isoechoic
plaques, a feature that may be attributed to the presence
of intraplaque hemorrhage. This feature has been noted
more frequently in patients with neurological events than
in asymptomatic carotid stenoses. The size of the arterial
lumen or the degree of stenosis may be difficult to eval-
uate using B-mode ultrasound only, because the interface
between the arterial wall and the flow in blood is not
always clearly seen. Acoustic shadowing from calcified
plaques may also prevent thorough visualization of the
arterial wall and lumen. These limitations are largely
overcome by adding Doppler flow sampling, i.e., duplex
technology. Generally speaking, B-mode imaging has
been helpful in determining lesions of minimal to mod-

Figure 6–1. A color duplex ultrasound image of the carotid
artery showing a calcified plaque (arrow) with acoustic shad-
owing underneath (under the arrow).
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Doppler frequency shift increases. This spectral informa-
tion is usually presented graphically with time on the hor-
izontal axis and frequency or velocity on the vertical axis;
and amplitude is indicated by shades of gray (Figure 6–3).

The following is an explanation of these findings as it
applies to the flow patterns within vessels. The center
stream flow pattern in a normal artery is uniform or
laminar, and a spectral waveform taken with the pulsed
Doppler sample volume 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 flow (as zones of vor-
ticeal shedding) in the area distal to the stenosis (Figure
6–4), with the magnitude of these disturbances being

10

8

P
ea

k 
sp

ec
tr

al
 w

id
th

 (
kH

z)

6

4

2

0
0 10 20 30 40 50

Estimated % diameter reduction

0

100

200

300

400

500

Ti
m

e 
af

te
r 

on
se

t o
f R

-w
av

e 
(m

s)

Figure 6–2. Results of an experimental study in canine thoracic
aorta depicting the relationship between peak spectral width
and percent diameter stenosis. The two graphs represent the
maximum spectral width values obtained during the study as
depicted by values on the left side and time after the onset of
the R wave at which these values occurred as depicted on the
right. Maximum spectral width increased gradually from a 15%
diameter reducing stenosis to a 50% diameter reducing steno-
sis, while the time at which the maximum spectral width
occurred appeared earlier in the cycle as this value increased.
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Figure 6–3. A normal internal carotid artery Doppler spectra.

Figure 6–4. Schematic representation of a minor flow distur-
bance generated by nonhemodynamically significant stenosis
with production of vorticeal shedding immediately beyond the
area of the stenosis with resumption of a normal laminar flow
pattern further downstream.

by spectral analysis and a computer program that meas-
ured peak spectral width as defined by the upper and
lower frequency plots 8 dB on either side of the mode
frequency. The time in the cycle at which maximum spec-
tral broadening occurred could be determined, as an
ECG timing device was utilized during the studies. The
relationship between maximum spectral width and
percent stenosis, and the time of maximum spectral width
were determined and are depicted in Figure 6–2.

As noted, spectral broadening was present in normal
vessels, and those with minimal degrees of stenosis up to
a 15% diameter reduction, at which point this parameter
gradually increased reaching a maximum value at 50%
diameter-reducing stenosis. Statistical analysis of these
results confirmed that this parameter could be utilized to
differentiate between stenoses of 15% diameter and
increments between 15% and 50% diameter reducing
stenosis. In addition, it should be noted that maximum
spectral width in normal or minimally stenotic arteries
occurred late in the pulse cycle and, as the stenosis became
more severe, occurred earlier in the cycle.While the veloc-
ity profile in the canine thoracic aorta differs from that
seen in the human internal carotid artery, this study pro-
vided validation of the relationship between spectral
broadening and nonhemodynamically significant stenoses.

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 velocity, 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 number of cells producing
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depicted by the magnitude of change in spectral width
(spectral broadening). With hemodynamically significant
stenoses, not only is spectral broadening present, which
is produced by a major decay in the laminar flow 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 (Figure 6–5). High-grade 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 in-
creased in very severe stenoses. The Doppler spectral
waveform criteria for classifying severity of carotid artery
stenosis will be described in detail later.

The current application of duplex scanning in the
detection of carotid artery disease utilizes this principle
of identification of flow disturbance patterns by Doppler
velocity detection instrumentation, with the emphasis in
later years being on technical improvements in instru-
ment design. A variety of duplex scanning instruments
are available, the major differences among them being in
the Doppler component. 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

Originally, three fixed-focus 5-mHz transducers, mounted
in a rotating wheel, generated a two-dimensional soft
tissue image with 16 levels of gray, for characterization at

a rate of 30 frames per second. The image information is
digitized, as a result of which the image can be frozen,
and one of the transducers is used solely as a pulsed
Doppler source. The axis of the Doppler beam is super-
imposed on the image with the location of the sample
volume depicted by a prominent white dot (Figure 6–6).
The backscattered Doppler signal is processed using fast
Fourier transform spectral analysis with display of the
spectra on an oscilloscope screen. Hard copy reproduc-
tion is obtained using either a Polaroid camera or light-
sensitive paper.

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

These features are not only important in a considera-
tion of the depths of the vessels studied, but also in under-
standing the effects of the sample volume size on the
velocity profile being evaluated. If a large sample volume
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Figure 6–5. Schematic representation of major flow distur-
bance produced by hemodynamically significant stenosis with
both increases in peak velocity in and immediately beyond the
stenosis with decay of laminar flow to turbulent flow occurring
at a maximum two diameters distal to the stenosis.

Figure 6–6. Oscilloscope screen depiction of the pulsed echo
image generated by the duplex scanner with the Doppler beam
axis depicted by the continuous white line and the location of
the sample volume depicted by the bright white dot(D).
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size is used in the evaluation of small-diameter vessels, a
wide range of velocities will be detected under normal
circumstances, which on spectral analysis will appear as
spectral broadening. In these circumstances, this finding
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 flow is axisymmetric, the
velocities in the sample volume are likely to be similar,
and on spectral analysis, will not display spectral broad-
ening. At a range of 25mm, the beam widths for the
medium- and short-focus scan heads are 5.5mm and 
2mm, respectively, at the 20dB level. At this range, the
sample volumes have been calculated at 3mm3 and
24mm3 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 com-
ponent, which avoids the problem of aliasing encoun-
tered 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 capa-
bility that could be exceeded when severe disease was
present. With the pulsed echo component nonoperative,
the usual pulse repetition frequency available to the
Doppler component is doubled, increasing the frequency
response of the 5-mHz instrument at 60° to 9.5kHz,
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 on-line fast Fourier transform
spectral analyzer, providing a full-scale frequency display
of 10kHz, with 7kHz usually being used for forward fre-
quencies and 3kHz for reverse frequencies. The ampli-
tude of the component frequencies in the signal is
depicted in gray-scale format 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 signal 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 backscattered signal, noise will
also be displayed. Narrow dynamic range is ideal for eval-
uating the Doppler signal only.

The addition of high definition imaging (HDI) tech-
nology revolutionized the front end of the ultrasound
image formation process.The extended signal processing,
or ESP technology (Advanced Technology Laborato-
ries/Phillips System), extends the momentum into the

area of signal processing.The result is a substantial reduc-
tion in speckle noise, allowing a higher level of clarity and
detail than has ever been seen in ultrasound images.
Tissue differentiation and resolution of fine anatomical
detail, already hallmarks of HDI images, are enhanced
even further through the addition of ESP technology.

The technology developments that make high 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 ultra-
sound system from the body.

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 information is carried within the spec-
trum 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 sig-
nature through the capture and preservation of the entire
bandwidth. This results in more sonographic information
with better detail and definition.

The ultrasound beamformer, together with the scan-
head, determines the ultimate contrast resolution, spatial
resolution, penetration, and consistency of the image. If
the acoustic information containing the tissue signature
is reduced in quantity, or distorted in the beamformer,
there is no way of recovering it.

Beam formation is accomplished by pulsing the trans-
ducer elements in the scanhead to insonify the target.
Sound waves reflected by the target return to the ele-
ments of the transducer, generating signals that are essen-
tially separated in time. The beamformer delays these
signals so when all the channels are summed together, the
time variations in the signals are compensated for and the
exact tissue definition is obtained.

The critical design requirements of the beamformer
are to preserve the entire bandwidth, which contains all
of the acoustic information 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 benefits of SonoCT real-time compound
imaging include improved visualization of plaque border
delineation, allows better assessment of plaque morphol-
ogy, reduction of clutter artifacts seen in difficult-to-
image patients, and reduction of posterior plaque
shadowing to reveal the full extent of vascular disease.

The new HDI 5000 SonoCT systems (Advanced Tech-
nology Laboratories, Phillips) have a breakthrough pro-
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cessing technology that optimizes image quality down 
to the pixel level. It displays a SonoCT image with un-
precedented visualization of tissue texture, borders,
and margins, almost free of image-degrading artifacts
(Figure 6–7).

Carotid Examination Technique

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 movement. Copious quantities of water-soluble
acoustic gel are applied along the anterior border of the
sternomastoid muscle 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 HDI 5000 system, Advanced
Technology Laboratory, Bothell, WA (Figure 6–8). If
color flow imaging is used, Doppler information is dis-
played on the image after it is evaluated for its phase (i.e.,
direction toward or away from the transducer) and its fre-
quency content (i.e., a hue or shade of color). The sample
volume of the pulsed Doppler should be kept as small as
possible and placed in the center of the vessel or the flow
channel.A Doppler angle of 45–60° should be maintained
to obtain consistent results in velocity measurements.The
vessels are examined both in longitudinal (Figure 6–9)
and transverse views (Figure 6–10), and followed from
the clavicle to the mandible with anterior oblique, lateral,
and posterior oblique projections to identify and evalu-
ate any carotid plaques or pathology.

The scan head is then moved cephalad with the B-
mode imaging display activated, and with frequent sam-
pling 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

identified by the presence of two vessels and visualization
of the superior thyroid artery branch of the external
carotid artery. This may be confirmed by sampling 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
40–50dB to optimize the gray-scale image and the time
gain compensation (TGC) as needed, in regards to the
depth of the carotid and vertebral arteries examined.

The external carotid signal is recognized by the pres-
ence of flow reversal, while the internal carotid signal is
identified by the absence of flow reversal and the pres-
ence of forward flow 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 anatomy has been outlined,
a detailed examination is performed. The initial quick
scanning of the vessels provides a reference for deter-

Figure 6–7. A SonoCT image showing tissue texture, borders,
and margins.

Figure 6–8. A duplex ultrasound machine, HDI 5000 system,
Advanced Technology Laboratory/Phillips, Bothell, WA.
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Figure 6–9. (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.

A B

Figure 6–10. (A) Common carotid artery bifurcation in transverse view (grayscale). (B) Common carotid artery bifurcation in
transverse view (color flow).
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mining 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 sternomastoid muscle, and the common carotid
artery is again visualized. Note is taken of the presence
or absence of calcification in the wall represented by
dense acoustic shadows and a deeper acoustic window.
Representative spectra are then obtained from the center
stream with the Doppler beam axis at 60° and the signals
recorded on videotape for subsequent analysis. During
this part of the examination, the peak frequency or veloc-
ity should be noted and whether the velocity is always in
the forward direction throughout the whole of the cycle.

Low peak systolic frequencies or 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 significant 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 during 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 fluctuations
in peak systolic and diastolic frequencies or velocities. It
is frequently 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 on videotape for
future reference.

Attention is then directed to the subclavian artery in
the posterior triangle of the neck and the vessel is visu-
alized. Scanning proceeds proximally with identification
of the origin of the vertebral artery and subsequent sam-
pling with the Doppler component of the orifice in the
proximal centimeter of the first 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 posterior-laterally to iden-
tify the vertebral 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 (Figure 6–11). Vertebral flow is documented, either
antegrade or retrograde flow. Major elevations in peak
frequency are characteristic of high-grade orifice steno-

sis. The contralateral side of the neck is then evaluated in
a similar manner and representative recordings from the
common carotid, external, and internal carotid arteries
are obtained.

The following considerations are generally helpful in
optimizing color flow setup and value. The appropriate
color pulse repetition frequency (PRF) must be chosen
by setting the color velocity scale for the expected veloc-
ities in the examined vessel. The scale should be adjusted
to avoid systolic aliasing (low PRF) or diastolic flow 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 1–2cm of
its length be used. The color, power, and gain should be
optimized so that flow signals are recorded throughout
the lumen of the examined vessel with no bleeding of
color into the adjacent tissues.

The zero baseline of color bar (BRF) is set at approx-
imately two-thirds of the range with the majority of fre-
quencies allowed in the red direction for flow 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. Adjust-
ments in the PRF are generally needed in the examina-
tion of the carotid bulb where the color differentiation
scale should be set to visualize the slower flow in the
boundary separation zone. The PRF range is generally
adjusted higher to detect increased velocity in the region
adjacent to the flow divider. Similarly, the color PRF
should be increased to display higher velocities detected
in the presence of carotid stenosis and to avoid aliasing.
In the poststenotic zone, the color PRF should be
decreased to observe the lower velocities and flow direc-
tion changes in the region of turbulent flow just distal to
the stenosis. Color PRF should also be decreased when
occlusion is suspected to detect the preocclusive, low
velocity, high resistant signal associated with tight steno-
sis or carotid occlusion, and to confirm absence of flow at
the sight 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
ensemble 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 filter should also be set
as low as possible, and you may need to decrease the wall
filter manually when decreasing the color PRF. The color
wall filter may automatically increase as the PRF is
increased.
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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 flow. 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 visualizing 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 informa-
tion may be lost, which may result in seeing color in 
areas where there is no flow. In patients with very low
flow or questionable carotid occlusion, an overgained
level may be advantageous to show any flow 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 aliasing, 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 direction. Aliasing in these cir-
cumstances 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
flow dynamics that occurs with carotid stenosis, particu-
larly 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.

A

C

B

D

Figure 6–11. (A) Origin of right vertebral artery in grayscale. (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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Limitations of Duplex Technology

Duplex technology of the carotid arteries may be
adversely affected by the following: acoustic shadowings
from calcification, 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
underestimate the degree of stenoses or plaquing. Under-
estimation 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 acceler-
ated flow; or in patients with long, smooth plaque forma-
tion, which does not have the accelerated, turbulent flow
pattern usually associated with the hemodynamically sig-
nificant stenoses, or if an inappropriate Doppler angle is
used (e.g., above 60°). Stenoses can also be overestimated
when an artifact is mistaken for a carotid plaque, if accel-
erated flow is mistakenly attributed to stenosis, if there is
vessel tortuosity or kinking, and in the presence of sig-
nificant stenoses or occlusion on the contralateral side.

Due to the varying filling phases of the cardiac cycle,
cardiac arrhythmia makes it more difficult to evaluate the
flow spectra. Also, the flow velocity will be lower in a
wider vessel and higher in a narrower vessel at the same
flow intensity. Therefore, the flow in a wide carotid sinus
can easily be disturbed, and may incorrectly suggest
pathological findings.

Interpretation and Determination of
Disease Severity

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 verte-
bral arteries.

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

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

4. Analysis of the Doppler spectral waveform of the
examined 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 (Figure 6–12).

3. Complex plaque (heterogeneous): low, medium, and
high level echoes indicating soft and dense areas (Figure
6–13). This plaque is a mixture of isoechoic, hyperechoic,
or hypoechoic plaque.

4. Calcification: very bright, highly reflected echoes are
noted. The acoustic shadowing from calcifications pre-
vents a thorough evaluation of the vessel and may result
in the calculation of an erroneous percentage of stenosis
(Figure 6–1).

5. Vessel thrombosis: fresh carotid thrombosis may not
be detected without using Doppler flow sampling since
fresh thrombus has the same echogenicity of flowing
blood.

Carotid plaque morphology is generally characterized
into smooth (Figure 6–14) or irregular plaques (Figure
6–15) according to surface, and homogeneous (Figure
6–12) versus heterogeneous (Figure 6–13) according to
plaque structure.An ulcerative plaque is usually an irreg-
ular plaque with a cleft within the plaque that can be seen
on B-mode imaging (Figure 6–16).

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.

Figure 6–12. Duplex ultrasound image of the carotid artery
showing homogeneous plaque (arrow).
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A B

Figure 6–13. (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).

Figure 6–14. A color duplex ultrasound image of the carotid
artery showing a smooth heterogeneous plaque (arrow).
The dark center of the plaque may represent intraplaque 
hemorrhage.

Figure 6–15. A carotid color duplex ultrasound image showing
an irregular plaque of the proximal internal carotid artery
(arrow).

Figure 6–16. A duplex ultrasound image of the carotid bifur-
cation showing an ulcerative lesion of the proximal internal
carotid artery (arrow).

Percent diameter stenosis equals the ratio of the residual
diameter to vessel lumen diameter minus 1 multiplied by
100. Percentage of area of stenosis is calculated similarly,
except you substitute the area for the diameter. The
vessel lumen diameter (in longitudinal view) or area (in
transverse view) is measured from intima to intima. Then
the residual lumen diameter, or area, is measured (Figure
6–17).The percent reduction is calculated using the above
formula.The approximate relationship between diameter
and area of stenosis is shown in Table 6–1. These values
are applicable to circular geometry.
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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 infor-
mation 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 locations by disease of varying
severity, according to the University of Washington 
criteria.11

These original criteria by the University of Washington
are described in the following sections since they are still
commonly used in the United States, and they have been
the foundation for interpretation of carotid artery steno-
sis. However, later is this chapter you will find that other
authorities modified these criteria to be compatible with
the indication for carotid endarterectomy as proposed 
by the North American Symptomatic Carotid Endar-
terectomy Trial (NASCET) and Asymptomatic Carotid
Artherosclerosis 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 Figure 6–3. The peak fre-
quency at systole is less than 4kHz (a peak systolic 
velocity of <125cm/s) with minimal degrees of spectral
broadening during the initial deceleration phase of
systole, followed by mild spectral broadening during dias-
tole. 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 displays a large clear
window area under the systolic curve. Correlation with
arteriographic findings has supported the view that this
type of waveform may also be generated with minimal
disease up to 15–20% diameter reduction and, therefore,
identification of this type of waveform confirms the 
presence of either a normal vessel or one in which 
only minimal disease is present. Figure 6–18 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 findings with animal
studies, it is over the range of mild stenosis that spectral
broadening changes in both magnitude and timing, and it
is the presence of spectral broadening in systole, particu-
larly during the deceleration phase, which is characteris-
tic of the spectra generated by the presence of mild
disease. As shown in Figures 6–19 and 6–20, the peak 

Figure 6–17. Calculation of area reduction percent stenosis.
This image reflects the greatest stenosis in transverse diameter.
An elliptical measurement 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.

Table 6–1. % Diameter stenosis vs. % area stenosis.a,b

% 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

a% Diameter stenosis (%Ds) = 100 × [1 − (inner diameter/outer diam-
eter)]. % Area stenosis (%As) = 100 × [1 − (inner area/outer area)].
%As = 100 − 100 × [1 − %Ds/100)]2.
bAssuming concentric circle.

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 process, the artery may be filled with highly
echogenic material or be anechoic.

Determination of Disease Severity Using
Doppler Spectral Analysis

Identification of disease in the carotid system uses both
qualitative and quantitative data. Careful attention to
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A B
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Figure 6–18. (A) A color duplex ultrasound image showing a
normal common carotid artery with a normal Doppler spectra
(bottom of figure). (B) A color duplex ultrasound image of the
carotid bifurcation showing a normal internal carotid artery
with a normal Doppler spectra (bottom of figure). (C) A color
duplex ultrasound image of the carotid bifurcation showing a
normal external carotid artery with a normal Doppler spectra
(bottom of figure).
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3 4 Figure 6–19. Internal carotid artery Doppler spectra associated with mild stenosis
(15% to <50%).
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frequency remains below 4kHz (a peak systolic velocity 
of <125cm/s) and spectral broadening 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 frequencies,
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 frequency or velocity at systole (Figures
6–21 and 6–22). Frequencies above 4kHz in systole 
(a peak systolic velocity of >125cm/s and an end 
diastolic velocity of <125cm/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 frequency
increases (>4kHz, or a peak systolic velocity of ≥125cm/s
and an end diastolic velocity of ≥125cm/s) so that the
ratio between peak frequency at systole and peak fre-
quency at diastole falls, providing an accurate method of
identifying these high-grade lesions. Diffuse spectral
broadening is also present during the whole of the 
cycle, and with these lesions, the diastolic velocity at the
lower frequencies approaches zero (Figures 6–23 and
6–24).

A
B

Figure 6–20. (A) A color duplex ultrasound image showing mild plaquing (15% to <50% stenosis) of the internal carotid artery
(arrow). (B) The same patient in (A) showing internal carotid artery Doppler spectra associated with mild stenosis.
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Figure 6–21. Internal carotid artery Doppler spectra of severe
stenosis (50% to <80%).
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Figure 6–22. A color duplex ultrasound image of an internal
carotid artery showing Doppler spectra of severe stenosis (50%
to <80%). The peak systolic velocity on this patient was 218.4
cm/s with an end diastolic velocity of 71.6cm/s.
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Figure 6–23. Internal carotid artery Doppler spectra of tight
stenosis (80–99%).

A B

Figure 6–24. (A) A color duplex ultrasound image of the inter-
nal carotid artery showing Doppler spectra of tight stenosis
(80–99%). The peak systolic frequency was 15.7kHz with 
an end diastolic frequency of 5.06kHz. (B) A color duplex 

Internal Carotid Occlusion

Occlusion of the internal carotid artery (Figure 6–25) is
recognized 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 evaluation, visualization of the external carotid

artery is mandatory. The differentiation between the
internal and external carotid arteries is made by visuali-
zation of the superior thyroid artery branch. Changes in
the real-time spectra produced by compression of the
superficial temporal artery that increases the outflow
resistance usually result in a decrease in peak systolic 
frequency. Other features characteristic of occlusion are
the presence of frequencies to the zero baseline, or even

ultrasound image of an internal carotid artery showing Doppler
spectra of tight stenosis (80–99%). The peak systolic velocity
was 501.3cm/s with an end diastolic velocity of 150.4cm/s.
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negative frequencies, indicative of flow 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 flow characteristics of the
internal carotid artery, i.e., high diastolic component.

Common carotid artery occlusion can also be diag-
nosed by color duplex ultrasound. Figure 6–26 shows ret-
rograde flow of the external carotid artery and antegrade
flow of the internal carotid artery.

Occlusions are periodically missed due to changes in
physiologic parameters attendant upon the presence of
internal carotid artery occlusions. Figure 6–27 shows the
arteriogram and spectra obtained from a patient in whom

internal carotid occlusion was missed because the exter-
nal carotid artery was a major source of collateral blood
flow to the middle cerebral artery, and, as such, developed
the spectral changes characteristic of a high-grade inter-
nal carotid stenosis. 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 profile induced by superficial
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

A

C

B

Figure 6–25. (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 flow in diastole. (B) Internal

carotid artery occlusion in longitudinal view (no color flow). (C)
Internal carotid artery occlusion in transverse view [no color
flow in power Doppler (arrow); color flow is seen in the exter-
nal carotid artery].



76 A.F. AbuRahma and K.S. Jarrett

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 five out of six patients (83%) who were felt 
to have total carotid occlusion by conventional color
duplex were confirmed to have subtotal occlusion by
adding power Doppler imaging (Figure 6–28).

External Carotid Artery Disease 
(High-Grade Stenosis)

Lesions producing a greater than 50% diameter reduc-
tion of the external carotid artery are identified by the
presence of peak frequencies in excess of 4.5kHz associ-

ated with diffuse spectral broadening (Figure 6–29). The
overall shape of the waveform with frequencies in the
negative range remains normal.

Proposed New Duplex Classification for
Threshold Stenoses Used in Various
Symptomatic and Asymptomatic Carotid
Endarterectomy Trials14

Based on the duplex criteria, many laboratories, includ-
ing our own, classified internal carotid artery stenosis 
into categories patterned after those used at the Univer-
sity of Washington:11 normal, 1–15% stenosis, 16–49%
stenosis, 50–79% stenosis, 80–99% stenosis, and total

A
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D

Figure 6–26. (A) Right common carotid artery occlusion in longitudinal view. (B) Right common carotid artery occlusion in trans-
verse view. (C) Retrograde flow in external carotid artery. (D) Antegrade flow in internal carotid artery.
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Figure 6–27. 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

A B

Figure 6–28. (A) Color duplex imaging of a right internal carotid artery suggesting total occlusion. (B) Power Doppler image of
same artery showing string sign (arrow), i.e., subtotal occlusion.

excess of 4.5kHz in association with spectral broadening and no
flow reversal.This appearance is produced by the low resistance
outflow bed of the external carotid into the middle cerebral
artery.
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occlusion. While these classifications have been useful
clinically in the past, they do not correlate with threshold
stenoses utilized in the recent trials investigating symp-
tomatic (NASCET)15 and asymptomatic (ACAS16 and
Veteran’s Administration Asymptomatic Carotid Steno-
sis Trial Investigators17) carotid artery disease. With 
the publication of the NASCET findings showing con-
clusive benefit of carotid endarterectomy for sympto-
matic patients with 70–99% stenosis, several recent
studies have attempted to develop duplex criteria to 
identify patients with ≥70% carotid stenosis.18–21 With 
the subsequent report from the ACAS group22 show-
ing significant benefit of carotid endarterectomy in 
asymptomatic patients with ≥60% stenosis, others23–26

reported optimal duplex criteria for detecting ≥60%
stenosis.

It should be noted that the 5-year absolute risk reduc-
tion rate for ipsilateral stroke in the ACAS study was
only 5.8%. Therefore, the duplex criteria for screening
≥60% internal carotid artery stenosis should have a high
positive predictive value since these patients are likely 
to undergo invasive carotid angiography and/or carotid
endarterectomy. This, along with increasing reports advo-
cating carotid endarterectomy based on carotid duplex
results alone, without preoperative arteriography,27,28

prompted us to identify and evaluate new duplex veloc-
ity criteria for threshold stenoses used in various symp-
tomatic and asymptomatic carotid endarterectomy trials
(NASCET, ACAS, and VA studies). In addition, we iden-
tified the best duplex criteria that yielded a high positive
predictive value (≥95%) for the threshold level of asymp-
tomatic internal carotid artery stenosis of ≥60%, there-

fore minimizing unnecessary arteriography with its asso-
ciated risk of stroke. We also identified the best duplex
criteria that provided a high negative predictive value for
the threshold level of symptomatic internal carotid artery
stenosis of ≥70% to minimize missing patients who would
benefit the most from a carotid endarterectomy.

Patient Population and Methods

Two hundred and thirty-one patients (462 arteries) who
underwent both carotid color duplex scanning and arte-
riography from January 1992 to December 1994 were
studied. Carotid color duplex scanning was performed
using high-resolution real-time imaging (7.5mHz) and a
pulsed Doppler (5.0mHz) duplex scanner (Ultramark-9,
HDI system,Advanced Technology Laboratories, Bothel,
WA) in standard fashion.29

Results

Four hundred and four carotid arteries had systolic and
diastolic velocity measurements available for comparison
with arteriography results.

Data derived from receiver operator curves were used
to calculate the sensitivity, specificity, 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 systolic velocity of the common 

Figure 6–29. Doppler spectra produced by high-grade stenosis
of external carotid arteries. This patient has a peak systolic
velocity of 434.5cm/s. Flow in diastole reaches the zero 
baseline.
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Figure 6–30. Response curve illustrating the positive predic-
tive value, negative predictive value, and overall accuracy of
various peak systolic velocities of the internal carotid artery 
in diagnosing ≥30% angiographic internal carotid artery 
stenosis.
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Figure 6–31. Response curve illustrating the positive predic-
tive value, negative predictive value, and overall accuracy of
various peak systolic velocities of the internal carotid artery in
diagnosing ≥50% angiographic internal carotid artery stenosis.
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Figure 6–32. Response curve illustrating the positive predic-
tive value, negative predictive value, and overall accuracy of
various peak systolic velocities of the internal carotid artery in
diagnosing ≥60% angiographic internal carotid artery stenosis.
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Figure 6–33. Response curve illustrating the positive predic-
tive value, negative predictive value, and overall accuracy of
various end diastolic velocities of the internal carotid artery in
diagnosing ≥70% angiographic internal carotid artery stenosis.
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Figure 6–34. Response curve illustrating the positive predic-
tive value, negative predictive value, and overall accuracy of
various peak systolic velocities of the internal carotid artery in
diagnosing ≥70% angiographic internal carotid artery stenosis.

carotid artery in detecting ≥30%, ≥50%, ≥60%, and
≥70–99% angiographic internal carotid artery stenosis.
Figures 6–30 through 6–34 show the response curves for
the positive predictive value, negative predictive value,
and the overall accuracy for diagnosing various angio-
graphic internal carotid artery stenoses for various inter-
nal carotid artery peak systolic velocities or end diastolic
velocities.

Table 6–2A and B correlates the results obtained with
the new proposed criteria to the percentage of angio-
graphic stenoses in 404 carotid arteries.

The optimal duplex values that provide the best posi-
tive predictive value (≥95%) and have a good overall
accuracy in detecting ≥60–99% and ≥70–99% internal
carotid artery stenoses are listed in Table 6–3A and the
optimal duplex values that provide the best negative pre-
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Table 6–2B. Accuracy of color duplex ultrasound based on the new criteria.a

Duplex % Stenosis

criteria overall Sensitivity Specificity PPV NPV Accuracy

ICA PSV > 120cm/s (<30% vs. ≥30% stenosis) 93% 67% 90% 77% 87%
ICA PSV ≥ 140cm/s (<50% vs. ≥50% stenosis) 92% 95% 97% 89% 93%
ICA PSV > 150 and EDV ≥ 65cm/s (<60% vs. ≥ 60% stenosis) 82% 97% 96% 86% 90%
ICA PSV > 150 and EDV ≥ 90cm/s (<70% vs. ≥70% stenosis) 85% 95% 91% 92% 92%

aICA, internal carotid artery; PSV, peak systolic velocity; EDV, end diastolic velocity.

Table 6–3A. Selected optimal criteria with best PPV (> or equal to 95%) and overall
accuracy in detecting > or equal to 60–99% and 70–99% ICA stenosis.a

Best PPV Overall
for ≥60% ICA stenosis PPV accuracy Sensitivity Specificity NPV

ICA PSV ≥220cm/s 96% 82% 64% 98% 76%
ICA EDV ≥80cm/s 96% 87% 79% 97% 84%
ICA/CCA PSV ratio ≥4.25 96% 71% 41% 99% 65%
ICA PSV and EDV 150 and 65b 96% 90% 82% 97% 86%

Best PPV
for ≥70% ICA stenosis
ICA PSV ≥300cm/s 97% 80% 48% 99% 76%
ICA EDV ≥110cm/sb 100% 91% 75% 100% 87%
ICA/CCA PSV ≥ none — — — — —
ICA PSV and EDV 150, 110b 100% 91% 75% 100% 87%

aPPV, positive predictive value; NPV, negative predictive value; ICA, internal carotid artery; PSV,
peak systolic velocity; CCA, common carotid artery; EDV, end diastolic velocity.
bThese values have the best PPV and overall accuracy.

Table 6–3B. Selected optimal criteria with best NPV (> or equal to 95%) and overall
accuracy in detecting > or equal to 60–99% and 70–99% ICA stenosis.a

Best NPV Overall
for ≥60% stenosis NPV accuracy Sensitivity Specificity PPV

ICA PSV ≥135cm/sb 99% 80% 99% 64% 71%
ICA EDV—none — — — — —
ICA/CCA PSV ratio ≥1.62 95% 71% 97% 47% 62%
ICA PSV and EDV—none — — — — —

Best NPV
for ≥70% ICA stenosis
ICA PSV ≥150cm/sb 99% 80% 99% 69% 65%
ICA EDV ≥60cm/s 96% 83% 94% 77% 71%
ICA/CCA PSV ≥ none — — — — —
ICA PSV and EDV—none — — — — —

aNPV, negative predictive value; PPV, positive predictive value; ICA, internal carotid artery; PSV,
peak systolic velocity; CCA, common carotid artery; EDV, end diastolic velocity.
bThese values have the best NPV and overall accuracy.

Table 6–2A. Carotid duplex velocity criteria versus angiography: sensitivity, speci-
ficity, PPV, NPV, and overall accuracy according to the newly proposed categories of
ICA stenosis.a

Duplex % Stenosis per angiogram

criteria (cm/s) 0–29% 30–49% 50–59% 60–69% >70–99% Total

ICA PSV <120 68 19 0 0 1 88
ICA PSV ≥ 120 32 30 13 4 1 80
ICA PSV ≥ 140 1 5 39 16 12 73
ICA PSV ≥ 150 and EDV ≥ 65 0 0 4 12 8 24
ICA PSV ≥ 150 and EDV ≥ 90 0 2 1 9 127 139
Total 101 56 57 41 149 404

aKappa = 0.58 ± 0.03, perfect agreement = 68.32%. ICA, internal carotid artery; PSV, peak 
systolic velocity; EDV, end diastolic velocity.



6. Duplex Scanning of the Carotid Arteries 816. Duplex Scanning of the Carotid Arteries 81

dictive value (≥95%) and a good overall accuracy in
detecting ≥60–99% and≥70–99% internal carotid artery
stenoses are shown in Table 6–3B.

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, there-
fore, dependent on the “outcome” desired by the clini-
cian. 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 findings in the majority of patients. The 
mortality and morbidity of arteriography vary from insti-
tution to institution, but can be significant.22,30 We
propose that vascular laboratories at institutions 
with significant mortality and morbidity in relation to
carotid arteriography use duplex criteria with a ≥95%
positive predictive value and the best overall accuracy in
order to minimize the number of patients undergoing
unnecessary arteriography (Table 6–3A). These criteria
can also be utilized when carotid endarterectomy is per-
formed without preoperative arteriography. In those
institutions where arteriography does not significantly
add to the mortality and morbidity of the overall treat-
ment of carotid disease, we suggest using the criteria
described in Table 6–3B. These criteria have the highest
negative predictive value to ensure that only a minimum
number of patients with ≥60% or ≥70% stenoses is
missed.

The new classification that we are proposing would
consist of lesions <30%, ≥30–49%, ≥50–59%, ≥60–69%,
and ≥70%. This new duplex classification would fit into
the existing trials (NASCET, ACAS, and VA), and may
be of benefit as new conclusions are released. By report-
ing 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
benefits for individual patients. With the added risks of
arteriography, decisions to operate would be better based
on duplex findings alone. Having positive predictive
values ranging from 90 to 97% and accuracies of 87–93%
can eliminate many unnecessary arteriograms.

It is important to note that the data obtained by indi-
vidual vascular laboratoriess will vary across the country.
Differences in equipment, abilities and consistencies of
vascular technicians, and reader interpretations will cause
variabilities from laboratory to laboratory.31 Therefore,
each laboratory must adapt a method that employs the
equipment it uses and has validated its method when
using proposed new duplex criteria.

Other studies have sought to reconcile these trials
[NASCET, European Carotid Surgery Trialists (ECST),
and ACAS] with duplex criteria.18–21 A summary of 
these studies can be found in Table 6–4. As noted in 
this table, different overall accuracies were reported
according to each technique and according to specific

duplex criteria. This can be partially explained by the 
differences in scanning techniques, technologists’ experi-
ence, angle of insonation, or different ultrasound 
systems. It has been shown that linear array transducers
may overestimate peak systolic velocity in a flow
phantom.32

Consensus Panel on Diagnostic Criteria for
Grading Carotid Artery Stenosis Using Color
Duplex Ultrasound

A multidisciplinary panel of experts was invited by the
Society of Radiologists and Ultrasound in 2002 to attend
a consensus conference on diagnostic criteria to grade
carotid artery stenosis using duplex ultrasound. The con-
sensus panel agreed on a specific set of criteria that would
be helpful in grading focal proximal internal carotid
artery stenosis, which is noted in Table 6–5. These crite-
ria were to be used for new laboratories requesting appli-
cable 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 difficult since
different scanners are used in various laboratories.There-
fore, it is important for each laboratory to validate its own
criteria, and use these accordingly.

Accuracy of Duplex Scanning in the
Detection of Carotid Disease

Various clinical studies have reported an overall accuracy
of 80–97% in diagnosing carotid artery stenosis.14,18–21,33–40

Table 6–4A and B summarizes some of these studies.

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 pre-
dicting the degree of ipsilateral internal carotid stenosis
in the presence of contralateral high-grade stenosis or
carotid occlusion.29,41–46 When conventional standard 
criteria11 were applied in this circumstance, the result 
was an overestimation of the degree of iplsilateral steno-
sis (up to 48%),45 often resulting in incorrect assignment
to a higher category of disease and thus creating a false-
positive interpretation.29,41–46 It has been proposed that
this phenomenon occurs because of a compensatory
increase in flow velocity in the ipsilateral carotid system
to maintain a stable cerebral circulation via the Circle of
Willis.42
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Table 6–4A. Comparison of several studies correlating angiographic 50–69%, 60–99%, and 70–99% ICA stenosis with duplex
scanning.a

Number Ultrasound Accuracy Sensitivity Specificity PPV NPV
Criteria (reference) of ICAs System (%) (%) (%) (%) (%)

30–49% stenosis
PSV ≥120cm/s14 462 ATL, UM9 (HDI) 87 93 67 90 77

50–69% stenosis
PSV >140cm/s14 462 ATL, UM9 (HDI) 93 92 95 97 89
PSV ≥130cm/s and EDV ≤100cm/s18 120 Acuson 128 97 92 97 93 99

60–99% stenosis
PSV ≥150cm/s and EDV ≥65cm/s14 462 ATL, UM9 (HDI) 90 82 97 96 86
PSV ≥130cm/s and EDV ≥40cm/s19 120 Acuson 128 80 97 72 62 98
PSV ≥260cm/s and EDV ≥70cm/s23 352 Acuson 128, ATL, UM9 90 84 94 92 88
PSV ≥290cm/s and EDV ≥80cm/s23 88 78 96 95 84

70–99% stenosis
PSV ≥150cm/s and EDV ≥90cm/s14 462 ATL, UM9 (HDI) 92 85 93 91 92
PSV ≥130cm/s and EDV ≥100cm/s18 770 QAD 1, QAD 2000 95 81 98 89 96
PSV ≥270cm/s and EDV ≥110cm/s19 120 Acuson 128 93 96 91 — —
PSV ≥325cm/s20 184 Acuson 128 88 83 91 80 92
ICA/CCA PSV ratio ≥4.020 88 91 87 76 96
PSV ≥130cm/s and EDV ≥100cm/s21,b 914 QAD 2000 95 87 97 89 96

Phillips P700
PSV ≥130cm/s and EDV ≥100cm/s21,c 93 78 97 88 94

aPPV, positive predictive value; NPV, negative predictive value; PSV, peak systolic velocity; ICA, internal carotid artery; CCA, common carotid
artery; EDV, end diastolic velocity.
bProspective validation of criteria developed in Faught et al.,18 including ICA occlusions.
cAnalysis of criteria developed in Faught et al.,18 excluding ICA occlusion.

Table 6–4B. Accuracy of carotid duplex ultrasound compared to arteriography in
recent series.

Sensitivity/ Overall
Carotids/ Stenosis specificity PPV/NPV accuracy

Author Year patients (%) (%) (%) (%)

Patel33 1995 176/88 70–99 94/83 86
Hood21 1996 457/457 70–100 87/97 89/96 95
Huston34 1998 100/50 70–99 97/75 67/98 83
AbuRahma14 1998 462/231 70–99 85/95 91/92 92
Belsky35 2000 92/46 0–100 79/96 94/87 89
Anderson36 2000 80/40 50–69 35/87 50/78 73

70–99 82/71 38/95 73
Back37 2000 74/40 50–100 100/72 88/100 91

75–100 90/74 72/91 81
Johnston38 2001 452 50–99 87 46/73 68
Nederkoorn39 2002 313/313 70–90 88 76/75 88
MacKenzie40 2002 375/192 70–99 81/89 66/95 87

Table 6–5. Ultrasound consensus criteria for carotid stenosis.a

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

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

aICA, internal carotid artery; PSV, peak systolic velocity; EDV, end diastolic velocity; CCA, common carotid artery.
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Fujitani et al.45 were the first to recommend modifica-
tion of the standard duplex criteria in patients with con-
tralateral internal carotid occlusion. However, in this
study, only the effect of the contralateral total carotid
occlusion was studied. Patients with less than total occlu-
sion of the contralateral artery were excluded from the
study population.

The recognition of this phenomenon as consistent 
and clinically significant led us to undertake a retros-
pective study to compare the accuracy of various 
existing duplex criteria [standard,11 Fujitani,45 internal
carotid/common carotid artery ratio (ICA/CCA)47] used
in grading ipsilateral carotid stenosis in patients with con-
tralateral high-grade stenosis or occlusion. In addition,
we propose a new modified duplex criteria that we
believe to be superior to the existing criteria in terms of
overall accuracy.

These new criteria were developed because of our 
dissatisfaction with the results of the standard method 
in grading ipsilateral stenosis in the presence of severe

contralateral disease. We had observed that most 
patients with ≥50% stenosis on arteriography had a 
peak systolic frequency of the internal carotid artery 
of ≥4.5kHz in the presence of severe contralateral
disease.

Patient Population and Methods

From January 1992 to December 1993, 178 patients (356
arteries) were identified as having significant (>50%)
internal carotid artery stenosis by carotid duplex ultra-
sonography, and they subsequently underwent carotid
arteriography within 6 weeks.

Criteria for duplex ultrasonography classification of
the degree of stenosis are shown in Table 6–6. Four dif-
ferent sets of criteria for each patient were analyzed: (1)
the standard criteria (University of Washington),11 (2)
Fujitani criteria,45 (3) ICA/CCA ratio criteria,47 and (4)
the new revised criteria that we are proposing. These 
criteria were used to assign each artery to one of five 

Table 6–6. Doppler frequency spectral or velocity criteria for carotid artery stenosis.a

Classification Arteriographic lesion Spectral criteria

Standard method
Grade I 1–15% diameter reduction PSF <4kHz (<125cm/s), minimal SB
Grade II 16–49% diameter reduction PSF <4kHz (<125cm/s), increased SB
Grade III 50–79% diameter reduction PSF ≥4kHz (≥125cm/s)

EDF <4.5kHz (<140cm/s)
Grade IV 80–99% diameter reduction PSF >4kHz (>125cm/s)

EDF >4.5kHz (>140cm/s)
Grade V Occlusion No internal carotid flow signal

Low or reversed diastolic component in common carotid artery
New method (AbuRahma) similar to standard method except for the following

Grade II 16–49% diameter reduction PSF <4.5kHz (<140cm/s)
EDF <4.5kHz (<140cm/s)

Grade III 50–79% diameter reduction PSF ≥4.5kHz (≥140cm/s)
EDF <4.5kHz (<140cm/s)

Grade IV 80–99% diameter reduction PSF >4.5 kHz (>140cm/s)
EDF >4.5kHz (>140cm/s)

Fujitani method—same as standard method except for the following
Grade II 16–49% diameter reduction PSF >4kHz (>125cm/s)

EDF <5kHz (<155cm/s)
Grade III 50–79% diameter reduction PSF >4.5kHz (>140cm/s)

EDF <5kHz (<155cm/s)
Grade IV 80–99% diameter reduction PSF >4.5kHz (>140cm/s)

EDF >5kHz (>155cm/s)
ICA/CCA ratio method

Grade I and II 1–49% diameter reduction SVR <1.5
Grade III 50–79% diameter reduction SVR ≥1.5, PEDV <100cm/s
Grade IV 80–99% diameter reduction SVR ≥1.8, PEDV >100cm/s
Grade V Occlusion No internal carotid artery flow signal

aPSF, peak systolic frequency; EDF, end diastolic frequency; SB, spectral broadening; SVR, systolic velocity ratio (ICA/CCA peak systolic velocity
ratio); PEDV, peak end diastolic velocity.
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categories: grade I, 1–15% stenosis; grade II, 16–49%
stenosis; grade III, 50–79% stenosis; grade IV, 80–99%
stenosis; and grade V, total occlusion.

Results

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% to <80%
stenosis category (30%). The Fujitani method underesti-
mated 97 (27%) of 356 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, respec-
tively. The x2 statistic and corresponding confidence 
intervals for the new method (x2 = 0.923, ±0.016) are 
significantly higher (p < 0.001) than those for the 
standard method (x2 = 0.760, ±0.027), the Fujitani 
method (x2 = 0.608, ±0.031), and the ICA/CCA ratio
method (x2 = 0.642, ±0.051). The overall accuracy in 
diagnosing ≥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).

Table 6–7 compares the results of duplex grades with
those of arteriography on the basis of four different cri-
teria. Tables 6–8 to 6–10 summarize the results of the
study.

The new proposed criteria fared very well in the analy-
sis, with only 3% overall overestimation of the disease
and 3% overall underestimation of the disease. The
overall exact correlation between duplex and arterio-
graphic grading was 94% and was superior to the other
criteria in each case (p < 0.001).

The new criteria yielded sensitivity, specificity, positive
and negative predictive values, and overall accuracy
values superior to those of the other three criteria in pre-
dicting ≥50% ipsilateral stenosis, when all patients with
0–100% contralateral stenosis were included (p < 0.001)
in each case. When divided into 50% to <80% contralat-
eral stenosis and 80–99% contralateral stenosis or total
occlusion, the new criteria proved once again to be 

Table 6–7. Comparison of duplex grades to arteriogram grades.

Arteriogram grades

Grade I Grade II Grade III Grade IV Grade V
Duplex grades (%) (%) (%) (%) (%) Total

Standard method
Grade I 38 (100) 0 0 0 0 38
Grade II 0 17 (100) 0 0 0 17
Grade III 2 (1) 52 (30) 111 (64) 8 (5) 0 173
Grade IV 0 0 0 87 (100) 0 87
Grade V 0 0 0 2 (5) 39 (95) 41

(k = 0.760, 95% confidence interval = 0.708–0.812)
New method

Grade I 38 (100) 0 0 0 0 38
Grade II 2 (3) 63 (93) 3 (4) 0 0 68
Grade III 0 6 (5) 108 (88) 8 (7) 0 122
Grade IV 0 0 0 87 (100) 0 87
Grade V 0 0 0 2 (5) 39 (95) 41

(k = 0.923, 95% confidence interval = 0.891–0.955, p < 0.001)
Fujitani method

Grade I 38 (64) 20 (34) 1 (2) 0 0 59
Grade II 2 (4) 43 (78) 9 (16) 1 (2) 0 55
Grade III 0 6 (4) 101 (58) 66 (38) 0 173
Grade IV 0 0 0 28 (100) 0 28
Grade V 0 0 0 2 (5) 39 (95) 41

(k = 0.608, 95% confidence interval = 0.547–0.668)
ICA/CCA ratio methoda

Grades I and II 27 (48) 21 (38) 4 (7) 1 (2) 3 (5) 56
Grade III 13 (8) 48 (30) 93 (58) 7 (4) 0 161
Grade IV 0 0 14 (14) 87 (86) 0 101
Grade V 0 0 0 2 (5) 36 (95) 38
Total 40 69 111 97 39 356

(k = 0.642, 95% confidence interval = 0.542–0.742)

aICA, internal carotid artery; CCA, common carotid artery.
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Table 6–8. Comparison of duplex methods versus arteriography for sensitivity/specificity in diagnosis of > or equal to 50% ipsi-
lateral stenosis in patients with arteries of 50% to <80% stenosis on contralateral side.a

Overall
<50% stenosis >50% stenosis Sensitivity Specificity PPV NPV accuracy

Carotid arteriogram (%) (%) Total (%) (%) (%) (%) (%)

Standard methodb

<50% stenosis 24 (100) 0 24 100 56 78 100 83
≥50% stenosis 19 (22) 68 (78) 87

New method
<50% stenosis 42 (95) 2 (5) 44 97 98 99 95 97
≥50% stenosis 1 (1) 66 (99) 67

Fujitani methodc

<50% stenosis 42 (91) 4 (9) 46 94 98 98 91 96
≥50% stenosis 1 (1) 64 (99) 65

ICA/CCA ratio methodd

<50% stenosis 19 (86) 3 (14) 22 96 44 73 86 76
≥50% stenosis 24 (27) 65 (73) 89
Total 43 68 111

aPPV, positive predictive value; NPV, negative predictive value; ICA, internal carotid artery; CCA, common carotid artery.
bNew method versus standard method, p < 0.001 (Z statistics for proportion).
cNew method versus Fujitani method, p > 0.05 (Z statistics for proportion).
dNew method versus ICA/CCA ratio method, p < 0.001 (Z statistics for proportion).

Table 6–9. Comparison of duplex methods versus arteriography for sensitivity/specificity in diagnosis of >50% ipsilateral steno-
sis in patients with arteries with 80–99% stenosis of the contralateral side.a

Overall
<50% stenosis >50% stenosis Sensitivity Specificity PPV NPV accuracy

Carotid arteriogram (%) (%) Total (%) (%) (%) (%) (%)

Standard method
<50% stenosis 26 (100) 0 26 100 53 68 100 76
≥50% stenosis 23 (32) 48 (68) 71

New method
<50% stenosis 45 (100) 0 45 100 92 92 100 96
≥50% stenosis 4 (8) 48 (92) 52

Fujitani method
<50% stenosis 45 (96) 2 (4) 47 96 92 92 96 94
≥50% stenosis 4 (8) 46 (92) 50

ICA/CCA ratio method
<50% stenosis 23 (92) 2 (8) 25 96 47 64 92 71
≥50% stenosis 26 (36) 46 (64) 72

aPPV, positive predictive value; NPV, negative predictive value; ICA, internal carotid artery; CCA, common carotid artery.
bNew method versus standard method, p < 0.001 (Z statistics for proportion).
cNew method versus Fujitani method, not significant (Z statistics for proportion).
dNew method versus ICA/CCA ratio method, p < 0.001 (Z statistics for proportion).

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 
significance. This finding 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 clini-
cal issue is accuracy in detecting stenoses of greater than
or less than 80%, contralateral to a tight stenosis or occlu-
sion. 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 accuracy. This finding is not surprising,
because both the standard and new methods require an
end diastolic frequency of the internal carotid artery of
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Table 6–11. Accuracy of duplex criteria with contralateral severe stenosis or occlusion.a

Accuracy Sensitivity Specificity PPV NPV
Criteria and reference (%) (%) (%) (%) (%)

>50% stenosis
Fujitani45 74 97 57 62 96
AbuRahma29

Fujitani 92 88 100 100 83
Standard 74 100 33 71 100
AbuRahma 97 96 100 100 94
Ratios 77 100 40 73 100

50–79% stenosis
Fujitani: PSV >140cm/s, EDV <155cm/s45 71 84 70 28 97
AbuRahma29

Fujitani: PSV >140cm/s, EDV <155cm/s 97 99 98 98 95
Standard: PSV >125cm/s, EDV <140cm/s 83 100 56 78 100
AbuRahma: PSV ≥140cm/s, EDV <140cm/s 97 97 98 99 95
Ratios: ICA/CCA ratio ≥1.5, EDV <100cm/s 76 96 44 73 86

80–99% stenosis
Fujitani: PSV >140cm/s, EDV >155cm/s45 96 91 97 89 98
AbuRahma29

Fujitani: PSV >140cm/s, EDV >155cm/s 94 96 92 92 96
Standard: PSV >125cm/s, EDV >140cm/s 76 100 53 68 100
AbuRahma: PSV >140cm/s, EDV >140cm/s 96 100 92 92 100
Ratios: ICA/CCA ratio ≥1.8, EDV >100cm/s 71 96 47 64 92

aPPV, positive predictive value; NPV, negative predictive value; PSV, peak systolic velocity; EDV, end diastolic velocity; ICA, internal carotid artery;
CCA, common carotid artery.

>4.5kHz for the diagnosis of ≥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 methods in this group
of patients (80–99% contralateral stenosis). This finding
can be explained by the requirement of an end diastolic
frequency of the internal carotid artery of >5kHz for the

diagnosis of ≥80% stenosis for the Fujitani method.
Similar observations were noted in patients with a total
contralateral occlusion. Our results were comparable to
data previously reported by others.41–46

Table 6–11 summarizes the duplex accuracy of various
criteria in the presence of contralateral stenosis or 
occlusion.

Table 6–10. Comparison of duplex methods versus arteriography for sensitivity/specificity in diagnosis of equal to or >50% steno-
sis in patients with total occlusion on contralateral side.a

Overall
<50% stenosis >50% stenosis Sensitivity Specificity PPV NPV accuracy

Carotid arteriogram (%) (%) Total (%) (%) (%) (%) (%)

Standard methodb

<50% stenosis 5 (100) 0 5 100 33 71 100 74
≥50% stenosis 10 (29) 24 (71) 34

New method
<50% stenosis 15 (94) 1 (6) 16 96 100 100 94 97
≥50% stenosis 0 23 (100) 23

Fujitani methodc

<50% stenosis 15 (83) 3 (17) 18 88 100 100 83 92
≥50% stenosis 0 21 (100) 21

ICA/CCA ratio methodd

<50% stenosis 6 (100) 0 6 100 40 73 100 77
≥50% stenosis 9 (27) 24 (73) 33

aPPV, positive predictive value; NPV, negative predictive value; ICA, internal carotid artery; CCA, common carotid artery.
bNew method versus standard method, p < 0.01 (Z statistics for proportion).
cNew method versus Fujitani method, p = 0.15 (Z statistics for proportion).
dNew method versus ICA/CCA ratio method, p < 0.01 (Z statistics for proportion).
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Clinical Use of Carotid 
Duplex Scanning
Carotid duplex ultrasound reports routinely include flow
velocities and the degree of stenoses. However, several
carotid reports, particularly those from nonaccredited
vascular laboratories, have several inconsistencies that
can be extremely critical in clinical decision making. A
carotid duplex ultrasound examination should be termed
“inconclusive” if the findings are uncertain, and it can-
not be ensured that the carotid artery does not have 
significant carotid artery disease.48,49 Calcification 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 rec-
ommended to delineate the proper pathology. Inconsis-
tent carotid examination is used when the imaging and
velocity determination of the color duplex ultrasound are
not consistent with each other, and additional tests 
are also required in these circumstances. Significant
carotid artery stenosis may be present without associated
increased flow velocities. This can be partially explained
by complex or calcified lesions or dampened flow by an
extremely high-grade lesion.

The accuracy of duplex scanning in the examination of
the carotid artery bifurcation has resulted in its use in
symptomatic patients for the detection of disease, the
evaluation of patients with neck bruits, postoperative
studies of endarterectomized vessels, and the sequential
examination of asymptomatic patients to document 
progression of disease.50 Other clinical implications
include carotid endarterectomy without angiography,
intraoperative assessment of carotid endarterectomy,
long-term follow-up after carotid endarterectomy, plaque
morphology and outcome, and carotid duplex scanning
following trauma. The clinical implications of duplex
ultrasound technology will be discussed in detail in
Chapter 16.
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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 bifurcation lesion, it has been limited in its applica-
tion to disease in other cerebrovascular segments.

Atherosclerotic disease in the truncal branches of the
aortic arch typically occurs at the origin of the branch
vessels.The clinical consequences of these lesions include
hypoperfusion and thromboembolic events that can
impact the anterior or posterior cerebrovascular circula-
tion and circulation to the upper extremities.Their poten-
tial for atheroembolic strokes in the anterior circulation
and subclavian steal from the posterior circulation is suf-
ficient for surgeons to consider intervention when signif-
icant 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 is not well documented. Studies
performed in the 1960s and 1970s estimated disease in 
the arch branches to account for no more than 17% of
symptomatic extracranial cerebrovascular disease.2–4 In
1968, Hass et al. reported a severe lesion in one or more
of the aortic arch branches in one-third of patients exam-
ined by cerebrovascular arteriography. In 101 autopsy
patients, a similar percentage was ascribed to ulcerative
disease in the arch branches, second only to the carotid
sinus.6

The incidence of arch lesions has not been systemati-
cally evaluated by arteriography and ultrasound has not
been considered sufficient to evaluate the arch and its
branches. The lack of an adequate assessment has made
the natural history of these lesions unclear and indica-
tions for repair have not been well established. With
endovascular surgery poised to treat these once diffi-
cult lesions, the availability of a reliable noninvasive 
assessment of the arch lesion now becomes clinically 
significant.

There are no data available to indicate how many arch
lesions are missed in a typical carotid ultrasound exami-
nation and yet the perceived limitations of ultrasound
testing may be due to technique more than hardware.
New ultrasonic approaches to these poorly assessed
structures should be made to extend the characterization
of the extracranial cerebrovascular examination for the
potential benefit of this subset of patients.

Anatomy of the Aortic Arch and
Brachiocephalic Veins

Aortic Arch

To ultrasonically evaluate the arch and its branches, the
orientation 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 ven-
tricle. The pericardium attaches to the ascending aorta
and pulmonary artery as they leave the heart, just beyond
their origination. The arch itself becomes an extraperi-
cardial 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; it then forms an oblique trajectory from the right
anterior mediastinum to the left posterior mediastinum.
It forms the descending thoracic aorta to the left of the
trachea and esophagus. As the descending aorta, it con-
tinues its course along the posterior wall of the chest,
toward the left side of the vertebral column.

The aortic arch is approximately 4.5cm in length. At
2.5–3cm, it has a slightly larger diameter than the abdom-
inal aorta that we are accustomed to seeing.Three truncal
branches arise from the arch:innominate (brachiocephalic
trunk), the left common carotid artery, and the left sub-
clavian artery (Figure 7–1). All arise perpendicular to the
flow axis of the arch and ascend through the mediastinum
to carry blood to the upper extremities and head.

7
The Role of Color Duplex Scanning in
Diagnosing Diseases of the Aortic Arch
Branches and Carotid Arteries
Clifford T. Araki, Bruce L. Mintz, and Robert W. Hobson II

89



90 C.T. Araki et al.

The innominate artery is the first 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 innominate and left common carotid arteries
start near midline, then curve gently laterally. The
common carotid arteries course to the right and left of
midline, where both right and left common carotid arter-
ies approach the carotid bifurcation in a posterior posi-
tion 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 sub-
clavian 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 sternoclavic-
ular joints at about the level of the third and fourth tho-
racic vertebra. 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 The remaining one-third has a
variant 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 configuration.This 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 subclavian artery origi-
nates 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
supraaortic arteries (Figure 7–2). The internal jugular

VA
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Aorta

R CCA
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L ScA
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Figure 7–1. Aortic arch and its branches. IA, innominate
artery; R ScA, right subclavian artery; VA, vertebral artery; R
CCA, right common carotid artery; L CCA, left common
carotid artery; L ScA, left subclavian artery.

R ScV
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Figure 7–2. Brachiocephalic veins and superior vena cava.
RScV, right subclavian vein; R IJV, right internal jugular vein;
R BcV, right brachiocephalic vein; LBcV, left brachiocephalic
vein; L ScV, left subclavian vein; L IJV, left internal jugular vein;
SVC, superior vena cava.
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veins of the neck and subclavian veins from the upper
extremities are confluent, forming the right and left bra-
chiocephalic veins. The external jugular veins also drain
into the subclavian veins bilaterally, near the originations
of the brachiocephalic veins. The right and left brachio-
cephalic 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 posi-
tion 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
SVC.Approximately 7cm in length, the SVC is in contact
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
reflections produced by bone and lung air. It is, however,
described as part of a standard echocardiographic assess-
ment 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 evaluating the aorta for valvular insufficiency,
dissection, aneurysm, 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-
cardiography.

The echocardiographer uses a 2- to 5-MHz transducer
to visualize the ascending aorta, arch, and descending
aorta. The transducer produces a small footprint for the
more superficial arch branches and is less suited for
branch vessel assessment. For the neck, vascular sono-
graphers use high-frequency (5–10MHz) linear probes to
image the extracranial cerebrovascular branches at the
carotid bifurcation. The examination approaches the cer-
vical carotid arteries from the lateral neck, alongside the
sternocleidomastoid muscle. The scan typically ends cen-
trally 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 supraaortic vessels, using
a low-frequency curvilinear probe rather than the small
footprint echo or the high-frequency linear probe. The
obvious drawbacks to imaging the arch and its branches
from this angle include (1) interference from the sternum

and claviculae that severely limits access. The ultrasound
beam is projected downward through a narrow acoustic
window that 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
reflective and poorly illuminate the walls of the central
branches; (3) color Doppler compensates for the weak B-
mode image, but the number of large vessel flows and
color artifacts picked up from the bright echo-reflective
surfaces of the mediastinum and pleura produces a con-
fusing 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 main-
tain an orientation that is based upon the known ultra-
sonic anatomy. The examination can be performed by
first placing the curvilinear transducer above the sternum
and positioning the probe to produce a panoramic view
of both common carotid arteries and IJ veins at the base
of the neck (Figure 7–3). With this view as the reference
point, the scan can be extended centrally by grayscale 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 uninter-
rupted toward the arch. As the probe is projected cen-
trally, both innominate and left common carotid artery
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, anterior to posterior, the probe, positioned for a
transverse view of the innominate and left common
carotid artery, will also capture the aorta in near trans-
verse. The aorta will be seen in grayscale as a 2–3cm pul-
satile mass. By color, flow 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 flow directed toward the probe. Both
arteries can be interrogated by spectral Doppler as they
approach the aorta.

Once the relative positions of the arteries are identi-
fied, the innominate artery (Figure 7–4) and left common
carotid artery (Figure 7–5) may be imaged individually in
longitudinal view by rotating the ultrasound probe on the
neck base to the left of midline.

The left subclavian artery may be the most difficult to
follow. 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
(Figure 7–6). Ultrasound reflections will capture bright
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Figure 7–4. 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 stern-
oclavicular joint.A mirror imaging reverberation artifact can be
noted below the bright reflector and right subclavian artery.

reflections from the pleura and left lung. Artifactual
duplication of the left subclavian artery by B-mode and
color could then result from mirror imaging reverbera-
tion (Figure 7–6).

The subclavian artery should be identified as the color
flow pattern that lies superficial to any color artifact. To
avoid further confusion, the left subclavian artery could
be followed from the axillary artery, below the clavicle,
through the thoracic outlet to the subclavian artery.

Difficulties in imaging may be associated with configu-
ration of the arch. The arch has been described in coiled
and uncoiled configurations with the supraaortic trunks

�

Figure 7–3. 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 centrally, the
supraaortic branches enter the aorta (Ao). With greater probe
angulation (bottom), the convergence of the right and left bra-
chiocephalic veins (BcV) can be imaged to form the superior
vena cava (SVC). The right sternoclavicular joint produces an
acoustic shadow alongside the SVC.



7. The Role of Color Duplex Scanning in Diagnosing Diseases of the Aortic Arch Branches and Carotid Arteries 93

originating from different points of the arch.10 The better
configuration positions the innominate on the right edge
of the apex and the left subclavian artery 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 difficult imaging
configuration occurs when the innominate artery arises
from the aorta, before the apex, and its origin lies below
the level of the apex. In this “uncoiled” position the left
common carotid and subclavian arteries may be similarly
displaced to the right. The deeper take-off of the innom-
inate artery may prevent adequate ultrasonic visualiza-
tion as well as increase the difficulty of endovascular
cannulation.

Difficulties caused by anomalous anatomy and ina-
ccessible 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 arti-
facts. The lack of branches central to the innominate, left
common, and left subclavian arteries should allow indi-
rect spectral Doppler evidence of a hemodynamically sig-
nificant stenosis or occlusion when the orificial lesion is
not accessible.

Figure 7–5. Longitudinal view of the left common carotid
artery (L CCA) and aorta (Ao) scanned with a 4-MHz curvi-
linear probe, demonstrating the origin of the left common
carotid artery, internal jugular vein, and shadowing from the
sternoclavicular joint.

Figure 7–6. Longitudinal view of the left subclavian artery
(LScA) and originations of the left common carotid artery
(LCCA) and innominate artery (IA) from the aorta (Ao). A
mirror imaging reverberation artifact can be noted below the
bright reflector and left subclavian artery.

Brachiocephalic Veins

Imaging the brachiocephalic veins follows the same ref-
erence points as the arterial scan, with a view of the IJ
veins bilaterally at the base of the neck. From that point
both veins can be followed to their confluence with the
subclavian veins and traced to the SVC (Figures 7–3 and
7–7).The left brachiocephalic vein lies anterior to the left
common carotid and innominate arteries as it approaches
the SVC. Visualization requires a greater anterior angu-
lation, and may be more difficult than visualizing the
truncal arterial branches.

The 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 approx-
imately 6cm in length and will be seen coursing anterior
to the branch arteries of the arch. Because the right bra-
chiocephalic vein and SVC are in contact with the pleura
of the right lung, there may be substantial color artifact
that must be sorted out to identify the confluence.
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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 confirm-
ing the relevant structures and guiding the spectral
Doppler interrogation. Advantages and limitations of
color flow imaging are worth discussing.

Color Doppler technology is the main form of color
flow imaging used in commercial instrumentation. Acti-
vation of the color Doppler mode displays flow-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 flow velocities but requires more
time. Hence, turning 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 fre-
quencies, color Doppler packs the color box with multi-
ple gates in multiple scan lines to display colorized flow
anywhere within the box. The vertical dimension of the
box determines the number of sample gates along each
scan line and the lateral dimension determines 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

Color Doppler

Color adds an obvious advantage to standard B-
mode/spectral Doppler duplex if it rapidly identifies
blood flow and guides the placement of the spectral
Doppler. Limitations in color may hinder diagnosis and

Figure 7–7. 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 anterior to the innominate artery
(IA), above the aorta (Ao). When scanning centrally (bottom),
the confluence of both brachiocephalic veins (BcV) can be seen
to form the superior vena cava (SVC).
�
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extend the examination time if it is used as a crutch rather
than an aid. Color may do the following:

• Overwhelm subtle grayscale shadings of the B-mode
image that may be more important than the color
information.

• Slow the frame rate to below real-time imaging.
Scan times will improve if most of the scan is per-
formed in B-mode and color is activated only when
necessary.

• Mislead the inexperienced sonographer. Color sensi-
tivity adjustments are subjective, experience based, and
instrument specific. Color registration may be difficult
to achieve.

• Have difficulty demonstrating the presence of flow.
Echoes received from moving red blood cells are much
weaker than the reflections 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 ade-
quate signal strength. Overreliance on the presence or
absence of color may be misleading.

• Overflow the edge of the vessel. The size of a color
pixel is variable and can be much larger than the
grayscale pixel. Color overflowing the vessel edge may
misrepresent the tightness of a stenosis.

• Demonstrate flow where there is none. Mirror image
reverberation artifact can occur when a bright reflec-
tor lies below the insonated vessel. The result is a false
duplication of flow by spectral and color Doppler
below the bright interface. A reverberation color arti-
fact may also occur within bright stationary reflectors
with the vibration of stiff calcified surfaces.

To the inexperienced sonographer, who does not rec-
ognize the potential pitfalls and the necessary adjust-
ments for optimization, color can be a major frustration.
This is particularly true when the dependence on color
has limited the person’s recognition of grayscale mor-
phology and spectral Doppler waveform characteristics.
However, once the limits are recognized, there is a dis-
tinct advantage to using color to guide the examination.
Among the benefits are the following:

• Setting the pulse repetition frequency (PRF) about the
expected average velocity will provide good luminal
color fill.

• Higher velocity flows produce color aliasing that dis-
plays a mixture of hues in adjacent pixels. Within the
area of aliasing, color mixing occurs over the top of the
color bar scale. There is a scattering of color progres-
sions from light red to light blue that occurs through
the unsaturated hues, passing through white. Aliasing
can be distinguished from physiologic flow 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
audible bruit or palpable thrill and is also picked up by
color Doppler as intense speckling of color that spills
over the wall of the vessel around the point of great-
est 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 arteriove-
nous fistula, it is not unusual to find a color hotspot in
a tight stenosis or arteriovenous fistula that is continu-
ously lit, indicating continuous forward flow 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 the diastolic 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 filter, and increase persistence.
The latter adjustments will detect the slower flows
filling the ulcerations and smooth the color fill through-
out the cardiac cycle.

Through these characteristics, color flow imaging pro-
vides an excellent adjunctive modality for assessing the
central vessels of the chest. The relatively simple branch
anatomy of the large vessels and the lack of potential
small branch collaterals and the assessment made distal
to an arterial stenosis or occlusion make the evaluation
more straightforward.

Conclusions

The prevalence and clinical significance of arch branch
disease will be recognized only 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.
It can, however, prove especially useful in identifying an
arch lesion that is suggested by flow disturbances in the
common carotid artery, flow 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
catheter-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.
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Used correctly, color Doppler is capable of greatly
improving the scan time for a cerebrovascular examina-
tion and can be critical for the examination of the aortic
arch branches and the quality of a difficult examination.
It is still an adjunctive component of the examination and
for the typical patient, color flow imaging may not add to
the final outcome.
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Introduction

Although the vertebrobasilar system accounts for up to
20% of the total cerebral blood flow and a proportionate
share of strokes,1 many cases of vertebrobasilar disease
remain undiagnosed or diagnosed incorrectly. Some
common symptoms, such as dizziness or transient loss of
consciousness,do not always prompt detailed examination
of the posterior circulation vessels. A simple, fast, non-
invasive ultrasound examination of the extra- and intra-
cranial portions of the vertebrobasilar system can yield
valuable information for diagnosis and treatment.2–10

Noninvasive ultrasound can differentiate normal from
diseased arteries, identify all categories of stenosis, local-
ize the disease process including occlusions, detect pro-
gression of the disease, detect and quantify cerebral
embolism, and assess collateral circulation to maintain
cerebral blood flow.

Mastering cerebrovascular ultrasound requires knowl-
edge of anatomy, physiology of cardiovascular and
nervous systems, fluid dynamics, pathological changes in
a variety of cerebrovascular disorders,11–21 as well as basic
ultrasound physics and instrumentation.22–28

The aim of this chapter is to describe the methods of 
cerebrovascular ultrasound testing of the vertebrobasilar
system, practical criteria for interpretation, and relevance
of these findings to patient management. Rapid bedside
evaluation by an expert sonographer with a portable ultra-
sound 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

When performing a vascular ultrasound examination, it
is necessary to think about generated images with respect
to transducer position, i.e., a sonographer should “think

in 3-D” or three dimensions about the vessel being inves-
tigated. A sonographer should further imagine how this
arterial segment would look on an angiogram. We
strongly encourage those learning and interpreting ultra-
sound to be familiar with cerebral angiograms11 since
invasive angiography is the gold standard for assessment
of accuracy of ultrasound testing.

The vertebral arteries arise from the subclavian arter-
ies and pass cephalad in the neck to enter the bony 
canal at the C6 vertebrae. They course through the trans-
verse processes of the vertebrae (Figure 8–1), and 
enter the base of the skull through the foramen magnum.
At this point, the right and left vertebral arteries 
join together to form the basilar artery. The trunk of 
the basilar artery courses for about 3cm or more before
terminating in the posterior cerebral arteries (Figure
8–1), which make up the posterior portion of the circle 
of Willis.

Extracranial Duplex Ultrasound
Examination Technique and 
Scanning Protocol

The extracranial vertebrobasilar duplex examination
includes longitudinal B-mode scans of the vertebral
artery mid-cervical portion followed by the origin and the
most distal portion accessible on the neck. To optimize
the grayscale image, set the dynamic range to 40–50dB
and the time-gain compensation (TGC) as appropriate to
the depth of the vertebral arteries.

Duplex ultrasound allows segmental assessment of the
vertebral artery flow between transverse processes in
96–100% of cases (Figure 8–2), and visualization of the
vertebral artery origins in 65–90% of the patients.
These segments should be thoroughly evaluated in
patients with strokes or transient ischemic attacks in the
posterior circulation. Vertebral duplex provides not only
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information about the portion insonated directly, but
indirect information about the proximal and distal vessel
segments. The spectrum of vertebral pathology detect-
able by duplex scanning includes

1. vertebral artery stenosis (origin, V2, V3, and V4 seg-
ments) (Figure 8–3),

2. vertebral artery occlusion or absence of flow due to
congenital aplasia,

3. hypoplastic vertebral artery, and
4. subclavian steal (Figure 8–4).

Unfortunately there are no established criteria for
grading various degrees of extracranial vertebral artery
stenosis, however, normal peak systolic velocity is
approximately 40–50cm/s. The velocity may be low in a
subdominant or hypoplastic vertebral artery. If duplex
shows a significant, i.e., ≥50% vertebral stenosis, the
velocity doubles compared to prestenotic or poststenotic
segments or the contralateral side. A greater than 70%
stenosis will triple the velocity. Generally, most significant
focal stenoses in the vertebral artery produce a peak sys-
tolic velocity elevation above 100cm/s. Large vessel
atheromatous disease that could be responsible for pos-
terior circulation symptoms usually presents with verte-
bral artery stenosis or occlusion with preexisting plaque
formation (Figure 8–3).

Figure 8–1. Anatomy of the ver-
tebrobasilar system. Comparison
between the display observed by
transcranial color-coded duplex
and an anatomopathologic speci-
men.1: Left posterior cerebral
artery; 4: anterior inferior
cerebellar artery; 6: vertebral
arteries; 7: posterior inferior
cerebellar artery.

Figure 8–2. (A) Longitudianal view of the vertebral artery
between the vertebral “shadows” on B-mode. (B) Superim-
posed color flow image.
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Figure 8–3. Vertebral stenosis in its cervical portion. Angle
corrected velocity measurement shows a peak systolic velocity
of 339cm/s.

Figure 8–4. Subclavian steal; reversed systolic flow in the cer-
vical portion of the vertebral artery with very low antegrade
diastolic velocity.

artery, visualize the common carotid artery (longitudinal
view, transducer position anterior to the sternocleido-
mastoid muscle). Steer the color beam toward the prox-
imal common carotid artery (CCA). Rock the probe
slightly to the lateral aspect of the neck to image the ver-
tebral artery as it courses through the transverse
processes of the vertebrae (“shadows”). “Heel-toe” the
probe above the clavicle to image the origin of the ver-
tebral artery as it arises from the subclavian artery.
Confirm that the direction of flow in the vertebral artery
is the same as the CCA.

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 around or under 40– 50
cm/s. Adjust the scale further to avoid systolic aliasing
(low PRF) or diastolic flow gaps (high PRF or filtering)
in normal vessels.

Optimize the color power and gain so that flow signals
are recorded throughout the lumen of the vessel with no
“bleeding” of color into the surrounding tissues.

Avoid using large or wide color boxes since this will
slow down frame rates and resolution of the imaging
system. Use color boxes that cover the entire vessel dia-
meter and 1–2cm of its length. Align the box, i.e., select
an appropriate color flow angle correction, according to
the vessel geometry and course.

Infrequently, duplex examination may show findings
consistent with vertebral artery dissection,28 and further
testing needs to be done to determine if it is an isolated
vertebral dissection or an extension of aortic arch 
dissection. Further consideration should be given as 
to whether this dissection is spontaneous or trauma
related.

Finally, the finding of subclavian steal (Figure 8–4),
often a harmless hemodynamic phenomenon, indicates
the presence of atherosclerotic stenosis or occlusion in
the subclavian artery.29 Occasionally, subclavian steal can
produce symptoms related to transient hypoperfusion in
the basilar artery.29,30 Latent subclavian steal can be
demonstrated by early systolic deceleration and the
arrival of highest velocities in late systole. The “hyper-
emia test” can provoke flow reversal in patients with
latent steal. A blood pressure cuff is inflated in the ipsi-
lateral arm to suprasystolic values and the patient is
asked to perform physical exercise of that arm to increase
metabolic demand and vasodilation. Upon sudden cuff
release a systolic flow reversal with low diastolic ante-
grade flow is seen (Figure 8–4).

The so-called alternating flow signal or a total reversal
of flow at rest represents different stages of the subcla-
vian steal phenomenon. It is called a syndrome if clinical
symptoms of posterior circulation ischemia develop.

Imaging in the Longitudinal Plane

Optimize the image so that the normal linear reflectivity
of the arterial wall is apparent. To find the vertebral
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Doppler Spectral Evaluation of 
Flow Dynamics

Display the longitudinal image of the vertebral artery.
Use color flow image as a guide for Doppler examination
(Figure 8–2). Begin the examination using a Doppler
sample volume size of 1.5mm positioned in the middle of
the vessel. Consistently follow one of the choices for
angle correction: parallel to the vessel walls or to the
color flow jet. Adjust the Doppler spectral power and
gain to optimize the quality of the signal return. Slowly
sweep the sample volume throughout the different inter-
vertebral visualized segments. Identify regions of flow
disturbance or where flow is absent. Additionally, include
Doppler spectral waveforms proximal, within, and distal
to all areas where flow abnormalities were observed.
Locate the origin or proximal segment of the vertebral
artery. Record flow patterns paying careful attention to
flow direction. Follow accessible cervical segments of the
vertebral artery. Change angulation of the color box and
Doppler sample along with the course of the artery.

Extracranial Duplex Examination Should
Provide the Following Data

1. Peak systolic velocity in all vessel segments.
2. End diastolic velocity in all vessel segments.
3. Flow direction and peak systolic velocity of both ver-

tebral arteries.
4. Views demonstrating the presence and location of

pathology.

Tips to Improve Accuracy

1. Consistently follow a standardized scanning 
protocol.

2. Always perform a complete examination of the ver-
tebral arteries after the carotid examination.

3. Sample velocity signals throughout all arterial seg-
ments accessible.

4. Use multiple scan planes.
5. Take time to optimize the B-mode, color, and spec-

tral Doppler information.
6. Videotape or create a digital file 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 carotid and ver-

tebral arteries.
10. Do not hesitate to admit uncertainty and list all

causes for limited examinations.
11. Expand the Doppler examination to the intracranial

vessels when possible (see Chapter 9).

Tips for Optimizing Color Flow Set-up

According to standardized protocols, the patient’s head
should be to the left of the image. This orientation should
then clearly indicate the appropriate direction of flow in
the vertebral arteries. The arterial and venous flow direc-
tions are then given color assignments with respect to flow
toward or away from the transducer. Traditionally, flow
toward the transducer is assigned red while flow away
from the probe is assigned blue. The direction of flow rel-
ative to the probe will change if the probe is rotated 180°
or if the color box is steered in the opposite direction, i.e.,
the vein will appear red while the artery will appear blue.
When this occurs, the color should be changed back to the
original assignment to avoid confusion. It must also be
noted that the color will change along the course of an
artery if the flow direction varies throughout the cardiac
cycle (triphasic, to-from) or if the vessel changes direction
relative to the orientation of the sound beam.

The zero baseline of the color bar (PRF) is set at
approximately two-thirds of the range with the majority
of frequencies allowed in the red direction (for flow
towards the brain). This setting allows you to display
higher arterial mean frequency shifts (velocities) without
aliasing artifacts. Allowance should be made for some
flow in the reverse (blue) direction to allow for changes
in flow direction (i.e., subclavian steal). When the trans-
ducer is rotated 180°, the color will change, and the zero
baseline will shift with the color changes to accommodate
for flow in the forward direction. You will need to adjust
both the color assignment and the zero baseline to the
initial setup for consistency.The color PRF and zero base-
line may need to be readjusted throughout the examina-
tion to allow for the changes in velocity that occur with
tortuosity and stenosis. When bruits are encountered, the
color PRF should be decreased to detect the lower fre-
quencies associated with a bruit. Usually, the frequency
of these bruits is less than 1kHz.

When occlusion is suspected, the color PRF should 
be decreased to detect the preocclusive, low-velocity,
high-resistance signal associated with critical stenosis 
or occlusion and to confirm absence of flow at the site of
occlusion.

The color wall filter should be set as low as possible.
Note that the color wall filter may automatically increase
as you increase the PRF. You may need to decrease the
wall filter manually when you decrease the color PRF.

The angle of the color box should be changed to obtain
the most acute Doppler angles between the scan lines and
the direction of blood flow. This will result in a better
color display because of more suitable Doppler angles.
The angle should always be equal or less than 60°.
Because linear array transducers are steered at angles of
90° and 70° from the center of the array, this may require
a “heel-toe” maneuver with the transducer on the surface
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of the skin to adjust the position of the vessel within the
color box. An alternative would be to physically change
the orientation of the transducer 180°.

The desaturation of color from darker to lighter hues
on the color bar indicates increasing Doppler frequency
shifts, i.e., increasing velocities. Note that close to the zero
baseline, the colors are the darkest. As the velocity
increases, the color becomes lighter. You should select
colors so that the highest frequency shifts in each direc-
tion are of high contrast to each other so that aliasing can
be readily detected. For example, you could set the color
selections 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 flow direction. Aliasing
would then appear as aqua adjacent to yellow.

The frame rate should be kept as high as possible to
capture the very rapid change in flow dynamics that occurs
with stenosis. Remember that frame rate is affected by

1. PRF—frame rate decreases with decreasing PRF;
2. Ensemble length—increasing the color ensemble

length will decrease the frame rate;
3. Width of the color box—increased width will decrease

the frame rate;
4. Depth—deep insonation decreases the frame rate.

The color box should be kept to a size that is adequate
for visualizing the area of interest and yet small enough
to keep the frame rate at a reasonable number, approxi-
mately 15 or more to ensure adequate filling of the vessel.
The frame rate is usually displayed in Hertz on the
monitor.

The color gain should be adjusted throughout the exam-
ination to detect the changing signal strength. If the color
gain is not properly adjusted, some color information may
be lost or too much color may be displayed. In this case,
you will see color in areas where there should be no flow.
The gain should initially be adjusted to an “overgained”
level, with color displayed in the tissue and then turned
down until the tissue noise just disappears or is minimally
present. This is the level at which all color images should
be assessed. In situations where there is very low flow, or
questionable occlusion, an “overgained” level may be
advantageous to show any flow that might be present, e.g.,
total occlusion versus a near occlusion or critical stenosis.
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The Principles of Transcranial Doppler

Transcranial Doppler sonography (TCD) was first intro-
duced by Rune Aaslid and colleagues in 1982 to non-
invasively measure blood flow velocities in the major
branches of the Circle of Willis through the intact skull.1

A 2-MHz frequency pulse wave ultrasonic beam pene-
trates the skull and allows returned echo signals to be
detected. The frequency shift of the returned echoes is
calculated using the Doppler equation fD = 2 fo v cosθ/
(c − cosθ), where fD is Doppler shift, fo is the emitting 
frequency, v is the scatterer speed, θ is the Doppler 
angle, and c is the sound propagation speed. The average
speed of sound in soft tissues is 1540m/s and the Doppler
angle for TCD examination is assumed to be 0° for all
arteries (cos0° = 1). Therefore the Doppler equation is
rearranged to calculate the velocity of moving blood in
basal cerebral arteries: v(cm/s) = 77 fD(kHz)/fo(MHz),
where the 77 coefficient is valid for the frequency and
velocity units shown in parentheses.

TCD allows the depth and the direction of flow relative
to the transducer position and the ultrasonic beam direc-
tion to be located. The depth of insonation displayed in
centimeters or millimeters is manually adjusted. This is
accomplished by changing the pulse repetition frequency,
which is based on the average speed of sound in soft
tissues.Thus to locate the signals originating at a depth of
5cm, the machine emits the pulse and waits for the time
period necessary for ultrasound to make a round trip to
and from this depth [i.e., (0.05/1540) × 2 = 0.00006s]. The
direction of flow depends on the angle at which the ultra-
sonic beam intercepts an artery. The flow 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 flow intercepted
at 90° will produce no detectable Doppler shift.And if the
arterial flow 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 shifts

are coded as positive or negative and the direction of flow
is determined accordingly.

Power Motion Mode

Transcranial power motion mode Doppler (PMD) was
recently invented by Mark Moehring and Merrill
Spencer.2 In its current configuration, PMD, or M-mode,
uses 33 overlapping Doppler samples to simultaneously
display flow signal intensity and direction over 6cm of
intracranial space. PMD provides a color-coded display
of all flow signals detectable at a given position and direc-
tion of the transducer in real time (Figure 9–1). The
brighter PMD colors reflect stronger intensities, and this
“road map” can serve as a guide for more complete spec-
tral analysis. PMD promises to make a standard TCD
examination1–3 easy even for an inexperienced person.
Instead of lengthy acquisition of skills to find windows of
insonation with a single-channel spectral TCD, a clinician
can search for a window of insonation relying less on
sound recognition and arm coordination and not be
locked into a single spectrum depth. Furthermore, PMD
flow patterns, or signatures, may have their own diagnos-
tic significance, and these flow changes can be observed
over large segments of intracranial vasculature in real
time. PMD may prove helpful for thrombolysis monitor-
ing and embolus detection by tracking the time–space
path of high-intensity signals traveling simultaneously to
several major intracranial vessels.

Transcranial Color Duplex

There is an increasing number of reports on the use of
transcranial color coded duplex (TCCD) for intracranial
vascular studies4–6 (Figure 9–1). TCCD offers a two-
dimensional B-mode image that permits the brain 
structures to be identified. It is particularly useful in the
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detection of distal arterial lesions allowing angle correc-
tion in those branches parallel to the skull.7 At bedside,
B-mode imaging is able to demonstrate the midline shift-
ing in malignant middle cerebral artery (MCA) infarc-
tions8 or hematoma growth with intracerebral bleeds.
Duplex technology is now used in the development of
brain perfusion assessment techniques with gaseous
microbubble contrast agents for ultrasound imaging.9–11

Examination Technique

There are four “windows” for insonation (Figure 9–2):
temporal, orbital, foraminal, and submandibular.1,3 The
transtemporal approach allows insonation of the middle
(MCA), anterior (ACA), posterior (PCA), and commu-
nicating arteries. The transorbital approach is used to
insonate the ophthalmic artery (OA) and internal carotid
artery (ICA) siphon.The transforaminal approach allows
the terminal vertebral and basilar arteries to be insonated

through the foramen magnum. The submandibular
approach is used to obtain ICA velocities as they enter
the skull. To shorten the time necessary to find the
window and different arterial segments, the examination
should begin with the maximum power and gate settings
(i.e., power 100%, gate 15mm). Identify and store the
highest velocity signals and any abnormal or unusual
waveforms.

Transtemporal insonation steps:

1. Set the depth at 50mm (distal M1-MCA) or 56mm
(mid M1-MCA).

2. Place the probe above the zygomaticus arch and aim
it slightly upward and anterior to the contralateral
ear/window.

3. Find any flow signal and avoid too anterior and too
posterior angulation.

4. Find a flow signal directed toward the probe that
resembles MCA flow.

5. Follow the signal until is disappears at shallow (40–
45mm) and deep (65–70mm) depths.

A

B

C

Figure 9–1. PMD and TCCD imaging of a normal basilar
artery. On PMD display (A) the blue ribbon represents the exis-
tence of a flow away from the probe in depths between 65 and

100mm. TCCD display (B) shows convergence of both verte-
bral arteries into the proximal basilar artery. (C) Insonation of
vertebral and basilar arteries using a transforaminal approach.
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Transorbital insonation steps:

1. Decrease power to a minimum or 10%.
2. Set the depth at 52mm and place the transducer over

the eyelid and angle it slightly medially.
3. Determine flow pulsatility and direction in the distal

ophthalmic artery.
4. Confirm these findings at 55–60mm.
5. Set the depth at 60–64mm and find the ICA siphon

flow signals (usually located medially).

Transforaminal insonation steps:

1. Use full power, set the depth at 75mm, place the trans-
ducer at midline an inch below the edge of the skull
and aim it at the bridge of the nose, and identify a flow
directed away from the probe.

2. Increase the depth to 80mm [proximal basilar artery
(BA)], 90mm (mid BA), and >100mm (distal BA).

3. Confirm these findings while decreasing the depth of
insonation.

4. Set the depth at 60mm and place the probe laterally
aiming at the uni- or contralateral eye.

5. Find the vertebral artery (VA) flow directed away
from the probe and follow it at 40–50mm and 70–
80mm depths and repeat the examination on the 
contralateral side.

Submandibular insonation steps:

1. Set the depth at 50–60mm, place the probe laterally
under the jaw, and aim it upward and slightly medially.

2. Find a low resistance flow directed away from the
probe.

The TCD interpretation consists of the assessment of
(1) velocity changes (focal or global), (2) asymmetry of
flow parameters (side-to-side, segmental), (3) pulsatility
(high or low resistance), and (4) waveform/sound pattern
recognition of flow changes. A normal transcranial
Doppler examination may reveal a wide range of depths
of insonation, velocity values and waveforms.

Criteria for normal TCD findings:

1. Good windows of insonation; all proximal arterial 
segments were found.

2. Direction of flow and depths of insonation are given
in Table 9–1.

3. The difference between flow velocities in the
homologous arteries is less than 30%.

4. A normal MCA mean flow velocity (MFV) does not
exceed 170cm/s in children12 and 80cm/s in adults.13

5. A normal velocity ratio: MCA > ACA ≥ siphon ≥
PCA ≥ BA > VA.

6. A positive end-diastolic flow velocity (EDV) of
20–40% 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

6. Find the ICA bifurcation at 65mm and obtain both
MCA and ACA signals.

7. Find the terminal ICA signal just inferior to the bifur-
cation at 60–65mm.

8. Return to the bifurcation and follow the ACA signal
to 70–75mm depths.

9. Return to the bifurcation, set the depth at 63mm,
and slowly turn the transducer posteriorly by
10–30°(usually there is a flow gap between the bifur-
cation and PCA signals).

10. Find PCA signals directed toward (P1) and away (P2)
from the probe.

A

B

Figure 9–2. (A) Windows of insonation (left to right): trans-
foraminal, submandibular, temporal, and transorbital. (B) The
temporal window for insonation may be found above the 
zygomatic arch at the middle (1), posterior (2), and anterior (3)
positions.
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Although these indexes per se may not be sufficient to
diagnose extracranial disease, they should be used in a
battery of TCD parameters allowing integrated assess-
ment of intracranial circulation.17

Other useful indexes include the pulsatility transmis-
sion index (PTI), flow acceleration (FA), delta-MCA (δ-
MCA), hemispheric index (HI), and the arterial velocities
ratios.

PTI (Lindegaard) = PI (study vessel) / PI(reference
vessel) × 100%; normal MCA/ICA: 93–107.11

FA = PSV − EDV/time differential; normal MCA:
392–592cm/s2.18

δ-MCA = Ipsi-MCA PSV − contralat-MCA PSV; normal
MCA: 8.7 ± 5.9cm/s.19

HI (Lindegaard) = MFV MCA/MFV ICA (normal values
1.76 ± 0.1, pathologic value ≥3).20

Arterial velocities ratio = VMCA/VACA (normal values
1.27 ± 0.12).13

PTI makes it possible to avoid the influence of chang-
ing cardiac output in patients with normal pulsatility of
flow in the reference vessel. PTI is usually increased with
elevated ICP and in the presence of MCA stenosis (the
intracranial PI is compared to the extracranial vessel).14,17

The MCA flow acceleration index decreases in the
presence of a severe ipsilateral extracranial carotid 
stenosis (229 ± 115cm/s2 in patients with 75–100% ICA
stenosis.14,18

Delta-MCA also changes with increasing severity of
carotid stenosis. Canthelmo et al. showed that if the ICA
residual lumen diameter is greater than 1mm, δ-MCA is
16.4 ± 11.7; and if the residual lumen diameter is ≤1mm,
δ-MCA is 26.6 ± 25.4; if a complete ICA occlusion is
present, δ-MCA is 38.7 ± 19.4.19 Again, note the large
standard deviations that reflect between-individual 
differences and affect the diagnostic accuracy of these
indexes if taken separately from other flow data. These
indexes may be used cautiously to unmask extracranial
distal ICA or siphon stenosis if other TCD and carotid
duplex findings are unremarkable.

HI compares MCA MFV to the ipsilateral ICA and
may help to differentiate an MCA FV increase due to
spasm and/or hyperperfusion. The M1-MCA vasospasm
after subarachnoid hemorrhage (SAH) is usually associ-
ated with HI values >3, while a severe (<1mm residual
lumen) M1-MCA vasospasm has been shown to correlate
with HI values greater than 6.20

The arterial velocity ratios help to find MCA branch
occlusion since higher velocities in the ACA may indicate
the diversion of blood volume to the ACA due to higher
resistance and/or decreased flow in the M2-MCA
segment. The increased ACA velocities may reflect 
collateralization of flow via transcortical collaterals.
However,ACA FVs can also be increased in the presence
of the atretic contralateral A1-ACA segment, functioning

high resistance flow pattern (PI ≥ 1.2) is seen in the OAs
only.

7. High resistance flow patterns (PI ≥ 1.2) can be found
in all arteries during hyperventilation.

Cerebrovascular Resistance and
Hemodynamic Indexes

Cerebrovascular resistance (CVR) is determined by
several factors that impede cerebral blood flow (CBF)
and thus determine MFV: the vessel radius, length, and
blood viscosity. The changes in flow resistance are mostly
accomplished by arterial-arteriolar constriction/dilata-
tion or intracranial pressure (ICP) dynamics. Under
normal conditions the brain is a low-resistance arterial
system and the ICA branches have considerably greater
end-diastolic flow than the external carotid artery (ECA)
branches.The resistance to flow is described by the PI and
the resistance (RI) indexes. PI (Gosling-King) = PSV −
EDV/MFV (normal values for MCA are 0.6–1.1). RI
(Pourcelot) = PSV − EDV/PSV (normal values for MCA
are 0.49–0.6314).

These indexes quantitatively reflect CVR and depend
greatly 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 draw-
backs. Additional information can be gained by visual
flow pattern recognition (Figure 9–3).

Pathologically increased PIs (>1.2) are seen with ICP
and decreased cerebral perfusion pressure (CPP) due to
decreased EDV. Pathologically low PIs (<0.5) are mainly
seen in the arteries feeding arteriovenous malforma-
tions (AVM) since direct shunting of blood into the
venous system results in abnormally low CVR.15 Very low
PIs may also be seen distal to a severe extra- or intra-
cranial stenosis indicating compensatory vasodilation.16

Table 9–1. Normal depth, direction, and mean flow velocities
in the arteries of the Circle of Willis.a

Arteryb Depth (mm) Direction Children Adults

M1-MCA 45–65 Toward <170cm/s 32–82cm/s
A1-CA 62–75 Away <150cm/s 18–82cm/s
ICA siphon 60–64 Bidirectional <130cm/s 20–77cm/s
OA 50–62 Toward Wide range Wide range
PCA 60–68 Bidirectional <100cm/s 16–58cm/s
BA 80–100+ Away <100cm/s 12–66cm/s
VA 45–80 Away <80cm/s 12–66cm/s

aMean flow velocity values are modified from Adams et al.12 and
Hennerici et al.21

bMCA, middle cerebral artery; ACA, anterior cerebral artery; ICA,
internal carotid artery; OA, ophthalmic artery; PCA, posterior cerebral
artery; BA, basilar artery; VA, vertebral artery.
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anterior communicating artery (AComA), and the steno-
sis of the terminal ICA and/or unilateral A1-ACA.

Other factors that affect CBF, MFV, and the hemody-
namic indexes include age, gender cardiac function,
hematocrit and fibrinogen, carbon dioxide, and vasodila-
tory or constricting medications.14

TCD measurement of flow velocities, however, does
not allow calculation of CBF in ml/min because of the
variable and unknown arterial diameter and peripheral
resistance.9 However, the area under the waveform enve-
lope, intensity of the signal, and relative change in the
MFVs determined with the same angle of insonation 
are usually proportional to regional CBF changes.10 For
example, MFV changes due to vasomotor reactivity with
different vasodilatory stimuli reflect CBF changes assum-
ing that the perfused territory remains constant during
investigation.11 The use of TCD for monitoring physio-
logical 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.

Vasomotor Reactivity Assessment 
with Transcranial Doppler

The North American Symptomatic Carotid Endarterec-
tomy Trial (NASCET), European Carotid Surgery 
Trialists (ECST), and Asymptomatic Carotid Atheroscle-
rosic Study (ACAS) trials data21–24 indicate that both
hemodynamic and thromboembolic mechanisms of stroke
are important in patients with carotid atherosclerosis,25

and the emphasis is now made on identifying patients with
asymptomatic severe carotid stenosis at the highest risk of
stroke.26 Therefore VMR as an index of intracranial col-
lateralization capacity may have a prognostic value in pre-
dicting the symptomatic or asymptomatic course of
carotid occlusive disease and stroke recurrence.27

Vasomotor reactivity assessed by TCD using vasodi-
lating or constricting stimuli is not a measure of auto-
regulation. The brain autoregulation maintains CBF
constant with physiological variations in blood pressure.
The changes in CO2 concentration induce a vasomotor
response, which changes CBF paralleled by the velocity
changes.28 Thus, FV changes on TCD during normo-,
hyper-, and hypocapnia may prove a useful index of VMR
and the capacity of smaller cerebral arteries to adapt to
various stimuli (Figure 9–3). Patients with ICA stenosis
may be at an increased risk for stroke due to exhausted
vasomotor reserve capacity on TCD.

CO2 Reactivity

The FV modulation is most reliably and reproducibly
measured by TCD at the M1-MCA segment during

inhalation of different CO2 concentrations. The end-
expiratory CO2 is measured by an infrared gas analyzer 
and expressed as volume percentage. The baseline TCD
recording should be obtained under normocapnia, or
when breathing room air, and then during steady states
when air is inhaled with CO2 concentrations ranging from
6% to 2% given for 2–3min each. A voluntary hyper-
ventilation is used to produce hypocapnia. TCD meas-
urements of flow velocities should be made during each
steady state and several (up to 20) cardiac cycles should
be averaged to minimize variations in mean FVs. The
baseline MFV is considered 100% and is compared to
hyper- and hypocapnia states. VMR is expressed as
percent changes of M1-MCA mean FV from hypercap-
nia to hypocapnia.

In normal volunteers free of cerebrovascular disease
mean VMR was 86 ± 16%, n = 40, mean age 51 
years.29,30 On average, mean MCA FVs increased by 52%
during hypercapnia and decreased by 35% during
hypocapnia.30

Decreased VMR was observed in patients with ICA
occlusions and symptomatic carotid artery disease in
many studies, however, normal VMR could also be seen
in these patients.30 In the study reported by Ringelstein,
VMR on the occluded or affected side was decreased on
average by 20–25% compared to the nonoccluded side or
to the normal controls.30 The most important observation
was that patients with low flow infarctions, ischemic oph-
thalmopathy, and hypostatic transient ischemic attacks
(TIAs) had VMR of less than 38%, which is less than
three standard deviations below the normal controls.30

VMR also decreases with the severity of carotid steno-
sis and increases after carotid endarterectomy on average
by 20–25%, however, relatively large standard deviations
allow for a considerable overlap between the subgroups
of patients.30 The most dramatic improvement of VMR
was reported by Ringelstein in patients with preopera-
tively very low values, i.e., less than 50%. Decreased
VMR may potentially identify patients with asympto-
matic carotid stenosis, which carries the highest risk of
stroke, and this parameter should be verified in prospec-
tive studies.27,30,31

Assessment of CO2 reactivity requires special equip-
ment that may not necessarily be available. A simpler
method of VMR assessment uses voluntary breath-
holding.32 VMR is represented by the breath-holding
index (BHI), which is the ratio of the percent MFV
increase during hypercapnia over the time (seconds) of
breath-holding. Baseline FVs are obtained during inhala-
tion of room air followed by a 30s breath-holding fol-
lowed by a 4-s recording of the highest FVs. The efficacy
of breath-holding can be assessed by a respiratory 
activity monitor.32

In normal subjects, BHI is usually greater than 1 
(1.12 ± 0.3, n = 10, mean age 63 ± 11 years).33 In
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A

Figure 9–3. (A) Normal low-resistance flow in the Ml-MCA
segment has sharp systolic flow acceleration, slow deceleration,
and an end-diastolic velocity of 40% (range 20–50%) of the
peak systolic values. The pulsatility index (PI) is 1.0 (range
0.6–1.1). End-diastolic flow may decrease and PI may increase
with slower heart rate, hypertension, and decreased end-
diastolic blood pressure (top image). Abnormally low flow
resistance results in elevated velocities above age-expected
limits, end-diastolic flow velocity exceeding 50% of peak sys-
tolic values, and a decreased pulsatility index of 0.54.This wave-
form can be seen during hypercapnia, poststenotic
vasodilatation, and in partial arteriovenous malformation

feeders (second image). Hyperemia typically produces abnor-
mally high flow velocities, low-resistance PI values, and non-
harmonic murmurs in the MCA and ACA as well as other
intracranial arteries. The Lindegaard ratio is calculated to
confirm the parallel increase in mean flow velocity in the
insonated and feeding vessels (i.e., MCA/ICA < 3) (third
image). Collateral flow via PComA may have elevated veloci-
ties, low resistance, a rounded shape of the peak systolic com-
ponent, and a soft “wind-blowing” sound. A similar waveform
may be observed in the MCA when it receives collateral flow
from the posterior circulation (fourth image).
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B

Figure 9–3. (B) Arterial stenosis produces a focally significant
increase in flow velocities (>30% compared with other arterial
segments). The “double” waveform recording shows the
stenotic flow and a low-velocity, low-resistance poststenotic
flow detected simultaneously using a large (>11mm) gate of
insonation (top image). Arterial near occlusion has a residual
flow detected by transcranial Doppler as a “blunted” waveform.
This recording shows the delayed minimal systolic flow accel-
eration and decreased velocities typically seen due to a flow
volume decrease with near occlusion. Note the normal pulsatil-
ity of flow due to a patent vessel distal to the site of insonation
(second image). Arterial occlusion distal to the site of

insonation may produce increased resistance to flow in the
absence of a bifurcation between these arterial segments. This
high resistance (PI ~ 1.2) waveform was obtained just proximal
to the basilar artery occlusion at the origin. It may be the only
focal sign of a distal arterial obstruction (third image). Minimal
flow signals may be a source of error responsible for false-
positive and false-negative transcranial Doppler studies. False-
positive results are usually obtained with poor windows of
insonation, uncooperative patients, and incomplete examina-
tion. True signals have very low velocities, almost absent end-
diastolic flow, and are found together with other signs of
occlusion (fourth image).
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C

Figure 9–3. (C) Under normal conditions, only the ophthalmic
artery (OA) has a high-resistance flow pattern with PI values
1.2 and greater. This artery carries the flow away from the brain
and forms anastomoses with a high-resistance system of the
external carotid artery branches. The OA velocities may vary
substantially (top image). Hyperventilation induces vasocon-
striction that also increases resistance to flow. The systolic 
component sharpens, the diacrotic notch becomes more pro-
nounced, and the end-diastolic flow decreases. Often the tripha-
sic waveform is observed similar to the peripheral arteries. The
decrease in mean flow velocity may be proportional to the flow
volume decrease caused by vasoconstriction (second image).

Increased intracranial pressure decreases cerebral perfusion
pressure and affects the end-diastolic flow, since blood pressure
is lowest during this part of the cardiac cycle with sharp late-
systolic deceleration resulting in a shorter transsystolic time
(third image). When intracranial pressure exceeds cerebral per-
fusion pressure, reverberating flow can be detected that indi-
cates systolic flow propagation toward the brain followed by
diastolic flow reversal. If found in both MCAs and the BA for
30min, this flow pattern indicates cerebral circulatory arrest and
correlates with absent brain perfusion on a nuclear brain scan
(fourth image).
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employed since it requires patient cooperation and relies
on the sonographer’s experience. Abnormally low 
VMR (<50% CO2 reactivity, or <0.5 BHI) may indicate
maximal vasodilation at rest and therefore poor collat-
eral capacity of the Circle of Willis and potentially higher
risk of stroke distal to the extracranial lesion due to
exhausted cerebral vasomotor reserve.30,33 These findings,
however, need to be validated in prospective outcome
studies.

Vasomotor Reactivity Testing with Diamox

Diamox is a potent and reversible inhibitor of carbonic
anhydrase, however, the mechanism by which it increases
CBF is still disputable since cerebral metabolic rate of
oxygen and arterial blood pressure remain unaffected
while arterial PCO2 increases only slightly.27

When administered intravenously, the effect of 1000mg
diamox (acetazolamide) bolus can be observed within 
3min with FVs reaching maximum values in 10min, which
lasts for 20min. In normal subjects, a 35% increase in FVs
is usually observed during hypercapnia.31 Administration
of diamox may be associated with minor and transient
side effects: dizziness, oral dysesthesia, tinnitus, and
nausea.34 Since diamox belongs to the sulfanilamide
group, any known allergy to the sulfa drugs would be a
contraindication for its use.

Using xenon-133 and technetium-99 HMPAO tracers,
a 30% increase in CBF was observed in normal subjects
following administration of 1000mg of diamox as well 
as a high dependency of CBF changes on the degree 
of carotid stenosis.35,36 A good correlation was found
between mean FVs on TCD and changes in CBF on
SPECT or PET.37,38 Significantly reduced VMR was 
seen in patients with high grade carotid stenosis suggest-
ing that at baseline the cerebral resistance vessels are
maximally dilated to maintain CBF. VMR testing with
diamox shows the reduction in or even abolition of the
extent to which the resistance vessels can further dilate
to compensate for it.27 However, in spite of uni- or bilat-
eral carotid occlusion some patients have good VMR
indicating a sufficient collateral capacity of the Circle of
Willis and sufficient cerebral autoregulation. Therefore,
VMR testing with diamox may help to differentiate
patients with carotid artery disease at high and low risk
of stroke and may assist in patient selection for CEA
prior to cardiopulmonary bypass (CABG).

Application of Vasomotor Reactivity Testing

Major vascular risk factors for stroke have a chronic
effect on the cerebral vasculature that often precedes
cerebral ischemic symptoms.31 Thus diabetes and familial
hypercholesterolemia are associated with greater FV

asymptomatic individuals, BHI was 0.8 ± 0.4 on the
stenotic side before and 1.09 ± 0.2 after carotid
endarterectomy (CEA). In symptomatic individuals, BHI
was 0.4 ± 0.2 on the stenotic side before and 1.06 ± 0.2
after CEA.33 Recently, a BHI threshold of <0.69 was
established in controlled prospective studies that predicts
an increased risk of stroke in patients with asymptomatic
severe ICA stenosis and risk of recurrent stroke in
patients with symptomatic ICA stenoses or occlusion.29

Interpretation of CO2 reactivity testing should be indi-
vidualized with particular attention paid to the procedure

D

Figure 9–3. (D) Microembolic signals (MES) on transcranial
Doppler appear as high-intensity transient signals that are pri-
marily unidirectional (arrow). MES have short duration and
occur randomly through the cardiac cycle. MES may be found
during routine transcranial Doppler in patients with atrial fib-
rillation, carotid stenosis, or dissection, and may point to the
pathogenetic mechanism of stroke (top image). Subclavian steal
occurs when a flow-limiting lesion in the proximal subclavian
artery causes flow reversal in the vertebral artery. Transcranial
Doppler detects alternating flow at the junction of vertebral
arteries. High-resistance flow toward the probe (horizontal
arrow) is the reversed vertebral right artery, which now supplies
a high-resistance system of the arm. Low-resistance flow (verti-
cal arrow) is seen during late systole–diastole and has a normal
direction since less pressure is necessary to perfuse the brain
vasculature (bottom image).
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increase to vasodilatory stimuli, while chronic hyperten-
sion increases the pulsatility of flow.39–41

Although the degree of carotid stenosis is the strongest
predictor of subsequent stroke risk,22–24 the impaired
VMR can help identify patients at a particularly high risk
of stroke.29,42

VMR can also be impaired in patients with subarach-
noid hemorrhage (SAH).43 With increased severity of
vasospasm there is a gradual reduction of VMR in
response to changes in arterial CO2.44 Although VMR
changes often parallel the course of vasospasm, nimodip-
ine has no effect on CO2 reactivity.45 Whether impaired
VMR has an independent prognostic value in patients
with SAH and other pathologies is still unclear.31

Diagnostic Criteria for 
Transcranial Doppler

The diagnostic criteria for TCD required by the Inters-
ocietal Commission of Accreditation of Vascular Labora-
tories include arterial stenosis, arterial spasm and
hyperemia, collateral patterns and flow direction, cerebral
embolization, cerebral circulatory arrest, increased ICP,
arterial occlusion, and steal syndrome.When applying for
accreditation, each laboratory should accept diagnostic
criteria that may include application of published criteria
or the use of internally generated criteria. Whether pub-
lished or internally generated, normal values and criteria
for abnormal findings have to be internally validated.

This section provides a summary of various crit-
eria, both previously published by other investiga-
tors3,12–15,17,20,21 and generated internally by the STAT 
Neurosonology Service, University of Texas Houston
Medical School.

Intracranial Arterial Stenosis

Middle Cerebral Artery

A focally significant velocity increase MFV ≥ 100cm/s,
and/or a PSV ≥ 140cm/s, and/or an interhemispheric
MFV difference of >30cm/s in adults free of abnormal
circulatory conditions are characteristic (Figure 9–4). If
anemia, congestive heart failure, and other circulatory
conditions associated with elevated or decreased veloci-
ties are present, then a focal MFV difference >30%
between arterial segments should be applied. In general,
a greater than 50% M1-MCA stenosis should double the
prestenotic or homologous contralateral MCA velocity
values. In children with sickle cell disease MCA MFV >
170cm/s is considered abnormal.

Additional findings may include turbulence, or dis-
turbed flow distal to the stenosis; increased unilateral A1-

ACA MFVs (flow diversion/compensatory increase or
ICA bifurcation stenosis) with a side-to-side ACA MFV
ratio >1.2; a low-frequency noise produced by nonhar-
monic covibrations of the vessel wall; and musical
murmurs due to harmonic covibrations producing pure
tones (rare).

If FVs are increased throughout MCA mainstem, the
differential diagnosis includes MCA stenosis, terminal
ICA or siphon stenosis, hyperemia or compensatory flow
increase in the presence of contralateral ICA stenosis,
ACA occlusion, and incorrect vessel identification.

MCA near-occlusion or “blunted” MCA waveform
presents as a focal decrease in mean flow velocities with
slow systolic acceleration, slow flow deceleration, and
MFV MCA < ACA or any other intracranial artery
(Figure 9–5).

The decreased or minimal flow velocities with slow 
systolic acceleration can be due to a tight elongated 
MCA stenosis or thrombus causing near occlusion, or a
proximal ICA obstruction. The “blunted” waveform is
common in patients with acute ischemic stroke particu-
larly presenting with hyperdense MCA on noncontrast
CT scan or a flow gap on MRA (Figure 9–5).

Anterior Cerebral Artery

A focally significant ACA FV increase (ACA > MCA),
and/or an ACA MFV > 80cm/s, and/or a >30% difference
between proximal and distal ACA segments, and/or a
>30% difference compared to contralateral ACA with no
evidence of collateralization via AcomA are characteris-
tic. The differential diagnosis includes anterior crossfill-
ing due to a proximal carotid artery disease. Additional

Figure 9–4. Left M1-MCA stenosis. A 70-year-old woman with
multiple left hemispheric transient ischemic attacks. Transcra-
nial Doppler showed a focally significant increase in the left 
M1-MCA flow velocities, a “double” waveform showing the
stenotic flow insonated with a wide >11-mm gate. MRA shows
decreased flow signals in the left mid-to-distal M1-MCA.
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MFVs may decrease due to siphon near-occlusion (a
blunted siphon signal) or distal obstruction (i.e., MCA
occlusion or increased ICP).

Posterior Cerebral Artery

A focally significant FV increase presenting as an MFV
PCA > ACA or ICA and/or an MFV PCA > 50cm/s are
characteristic. The differential diagnosis includes collat-
eral flow via PcomA and siphon stenosis.Additional find-
ings may include turbulence and a compensatory flow
increase in MCA. Common sources of error include unre-
liable vessel identification without transcranial duplex
imaging or the presence of an arterial occlusion and the
top-of-the-basilar stenosis.

Basilar Artery

A focally significant FV increase presenting as an MFV
BA > MCA or ACA or ICA, and/or an MFV BA > 60cm/s,
and/or a >30% difference between arterial segments are
characteristic. The differential diagnosis includes the 
terminal VA stenosis.

Basilar artery near-occlusion is a focal FV decrease
(<30% and/or BA < VA) resulting in a blunted waveform
(differential with fusiform basilar with or without throm-
bus) or absent end-diastolic flow (differential with 
occlusion).

Additional findings may include turbulence, a com-
pensatory flow increase in VAs and PICAs indicating
cerebellar collateralization, and a collateral supply via
PComA(s) to PCA(s) with a reversed flow in the top of
the basilar artery. Common sources of error include a tor-
tuous basilar (“not found” does not mean obstructed),
elongated or distal BA stenosis, collateral flow from the
posterior to anterior circulation enhancing flow changes
with mild stenosis and/or tortuosity.

Terminal Vertebral Artery

A focally significant FV increase presenting as an MFV
VA >> BA, and/or an MFV VA > 50cm/s (adults), and/
or a >30% difference between VAs or its segments are
characteristic. The terminal VA stenosis may also present
as a high resistance (PI ≥ 1.2) flow in one VA and/or a
blunted or minimal flow signal. The differential diagnosis
includes proximal BA or contralateral terminal VA
stenoses and a compensatory flow increase in the pres-
ence of a contralateral VA occlusion. Additional findings
may include turbulence, a compensatory flow increase in
the contralateral vertebral artery or its branches (cere-
bellar collaterals), low BA flow velocities (hemodynami-
cally significant lesion, hypoplastic contralateral VA).
Common sources of error include a compensatory 
flow increase due to hypoplastic contralateral VA, low

findings may include turbulence and a flow diversion into
MCA and/or compensatory flow increase in the con-
tralateral ACA.

The decreased or minimal flow velocities at the 
A1-ACA origin may indicate a suboptimal angle of
insonation from the unilateral temporal window, an
atretic or tortuous A1-ACA segment, and A1-ACA near
occlusion.

Common errors include incorrect vessel identification
(ICA versus ACA) and velocity underestimation (sub-
optimal angle of insonation, poor window, weak signals).

Terminal Internal Carotid 
Artery/Siphon Stenosis

A focally significant FV increase in the terminal ICA
bifurcation (temporal window), and/or an ICA siphon
(transorbital window) resulting in an MFV ICA > MCA,
and/or an MFV ICA > 70cm/s (adults), and/or a >30%
difference between arterial segments are characteristic.

The differential diagnosis includes moderate proximal
ICA stenosis and/or compensatory flow increase with
contralateral ICA stenosis. Additional findings may
include turbulence, blunted MCA, OA MFV increase,
and/or flow reversal with low pulsatility. The ICA siphon

80 120

40

–40

0

–80

120

40

–40

–120

120

40

–40

–120

Figure 9–5. Right MCA near-occlusion. A 65-year-old man
presented with recurrent right MCA ischemic strokes. Tran-
scranial Doppler showed a “blunted” MCA flow signal with
decreased flow velocities at the M1 origin and increased veloc-
ities in the A1-ACA indicating compensatory flow diversion.
Note the decreased systolic flow acceleration in the right MCA
and ACA > MCA ratio compared with the contralateral side.
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velocities in both VAs due to a suboptimal angle of
insonation, extracranial VA stenosis or occlusion with
well-developed muscular collaterals, and elongated VA
stenosis/hypoplasia.

TCD can reliably detect stenoses located in M1-MCA,
ICA siphon, terminal vertebral, proximal basilar arteries,
and P1 PCA. The sensitivity is 85–90%, specificity
90–95%, PPV 85%, and NPV 98% with lower accuracy
parameters for the posterior circulation.3,12,15,17,20,21 TCD
sensitivity is limited in patients with deep (>65mm)
stenoses due to low PRF; stenoses of M2,A2, P2 segments
due to a suboptimal angle or unknown location; low flow
elongated stenoses that resemble normal or low flow
velocities; subtotal stenosis due to a drop in flow volume
producing weak signals; tortuous vessels due to the
changing angle of insonation; and collaterals and hyper-
emia that may mimic the stenotic flow.

Arterial Vasospasm and Hyperemia

Arterial vasospasm (VSP) is a complication of SAH, and
it becomes symptomatic in more than 25% of patients 
by producing ischemic brain damage and delayed 
neurological deficit (DID). DID usually occurs when 
VSP results in a severe (≤1mm) intracranial arterial 
narrowing producing flow depletion with extremely 
high velocities. It may affect the proximal stem and 
distal branches of intracranial arteries. VSP may co-
exist with hydrocephalus, edema, and infarction.
The differential diagnosis with TCD should always
include hyperemia, and the possibility that both 
spasm and hyperemia may coexist since most SAH
patients routinely receive hypertension–hemodilution–
hypervolemia (HHH) therapy.

Although quantitative criteria have been studied
extensively,20,46 grading VSP severity is difficult, and the
interpretation of TCD findings should be individualized.
Daily TCDs may detect considerable velocity/pulsatility
changes that should be related to the patient’s condition,
medications, BP, time after onset, etc.

Proximal vasospasm in any intracranial artery results
in a focal or diffuse elevation of mean flow velocities
without a parallel FV increase in the feeding extracranial
arteries (intracranial/extracranial vessel ratio >3).

Distal vasospasm in any intracranial artery may
produce a focally pulsatile flow (PI ≥ 1.2) indicating
increased resistance distal to the site of insonation. No
MFV increase may be found.

Additional findings may include daily changes in veloc-
ity, ratio, and PIs anytime during the first 2 weeks but par-
ticularly pronounced during the critical 3–7 days after the
onset of SAH.

MCA-specific criteria: see Table 9–2. The differential
diagnosis includes hyperemia, a combination of

vasospasm and hyperemia in the same vessel, residual
vasospasm, and hyperemia.

Prognostically unfavorable signs include an early
appearance of MCA MFV ≥ 180cm/s, a rapid (>20% or
+ >65cm/s) daily MFV increase during critical days 3–7,
an MCA/ICA ratio ≥6, and the abrupt appearance of high
pulsatility (PI > 1.5) of flow in two or more arteries indi-
cating increased ICP and/or distal vasospasm.20,46

Other intracranial arteries: see Table 9–3. Grading VSP
severity in the arteries other than MCA is difficult. Sloan
suggested reporting VSP as possible, probable, and defi-
nite.46 The differential diagnosis includes hyperemia and
its combination with vasospasm in these arteries.

An individual correlation of baseline angiography with
same day TCD findings may improve the accuracy of
TCD in detecting further VSP onset. A focal increase in
MFVs and an increase in MFVs disproportionate to
therapy will indicate the development of vasospasm. For
example, an MCA MFV increase by +50cm/s may indi-
cate a 20% diameter reduction of the vessel47 and since
FV is inversely proportionate to the vessel radius, a 30%
diameter reduction usually doubles the velocity on TCD.

Table 9–2. Criteria for grading M1-MCA vasospasm with or
without hyperemia.a

Velocity MCA/ICA ratiob Interpretation

<120 ≤3 Hyperemia
>80 3–4 Hyperemia + possible mild spasm
≥120 3–4 Mild spasm + hyperemia
≥120 4–5 Moderate spasm + hyperemia
>120 5–6 Moderate spasm
≥180 6 Moderate-to-severe spasm
≥200 ≥6 Severe spasm
>200 4–6 Moderate spasm + hyperemia
>200 3–4 Hyperemia + mild (often residual)

spasm
>200 <3 Hyperemia

aOptimized criteria were developed using the data from Bragoni et al.,14

De Chiara et al.,39 and Sugimari et al.40

bMCA, middle cerebral artery; ICA, internal carotid artery.

Table 9–3. Optimized criteria for grading vasospasm (VSP) in
intracranial arteries.

Artery/MFVa Possible VSPb Probable VSPb Definite VSPb

ICA >80 >110 >130
ACA >90 >110 >120
PCA >60 >80 >90
BA >70 >90 >100
VA >60 >80 >90

aMFV, mean flow velocity; ICA, internal carotid artery; ACA, anterior
cerebral artery; PCA, posterior cerebral artery; BA, basilar artery; VA,
vertebral artery.
bAfter hyperemia has been mostly ruled out by the focality of the veloc-
ity increase and by an intracranial artery/extracranial ICA ratio >3
except posterior circulation vessels. Optimized criteria were modified
from Sloan MA et al.46
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Figure 9–6. Severe ACA, PCA, and BA vasospasm. Arterial
vasospasm. A 55-year-old woman had a subarachnoid hemor-
rhage and surgically clipped left PCA aneurysm. Transcranial
Doppler showed an MFV/PI of 222/0.5 in the right A1-ACA
with an ACA/ICA MFV ratio >6; 131/0.9 in the right M1-MCA
with an MCA/ICA MFV ratio = 4; 109/0.9 in the basilar artery;

Figure 9–7. Angioplasty for severe vasospasm and the veloc-
ity changes on transcranial Doppler. A 51-year-old woman with
subarachnoid hemorrhage developed severe MCA vasospasm
detected by transcranial Doppler as an MFV/PI of 302/0.3 and

Therefore TCD is more sensitive to changes in intracra-
nial artery diameter than angiography. Since TCD is a
screening tool, the criteria should be adjusted toward a
higher sensitivity to detect any degree of vasospasm in
order to institute HHH therapy. At the same time, a
higher specificity threshold should be used for severe

vasospasm to minimize the number of false-negative
angiograms. TCD may also help to guide angiography
toward the affected vessel and to select the best projec-
tion to demonstrate the lesion (Figure 9–6). Angioplasty
with papaverine can be performed to restore the patency
of the vessel affected by VSP (Figure 9–7).48

130/0.8 in the left PCA; and 103/1.0 in the left M1-MCA with
an MCA/ICA MFV ratio <3.The interpretation was severe right
A1-ACA vasospasm with moderate basilar and left PCA
vasospasm. Digital subtraction angiography confirmed these
findings.

an MCA/ICA MFV ratio >10. After angioplasty with papaver-
ine the velocity decreased to 106/1.0 with an MCA/ICA MFV
ratio of 3.
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Hyperemia often results in elevated MFVs in intracra-
nial and feeding extracranial vasculature (Table 9–2).
Hyperemia is common in patients with SAH receiving
HHH therapy, and early in the postoperative period after
CEA or CABG. Hyperperfusion syndrome after CEA
includes headache and seizures and usually produces a
>30% increase in MCA MFV unilateral to the recon-
structed carotid artery.

Collateral Patterns and Flow Direction

The intracranial collateral channels are dormant under
normal circulatory conditions.A collateral channel opens
when a pressure gradient develops between the two arte-
rial systems that have anastomoses.TCD can detect some
of these collateral pathways: reversed OA, anterior cross-
filling via AComA, and PComA flow either to or from the
anterior circulation. Flow direction will depend on the
direction of collateralization. When present, a collateral
flow rarely implies an anatomic variant, but most often
implies the presence of a flow-limiting lesion proximal to
the recipient arterial system and the origin of the collat-
eral channel detected.

The direction of flow determines which arterial system
is the donor (the source of flow) and which is the recipi-
ent (the collateral flow destination). TCD can therefore
provide information on whether any collateral channel is
functioning and in which direction it is working. This
information should be used to estimate the level of the
arterial obstruction and to refine the extracranial duplex
ultrasound or MRA findings. For example, a severe
extracranial ICA stenosis with >70% diameter reduction
is hemodynamically significant and is almost always
accompanied by abnormal TCD findings.17 A battery of
TCD parameters may be used to decide on the severity
of ICA lesions, particularly when the applicability of
other tests is limited.

Reversed Ophthalmic Artery

A low pulsatility flow is primarily directed away from the
probe with transorbital insonation at 50–62mm. The dif-
ferential diagnosis includes siphon flow and/or low veloc-
ity OA flow signals. Additional findings 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 flow signals at depths ≥60mm suggesting ICA
occlusion.

Interpretation

If the reversed OA is the only abnormal finding, this indi-
cates possible proximal ICA stenosis. Occasionally, this

may be the only sign of ICA dissection or occlusion. If
the reversed OA is found with a blunted MCA signal,
there is a probable proximal ICA and/or siphon stenosis
or occlusion. If the reversed OA is found with at least one
other collateral channel (anterior crossfilling, or PComA)
there is a definite proximal ICA high-grade stenosis or
occlusion.

Common sources of error include ICA dissection, ter-
minal ICA occlusion distal to the OA origin, and retro-
grade filling of the ICA siphon with a normal OA
direction. Furthermore, a normal OA direction does not
rule out proximal ICA stenosis.

Anterior Communicating Artery

The collateral flow through AComA cannot be distin-
guished from the neighboring ACAs due to the smaller
AComA length and diameter and a large gate of
insonation. Therefore, we report anterior crossfilling via
AComA as opposed to the velocity and direction of flow
in AComA itself.

Anterior Crossfilling

Elevated A1-ACA MFVs on the donor side present as
ACA > MCA and/or donor ACA MFVs more than 1.2
times greater than contralateral ACA, possible stenotic-
like flow at depths 72–78mm directed away from the
donor side, and a normal or low MFV in A1-ACA of the
recipient side with or without A1 flow reversal. The dif-
ferential diagnosis includes distal A1-ACA stenosis and
compensatory flow increase if one A1 segment is atretic.
The finding of a reversed A1 segment and vessel identi-
fication is operator dependent.

Interpretation

If only elevated donor ACA velocities are found, the dif-
ferential diagnosis includes A1-ACA stenosis and atresia
of the contralateral A1 segment. With the latter, the
donor A1 segment supplies both A2 segments (may be
present in normal individuals as well as in patients with
ICA or MCA stenoses). If an elevated donor ACA veloc-
ity is found with a stenotic flow at midline depths, the dif-
ferential includes the distal A1 stenosis, ICA siphon
stenosis, and crossfilling via AComA. If an elevated donor
ACA MFV is found with a reversed contralateral A1, this
indicates probable proximal ICA stenosis. If an elevated
donor ACA MFV is found with the stenotic-like flow at
midline depths and a reversed contralateral A1 ACA,
there is a definite proximal ICA stenosis or occlusion.

Posterior Communicating Artery

PComA connects the posterior and anterior cerebral
arterial systems and may be detected by TCD since it
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usually has a length >5mm and a favorable angle of
insonation. When functioning, it can be detected as a 
flow signal consistently present at varying depths from 
60 to 75mm via a transtemporal approach. Under 
normal conditions, this area has no detectable flow 
when the sonographer switches from ICA bifurcation
posteriorly to locate PCA. The direction of flow in
PComA corresponds to collateralization: the anterior-
to-posterior collateral flow is directed away from the
probe, whereas the posterior-to-anterior collateral flow 
is directed toward the probe. The vessel identification 
is difficult since the PComA is prone to anatomic 
variations.

Collateralization via PComA

The flow signals directed either away from or toward the
probe with posterior angulation of the transducer over
the temporal window are consistently found at 60–75mm.
The velocity range is similar to or higher then those
detected in M1-MCA and ICA bifurcation (anterior-to-
posterior collateral flow) or basilar artery (posterior-to-
anterior collateral flow). A possible stenotic-like flow
may be found at depths of 60–75mm with a similar probe
direction. The differential diagnosis includes terminal
ICA or PCA stenoses.

Interpretation

PComA identification is operator dependent. If found,
PComA implies arterial obstruction in one of the fol-
lowing arteries. If a posterior-to-anterior collateral flow
is found, a probable proximal ICA stenosis is present. If
an anterior-to-posterior collateral flow is found, a proba-
ble BA or dominant VA stenosis is present.

Reversed Flow in the Basilar Artery

If an occlusion develops in the proximal basilar artery,
a pressure gradient develops between the carotid 
circulation and posterior cerebral arteries, superior 
cerebellar arteries, and perforating vessels. If a thrombus
or embolus in the proximal basilar artery does not 
completely occlude the vessel immediately, the patient
may be able to recruit posterior communicating arteries
and deliver blood from the carotids via the reversed
basilar stem to parts of the cerebellum and smaller distal
basilar branches. This collateral flow reaches the low-
resistance system of cerebellar anastomoses and the
brainstem parenchyma. This is why patients may have
neurological dysfunction of variable clinical severity and
good diastolic velocities on Doppler. Identification of
low-resistance flow moving toward the probe, i.e.,
reversed basilar flow at 80–100mm, may indicate contin-
uing perfusion of vital brain structures and often explains
the good level of consciousness and partial neurological

deficits despite the presence of a proximal basilar
obstruction.49

Cerebral Embolization

TCD can detect microembolization of cerebral vessels in
real time. As an investigational tool, TCD is used to
monitor CEA, CABG, angioplasty/stenting, as well as
stroke patients with presumed cardiac or arterial sources
for brain embolization. All microembolic signals (MES)
detected by TCD are asymptomatic since the size of the
particles producing them is comparable to or even
smaller then the diameter of the brain capillaries.
However, the MES cumulative count is related to the
incidence of the neuropsychological deficit after CABG,
and its significance as a risk factor for stroke is under
investigation.50,51 During surgery or intraarterial proce-
dures microembolic signals can be of different composi-
tion, either solid or gaseous. Identification of embolic
material is important since air bubbles have a lower path-
ogenic impact. Recently, multifrequency TCD had shown
promising results in differentiating the nature of the
embolus.52

Nevertheless, it is important to know how to detect and
identify MES because occasionally the TCD examiner
may be the only witness to cerebral microembolization
and this finding may suggest a vascular origin of the neu-
rological event and allow clinicians to investigate poten-
tial sources of embolism (heart chambers and septum,
aortic arch, arterial stenosis or dissection).

The gold standard for MES identification is an on-
line interpretation of video- or digitally taped flow
signals. The spectral recording should be obtained with
minimal gain at a fixed angle of insonation. The probe
should be maintained with a fixation device for at least
0.5–1h monitoring. The use of two-channel simultaneous
registration and a prolonged time of monitoring may
improve the yield of the procedure. Multigated or 
multiranged registration at different insonation depths
may improve differentiation of embolic signals from 
artifacts.51

According to the International Cerebral Hemodynam-
ics Society definition,53 MES have the following:

1. Random occurrence during the cardiac cycle.
2. Brief duration (usually <0.1 s).
3. High intensity (>3dB over background).
4. Primarily unidirectional signals (if fast Fourier trans-

formation is used).
5. Audible component (chirp, pop).

To avoid discrediting this promising method, the
research studies should report the following 14 para-
meters: ultrasound device, transducer type and size,
insonated artery, insonation depth, algorithms for signal
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intensity measurement, scale settings, detection thresh-
old, axial extension of sample volume, fast Fourier 
transform (FFT) size (number of points used), FFT
length (time), FFT overlap, transmitted ultrasound fre-
quency, high-pass filter settings, and the recording time.54

No current system of automated embolus detection
seems to have the required sensitivity and specificity for
clinical use.54

In 2004 Mackinnon et al. presented the first ambula-
tory TCD system (like a “Holter” monitor for MCA flow
velocity) able to offer good-quality recordings of >5h.
In view of the demonstrated temporal variability in
embolization, this technique is likely to improve the pre-
dictive value of recording for asymptomatic embolic
signals and may be particularly useful in patients in 
whom embolic signals are relatively infrequent, such as
those with asymptomatic carotid stenosis and atrial 
fibrillation.55

Increased Intracranial Pressure

A normal intracranial waveform is detected by TCD
when the brain acts as a low-resistance vascular system
at normal or low ICP values (Figure 9–3). When ICP
increases up to the diastolic pressure of the resistance
vessels, the EDV decreases and flow deceleration occurs
more rapidly. If ICP is greater than diastolic but less than
systolic pressures, the result is either a triphasic waveform
as in the peripheral arteries or a sharp-peak systolic flow
with an absent end-diastolic component. A further
increase in ICP may lead to cerebral circulatory arrest.

Increased ICP may result in high resistance waveforms:
PI ≥ 1.2, decreased or absent EDV, or triphasic or rever-
berating flow. The following algorithm may help to dif-
ferentiate the mechanisms of increased resistance to flow.

If PI ≥ 1.2 and a positive end-diastolic flow is present
in

1. All arteries: hyperventilation; hypertension; increased
ICP.

2. Unilateral: compartmental ICP increase; stenoses
distal to the site of insonation; intracranial hemor-
rhage with mass effect or hydrocephalus.56

3. One artery: distal obstruction (spasm, stenosis,
edema).

If PI ≥ 2.0 and end-diastolic flow is absent in

1. All arteries: extremely high ICP; possible arrest of
cerebral circulation.

2. Unilateral: compartmental ICP increase, occlusion
distal to the insonation site.

3. One artery: distal obstruction (occlusion, severe
spasm, edema).

Cerebral Circulatory Arrest

A progressive elevation of ICP to extreme levels due to
brain edema and mass effect can lead to stepwise com-
pression of small to large intracranial arteries causing
cerebral circulatory arrest. A prolonged absence of brain
perfusion will eventually lead to brain death.

If cerebral circulatory arrest is suspected, use the 
following algorithm:

1. Positive MCA or BA end-diastolic flow = no cerebral
circulatory arrest.

2. Absent end-diastolic flow = uncertain cerebral circu-
latory arrest (too early or too late).

3. Reversed minimal end-diastolic flow = possible cere-
bral circulatory arrest (continue monitoring).

4. Reverberating flow = probable cerebral circulatory
arrest (confirm in both MCAs at depths of 50–58mm
and BA at 80–90mm, then monitor arrest for 30min).

TCD cannot be used to diagnose brain death since this
is a clinical diagnosis. It can be used to confirm cerebral
circulatory arrest except in infants less than 6 months
old.57 TCD can be used to monitor the progression to
cerebral circulatory arrest. Once the reverberating flow
is found it should be monitored for at least 30min in the
three major intracranial arteries to avoid false-positive
findings. For example, a transient cerebral circulatory
arrest can occur in patients with SAH and head trauma
due to A-waves of ICP.58 TCD can also be used to deter-
mine the appropriate time for other confirmatory tests
(i.e., to minimize studies with residual CBF), and to
discuss the upcoming issues with the patient’s family.

The criteria and accuracy for TCD testing for cerebral
circulatory arrest were addressed in an International
Consensus statement.59

Steal Syndrome

Subclavian “steal” is a hemodynamic condition of a
reversed flow in one vertebral artery to compensate for
a proximal hemodynamic lesion in the unilateral subcla-
vian artery. Thus blood flow is diverted or “stolen” from
the brain to feed the arm (Figure 9–8). The subclavian
steal usually represents an accidental finding since it
rarely produces neurological symptoms. If asymptomatic
it is called a “subclavian steal phenomenon.” If symptoms
of vertebrobasilar ischemia are present, it is called a 
“subclavian steal syndrome.”60

The main findings include a difference in BP between
arms >20mm Hg and usually systolic flow reversal 
with PI ≥ 1.2 in one vertebral artery (Figures 9–3 and 
9–8) as well as a low resistance flow in the donor 
artery. Right to left subclavian steal is found in 85% of
cases.60
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Arterial Occlusion

The diagnosis of an intracranial arterial occlusion with
TCD is difficult. The operator must be experienced and
the best results are usually obtained for M1-MCA, ICA
siphon, and BA. The main prerequisite is a good window
of insonation and to prove this, other arteries should be
identified through the same approach. The main finding
is no detectable signals from the location where the
artery is expected to be.

The specific findings for MCA include no signal at any
depth of 40–65mm via a transtemporal approach. Sec-
ondary findings are a flow diversion/compensatory
increase in ACA and/or PCA, no signals from ACA and
ICA with PCA flow identified, and proximal M1-MCA
high-resistance flow. The findings need to be confirmed
by insonation across the midline from the contralateral
temporal window.

The specific findings for ICA siphon include no signals
at 62–70mm via a transorbital approach. Secondary find-
ings include a collateral flow in PComA and/or crossfill-
ing via AComA, a blunted MCA flow signal, and a
contralateral ICA compensatory flow/velocity increase.

The specific findings for BA include no signals at any
depth of 80–100+mm via a transforaminal approach. Sec-
ondary findings include a flow velocity increase in one or
both VAs indicating cerebellar collateral flow; a high
resistance flow signal in one or both VAs indicating prox-
imal BA occlusion; a high resistance flow signal at the
origin of the BA indicating distal BA occlusion; retro-
grade flow toward the probe at the top of the basilar
artery (proximal BA occlusion collateralized via
PcomAs); functional PComA(s) with flow directed away
from the probe via the temporal window; and low BA
velocities with the top-of-the-basilar occlusion.

In 2001 Demchuck et al. developed the thrombolysis in
brain ischemia (TIBI) classification by using TCD to non-
invasively monitor intracranial vessel residual flow
signals (Figure 9–9). The TIBI classification correlates
with initial stroke severity, clinical recovery, and mortal-
ity in IV-tissue plasminogen activator (t-PA)-treated
stroke patients. In addition, a flow-grade improvement
correlated with clinical improvement. The real advantage
of TCD is lost if only flow velocity differences are
reported and other hemodynamic findings are ignored.
TIBI flow grades show information that can be obtained
through waveform analysis providing qualitative and
quantitative information of the flow status.63

Patient Management Optimization

Although TCD does not provide estimates of brain
parenchymal perfusion64,65 or transcortical collateraliza-
tion of flow, it offers information about collateral flow

If the difference in BP between the arms is 10–20mm
Hg and the steal waveforms are not present at rest, or
flow reversal is incomplete, the hyperemia test should be
performed either to provoke the steal or to augment flow
reversal. The cuff should be inflated to oversystolic BP
values and flow reduction to the arm should be main-
tained for at least 0.5–1min. The cuff should be quickly
released and any augmentation of flow should be moni-
tored by TCD.

Transcranial Doppler in Acute Stroke

TCD may facilitate the diagnosis of cerebral arterial
occlusion and can improve outcomes. First, it can be 
used to identify the presence and location of an obstruc-
tive intracranial thrombus confirming the vascular 
origin of the patient’s neurological symptoms.61 Second,
it provides valuable information about the collateral flow
to the vascular territory distal to the artery occlusion, and
helps in selecting patients for intraarterial interventions.62

Third, it provides real-time bedside monitoring of throm-
bolysis. And finally, it augments residual flow and speeds
up thrombolysis, allowing patients to recover from stroke
more rapidly and completely.

SUBCLAVIAN STEAL

steal phenomenon

normal flow

Figure 9–8. Subclavian steal. Subclavian steal results in a
reversed flow direction in one of the vertebral arteries (scheme),
an alternating flow pattern on transcranial Doppler, and retro-
grade filling of the reversed vertebral artery.
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Monitoring Thrombolytic Therapy 
with Ultrasound
Once the arterial occlusion is located, the ultrasound
probe can be fixated with a head frame allowing moni-
toring of the blood flow in the affected artery during t-
PA infusion. The first noticeable improvement of flow to
the brain occurs at a median time of 17min after t-PA
bolus. Median time to completion of recanalization is 
35min after bolus,68 and those patients who complete
recanalization before the end of 1h t-PA infusion are 
3.5 times more likely to achieve favorable outcome at 
3 months. An average rate of spontaneous complete
recanalization of the MCA occlusion appears to be about
6% per hour during the first 6h after symptom onset.69–71

TIBI Flow Grade Definitions 
For credentialing purposes, interpret flow signals 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. Absent
Absent flow signals are defined by the lack of regular pulsatile flow signals despite varying degrees 
of background noise. 

1. Minimal
A- systolic spikes of variable velocity and duration 
B- absent diastolic flow during all cardiac cycles based on a visual interpretation of periods of  
no flow during end diastoli (ED). Reverberating flow is a type of minimal flow. 

Caution: Despite absent ED flow by visual interpretation, TCD equipment may erroneously report end  
diastolic (ED) velocity figures due to noise artifacts. Do not rely on machine ED velocity measurements to 
determine the presence or absence of end diastolic flow. 

2. Blunted
A- flattened or delayed systolic flow acceleration of variable duration compared to control 
B- positive end diastolic (ED) velocity 
C- a pulsatility index (PI) < 1.2.  

Caution: Flow velocities are usually >20% lower than those in the comparison side.  
Caution: With low velocities, blunted versus minimal signals may be hard to differentiate. Blunted is  
distinguished by the visual presence of end-diastolic flow.

3. Dampened
A-  normal systolic flow acceleration 
B-  positive end diastolic (ED) velocity 
C-  decreased mean velocities by >30% compared to control (please calculate if close) 

Caution: With subtle velocity / PI difference, look for dampened waveforms to have a more pulsatile shape. 
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).   
4. Stenotic

A- mean flow velocities of >80 cm/s AND velocity difference of >30% compared to the  
control side (please calculate if close); if velocity difference is less than 30%, look for 
additional signs of stenosis, i.e. turbulence, spectral narrowing                
OR 
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. 

5. Normal
A-  <30% mean velocity difference compared to control (please calculate if close) 
B-  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 upstrokse even if the rest of the waveform shows slow deceleration (note slower heart rate). 

© 2000 Health Outcomes Institute, Inc. 

Figure 9–9. TIBI flow grade definitions. Permission requested from Health Outcomes Institute, Inc.

supply at the level of the Circle of Willis and major proxi-
mal branches66,67 as described above. Information about
the perfusion status of the affected brain tissue may 
help optimize and individualize patient management.
For example, in the setting of an acute vertebrobasilar
occlusion, identification of the reversed basilar artery
flow indicates good collaterals through the posterior
communicating arteries, associated with favorable 
outcomes.49 In the last year, the development of new 
software for TCCD able to detect perfusion defects 
after echocontrast administration is very promising.50

Finally information obtained from an acute neurovascu-
lar ultrasound examination has shown significant 
potential as a screening tool for intravenous/intraarterial
lysis protocols.62
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Systemic t-PA increases the complete recanalization rate
to 12.7%/h. Early complete recanalization is closely asso-
ciated with dramatic clinical recovery.72

However, one-third of early complete recanalizations
do not result in immediate clinical improvement. Despite
this, one-third of patients with silent recanalizations
recover completely at 3 months, indicating the existence
of a stunned brain syndrome.73

Continuous TCD monitoring of the affected artery
shows persistence of the occlusion, thrombus migration,
partial or complete recanalization, and reocclusion. Also,
visualization of microembolic signals during thromboly-
sis may indicate thrombus degradation or imminent
recanalization. After recanalization, early arterial reoc-
clusion affects up to 25% of t-PA-treated patients, more
commonly those with partial or incomplete initial
recanalization. Arterial reocclusion accounts for two-
thirds of patients who experience deterioration following
improvement with t-PA therapy.74 TCD demonstration of
frequent arterial reocclusion with intravenous t-PA has
fostered interest in combination therapies, i.e., a throm-
bolytic drug with anticoagulants, GP IIb IIIa antagonists,
or a direct thrombin inhibitor.75–77

Ultrasound Enhanced Thrombolysis

In the past 30 years numerous scientists showed in exper-
imental models that ultrasound facilitates the activity of
fibrinolytic agents within minutes of its exposure to
thrombus and blood-containing drugs.78–84 The mecha-
nisms of ultrasound-enhanced thrombolysis include
improved drug transport, reversible alteration of fibrin
structure, and increased t-PA binding to fibrin78–86 for fre-
quencies ranging from kHz to those used in diagnostic
ultrasound.83,84 Although kHz frequencies penetrate
better with less heating, a combination of t-PA with an
experimental kHz delivery system resulted in excessive
risk of intracerebral hemorrhage (ICH) in stroke
patients.87–89 We used diagnostic 2MHz transcranial
Doppler to evaluate acute stroke patients and reported
an unexpectedly high rate of complete recanalization and
dramatic clinical recovery when t-PA infusion was con-
tinuously monitored with TCD for diagnostic purposes.
The CLOTBUST trial (Combined Lysis of Thrombus in
Brain ischemia using transcranial Ultrasound and Sys-
temic t-PA) was a phase II multicenter randomized clin-
ical trial (Houston, Barcelona, Edmonton, Calgary).90 The
CLOTBUST trial demonstrated that in stroke patients
treated with intravenous t-PA, continuous TCD monitor-
ing of intracranial occlusion safely augments t-PA-
induced arterial recanalization (38% vs. 13% of sustained
complete MCA recanalization at 2h after TPA bolus).
This early boost in recanalization resulted in a trend
toward clinical recovery at 3 months (42% vs. 29%), the

subject of a properly powered phase III trial. TCD has a
positive biological activity that aids systemic throm-
bolytic therapy in patients with acute ischemic stroke.
The phase II CLOTBUST trial provides clinical evidence
for the existence of ultrasound-enhanced thrombolysis in
humans that can amplify the existing therapy for ischemic
stroke. Early brain perfusion augmentation, complete
recanalization, and dramatic clinical recovery are feasi-
ble goals for ultrasound-enhanced thrombolysis. A
further increase of this effect is being tested with eco-
contrast agents that seem to multiply the energy deliv-
ered to the clot by ultrasound and by enhancing the lytic
effects.91

Other Clinical Applications

There are several established clinical applications of TCD
that were recently evaluated by an international group of
experts (Table 9–4).92,93 TCD provides a bedside tool for
detection of intracranial stenosis, occlusion, collateral
channels, and microembolic activity,49 including testing
for the right-to-left shunts, like patent foramen ovale or
pulmonary fistulas.95

TCD has a pivotal role in predicting the risk of ischemic
stroke in children with sickle cell disease. In a prospective
study by Adams et al., mean velocities greater than
170–200cm/s were associated with a 44% increase in rel-
ative risk of ischemic stroke over 5 years.12,96–98 A subse-
quent randomized trial showed a 90% relative stroke risk
reduction when blood transfusion was administered in
children with TCD findings of MFV ≥ 200cm/s.99

TCD has an established role in detecting and moni-
toring arterial vasospasm in patients with SAH.20,46–48

TCD helps to decide when to start, enforce, and continue
HHH therapy, when to perform DSA with angioplasty
and papaverine to combat severe vasospasm, and when
to transfer patients from the intensive care unit after
vasospasm has subsided.46,48

TCD offers a quick bedside test to detect markedly
elevated ICP, thus providing an opportunity for decom-
pression or hyperventilation to be performed before 
clinical deterioration.57,58 TCD also allows detection of 
a combination of vasospasm and hydrocephalus as well
as progression of ICP to cerebral circulatory arrest.

The capacity of TCD to monitor both brain perfusion
and embolization in real time has led to numerous appli-
cations of TCD during surgical and interventional proce-
dures. Stump et al. showed that 58% of microembolic
signals during cardiopulmonary bypass are associated
with surgical maneuvers or time intervals while the cumu-
lative embolic count was predictive of postoperative 
neuropsychological deficit.100 Spencer reported that 
when surgeons responded to TCD information during
CEA monitoring, the incidence of permanent deficits
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decreased from 7% to 2% for 500 operations.101 As shown
by TCD, cerebral embolization was present in 54%,
hypoperfusion in 29%, and combined embolism plus
hypoperfusion in 17% of these complications.100 During
CEA TCD can provide useful information.100 It can show
microembolization during skin preparation suggesting
fragile plaque structure. If MCA MFV does not recover
from <30% of precrossclamping values, a shunt may be
needed. TCD detection of flow changes through ECA
collaterals can help avoid embolization/hypoperfusion
with ECA manipulations. An MCA MFV drop during
plaque removal indicates a drop in BP or a kink in a
shunt. TCD shows microembolism during release of

carotid crossclamps. Finally, a prolonged >30s MCA
MFV increase to greater than 1.5 times precrossclamp
values after the CEA indicates hyperperfusion syndrome,
which can be treated with TCD monitoring.94,101

Conclusions

Transcranial Doppler is a portable and inexpensive tool
that is widely used. However, TCD requires intense and
in-depth training as well as experience in both perform-
ing the test and interpreting the results. The absence of
temporal windows is present in 5–15% of all patients

Table 9–4. Accuracy of TCD ultrasonography by indication.a

Indication Sensitivity, % Specificity, % Reference standard Evidence/class

Sickle cell disease 86 91 Conventional angiography A/I
Right-to-left cardiac shunts 70–100 ≥95 Transesophageal A/II

echocardiography
Intracranial stenoocclusive disease Conventional angiography

Anterior circulation 70–90 90–95 B/II–III
Posterior circulation 50–80 80–96 B/III

Occlusion
MCA 85–95 90–98 B/III
ICA, VA, BA 55–81 96 B/III

Extracranial ICA stenosis Conventional angiography
Single TCD variable 3–78 60–100 C/II–III
TCD battery 49–95 42–100 C/II–III
TCD battery + carotid duplex 89 100 C/II–III

Vasomotor reactivity testing
≥70% extracranial ICA stenosis/occlusion Conventional angiography, B/II–III

clinical outcomes
Carotid endarterectomy EEG, MRI, clinical outcomes B/II
Cerebral microembolization Experimental model, pathology,

MRI, neuropsychological tests
General B/II–IV
Coronary artery bypass graft B/II–III

surgery microembolization
Prosthetic heart valves C/III

Cerebral thrombolysis Conventional angiography, B/II–III
MR angiography, clinical outcome

Complete occlusion 50 100
Partial occlusion 100 76
Recanalization 91 93

Vasospasm after spontaneous Conventional angiography I–II
subarachnoid hemorrhage

Intracranial ICA 25–30 83–91
MCA 39–94 70–100
ACA 13–71 65–100
VA 44–100 82–88
BA 77–100 42–79
PCA 48–60 78–87

Vasospasm after traumatic Conventional angiography I–III
subarachnoid hemorrhage

Cerebral circulatory arrest 91–100 97–100 Conventional angiography, II
and brain death EEG, clinical outcome

aPermission requested from the Therapeutics and Technology Assessment Subcommittee of the American Academy of Neurology (Neurology
2004;62:1468–1481).
bTCD, transcranial Doppler; MCA, middle cerebral artery; ICA, internal carotid artery; VA, vertebral artery; BA, basilar artery; ACA, anterior
cerebral artery; PCA, posterior cerebral artery.
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when the ultrasound beam cannot penetrate the skull.1,3

Due to these limitations and the failure to change the
management plan in patients screened for carotid artery
disease, Comerota et al. advised not incorporating TCD
as part of the routine noninvasive cerebrovascular exam-
ination.102,103 However, the technology has improved
rapidly. The contrast agents, such as stabilized gaseous
microbubbles, overcome the absent windows.97 Detection
of multigated bilateral emboli and compatibility of TCD
with other monitoring modalities are realities. Very
portable and sensitive units are available to serve as a
“neurological stethoscope” to the brain vasculature at the
bedside. At the same time, clinicians need to identify the
best responders for acute stroke therapies, patients at
high risk of stroke with asymptomatic and moderate
carotid stenoses, and decide on surgical procedure selec-
tion (i.e., CABG+CEA) and stenting. A neurovascular
ultrasound examination that combines urgent bedside
carotid duplex and TCD is becoming a valuable source
of diagnostic information in acute stroke patients, helping
in decision making 61 and even enhancing the effects of
fibrinolytic drugs.90
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Introduction

The multidisciplinary approach combining angiography,
high-resolution ultrasound, thrombolytic therapy, plaque
pathology, histochemistry, coagulation studies, and more
recently molecular biology has led to the realization that
carotid plaque rupture is a key mechanism underlying the
development of cerebrovascular events.1–3

Plaques with a large extracellular lipid-rich core, thin
fibrous cap, reduced smooth muscle density, and in-
creased numbers of activated macrophages and mast cells
appear to be most vulnerable to rupture.3,4 Fibrous caps
may rupture because of reduced collagen synthesis as
well as increased matrix degradation or in response to
extrinsic mechanical or hemodynamic stresses.5 Plaques
at the carotid bifurcation coincide with points at which
stresses produced by biomechanical and hemodynamic
forces are maximal.6

Histological studies on the vascular biology of symp-
tomatic and asymptomatic carotid plaques have recently
been reviewed by Golledge et al.7 They showed that the
features of unstable plaques removed from symptomatic
patients were surface ulceration and plaque rupture
(48% of symptomatic versus 31% of asymptomatic,
p < 0.001), thinning of the fibrous cap, and infiltration of
the cap by a greater number of macrophages and T-
lymphocytes.

The identification of unstable plaques in vivo and sub-
sequent plaque stabilization may prove to be an impor-
tant modality for a reduction in the lethal consequences
of atherosclerosis.8,9 This putative concept of plaque sta-
bilization, although attractive, has not yet been rigorously
validated in humans. Indirect data from clinical trials
involving lipid lowering/modification and lifestyle/risk
factor modification provide strong support for this new
approach.10

Conventional angiography has been used for several
decades to investigate the presence and severity of inter-
nal carotid artery stenosis, but its invasive nature means

that it cannot be repeated frequently and carries a risk 
of stroke of 1.2%. In addition, angiography provides 
little information on plaque structure. In contrast, high-
resolution ultrasound has enabled us to study the pres-
ence, rate of progression or regression of plaques, and
most importantly their consistency.

Ultrasonic characteristics of unstable (vulnerable)
plaques have been determined11–13 and populations or
individuals at increased risk for cardiovascular events can
now be identified.14 In addition, high-resolution ultra-
sound has enabled us to identify the different ultrasonic
characteristics of unstable carotid plaques associated
with amaurosis fugax, transient ischemic attacks (TIAs),
stroke, and different patterns of computed tomography
(CT) brain infarction.12,13 This information has provided
new insight into the pathophysiology of the different clin-
ical manifestations of extracranial atherosclerotic cere-
brovascular disease using noninvasive methods.

The aim of this chapter is to highlight the advances in
ultrasonic plaque characterization and their potential
applications in clinical practice.

Ultrasonic Plaque Classification

High-resolution ultrasound provides information not
only on the degree of carotid artery stenosis but also on
the characteristics of the arterial wall including the size
and consistency of atherosclerotic plaques. Several
studies have indicated that “complicated” carotid plaques
are often associated with ipsilateral neurological symp-
toms and share common ultrasonic characteristics, being
more echolucent (weak reflection of ultrasound and
therefore containing echo-poor structures) and hetero-
geneous (having both echolucent and echogenic areas).
In contrast, “uncomplicated” plaques, which are often
asymptomatic, tend to be of uniform consistency (uni-
formly hypoechoic or uniformly hyperechoic) without
evidence of ulceration.11,15,16
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Different classifications of plaque ultrasonic appear-
ance have been proposed. Reilly classified15 carotid
plaques as homogeneous and heterogeneous, defining as
homogeneous plaques those with “uniformly bright
echoes” that are now known as uniformly hyperechoic
(type 4) (see below). Johnson classified plaques as dense
and soft,17,18 Widder as echolucent and echogenic based
on the their overall level of echo patterns,19 while Gray-
Weale described four types: type 1, predominantly
echolucent lesions, type 2, echogenic lesions with sub-
stantial (>75%) components of echolucency, type 3, pre-
dominately echogenic with small area(s) of echolucency
occupying less than a quarter of the plaque, and type 4,
uniformly dense echogenic lesions.20 Geroulakos subse-
quently modified the Gray-Weale classification by using
a 50% area cut-off point instead of 75% and by adding a
fifth type, which as a result of heavy calcification on its
surface cannot be correctly classified.11

In an effort to improve the reproducibility of visual
(subjective) classification, a consensus conference has
suggested that echodensity should reflect the overall
brightness of the plaque with the term hyperechoic refer-
ring to echogenic (white) and the term hypoechoic refer-
ring to echolucent (black) plaques.21 The reference
structure, to which plaque echodensity should be com-
pared, should be blood for hypoechoic, the sternomastoid
muscle for isoechoic, and bone for hyperechoic plaques.
More recently, a similar method has been used by Polak.22

In the past a number of workers had confused
echogenicity with homogeneity.15 It is now realized that
measurements of texture are different from measure-
ments of echogenicity. The observation that two different
atherosclerotic plaques may have the same overall
echogenicity but frequently have variations of texture
within different regions of the plaque was made as early
as 1983.23 The term homogeneous should therefore refer
to plaques of uniform consistency irrespective of whether
they are predominantly hypoechoic or hyperechoic. The

term heterogeneous should be used for plaques of
nonuniform consistency, i.e., having both hypoechoic and
hyperechoic components (Gray-Weale20 types 2 and 3).
Although O’Donnnell had proposed this otherwise
simple classification in 198516 and Aldoori in 1987,24

there has been considerable diversity in terminology 
used by others, as shown in Table 10–1.18,22,25–32 Because
of this confusion, frequently plaques having intermediate
echogenicity or being complex are inadequately
described. For example, echolucent plaques have been
considered as heterogeneous.26 A reflection of this con-
fusion is a report from the committee on standards for
noninvasive vascular testing of the Joint Council of the
Society for Vascular Surgery and the North American
Chapter of the International Society for Cardiovascular
Surgery proposing that carotid plaques should be classi-
fied as homogeneous or heterogeneous.33

Regarding the clinical significance of carotid plaque
heterogeneity, it seems that the heterogeneous plaques
described in the three studies published in the 1980s
(Table 10–1) include hypoechoic plaques. Also heteroge-
neous plaques in all studies listed in Table 10–1 contain
hypoechoic areas (large or small) and appear to be the
plaques that are associated with symptoms or if found in
asymptomatic individuals they are the plaques that sub-
sequently tend to become symptomatic.

Correlation with Histology

Reilly has shown for the first time that carotid plaque
characteristics on B-mode ultrasound performed before
operation correlate with carotid plaque histology.15 As
indicated above, by evaluating visually the sonographic
characteristics of carotid plaques, two patterns were iden-
tified: a homogeneous pattern containing uniform hyper-
echoic echoes corresponding to dense fibrous tissue and
a heterogeneous pattern containing a mixture of hypere-

Table 10–1. Design of published studies on carotid plaque characterization in relation to risk for neurologic events.

Carotid Type of patients
bifurcations Follow-up A = asymptomatic

Reference n in years S = symptomatic Plaque characteristics studied

O’Holleran et al., 198718 296 3.8 A Calcified, dense, soft
Sterpetti et al., 198825 238 2.8 A and S Homogeneous, heterogeneous
Langsfeld et al., 198926 419 1.8 A Plaque types 1 to 4
Bock et al., 199327 242 2.3 A Echolucent, echogenic
Polak et al., 199822 270 3.3 A Hypo-, iso-, hyperechoic
Mathiesen et al., 200128 223 3.0 A Plaque types 1 to 4
Grønholdt et al., 200129 111 4.4 A Grayscale median

135 4.4 S Grayscale median
Liapis et al., 200130 442 3.7 A and S Plaque types 1 to 4
AbuRahma et al., 199831 391 3.1 A Homogeneous, heterogeneous
Carra et al., 200332 291 2.7 A Homogeneous, heterogeneous
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choic areas representing fibrous tissue and anechoic areas
that represent intraplaque hemorrhage or lipid.33 Thus, it
was realized early that ultrasound could not distinguish
between hemorrhage and lipid. Because most heteroge-
neous lesions contained intraplaque hemorrhage and
ulcerated lesions, it was thought at the time that the pres-
ence of a plaque hemorrhage reflected the potential for
plaque rupture and development of symptoms. However,
it was subsequently realized that plaque hemorrhage was
very common and was found in equal frequency in both
symptomatic and asymptomatic plaques34 and that ultra-
sound was highly sensitive in demonstrating plaque hem-
orrhage (27/29, 93%), as well as specific (84%).16,31,35 It
was both sensitive and specific in demonstrating calcifi-
cation in carotid endarterectomy specimens.36

Aldoori reported that plaque hemorrhage was seen
histologically in 21 patients, 19 (78%) of whom were diag-
nosed preoperatively as having echolucent heteroge-
neous plaques on ultrasound imaging.24 Gray-Weale20

also validated his plaque classification by demonstrating
a statistically significant relationship (p < 0.001) between
ultrasound appearance of type 1 and 2 plaques (echolu-
cent appearance) and the presence of either intraplaque
hemorrhage or ulceration in the endarterectomy speci-
men. It is now apparent from those ultrasound-histology
correlations that Reilly’s heterogeneous plaques corre-
spond closely to Gray-Weale’s echolucent (types 1 and 2)
plaques.

The above findings were confirmed by studies 
performed in the 1990s using the new generation of 
ultrasound scanners with their improved resolution.
Van Damme37 reported that fibrous plaques (dense
homogeneous hyperechoic lesions) were detected with a
specificity of 87% and a sensitivity of 56%. Recent
intraplaque hemorrhage was echographically apparent 
as a hypoechoic area in 88% of cases, corresponding 
to a specificity of 79% and a sensitivity of 75%.
Kardoulas,38 in another study, confirmed Van Damme’s
results on fibrous plaques, with fibrous tissue being 
significantly greater (73%) in plaques with an echogenic
character compared with those with an echolucent 
morphology (63%; p = 0.04).

More recently the European carotid plaque study
group that performed a multicenter study confirmed that
plaque echogenicity was inversely related to hemorrhage
and lipid (p = 0.005) and directly related to collagen
content and calcification (p < 0.0001).39

Plaque shape (mural vs. nodular) on ultrasound has
been shown to be associated with histology features char-
acteristic of unstable plaques.Weinberger40 demonstrated
that mural plaques propagating along the carotid wall
had a 72% frequency of recent organizing hemorrhage.
In contrast, nodular plaques causing local narrowing of
the vessel had only a 23% incidence of organizing hem-
orrhage (p < 0.01).

We now know that stable atherosclerotic plaques 
have on histological examination a thick fibrous cap, a
small lipid core, are rich in smooth muscle cells (SMC)
that produce collagen, and have a poor content of
macrophages. In contrast, unstable plaques that are prone
to rupture and development of symptoms have a thin
fibrous cap, a large lipid core, few SMC, and are rich 
in macrophages.3 Macrophages are responsible for 
the production of enzymes, matrix metaloproteinases
(stromelysins, gelatinases, collagenases) that play an
important role in remodeling the plaque matrix and
erosion of the fibrous cap.41 Recently, Lammie42 reported
a highly significant association between a thin fibrous 
cap and a large necrotic core (p < 0.002) in carotid
endarterectomy specimens and a good agreement
between ultrasound and pathological measurements of
fibrous cap thickness (thick vs. thin fibrous cap, kappa 
= 0.53).

There is considerable debate on the question of
whether thrombosis on the surface of the plaque, being
an otherwise significant feature of complicated plaques,
can discriminate between symptomatic and asympto-
matic plaques. Acute thrombosis on ultrasound appears
as a completely echolucent defect adjacent to the lumen43

and it is almost certain that by the time the operation is
performed (usually several weeks after the event) the
thrombus has undergone remodeling.

Natural History Studies

Johnson did the first study, which has shown the value of
ultrasonic characterization of carotid bifurcation plaques
in asymptomatic patients, in the early 1980s.17,18 In that
study, hypoechoic carotid plaques in comparison to
hyperechoic or calcified ones increased the risk of stroke
during a follow-up period of 3 years; this effect was
prominent in patients with carotid stenosis more than
75% (as estimated by cross-sectional area calculations
and spectral analysis), as stroke occurred in 19% of them.
None of the patients with calcified plaques developed a
stroke.

A second study performed in the 1980s by Sterpetti25

has shown that the severity of stenosis (lumen diameter
reduction greater than 50%) and the presence of a het-
erogeneous plaque were both independent risk factors
for the development of new neurological deficits (TIA
and stroke). Twenty-seven percent of the patients with
heterogeneous plaques and hemodynamically significant
stenosis developed new symptoms. Unfortunately, their
study had mixed cases as 37% of the patients had a
history of previous neurologic symptoms, mainly hemi-
spheric ones. History of these neurological symptoms was
a risk factor for the development of new neurological
symptoms during the follow-up period, although this was



130 A.N. Nicolaides et al.

found only in the univariate analysis. Because no sub-
group analysis was performed, no conclusion can be
drawn regarding asymptomatic or symptomatic patients.

In a similar study of patients with asymptomatic
carotid stenosis AbuRahma31 reported that the incidence
of ipsilateral strokes during follow-up was significantly
higher in patients having heterogeneous plaques than in
those having homogeneous ones: 13.6% versus 3.1% 
(p = 0.0001; odds ratio: 5). Similarly, the incidence rate of
all neurological events (stroke or TIA) was higher in
patients with heterogeneous than in those with homoge-
neous plaques: 27.8% versus 6.6% (p = 0.001; odds ratio,
5.5). Heterogeneous plaques were defined as those 
composed of a mixture of hypoechoic, isoechoic, and
hyperechoic lesions, and homogeneous plaques as those
that consisted of only one of the three components. Sim-
ilar results indicating an increased risk in patients 
with heterogeneous plaques were reported by Carra32

(Table 10–2).
The study published in the 1980s by Langsfeld26 con-

firmed that patients with hypoechoic plaques (type 1,
predominantly echolucent raised lesion, with a thin
“eggshell” cap of echogenicity and type 2, echogenic
lesions with substantial areas of echolucency) had a
twofold risk of stroke: 15% in comparison to 7% in those
having hyperechoic plaques [type 3, predominately
echogenic with small area(s) of echolucency deeply local-
ized and occupying less than a quarter of the plaque and
type 4, uniformly dense echogenic lesions]. A confound-
ing factor was that patients with greater than 75% steno-
sis were also at increased risk. However, the overall
incidence of new symptoms was low, in contrast with the
previous studies, perhaps because only asymptomatic
patients were included in that study. Based on their

results, the authors proposed an aggressive approach in
those patients with greater than 75% stenosis and het-
erogeneous plaques. There is some confusion regarding
the interchangeable use of the terms heterogeneous and
hypoechoic in that article. The authors raised the point
that it is important for each laboratory to verify its ability
to classify plaque types. The same group in another study
published 4 years later reported a 5.7% annual vessel
event rate (TIA and stroke) for echolucent carotid
plaques versus 2.4% for the echogenic ones (p = 0.03).27

Given the fair interobserver reproducibility for type 1
plaques, the use of reference points was proposed: ane-
chogenicity to be standardized against circulating blood,
isoechogenicity against sternomastoid muscle, and hyper-
echogenicity against bone (cervical vertebrae). This
method was used in the late 1990s by Polak,22 who inves-
tigated the association between stroke and internal
carotid artery plaque echodensity in 4886 asymptomatic
individuals aged 65 years or older, who were followed up
prospectively for 48 months. Some 68% of those had
carotid artery stenosis, which exceeded 50% in 270
patients. In this study plaques were subjectively charac-
terized as hypoechoic, isoechoic, or hyperechoic in rela-
tion to the surrounding soft tissues. Hypoechoic plaques
causing 50–100% stenoses were associated with a signif-
icantly higher incidence of ipsilateral, nonfatal stroke
than iso- or hyperechoic plaques of the same degree of
stenosis (relative risk 2.78 and 3.08, respectively). The
authors of this study suggested that quantitative methods
of grading carotid plaque echomorphology such as com-
puter-assisted plaque characterization might be more
precise in determining the association between hypoe-
choic (echolucent) plaques and the incidence of stroke.
Subsequent studies28–30 have supported the finding that

Table 10–2. Results of prospective studies of plaque characterization in relation to risk for neurologic events.

Reference Endpoint Stenosis Findings

O’Holleran et al., 198718 Stroke, transient ischemic >75% Cumulative 5 year stroke risk was 80% for soft (echolucent plaques)
attack (TIA) 10% for dense (echogenic and calcified plaques)

Sterpetti et al., 198825 Stroke, TIA >50% Events: 27% for heterogeneous plaques
9% for homogeneous plaques

Langsfeld et al., 198926 Neurological symptoms >75% Events: 15% for echolucent plaques
9% for echogenic plaques

Bock et al., 199327 Stroke, TIA — Annual event rate:
5.7% for echolucent plaques
2.4% for echogenic plaques

Polak et al., 199822 Stroke >50% RR for ipsilateral stroke was 2.78 in hypoechoic plaques
Mathiesen et al., 200128 Neurological >35% RR for cerebrovascular events was 4.6 in subjects with echolucent 

plaques
Grønholdt et al., 200129 Ipsilateral stroke >80% RR for ischemic stroke was 7.9 in subjects with echolucent plaques
Liapis et al., 200130 Stroke, TIA >70% RR was 2.96 for stroke and 2.02 for TIA in echolucent plaques
AbuRahma et al., 199831 Stroke, TIA — Ipsilateral stroke occurred in 13.6% of heterogeneous plaques

3.1% of homogeneous plaques
Carra et al., 200332 Stroke, TIA >70% Ipsilateral event occurred in 5% of heterogeneous plaques

1.3% of homogeneous plaques
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hypoechoic plaques are associated with an increased 
risk when compared with hyperechoic plaques (see
below). We now know that echolucent and heteroge-
neous plaques are not mutually exclusive and the risk is
increased in both. Type 2 plaques, which are associated
with the highest incidence of neurological events, are by
definition included in both echolucent and heteroge-
neous groups (see the section on plaque types below).

The Need for B-Mode Image Normalization

Ultrasound examination and plaque characterization
have been until now highly subjective. When the exami-
nation is performed in a dimly lit room the gain is usually
reduced by the operator; when it is performed in a
brightly lit room the gain is increased. Although the
human eye can adjust to the image brightness to a certain
extent, reproducible measurements of echodensity are
not possible. Ultrasonic image normalization, which was
introduced in the late 1990s, has enabled us to overcome
this problem.

Computer-assisted plaque measurements of echoden-
sity were initially made from digitized B-mode images of
plaques taken from a duplex scanner with fixed instru-
ment settings including gain and time control.The median
of the frequency distribution of gray values of the pixels
within the plaque (grayscale median—GSM, scale 0–255,
0 = black, 255 = white) was used as the measurement of
echodensity. Early work had demonstrated that plaques
with a GSM of less than 32, i.e., echolucent plaques had a
5-fold increase in the prevalence of silent brain infarcts
on CT brain scans.44 Other teams found similar results but
the cut-off point was different from 32.45 Soon it became
apparent that ultrasonic image normalization was neces-
sary, so that images captured under different instrument
settings, from different scanners, by different operators,
and through different peripherals such as video or mag-
netooptical disk could be comparable.

As a result a method has been developed to normalize
images by means of digital image processing using blood
and adventitia as the two reference points.46 With the use
of commercially available software (Adobe Photoshop
version 3.0 or later, Adobe Systems Inc.) and the “his-
togram” facility, the GSM of the two reference points
(blood and adventitia) in the original B-mode image was
determined. Algebraic (linear) scaling of the image was
performed with the “curves” option of the software so
that in the resultant image the GSM of blood was equal
to 0 and that of the adventitia to 190. Thus brightness of
all pixels in the image including those of the plaque
became adjusted according to the two reference points.
This resulted in a significant improvement in the compa-
rability of the ultrasonic tissue characteristics.

Appropriate areas of blood and adventitia for image
normalization and the avoidance of areas of acoustic

shadow in the selection of the plaque area are impera-
tive. The duplex settings recommended are as follows:
maximum dynamic range, low persistence, and high
frame rate. A high-frequency linear array transducer
ideally 7–10MHz should be used. A high dynamic range
ensures a greater range of grayscale values. High frame
rate ensures good temporal resolution. In addition to
these presets the time gain compensation curve should be
positioned vertically through the lumen of the vessel, as
there is little attenuation of the beam at this point. This
ensures that the adventitia of the anterior wall has the
same brightness as the adventitia of the posterior wall.
The overall gain should be adjusted to give optimum
image quality (bright echoes with minimum noise in the
blood).A linear postprocessing curve should also be used
and finally where possible the ultrasound beam should be
at 90° to the arterial wall (Figure 10–1).

The previously discussed guidelines should result in the
following: an area of noiseless blood, an echodense piece
of adventitia in the vicinity of the plaque, and visualiza-
tion of the extent and borders of the plaque. It is here
that color images can provide further information about
plaque outline.

Two major reproducibility studies have been per-
formed in order to establish the validity of the method of
image normalization and the value of GSM measure-
ments.47,48 These studies have demonstrated that GSM
after image normalization is a highly reproducible 
measurement that could be used in natural history
studies of asymptomatic carotid atherosclerotic disease,
aiming to identify patients at higher risk of stroke.
A key issue for the successful reproducibility of 
normalized images is that only the inner half of the

Figure 10–1. Image obtained for plaque analysis. The ultra-
sound beam is at right angles to the adventitia; the time gain
compensation curve (TGC) is vertical through the vessel lumen;
a bright segment of adventitia is visible adjacent to the plaque.
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brightest section of adventitia should be sampled for 
normalization.

Adequate training is essential if the level of repro-
ducibility reported above is to be achieved. It is neces-
sary not only in the use of the software but also in the
appropriate scanning technique.

The authors have developed a research software
package, now commercially available, that can be used to
analyze ultrasonic images of plaques. This package has
five main modules. The first provides a user-friendly way
to normalize images (Figure 10–2). A zooming facility
allows enlargement of the image so that the middle half
of the adventitia can be selected accurately. The second
provides a means of calibration and of making measure-
ments of distance or area in mm and mm2, respectively.
The third provides a method of normalizing images to a
standard pixel density (20 pixels per mm).This is because
a number of texture features are pixel density dependent
and various degrees of image magnification even on the
same scanner do alter the pixel density (see section on
“Texture Features”). The fourth provides the user with a
means of selecting the area of interest (plaque) and
saving it as a separate file (Figure 10–3). An image
enhancement facility allows clearer visualization of the
edges of the plaque. The fifth classifies plaques according

to the Geroulakos classification11 and extracts a number
of texture features and saves them on a file for subse-
quent statistical analysis. In addition, images are color
contoured. Pixels with a grayscale value in the range of
0–25 are colored black. Pixels with values 26–50, 51–75,
76–100, 101–125, and greater than 125 are colored blue,
green, yellow, orange, and red, respectively (Figure 10–4).
In addition, this module allows printing of the plaque
images and selected features or saving the latter in a file
(Figure 10–5). For the purpose of automatic classification
by computer, the Geroulakos classification has been
redefined in terms of pixels and gray levels. Examples of
plaque types 1–4 are shown in Figure 10–6. For plaque
type 5 only the calcified or visible bright areas of the
plaque should be selected ignoring the areas of acoustic
shadows where information on plaque texture is lacking.

Type 1. Uniformly echolucent (black): (less than 15% of
the plaque area is occupied by colored areas, i.e., with
pixels having a grayscale value greater than 25). If the
fibrous cap is not visible, the plaque can be detected as
a black filling defect only by using color flow or power
Doppler.

Type 2. Mainly echolucent: (colored areas occupy
15–50% of the plaque area).

Figure 10–2. A user-friendly method of image normalization.
Original image is on the left. By sampling pixels representing
blood and pixels of center of adventitia after magnification, the

normalized image is produced on the right. This image can be
saved in a database.
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Figure 10–3. This module provides the facility for outlining the plaque and saving it as a separate file in the database. The color
image on the right provides some indication of the extent of hypoechoic areas near the lumen.

Figure 10–4. This module extracts a large number of well-
established standard first-order and second-order statistical fea-
tures used in image analysis. The program determines the type

of plaque automatically and allows input from the operator
about the presence of a dark area adjacent to the lumen, pre-
senting symptoms and percent carotid stenosis.



Type 3. Mainly echogenic: (colored areas occupy 50–85%
of the plaque area).

Type 4 and 5. Uniformly echogenic: (colored areas
occupy more than 85% of the plaque area).

A reproducibility study between visual classification
and computer classification has demonstrated a kappa
statistic of 0.61 (Table 10–3). It should be noted that the
computer cannot distinguish between plaque types 4 and
5. This is because the operator selects only the calcified
area of plaque type 5. However, this is not a major draw-
back since both plaque types 4 and 5 are associated with
low risk.The high event rate associated with plaque types
1–3 and low event rate with plaques 4 and 5 found after
image normalization and visual classification is also
found after image normalization and typing by computer
(Table 10–4). In fact, after image normalization and com-
puter classification the group of patients with plaque
types 1–3 contains 99 (93.5%) of all 106 neurological
events.When compared with type 4 and 5 plaques the rel-
ative risk is 3.3 (95% CI 1.56–7.00).Also, after image nor-
malization and computer classification plaque types 1–3
contain 44 (93.6%) of all 46 strokes (RR 3.4 with 95% CI
1.07–10.9).

Carotid Plaque Echodensity and
Structure in Normalized Images

The clinical importance of ultrasonic plaque characteri-
zation following image normalization has been focused
on two main areas: first, cross-sectional studies aiming at
better understanding of the pathophysiology of carotid
disease and second, natural history studies seeking to
identify high- and low-risk groups for stroke in order to
refine the indications on selection of symptomatic or
asymptomatic patients not only for carotid endarterec-
tomy but also for stenting.

Cross-Sectional Studies

The use of image normalization and computer analysis
has resulted in the identification of differences in carotid
plaque structure—in terms of echodensity and degree of
stenosis—not only between symptomatic and asympto-
matic plaques in general but also between plaques 
associated with retinal or hemispheric symptoms.49 In a
series of asymptomatic and symptomatic patients pre-
senting with amaurosis fugax,TIAs, and stroke with good 
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Figure 10–5. Printout of normalized grayscale image of plaque
and color contoured image with selected plaque characteriza-
tion features.
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recovery having 50–99% stenosis on carotid duplex 
scan, plaques associated with symptoms were significantly
more hypoechoic, with higher degrees of stenosis than
those not associated with symptoms (mean 
GSM = 13.3 versus 30.5 and mean degree of stenosis =
80.5% versus 72.2%). Furthermore, plaques associated
with amaurosis fugax were hypoechoic (mean GSM = 7.4)
and severely stenotic (mean stenosis 85.6%).
Plaques associated with TIAs and stroke had a similar
echodensity and a similar degree of stenosis (mean 
GSM = 14.9 versus 15.8 and degree of stenosis = 79.3%
versus 78.1%).50 These findings confirm previous reports,
which have shown that hypoechoic plaques are more
likely to be associated with symptoms. In addition, they
support the hypothesis that amaurosis fugax has a patho-
physiological mechanism different from that of TIAs and
stroke.

Our group has found that GSM separates echomor-
phologically the carotid plaques associated with silent
nonlacunar CT-demonstrated brain infarcts from pla-
ques that are not so associated. The median GSM of
plaques associated with ipsilateral nonlacunar silent CT-
demonstrated brain infarcts was 14, and that of plaques
that were not so associated was 30 (p = 0.003).48 Addi-
tionally, emboli counted on transcranial Doppler (TCD)
in the ipsilateral middle cerebral artery were more fre-
quent in the presence of low-plaque echodensity (low

GSM), but not in the presence of a high degree of steno-
sis. These data support the embolic nature of cere-
brovascular symptomatology.49

There are several biological findings that can explain
the association of hypoechoic plaques with symptoms.
Our group has found that hypoechoic plaques with a low
GSM have a large necrotic core volume.51 In addition,
hypoechoic plaques have increased macrophage infiltra-
tion on histological examination of the specimen after
endarterectomy.52

The role of biomechanical forces in the induction of
plaque fatigue and rupture has been emphasized.53–55 In
our group of patients, carotid plaques associated with
amaurosis fugax were hypoechoic and were associated
with very high-grade stenoses. It may well be that the
plaques that are hypoechoic and homogeneous undergo
low internal stresses and therefore do not rupture but
progress to tighter stenosis with poststenotic dilatation,
turbulance, and platelet adhesion in the poststenotic area
resulting in the eventual production of showers of small
platelet emboli. Such small platelet emboli may be too
small to produce hemispheric symptoms but are detected
by the retina. In contrast, plaques associated with TIAs
and stroke were less hypoechoic and less stenotic than
those associated with amaurosis fugax. These plaques are
hypoechoic but more heterogeneous and may undergo
stronger internal stresses. Therefore, they may tend to

Table 10–4. The ipsilateral AF, TIAs, and strokes that occurred during follow-up in
patients with different types of plaque after image normalization and classification by
computer.a

Plaque type
classified
by computer Events absent AF TIAs Stroke All events Total

1 56 (88.9%) 2 (3.2%) 1 (1.6%) 4 (6.3%) 7 (11.1%) 63 (100%)
2 271 (86.6%) 6 (1.9%) 17 (5.4%) 19 (6.1%) 42 (13.4%) 313 (100%)
3 435 (89.7%) 10 (2.1%) 19 (3.9%) 21 (4.3%) 50 (10.3%) 485 (100%)
4/5 194 (97.1%) 0 5 (2.5%) 2 (1.5%) 7 (3.5%) 201 (100%)
Total 956 (90.0%) 18 (1.7%) 42 (3.8%) 46 (4.4%) 106 (10.0%) 1062 (100%)

aAF, amaurosis fugax; TIAs, transient ischemic attacks.

Table 10–3. Relationship between plaque visual classification after image normaliza-
tion and plaque classification by computer (kappa = 0.61).a

Plaque type:
visual classification
after image Plaque type classification by computer after image normalization

normalization 1 2 3 4/5 Total

1 57 (51%) 53 (47%) 2 (1.8%) 0 112 (100%)
2 6 (1.6%) 251 (68%) 110 (30%) 3 (0.8%) 370 (100%)
3 0 9 (3%) 281 (91%) 20 (6.5%) 310 (100%)
4/5 0 0 92 (34%) 178 (66%) 270 (100%)
Total 63 (6%) 313 (29%) 486 (46%) 201 (19%) 1062 (100%)

aBecause of the low event rate in plaque types 4 and 5 and because the computer cannot dis-
tinguish between them these plaques have been grouped together.
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rupture at an earlier stage (lower degrees of stenosis),
producing larger particle debris (plaque constituents or
thrombi) that deprive large areas of the brain of adequate
perfusion.

Prospective Studies

The Tromsø study conducted in Norway involving 223
subjects with carotid stenosis > 35% has found that 
subjects with echolucent atherosclerotic plaques have
increased risk of ischemic cerebrovascular events inde-
pendent of degree of stenosis.28 The authors give no
details on the patient’s neurological history. The adjusted
relative risk for all cerebrovascular events in subjects
with echolucent plaques was 4.6 (95% CI 1.1–18.9), and
there was a significant linear trend (p = 0.015) for higher
risk with increasing plaque echolucency. Ipsilateral neu-
rological events were also more frequent in patients with
echolucent or predominantly echolucent plaques (17.4%
and 14.7%, respectively). The authors concluded that
evaluation of plaque morphology in addition to the grade
of stenosis might improve clinical decision making and
differentiate treatment for individual patients and that
computer-quantified plaque morphology assessment,
being a more objective method of ultrasonic plaque char-
acterization, may further improve this.

This method has been recently used by Grønholdt,29

who found that echolucent plaques causing >50% diam-
eter stenosis were associated with increased risk of future
stroke in symptomatic (n = 135) but not asymptomatic 
(n = 111) individuals. Echogenicity of carotid plaques was
evaluated with high-resolution B-mode ultrasound and
computer-assisted image processing. The mean of the
standardized median grayscale values of the plaque was
used to divide plaques into echolucent and echorich. Rel-
ative to symptomatic patients with echorich 50–79%
stenotic plaques, those with echorich 80–99% stenotic
plaques, echolucent 50–79% stenotic plaques, and echolu-
cent 80–99% stenotic plaques had relative risks of 
ipsilateral ischemic stroke of 3.1 (95% CI, 0.7–14), 4.2
(95% CI, 1.2–15), and 7.9 (95% CI, 2.1–30), equivalent 
to absolute risk increase of 11%, 18%, and 28%, respec-
tively. The authors suggested that measurement of
echolucency, together with the degree of stenosis, might
improve selection of patients for carotid endarterectomy.
The relatively small number of asymptomatic individuals
was probably the reason why plaque characterization was
not helpful in predicting risk in the asymptomatic group.

Ultrasonic Plaque Ulceration

Several studies have indicated a strong association
between macroscopic plaque ulceration and the devel-
opment of embolic symptoms (amaurosis fugax, TIAs,

stroke) and signs such as silent infarcts on CT brain
scans.56–60 However, the ability of ultrasound to identify
plaque ulceration is poor.15,19,61–67 The sensitivity is low
(41%) when the stenosis is greater than 50% and mod-
erately high (77%) when the stenosis is less than 50%.
This is because ulceration is much easier to detect in the
presence of mild stenosis, when the residual lumen and
plaque surface are more easily seen, than with severe
stenosis, when the residual lumen and the surface of the
plaque are not easily defined because they are not always
in the plane of the ultrasound beam.

Two studies have investigated plaque surface charac-
teristics and the type of plaque in relation to symptoms.
The first one was a retrospective analysis of 578 sympto-
matic patients (242 with stroke and 336 with TIAs)
recruited for the B-scan Ultrasound Imaging Assessment
Program. A matched case-control study design was used
to compare brain hemispheres with ischemic lesions to
unaffected contralateral hemispheres with regard to the
presence and characteristics of carotid artery plaques.
Plaques were classified as smooth when the surface had
a continuous boundary, irregular when there was an
uneven or pitted boundary, and pocketed when there was
a crater-like defect with sharp margins. The results
demonstrated an odds ratio of 2.1 for the presence of an
irregular surface and of 3.0 for hypoechoic plaques in
carotids associated with TIAs and stroke.68

The second study included 258 symptomatic and 65
asymptomatic patients. Carotid plaque morphology was
classified according to Gray-Weale,20 and plaque sur-
face features were assessed. The results demonstrated 
that plaque types 1 and 2 were more common in sympto-
matic patients. The incidence of ulceration was 23% in
the symptomatic and 14% in the asymptomatic group 
(p = 0.04).69

In the absence of any prospective natural history
studies in which ultrasound has been used for identifying
plaque ulceration, the finding of plaque ulceration cannot
be used for making clinical decisions.

Stenosis: A Confounding Factor

Natural history studies have demonstrated that the risk
of developing ipsilateral symptoms including stroke
increases with increasing severity of internal carotid
artery stenosis (Table 10–5). In addition, a number of
important messages have emerged recently. One is that
the different methods used on either side of the Atlantic
to express the degree of stenosis have a different rela-
tionship to risk. Another is the realization that a consid-
erable number of events occur in patients with low grade
asymptomatic carotid stenosis. Also, the relationship
between risk and degree of internal carotid stenosis
depends on the methodology used. Finally, both the
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severity of internal carotid stenosis and plaque charac-
terization texture features are independent predictors 
of risk and can complement each other. Thus, plaque
characterization cannot be considered independent of
stenosis.

Two main methods are currently used to express
percent diameter stenosis. The first one defines the resid-
ual lumen as a percentage of the normal distal internal
carotid artery (ICA). It has been used in North America
since the late 1960s and more recently the North 
American Symptomatic Carotid Endarterectomy Trial
(NASCET)70 and the Asymptomatic Carotid Atheroscle-
rosis Study (ACAS).71 It has become known as the North
American, “NASCET,” or “N” method.72 The second
method expresses the residual lumen as a percentage of
the diameter of the carotid bulb and has been used in the
European Carotid Surgery Trial (ECST).73 It has become
known as the European or “ECST” or “E” method.74 The
relationship between both methods is shown in Figure
10–7.

Several natural history studies17,27,75–82 indicate that the
risk of stroke in asymptomatic patients is low (0.1–1.6%

per year) for NASCET stenosis less than 75–80% and
higher (2.0–3.3% per year) with greater degrees of steno-
sis (Table 10–5). Different cut-off points, ranges, and
methods of grading stenosis have been used in these
natural history studies17,27,75–82 and randomized controlled
trials.70,71,73,83 Universal agreement as to the best method
for grading ICA stenosis and optimum cut-off points in
relation to risk have not yet been established.

The NASCET randomized controlled study has used
angiography and a cut-off point of 70% stenosis in rela-
tion to the distal internal carotid, which is equivalent to
83% stenosis in relation to the bulb (Figure 10–7). The
ECST randomized controlled study has used angiogra-
phy also, but a cut-off point of 70% stenosis in relation
to the bulb, which is equivalent to 47% stenosis in rela-
tion to the distal ICA. Many vascular surgeons are under
the impression that these cut-off points are similar! The
only similarity is the value of 70%. In reality the differ-
ence in terms of plaque size or residual lumen is consid-
erable. However, with increasing degrees of stenosis the
values of the two methods converge and the discrepancy
decreases (Figure 10–7).

Table 10–5. Natural history studies of patients with asymptomatic internal carotid artery stenosis in which grades of stenosis up
to 99% have been included.a

Mean Events Event rate (annual)
Grading of stenosis follow-up TIAs TIAs+ TIAs TIAs+

Publication Area N% E% n (years) +AFb Stroke stroke +AF Stroke Stroke

Johnson et al., 19856 <75 <50% <70% 176 3 12 3 15 2.3% 0.6% 1.7%
>75 >50% >70% 121 57 12 69 15.7% 3.3% 19%

Chambers and Norris, <75 <50% <70% 387 2 8 6 14 1.0% 0.1% 1.8%
19868 >75 >50% >70% 113 16 6 22 7.0% 2.6% 9.7%

Hennerici et al., 19879 <80% <88% 119 2.5 15 4 19 5.0% 1.3% 6.4%
>80% >88% 36 2 3 5 2.2% 3.3% 5.5%

Norris et al., 199110 <50% <70% 303 3.4 11 13 24 1.1% 1.3% 2.3%
50–75% 72–85% 216 28 5 33 3.8% 0.6% 4.5%
75–99% 85–99% 177 36 11 47 6.0% 1.8% 7.8%

Zhu and Norris, 199111 <50% <72% 734c 4 12 10 22 0.4% 0.3% 0.7%
50–74% 72–85% 172c 12 2 14 1.7% 0.3% 2.0%
75–99% 85–99% 94c 23 6 29 6.1% 1.6% 7.7%

MacKey et al., 199712 <12% <50% 358 3.6 5 5 10 0.4% 0.4% 0.8%
12–65% 50–79% 207 3 6 9 0.4% 0.8% 1.2%
65–99% 79–99% 113 12 7 19 2.9% 1.7% 4.7%

Nadareishvili et al., <50% <72% 108 10 — — 10 — — 0.9%
200213 50–99% 72–99% 73 — — 12 — — 7.7%

ECST (asymptomatic <47% 0–69% 2113 4.5 — 54 — 0.5% —
side) 199514 47–99% 70–99% 127 — 13 — 2.3% —

NASCET (asymptomatic <50% <72% 1496 5 — 116 — — 1.5% —
side) 50–74% 72–85% 172 — 31 — — 2.8% —

Inzitary et al., 200015 75–99% 85–99% 73 — 12 — — 3.3% —
<60% <77% 1604 — 128 — — 1.6% —

60–99% 77–99% 73 — 34 — — 3.1% —
ACSRS 12–49% 50–69% 194 3.5 7 3 10 0.4% 0.4% 1.5%
Nicolaides et al., 200584 50–82% 70–89% 593 31 23 54 1.5% 1.1% 2.6%

82–99% 90–99% 328 24 20 44 2.1% 1.7% 3.8%

aThe method used to grade the stenosis in each study (area, N% = NASCET or E% = ECST) is shown in bold.
bAF, amaurosis fugax; TIAs, transient ischemic attacks.
cIndicates carotid arteries rather than patients.
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The results of the Asymptomatic Carotid Stenosis and
Risk of Stroke (ACSRS) prospective natural history
study have demonstrated that the risk of ipsilateral
ischemic hemispheric events has a linear relationship
with ECST stenosis (Figure 10–8) but not with NASCET
stenosis (Figure 10–9).84

Natural history studies including the ACSRS that have
included patients with asymptomatic carotid stenosis up
to 99% (Table 10–5) have demonstrated that a consider-
able number of events occur at low grades of stenosis. In
fact, in the ACSRS study 37 (34%) of 108 ipsilateral
ischemic hemispheric events including 16 (35%) of the 46
strokes (Table 10–6) occurred in patients with stenosis
less than 60% NASCET (<77% ECST), the selection cri-
terion for carotid endarterectomy in asymptomatic
patients as indicated from the findings of the ACAS trial.
Only 10 (9%) of the events including 3 (3%) strokes
occurred in patients with stenosis less than 70% ECST,
equivalent to approximately 50% NASCET. The ques-
tion that has been posed is whether plaque characteriza-
tion can improve the selection of patients at increased
risk in the range of 50–70% NASCET (equivalent to
72–83% ECST).
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Figure 10–7. The relationship between ECST and NASCET
percentage stenosis. The conversion scale is based on the fol-
lowing equations: NASCET stenosis = (ECST stenosi − 43) ×
(100/57) and ECST stenosis = [NASCET stenosis × (57/100) +
43]. Note: a 43% stenosis of the bulb reduces the lumen to the
diameter of the lumen of the normal distal internal carotid
artery. (Reproduced from Nicolaides et al., 2005. Eur J Vasc
Endovasc Surg 30, 275–284, with permission.)
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Figure 10–8. The incidence of ipsilateral ischemic hemispheric
events in relation to the ECST percentage stenosis of the 
internal carotid artery in the ACSRS study. (Reproduced from
Nicolaides et al., 2005. Eur J Vasc Endovasc Surg 30, 275–284,
with permission.)
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Figure 10–9. The incidence of ipsilateral ischemic hemispheric
events in relation to the NASCET percentage stenosis of the
internal carotid artery in the ACSRS study. (Reproduced from
Nicolaides et al., 2005. Eur J Vasc Endovasc Surg 30, 275–284,
with permission.)
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Plaque Type and Risk

As pointed out above, most natural history studies per-
formed in the past have used different methods of plaque
classification without prior image normalization. It is now
realized that image normalization results in marked
change in the appearance of plaques with reclassification
of a large number. The relationship between plaque clas-
sification before image normalization and after image
normalization in patients admitted to the ACSRS study
is shown in Table 10–7.85 Before image normalization 131
plaques were classified as type 1, 288 as type 2, 319 as type
3, 166 as type 4, and 188 as type 5. It can be seen that after
image normalization 66% of type 1, 49% of type 2, 46%
of type 3, 66% of type 4, and 82% of type 5 were reclas-
sified as a different plaque type (kappa statistic 0.22)
demonstrating that there was a poor agreement between
plaque classification before and after image normaliza-
tion.After image normalization 652 (60%) of the plaques
changed category.This marked change in plaque category
is found in all plaque types including type 5. Before image
normalization plaques with a calcified cap that had more
than 15% of the plaque obscured by an acoustic shadow
were classified as type 5. After image normalization the
area of plaque adjacent to the calcification and acoustic
shadow could be seen and outlined more easily in rela-
tion to blood. This area changed considerably in many
plaques and explains why a large number of plaques ini-
tially classified as type 5 changed to type 4, 3, and even 2
after image normalization (Table 10–7).

The ipsilateral neurological events (amaurosis fugax,
TIAs, and stroke) that occurred in the ACSRS study
during follow-up in patients with different types of
plaque before and after image normalization are shown
in Tables 10–8 and 10–9, respectively. It can be seen that
after image normalization the incidence of events in rela-
tion to different plaque types has changed. After image
normalization there was a decreased incidence in patients
with plaque types 4 and 5 with the vast majority of events
occurring in plaque types 1, 2, and 3. Before image nor-
malization only 82 (71%) of the 116 neurological events
occurred in plaque types 1–3, but after image normaliza-
tion the number increased to 109 (94%).

When plaque types 1–3 are compared with plaque
types 4 and 5 before image normalization the relative risk
of having an event is 1.12 (95% CI 0.76 to 1.66) (chi
square, p = 0.45). Also, 37 (73%) of the 51 ischemic
strokes have occurred in patients with plaque types 1–3
(Table 10–8). When plaque types 1–3 are compared with
plaque types 4 and 5 after image normalization the rela-
tive risk of having an event is 4.8 (95% CI 2.27–10.28)
(chi square, p = 0.0001).Also, 49 (96%) of the 51 ischemic
strokes have occurred in patients with plaque types 1–3
(Table 10–9).

When echolucent plaques (types 1 and 2) are compared
with echogenic (types 3 and 4) plaques the incidence 
of ipsilateral neurological events is 61 (14.9%) out of 
409 in the former and 53 (8.3%) out of 635 in the 
latter (Table 10–9) (RR 1.6 95% CI 1.16–2.32) (chi square,
p = 0.003).

Table 10–6. The number of different ipsilateral ischemic hemispheric neurological
events in relation to less than 60% and 60–99% NASCET internal carotid artery steno-
sis (chi square 4.6; p = 0.21).a

% NASCET All
stenosis AF TIA Stroke All events patients

<60 6 (1.2%) 15 (3.0%) 16 (3.2%) 37 (7.4%) 499
60–99 12 (1.9%) 29 (4.6%) 30 (4.7%) 71 (11.2%) 636
Total 18 (1.6%) 44 (3.9%) 46 (4.1%) 108 (9.7%) 1115

aAF, amaurosis fugax; TIAs, transient ischemic attacks.

Table 10–7. The relationship between plaque classification before and after image
normalization (kappa = 0.22).

Plaque type
before image Plaque type after image normalization

normalization 1 2 3 4 5 Total

1 44 (34%) 54 (41%) 22 (17%) 11 (7%) 0 131 (100%)
2 23 (8%) 148 (51%) 97 (34%) 16 (6%) 4 (1.4%) 288 (100%)
3 10 (3%) 68 (21%) 173 (54%) 54 (17%) 14 (4%) 319 (100%)
4 0 35 (21%) 62 (37%) 57 (34%) 12 (7%) 166 (100%)
5 0 27 (19%) 96 (51%) 47 (25%) 18 (10%) 188 (100%)
Total 77 (7%) 332 (31%) 450 (41%) 185 (17%) 48 (6%) 1092 (100%)
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When heterogeneous plaques (types 2 and 3) are com-
pared with homogeneous plaques (types 1 and 4) the inci-
dence of ipsilateral neurological events is 102 (13%) out
of 782 in the former and 12 (4.6%) out of 262 in the latter
(Table 10–5) (RR 2.8 95% CI 1.59–5.10) (chi square,
p = 0.0001).

Before image normalization the ipsilateral neurologi-
cal event rate was high in all plaque types (Table 10–8).
After image normalization the event rate was high in
plaque types 1–3 and low in types 4 and 5 (Table 10–9).
This justifies grouping plaques 1–3 as high risk and 4 and
5 as low risk (see below).

Several research teams have indicated that the risk 
for stroke is higher with echolucent plaques (types 1 
and 2) when compared with echogenic plaques (types 
3 and 4) (Table 10–2). Others have claimed that hetero-
geneous plaques are associated with a higher risk 
for stroke than homogeneous plaques (Table 10–2).
As pointed out earlier the results of the ACSRS study 
are compatible with both findings. This is because type 2
plaques that are associated with the highest stroke 
risk (Table 10–9) are included by most authors in both
the echolucent and heterogeneous groups. The low 
risk associated with type 4 plaques can be explained 
by the fact that these plaques contain a large amount 
of collagen that is uniformly distributed, giving them 
stability. With decreasing amounts of collagen that is 
not uniformly distributed, the plaques may become
increasingly unstable reaching a maximum risk in type 
2 plaques that have a large lipid core and relatively 

little unevenly distributed collagen. It is now believed
that type 2 and 3 plaques are unstable and tend to rupture
because they are of nonuniform consistency and have
nonuniform stresses within them during each pulsation.
This is in contrast to type 1 plaques that have a uniform
consistency and tend to progress without early rupture
presenting with symptoms only when the stenosis
becomes severe.48

Plaque Type, Stenosis, and Risk

The relationship between plaque type, stroke, and ipsi-
lateral internal carotid stenosis (mild, moderate, and
severe) has been explored in the ACSRS natural history
study.85 In this study the relationship between stenosis
expressed as percentage stenosis of the bulb (ECST
method) and stroke is shown in Figure 10–10. As in all
other natural history studies the stroke rate increases
with increasing degrees of internal carotid stenosis.

Table 10–10 shows the incidence of ipsilateral ischemic
stroke in relation to both plaque type and severity of
stenosis. For stenosis in the 50–69% range the incidence
of stroke is low irrespective of plaque type (Table 10–10:
cells a and e). For stenosis in the 70–89% range the stroke
rate was 5.7% in patients with plaque types 1–3 and 0.8%
in patients with plaque types 4 and 5 (Table 10–10: cells b
and f). For stenosis in the 90–99% range the stroke rate is
7.7% in patients with plaque types 1–3 and zero in patients
with plaque types 4 and 5 (Table 10–10: cells c and g).

Table 10–8. The ipsilateral AF, TIAs, and strokes that occurred during follow-up in
patients with different types of plaque before image normalization.a

Plaque type Events absent AF TIAs Stroke All events Total

1 125 (95.4%) 1 (0.8%) 4 (3.1%) 1 (0.8%) 6 (4.6%) 131 (100%)
2 243 (84.4%) 3 (1.0%) 19 (6.6%) 23 (8.0%) 45 (15.6%) 288 (100%)
3 288 (90.3%) 5 (1.6%) 13 (4.0%) 13 (4.0%) 31 (9.7%) 319 (100%)
4 146 (88.0%) 6 (3.6%) 4 (2.4%) 10 (6.0%) 20 (12%) 166 (100%)
5 174 (92.5%) 4 (2.1%) 6 (3.2%) 4 (2.6%) 14 (7.5%) 188 (100%)
Total 976 (89.4%) 19 (1.7%) 46 (4.2%) 51 (4.7%) 116 (10.6%) 1092 (100%)

aAF, amaurosis fugax; TIAs, transient ischemic attacks.

Table 10–9. The ipsilateral AF, TIAs, and strokes that occurred during follow-up in
patients with different types of plaque after image normalization.a

Plaque type Events absent AF TIAs Stroke All events Total

1 70 (91.0%) 2 (2.6%) 1 (1.3%) 4 (5.2%) 7 (9.1%) 77 (100%)
2 278 (84.1%) 7 (2.1%) 23 (6.7%) 24 (7.1%) 54 (15.9%) 332 (100%)
3 419 (93.1%) 10 (2.2%) 17 (3.8%) 21 (4.7%) 48 (10.7%) 450 (100%)
4 180 (97.3%) 0 3 (1.6%) 2 (1.1%) 5 (2.7%) 185 (100%)
5 46 (95.8%) 0 2 (4.2%) 0 2 (4.2%) 48 (100%)
Total 976 (89.4%) 19 (1.7%) 46 (4.2%) 51 (4.7%) 116 (10.6%) 1092 (100%)

aAF, amaurosis fugax; TIAs, transient ischemic attacks.
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Thus, for the 905 patients with stenosis in the range of
70–99% (cells b, c, f, and g in Table 10–10) the incidence
of stroke was (47/724) 6.5% (cells b and c) in plaque types
1, 2, and 3 and only (1/181) 0.55% (cells f and g) in plaque
types 4 and 5 (RR 11.7 with 95% CI 1.63–84.5) (chi
square with Yates correction 9.0; p = 0.003). The cumula-
tive stroke-free survival rate in these 905 patients with
greater than 70% stenosis for plaque types 1–3 and 4 
and 5 is shown in Figure 10–11. For patients with plaque
types 1–3 the cumulative stroke rate is 14% at 7 years
(2% per year) and for patients with plaque types 4 and 5
the cumulative event rate is 1% at 7 years (0.14% per
year).

The results of the ACSRS study indicate that for
asymptomatic patients with internal carotid stenosis less
than 70%, the annual risk of stroke is low (1.6%) 

irrespective of plaque type (Table 10–10). It is 4.6% for
grades of stenoses 70–89% and 6.5% for 90–99%. The
incidence of stroke in the ACSRS study is also very low
(0.9%) for plaque types 4 and 5 irrespective of the degree
of stenosis and increases to 5.7% with plaque types 1–3.
Thus, it appears that the lesions that are associated with
greater than 70% stenosis that are types 1–3 (cells b and
c in Table 10–6) (RR 11.7 with 95% CI 1.63–84.5) iden-
tify a higher risk group. This higher risk group has a
cumulative annual stroke rate of 2% per year in contrast
to plaques types 4 and 5 producing greater than 70%
stenosis that have a cumulative annual stroke rate of
0.14% per year (Figure 10–11).

The results of the ACAS randomized controlled trial71

have suggested that surgery is beneficial in those patients
who have an asymptomatic greater than 60% internal
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Figure 10–10. The ipsilateral hemispheric event-free cumula-
tive survival rate in relation to the ECST percentage stenosis of
the internal carotid artery (50–69% group: n = 101; 70–89%
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p = 0.020; 50–69 vs. 90–99%, p = 0.0014. (Reproduced from 
Nicolaides et al., 2005. Eur J Vasc Endovasc Surg 30, 275–284,
with permission.)

Table 10–10. The incidence of ipsilateral ischemic stroke in relation to plaque type
after image normalization and severity of stenosis.

Plaque type after Grade of stenosis (ECST)

image normalization 50–69% 70–89% 90–99% Total

1, 2 and 3 2/135 (1.5%) 26/453 (5.7%) 21/271 (7.7%) 49/859 (5.7%)
a b c d

4 and 5 1/52 (1.9%) 1/129 (0.8%) 0/52 2/235 (0.9%)
e f g h

Total 3/187 (1.6%) 27/582 (4.6%) 21/323 (6.5%) 51/1092 (4.7%)
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Figure 10–11. Kaplan–Meier estimates of the ipsilateral stroke
free survival rate in 905 patients with greater than 70% steno-
sis (percentage stenosis in relation to the bulb: ECST method)
for plaque types: 1, 2, 3 (n = 724) vs. 4, 5 (n = 181). Log rank 
p = 0.0028. (Reproduced from Nicolaides et al., 2005. Vascular
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carotid stenosis as measured by the NASCET method,
which is equivalent to 77% ECST stenosis (Table 10–7).
Similar results have been produced by the ACST ran-
domized controlled study,83 but in the publication of the
latter study it has not been stated whether the cut-off
point of 70% stenosis based on duplex is meant to be in
relation to the distal internal carotid (NASCET method)
or the bulb (ECST method). Plaque characterization was
not performed in the ACAS study. Plaque classification
into echolucent or echogenic plaques was attempted in
the ACST study but no significant difference was found.
In the ACST study plaque classification was performed
locally without image normalization and without record-
ing of images for assessment at the coordinating center
and for enhanced quality control.

The results of the ACSRS study suggest that asympto-
matic patients with plaque types 4 and 5 classified as such
after image normalization and taking into consideration
not only the calcified area but also the area of the plaque
adjacent to the calcification not affected by acoustic
shadow are at low risk even when they produce a severe
stenosis. In the ACSRS study 181 (20%) of the 905
plaques with greater than 70% ECST stenosis fell into
this category (Table 10–10). Also, patients with plaque
types 1–3 with ECST stenosis in the range of 70–83%,
which is approximately equivalent to 50–70% NASCET,
are at increased risk and may need prophylactic carotid
endarterectomy.

Texture Features Other Than 
Grayscale Median

With the exception of GSM, very few studies have inves-
tigated the association between textural features of
carotid plaque ultrasonic images and patient symp-
toms.86–88 The use of a GSM cut-off point of 40, by demon-
strating an odds ratio of approximately four, has achieved
only partial separation of symptomatic from asympto-
matic carotid plaques.89 Thus, it has been suggested that
the additional use of textural features might improve the
identification of high-risk plaques.90,91 Ultrasonic texture
characterization using computer algorithms has been suc-
cessfully applied to liver images.92,93

Several of the texture features offered by the fifth
module of the image analysis software have been found
to be associated with plaques of different symptomatol-
ogy. Many of these features measure similar parameters
and good results have been obtained with several combi-
nations. One example is given below. The value of these
texture features was tested in a cross-sectional study of
409 patients referred to the vascular laboratory for diag-
nostic duplex scanning. Of these 242 were asymptomatic,
40 presented with amaurosis fugax, 72 with TIAs, and 55
with stroke. Plaques were classified into three main

groups (Figure 10–12) on the basis of image normaliza-
tion and six features, two (homogeneity and angular
second movement) based on the spatial gray level
dependence matrix method (SGLDM), Runlength-SRE,
plaque type (1–5),GSM,and black area close to the lumen
using discriminant function analysis. Black area close to
the lumen was defined as an area with gray scale pixels in
the range of 0–25 that is greater than 15% of the total
plaque area. The discriminant function classified plaques
into three groups (Figure 10–12). The group on the left in
Figure 10–12 consisted of asymptomatic plaques, the
group at the top of plaques that were asymptomatic or
were associated with TIAs or stroke, and the group at the
bottom right of plaques that were asymptomatic or asso-
ciated with amaurosis fugax. It can be argued that because
all plaques start by being asymptomatic, it is very likely
that the group at the top of the figure is that of unstable
plaques that tend to produce TIAs or stroke. Similar argu-
ments can be produced for the other groups.This method-
ology is being tested in the ACSRS natural history study
and features shown to be associated with symptomatic
plaques in the cross-sectional study above are proving to
be good predictors of stroke.

Schulte-Altedorneburg reported that thrombosis at
the plaque surface was often seen in “completely echolu-
cent” plaques (p < 0.001).94 It is likely that the echolucent
plaque component represents the thrombus or its 
combination with the lipid core. A recent study has
demonstrated a strong association between symptomatic
plaques and intraluminal thrombus attached to the
plaque.95 It may well be that the presence of a black area
adjacent to the lumen identifies many plaques associated
with thrombus formation. This needs to be tested in
future studies.
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Figure 10–12. Discriminant function analysis of 409 plaques
after image normalization (242 asymptomatic, 40 presenting
with AF, 72 with TIAs, and 55 with stroke and good recovery).
Three main groups of plaques are displayed.
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Table 10–11. The incidence of ipsilateral ischemic hemispheric events in relation to
black area near the lumen after image normalization and severity of stenosis in the
first 1098 patients admitted to the ACSRS.

Black area adjacent to lumen

Absent Present

Stenosis Number Events No events Events No events OR (95% CI)

50–69% 304 5 (3.4%) 140 18 (11%) 141 3.57 (1.29 to 9.89)
70–89% 655 6 (2.2%) 260 61 (16%) 328 8.10 (3.43 to 18.93)
90–99% 139 2 (4.6%) 41 25 (26%) 71 7.21 (1.62 to 32.05)
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Figure 10–13. Kaplan–Meier estimates of the ipsilateral stroke
free survival rate in patients admitted to the ACSRS study with
50–69 ECST percentage stenosis for plaques with (n = 159) and
without (n = 145) a black area adjacent to the lumen after image
normalization. Log rank p = 0.018.
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Figure 10–14. Kaplan–Meier estimates of the ipsilateral stroke
free survival rate in patients admitted to the ACSRS study with
70–89 ECST percentage stenosis for plaques with (n = 389) and
without (n = 266) a black area adjacent to the lumen after image
normalization. Log rank p = 0.002.

Future Perspectives—The
Asymptomatic Carotid Stenosis 
and Risk of Stroke Study

The methodology of computer-assisted carotid plaque
characterization after image normalization is now being
applied in a prospective multicenter international natural
history study of asymptomatic carotid stenosis with stroke
as the primary end-point.The aim of the ACSRS study84,85,95

is to identify a high-risk subgroup that has an ipsilateral
stroke rate greater than 4% (ideally greater than 7%),
based on clinical risk factors and the findings of the non-
invasive investigations, mainly ultrasonic carotid plaque
characterization (echodensity and texture) in addition 
to degree of stenosis. In addition, a low-risk subgroup 

with an ipsilateral stroke rate of less than 1% should be
identified.

The ACSRS study is still in progress and the results of
texture analysis of plaques have not yet been published.
Only preliminary analyses with limited resuls are available.

As indicated above a number of texture features can
be used in the successful identification of a high-risk
group.96–98 One of the most powerful features is the pres-
ence of a black area adjacent to the lumen. This feature
has been suggested by Pedro et al.99 and has also been
shown to be associated with symptomatic plaques in the
author’s cross-sectional study (Figure 10–12). When
applied to the ACSRS study this feature alone can iden-
tify a high-risk group for symptoms (Table 10–11). The
increased risk is present across all grades of stenosis
(Figures 10–13–10–15).
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Conclusions

Ultrasound, apart from being a valuable diagnostic tool,
provides useful information on the natural history of
carotid artery atherosclerosis. The high resolution of
modern equipment and our ability to normalize images
have provided the basis for reproducible plaque charac-
terization features that can identify unstable plaques.The
identification of a high-risk group of patients based on
ultrasound features other than stenosis is becoming a
reality. It should lead to a better selection of patients for
carotid endarterectomy. Innovations such as algorithms
and software identifying patients at high risk for stroke
are expected to become available on duplex scanners in
the near future.
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Stenting of carotid artery disease has emerged as a poten-
tial alternative to carotid endarterectomy (CEA), the
current gold standard treatment for carotid artery
lesions.1–4 After the initial experience with an unaccept-
ably high rate of neurologic complications, the results
have now improved, and, as a consequence, several trials
have been planned to compare carotid angioplasty/
stenting (CAS) with CEA.5

Even though it is generally accepted that the composi-
tion and the characteristics of the plaque may influence
the outcome of CEA and CAS, especially in the case of
CAS in which the plaque is not removed but remodeled,
indications for either one of the two procedures are
mostly based (both in trial and in clinical practice) on the
percentage of stenosis and the presence or absence of
preprocedural neurologic symptoms, whereas the fea-
tures of the plaque are somehow disregarded if not
ignored. The reason for this is related to the fact that the
percentage of stenosis, as well as the presence or absence
of symptoms, is easy to identify and quantify, whereas the
plaque is usually defined as soft, lipidic, fibrolipidic,
hemorrhagic, colliquated, ulcerated, pretty homoge-
neous, etc., which makes the parameter rather undeter-
mined and unreliable.6

But the advent of high-resolution B-mode scanners
and the use of a quantitative, computer-assisted index of
echogenicity [such as grayscale median (GSM)] intro-
duced by our team have greatly improved the correlation
between plaque characterization and clinical features.7, 8

The aim of the Imaging in Carotid Angioplasty and
Risk of Stroke (ICAROS) registry was to determine the
preprocedural echographic criteria, which can identify
the carotid plaque related to a higher risk of stroke
during CAS so that a better selection of candidates for
CAS may be made.9,10

Echographic Evaluation 
of Carotid Plaque
The study of carotid plaque morphology by ultrasonog-
raphy, which usually relies on visual characterization
based on subjective and qualitative evaluation of the B-
mode images, has created controversies concerning the
clinical importance of some characteristics of the plaque
observed with duplex scan (i.e., ulceration or intraplaque
hemorrhage and their correlation with the presence or
absence of neurologic symptoms).11

Ulceration and hemorrhage are frequently defined
according to subjective criteria, which is liable to create
some confusion. Carr and colleagues demonstrated this
because, in their study, they found both a significant and
a nonsignificant correlation between neurologic symp-
toms and the presence of ulceration and hemorrhage,
using different definitions of ulceration (gross ulceration
versus microscopic ulceration: correlation only with gross
ulceration; p = 0.02) and hemorrhage (plaque hemor-
rhage versus intraplaque hemorrhage: borderline corre-
lation only with intraplaque hemorrhage; p = 0.06).12 As
a consequence of this, Greenhalgh wrote: “The fact that
it has taken so long for plaque type to be shown to relate
to stroke risk in asymptomatic severely stenosed carotid
arteries can mean one of two things: it can mean plaque
type never has and never will relate to stroke risk or
second, that the precise combination of findings has not
been clearly recognized.”

To overcome the unreliability related to the morpho-
logic characteristics of carotid plaques, we should keep in
mind that echography means detection of echoes, that is,
detection of echogenicity. Echography can reliably regis-
ter areas with a lot of echoes (hyperechoic or echogenic)
and areas with few echoes (hypoechoic or echolucent).

11
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Echogenicity could be assessed according to the Gray-
Weale/Geroulakos classification.13,14 Only through the
advent of high-resolution B-mode scanners did a more
reliable analysis of echogenicity became available.

Barnett and colleagues recently wrote: “Modern ultra-
sound done in well-equipped and closely supervised lab-
oratories can distinguish between echodense (echogenic)
and echolucent carotid lesions . . . however, such sophis-
ticated technology did not exist when NASCET was
launched in 1987; at that time it was an inadequate
method to evaluate both the degree of stenosis and the
nature of the carotid lesion causing the symptoms.”15

The improvement in ultrasonography allowed several
authors to assess the relationship between echogenicity
and neurologic events. In the Cardiovascular Health
Study, 4886 individuals aged 65 years or older without
symptoms of cerebrovascular diseases were followed for
an average of 3.3 years.16 Hypoechoic plaques were asso-
ciated with a risk of stroke. Liapis and colleagues found
evidence that in a cohort of patients with carotid steno-
sis followed for an average of 3.6 years, the presence of
echolucent plaques was related to the development of
neurologic events.17 Gronholdt and colleagues and 
Mathiesen and colleagues performed prospective studies
to assess the relationship between plaque morphology
and the risk of ischemic stroke.18,19 In the Tromso Study,
subjects with echolucent plaques have an increased risk
of ischemic cerebrovascular events, independent of the
degree of stenosis and cardiovascular risk factors. Gron-
holdt and colleagues found evidence that echolucent
plaques causing greater than 50% stenosis are associated
with a risk of future stroke. Thus, echolucency is now 
recognized as an important factor in determining future
neurologic events.

Further improvement in carotid echographic evalua-
tion has been achieved through the introduction of a
computer-assisted objective grading of the echogenicity
of carotid plaques, namely the GSM.

Grayscale Median Calculation

The GSM is a computer-assisted grading of the
echogenicity of carotid plaques. It is a measure of overall
plaque echogenicity, which is a quantitative index of the
echoes registered from the plaque.

The following conditions are needed to ensure the 
reliability of the GSM.

Duplex Scanner Setup

Every duplex scanner makes it possible to collect 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 great-
est possible display of gray scale values (grayer and flatter
image).

The frame rate, which means the number of scannings
that the probe does producing the images, must be posi-
tioned at the maximum level, ensuring good temporal
resolution.

The persistence is the number of frames that are math-
ematically added to produce each image. Higher persist-
ence 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 right persistence
would be 2 or 3 (medium to low level).

A linear postprocessing curve is used because image
normalization is achieved with linear scaling.

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
echogenicity. At the level of the arterial lumen no gains
of the TGC curve must be done. This is essential for nor-
malization of carotid plaques with anterior and posterior
components. The consequence of this is that the ultra-
sound beam should be at 90° to the arterial wall, with a
horizontal adventitia.

Image Recording

The patient should be in supine position. The carotid
vessels are analyzed using different longitudinal views
(anterolateral, lateral, and posterolateral). The minimum
depth should be used, so that the plaque occupies a large
part of the image. Excessive magnification 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 ultra-
sound information due to acoustic shadowing. The larger
the section of plaque that can be visualized, the more
accurate is the information provided by GSM.

Before image recording, the following criteria should
be fulfilled:

1. Blood: a noiseless vessel lumen in the vicinity of the
plaque.
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2. Adventitia: in the proximity of the plaque it should be
bright, thick, and horizontal.

3. Plaque: well defined and with the maximum thickness.
4. Anterior and posterior walls of the carotid artery

should be visible.

The following images (in longitudinal projections)
should be recorded:

1. The B-mode (grayscale) image.
2. The color image: may help in the delineation of the

luminal margin of the plaque (especially with hypoe-
choic dark plaques).

Attention should be paid in order to have B-mode and
color image in the same plane.

Digital storage media (magnetooptical disk and
compact disk) are preferred to analogic video tape
requiring a video grabber card.

Image Normalization and Grayscale 
Median Calculation

GSM is calculated using Adobe Photoshop (5.0 or
higher).

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 “Grayscale.”

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 hypere-
choic 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 influenced by duplex
scanner settings. The lack of reproducibility of nonstan-
dardized GSM has been demonstrated by our group and
by others: the GSM cut-off point for the identification of
carotid plaques at increased risk of producing stroke was
50 in Milan and 32 in London.7,20

Normalization (standardization) allows comparison of
images from different scanners by different ultrasonog-
raphers. Due to normalization, GSM is a highly repro-
ducible index of echogenicity.

Image normalization is a grayscale transformation
using linear scaling: grayscale values of all pixels in an
image are adjusted according to two reference points,
blood and adventitia. Blood and adventitia were selected
(instead of muscles, vertebrae, intima-media complex,
etc.) because they are easily and clearly recognizable 
in the vicinity of the plaque and constitute the two dis-
tinct ends of grayscale (blood = dark, adventitia = bright).
The process modifies the image such that in the resultant

image the GSM of the blood is in the range of 0–5 and
the GSM of the adventitia in the range of 185–195.

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” value shown in the panel is the GSM.The GSM
of the selected area in the blood should be 0. 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. It is important to note the following:

•Image magnification 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. 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 finally “Curves.” The straight line
shown in the panel represents the relationship between
the grayscale of the input (x-axis) image and that of the
output (y-axis). Each axis has a black and a white edge:
this is the grayscale, 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
faintest (blood) area of the image: in particular condi-
tions (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 modified so that the new line crosses a
new point with the input value corresponding to the
measured adventitial GSM value and the output value
corresponding to 190.

The image is now standardized. Using the “Lasso” tool
the plaque should be outlined. In the “Histogram” panel
the following measurements are obtained:

1. GSM, defined as the median of overall gray shades of
the pixels in the plaque.
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2. Total percentage of echolucent pixels, defined as the
percentage of pixels with GSM < 25 (PEP25).

The reproducibility of this method is high.21,22

If you need help in measuring the GSM, please feel
free to contact us at gsm@unimib.org.

Embolic Burden and Stroke Risk 
in Carotid Stenting

The embolic risk during CAS is well documented.
Markus and colleagues showed that, during angioplasty,
multiple embolic signals were detected immediately after
balloon inflation in 90% of cases. Embolic signals were
common immediately after the procedure (80% of cases)
but thereafter became less frequent.23

Coggia and colleagues developed an ex vivo human
model to study the embolic potential of carotid bifurca-
tion angioplasty and stenting. The studies showed that
carotid angioplasty and stenting generate embolic parti-
cles after each stage of the procedure and that the size of
most embolic particles generated was less than 120µm,
with many platelet or cholesterol microthrombi. The
maximum size of particles detected in the last phase, i.e.,
during the balloon angioplasty, was between 1000 and
2100µm.24

Jordan and colleagues showed that CAS, compared
with CEA, is accomplished with more than eight 
times the rate of microemboli when evaluated with 
transcranial Doppler ultrasonography (8.8 versus 74.0;
p = 0.0001).25

Ohki and colleagues showed that echolucent plaques
(p < 0.05) and plaques with stenosis of 90% or more 
(p < 0.05) generated a higher number of embolic parti-
cles following balloon angioplasty and stenting. Multiple
regression analysis revealed that echogenicity and sever-
ity of stenosis were significant independent risk factors.26

Henry and colleagues showed that the number of par-
ticles released during CAS and collected by means of a
distal balloon occlusion device was higher in echolucent
plaques with a low GSM.27

Several studies analyzed the impact of emboli on the
brain. Using transcranial Doppler ultrasonography,
Ackerstaff and colleagues studied the effect of the total
number of particles detected during CEA on perio-
perative neurologic events. It was demonstrated that
microemboli (more than 10) noted during the procedure
were related to both intraoperative and postoperative
cerebral complications. Isolated microemboli never
resulted in new morphologic changes on postoperative
cerebral computed tomographic (CT) scans. On the other
hand, the detection of more than 10 microemboli was sig-
nificantly related to new lesions on magnetic resonance
imaging (MRI).28

Tübler and colleagues analyzed the relationship
between particles collected by means of a distal balloon
occlusion and the occurrence of neurologic complications
during CAS.The maximum area, the maximum diameter,
and the number of captured particles were higher in
patients with cerebrovascular accidents than in those
with uncomplicated procedures.29

These studies showed that the incidence of neurologic
complications during CAS is related to embolization
from carotid plaque: it appears clear that the reduction
of embolic particles from the carotid plaque is essential
to decrease neurologic deficits.

Based on these assumptions, our group suggested that
plaque echogenicity measured by the GSM can be a useful
indicator of embolic potential in the carotid arteries.6,9

The Imaging in Carotid Angioplasty
and Risk of Stroke ICAROS Study

ICAROS was a registry of carotid angioplasty and stent-
ing procedures that reported any cerebral event follow-
ing the procedure and correlated the risk of cerebral
embolization with the echographic characteristics of the
carotid plaque. The aim of the ICAROS study was to
determine the preprocedural echographic criteria, which
can identify the carotid plaque related to a higher risk of
stroke during CAS, so that a better selection of candi-
dates for CAS may be performed.

The study was open to all interventionalists perform-
ing carotid endovascular procedures. Participants were
free to apply their own endovascular techniques and
devices, including cerebral protection mechanisms (per-
cutaneous femoral or cervical approach, minimal surgical
dissection of the common carotid artery, primary stent-
ing, preliminary and/or postdeployment dilation, etc.),
but techniques and instrumentation were precisely 
documented.

All cerebral ischemic events following the procedure
were reported and investigated in detail with physical
examination by an independent neurologist and with
cerebral CT or MRI. The degree of stenosis was calcu-
lated based on the ratio of the peak systolic velocity of
the internal carotid artery to that of the common carotid
artery. A complete angiographic evaluation of supraaor-
tic trunks, carotid arteries, and intracranial circulation
was performed.

Several training courses on how to set up the duplex
scanner for the collection of the images were organized
worldwide for ultrasonographers from the participating
centers. Duplex scanning images were then sent to 
the coordinating center (Bassini Teaching Hospital),
where the optimal color and B-mode images were 
transferred onto a personal computer. Image normaliza-
tion and calculation of the GSM were performed by 
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the same operator (who was blinded to clinical data and
outcome) by means of Adobe Photoshop 5.0 software, as
previously described. The overall rate of neurological
complications was 6.7% (28/418), with transient ischemic
attack 3.1% (13/418), minor strokes 2.2% (9/418), and
major strokes 1.4% (6/418), while no deaths were
observed.10

The GSM value in complicated patients was signifi-
cantly lower than in uncomplicated cases, both in the
stroke (p < 0.005) and in the stroke plus transient
ischemic attack (TIA) (p < 0.005) subset. A receiver 
operating characteristic (ROC) curve was used to 
choose the best GSM cut-off value: the most successful
threshold value was 25. The prevalence of a GSM 
value of less than 25 (echolucent plaques) was high
155/418 (37%) patients. Eleven out of 155 patients 
with GSM ≤ 25 had a stroke (7.1%) compared to 4 
out of 263 patients with GSM > 25 (1.5%, p = 0.005).
The event rates increased to 12.9% and 3.0%, respec-

tively, when both stroke and TIA were counted (p =
0.002).

There were 5/219 (2.3%) strokes in protected and
10/199 (5.0%) in unprotected procedures (p = 0.18).
However, protection gave different results in the GSM
subgroups: in patients with GSM ≤ 25 a brain protection
device tended to increase the risk of stroke (12.5% vs.
5.2%, p = 0.15), whereas it had a protective value in the
echogenic subgroup (0% vs. 4.8%, p = 0.01).

The overall neurological complication rate was higher
in primary lesions than in restenoses (5.2% vs. 2.2%, p =
ns). This difference was observed also in GSM > 25
patients (4.0% vs. 0%, p < 0.05) but not in GSM ≤ 25
patients (6.6% vs. 7.8%, p = ns).

The stroke rate was 2.8% for asymptomatic and 5.3%
for symptomatic patients (p = ns), with a similar trend in
GSM subsets. The neurological complication rate was
1.5% (3/202) in <85% carotid stenosis rate subset and
5.6% (12/216) in ≥85% (p < 0.05). The neurological com-
plication rate was significantly higher in patients with
positive cerebral CT than in those with negative CT
(7.7% vs. 2.4%, p < 0.05).

A multivariate regression analysis revealed that GSM
(OR = 7.11, p = 0.0019) and degree of stenosis (OR = 5.76,
p = 0.010) are significant independent predictors of stroke
alone, while preprocedural symptomatology (OR = 2.92,
p = 0.061) and preprocedural brain CT (OR = 2.54, p =
0.099) are borderline significant. Similar results were
found in the analysis of stroke plus TIA as endpoints.

Conclusions

The clinical impact of GSM relies on the ability to iden-
tify a vast number of patients at higher risk of stroke
during CAS and to distinguish subsets of patients (with

restenosis or with the protected procedure) in which the
rate of neurological complications is different from the
overall population.

A computer-assisted echogenicity evaluation through
image normalization and measurement of GSM is a
simple method to identify preprocedurally high- risk
carotid plaques, in which endovascular treatment could
be burdened with a higher risk. GSM is one of the param-
eters that should be mandatory for indication to treat-
ment in order to quantify the individual risk related to
the specific procedure. A low GSM value is not an
absolute contraindication to CAS, but an index related to
a higher risk for the procedure.

Echographic evaluation of carotid plaque through
GSM should therefore always be included in the planning
of any clinical trial on the endovascular treatment of
carotid lesions.
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Giant cell arteritis is the most common primary arteritis
diagnosed, with an average incidence of 15–25 cases 
per 100,000 population over the age of 50.1 Giant cell
arteritis can be subclassified into at least three main
types: cranial, affecting the arteries of the face, head,
and posterior cerebral circulation; large vessel, involving
the axillary and subclavian arteries; and aortic, leading 
to aneurysmal degeneration of the ascending aorta or
aortic valve insufficiency. Of these, the most common
presentation is the cranial form, traditionally referred 
to as temporal arteritis. In this form, the arteritis 
involves the superficial temporal arteries as well as 
the facial artery branches. Involvement of the ophthalmic
artery can lead to retinal ischemia and is the second
leading cause of acquired blindness in the United 
States.2

In the temporal arteritis form of giant cell arteritis,
the diagnosis can often be challenging. The American
College of Rheumatology developed clinical criteria 
for the diagnosis of giant cell arteritis in 19903 (Table
12–1). Using these criteria, three of the five criteria 
must be present to define the diagnosis of temporal
arteritis. The presence of a positive biopsy demonstrating
giant cell arteritis is only one of the five criteria and 
is therefore insufficient alone to diagnose giant cell 
arteritis. Additionally, giant cell arteritis may not involve
the artery evenly along its course, resulting in areas 
of normal artery interspersed with areas of abnormality.
In fact, the irregular distribution of arterial involve-
ment is common in temporal arteritis,4 risking a false 
negative biopsy if too small a segment of artery is biop-
sied. Current recommendations suggest that bilateral
biopsy should be done even in cases of unilateral 
symptoms,5,6 and at least 5cm of artery should be 
biopsied on either side. In spite of this approach, a 
substantial number of temporal artery specimens miss
the areas of active disease.7–10 For these reasons, the
absence of histologic evidence of giant cell arteritis is
insufficient to rule out the disease and many patients

require treatment even in the absence of a positive
biopsy.

The pathologic findings resulting in a positive biopsy
consist of three dominant findings in temporal arteritis:
the presence of a halo of edema around or within 
the artery wall, usually associated with giant cell forma-
tion; stenosis secondary to narrowing after the inflamma-
tion abates; or occlusion of the artery due to obliterative
arteritis. Therefore, any of these may represent a posi-
tive biopsy depending on the stage of the arteritis and 
the duration of symptoms or treatment. For any diag-
nostic modality to replace biopsy, these findings must be
apparent.

High-resolution duplex ultrasound is a common 
test for many vascular disorders and the easy access 
to the superficial temporal artery makes it an obvious
modality to consider for the diagnosis of temporal 
arteritis. Its use in temporal arteritis has two potential 
utilities. First, the mapping of areas of arterial 
involvement for biopsy may allow a positive biopsy 
rate higher than currently seen with blind biopsy.
If abnormalities on duplex ultrasound are seen (halo,
stenosis, or occlusion), then directed biopsy may 
produce a higher yield, avoiding the false-negative 
biopsy discussed above. The second benefit of 
duplex ultrasound in temporal arteritis may be the 
benefit of avoiding biopsy completely. If the clinical 
suspicion is high based on the American College 
of Radiology (ACR) criteria, then an ultrasound 
indicating arterial pathology may provide sufficient 
accuracy to avoid open surgical biopsy altogether.
The presence of halo, stenosis, or occlusion on 
ultrasound evaluation may not need correlation 
with open biopsy, but in selected patients may 
warrant treatment without biopsy. While this use 
of ultrasound has not been established as a standard,
the potential is enticing and the avoidance of open biopsy
should be the ultimate goal in the diagnosis of temporal
arteritis.

12
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Ultrasound Protocol

Duplex ultrasound permits localization of inflammation
or stenosis of the temporal arteries and their branches.
The presence of significant tenderness along the course
of the superficial temporal artery may alter the examina-
tion, but generally ultrasound interrogation can be
achieved along the full length of the temporal artery and
its branches.

Patients are placed in a supine position with the head
slightly elevated. The head is turned away from the side
to be scanned. Color duplex ultrasound is performed
bilaterally on the temporal arteries with a high-resolution
linear transducer (L 10–5MHz). The common superficial
temporal arteries are established as a landmark medial to
the ear and then followed inferiorly and superiorly to the
frontal and parietal branches of the temporal artery. The
vessels should be followed in longitudinal and transverse
planes throughout the examination, with and without
color flow, looking for the “halo” effect (Figures 12–1 and
12–2), arterial stenosis (Figure 12–3), and arterial occlu-
sion. This can be challenging in many patients since the
tortuosity of the artery may mean that keeping it in a
single plane for visualization is difficult. Color flow
imaging is used to facilitate following the anatomic
course and branching of the artery and to define areas of
flow disturbance or luminal narrowing. Color flow will
allow for easier identification of the “halo” effect with the
color settings adjusted appropriately. Care should be
taken to prevent the color from “bleeding” over into the
outer walls of the arteries and possibly obscuring the

inflammation.This examination can be tedious due to the
small size of the vessels, frequent tortuosity, and location
of the arterial segments below the scalp above the hair-
line. Peak systolic velocities and end diastolic velocities
should be obtained throughout the temporal arteries and
branches, including the superficial temporal artery medial
to the ear prior to the bifurcation, common temporal
artery inferior to the ear, parietal branch coursing toward
the scalp, and the frontal branch coursing toward the
forehead. Care is taken to use appropriate angle correc-
tion between 45–60° with respect to the blood flow
vector.A stenosis is defined as at least a two-fold increase
of the peak systolic velocity accompanied by poststenotic
turbulence.

B-mode imaging can define the areas of inflammation
that represent edema within the arterial wall. The wall of
the arterial segments affected with arteritis appears to be
acoustically homogeneous and presents a “halo” around
the lumen of the artery. These areas may be intermittent

Figure 12–1. Halo seen in transverse.

Figure 12–2. Halo seen in longitudinal cross-section.

Figure 12–3. Spectral Doppler evaluation for stenosis.

Table 12–1. Diagnostic criteria for temporal arteritis 
(American College of Rheumatology3).

Age greater than or equal to 50 years
New headache
Temporal artery abnormality on physical examination
Elevated ESRa ≥ 50mm/h
Abnormal findings on temporal artery biopsy

aESR, erythrocyte sedimentation rate.



12. Duplex Ultrasound in the Diagnosis of Temporal Arteritis 157

or focal within the branches; therefore a thorough evalu-
ation of all branches is necessary. More echogenic, diffuse
plaque is probably atherosclerosis, not inflammation, but
may also represent areas of “burned out” arteritis. Ele-
vations in peak systolic velocities may be noted in these
areas. Alternatively, occlusions of segments of the artery
may represent similar issues and should also be noted for
reporting.

Once the arteries are fully interrogated, a map should
be generated for each side imaged. This map of patho-
logic findings on ultrasound should be used as a guide by
the surgeon to allow accurate biopsy of the areas of
concern. If no abnormalities are noted, then conventional
blind biopsy is warranted.

Results of Duplex Ultrasound for
Temporal Arteritis

While the diagnosis of temporal arteritis is clinical based
on the ACR criteria outlined in Table 12–1, the presence
of a biopsy consistent with giant cell arteritis is an impor-
tant adjunct to reassure the patient and clinician of the
diagnosis, justifying the initiation of steroid therapy to
prevent progression or blindness. Unfortunately, biopsy
is inexact, as temporal arteritis has a propensity for skip
lesions with normal artery in the intervening segments as
discussed earlier. Therefore, the challenge in diagnosis is
in defining the inflammatory lesions in the artery respon-
sible for the clinical consequences. Duplex ultrasound
holds great promise in this regard since high-resolution
ultrasound of the superficial temporal artery can often
provide information about the likelihood of disease
involvement as well as the extent of disease seen. Duplex
ultrasound for directed biopsy was first proposed as early
as 1982.11 Unfortunately, no series using this strategy of
ultrasound-directed biopsy has yet demonstrated efficacy,
although some benefit has been suggested.6 While this
information has not yet been fully incorporated into the
diagnostic algorithm for temporal arteritis, it seems likely
that with further study and technical refinements, this
noninvasive modality may ultimately be able to replace
open biopsy in the diagnosis of temporal arteritis.

The halo effect seen around the artery correlates with
areas of edema and giant cell formation surrounding the
lumen. In these areas the artery appears enlarged clini-
cally, with the bulk of the enlargement due to inflamma-
tion and edema. The main underlying pathology behind
the clinical syndrome of temporal arteritis is small vessel
ischemia. Therefore, the clinical consequences of tempo-
ral arteritis are associated with stenosis or occlusion
rather than the halo formation associated with acute peri-
arterial inflammation. Only as the inflammation pro-
gresses to fibrosis does the ischemic component begin,
resulting in the symptoms associated with temporal

arteritis. For this reason, the halo may not be as im-
portant as the presence of arterial stenosis or occlusion
in the risk of visual changes associated with temporal
arteritis.

One of the earliest reports suggesting utility of high-
resolution color flow duplex ultrasound in temporal
arteritis was by Williamson in 1992.12 In this patient serial
evaluation of ophthalmic artery blood flow was corre-
lated with the changes in visual symptoms, showing
return of blood flow and resolution of visual symptoms
associated with increased immunosuppressive therapy.
The fact that these changes in small artery blood flow
could be qualitatively assessed noninvasively promised a
new diagnostic modality for temporal arteritis.

Aburahma and Thaxton13 reviewed their experience
with duplex ultrasound in temporal arteritis in 21 pati-
ents, 19 of whom underwent temporal artery biopsy. In
this series duplex was performed prebiopsy in only 8 of
the patients, but the authors concluded that the use of
duplex ultrasound might be beneficial in guiding the loca-
tion and side of temporal artery biopsy in these patients.

The next step in evaluation of duplex ultrasound was
a paper published by Schmidt in the New England
Journal of Medicine in 1997.14 This prospective evaluation
of 30 patients, only 21 of whom had positive biopsies,
evaluated three criteria: halo formation (a marker of
inflammatory edema of the artery), arterial stenosis, and
arterial occlusion. Using these three criteria, 28 of the 30
patients had a positive ultrasound evaluation. These
results were compared to 30 age- and sex-matched con-
trols, with any of the three ultrasound criteria demon-
strated in only two patients.

While further research in duplex ultrasound for the
diagnosis of temporal arteritis was clearly warranted, our
group undertook a slightly different study published in
2002.15,16 In this paper, we evaluated all patients referred
to our practice for temporal artery biopsy by duplex
ultrasound prior to biopsy. In these 32 patients only 7 met
the criteria for the diagnosis of temporal arteritis. In this
first attempt at applying duplex ultrasound diagnostic cri-
teria to patients being evaluated for temporal arteritis, no
positive biopsy was seen in any patient without one of the
three criteria mentioned above. Therefore, we felt that
temporal artery biopsy should be undertaken only on
patients with ultrasound abnormalities, either halo or
stenosis/occlusion.

Since these initial studies, multiple other studies have
been published.17–27 While the conclusions reached have
often been contradictory (Table 12–2), ultrasound can
clearly demonstrate abnormalities in the superficial tem-
poral artery associated with temporal arteritis. The most
recent meta-analysis published in 2005 attempted to
review the world literature on ultrasound and temporal
arteritis and reach conclusions based on the studies avail-
able. Karassa and his colleagues reviewed 23 studies
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totaling 2036 patients written in 5 different languages.18

Their conclusions were that ultrasound may be helpful,
but guidelines to its use and application were absent
based on this heterogeneous collection of studies. Thus,
we are left at this moment with more questions than
answers, with great variability in the application of ultra-
sound techniques from site to site and no current poten-
tial for resolving these issues.

Future Directions

For us to define how better to use ultrasound for the
diagnosis of giant cell arteritis, specifically temporal
arteritis, we have to define what types of trials will be
needed to demonstrate benefit. These trials are designed
to embellish and define prospectively what can be done
to diagnose temporal arteritis. While all of the strategies
carry some risk, the overall benefit to patients with tem-
poral arteritis may subsume the individual risk.

There are three basic approaches to trials to better
define the use of ultrasound in the diagnosis of temporal
arteritis. First is the use of duplex ultrasound to guide
biopsy. For this strategy to be effective, a prospective pre-
dictive duplex ultrasound must be performed and then
correlated with biopsy findings. The key to this study
would be the interrogation of only those segments of the
temporal artery appropriate for biopsy and the surgeon’s
focus on complete biopsy of those segments for correla-
tion. Generally, this would include the common superfi-
cial temporal artery as well as the proximal portion of the
parietal and frontal branches. A predictive score derived
from the prebiopsy temporal artery duplex ultrasound
would need to be correlated with carefully controlled
biopsies with special attention to the anatomic location
of disease. The anatomic correlations of biopsy and ultra-
sound would hopefully demonstrate the specific abnor-

malities seen on both. Areas of abnormality outside of
the biopsy specimen would be excluded from this analy-
sis. In this way accurate correlation of biopsy pathology
in temporal arteries could be analyzed versus ultrasound
findings in the same segment. Currently no series has
accurately defined the abnormalities within the biopsy
zone, and correlated this directly with ultrasound of the
corresponding areas. In this study the only risk is the pos-
sibility of a positive ultrasound finding outside of the
zone of biopsy, equivalent to the current risk when duplex
ultrasound is used prior to biopsy. In this scenario, a deci-
sion to treat independent of biopsy would need to be
reached.

The second approach is defining the criteria to help
avoid unnecessary biopsies. In this study, all patients
would undergo preprocedure duplex ultrasound scan-
ning. If abnormalities were defined on the ultrasound
scan in the zone of routine biopsy, then biopsy would be
performed. If no abnormalities were seen in areas acces-
sible for biopsy, then treatment would be based on clini-
cal criteria and no biopsy would be performed. Using this
strategy prospectively, patients would be followed for
treatment outcomes, biopsy results, and the subsequent
development of temporal arteritis. This study assumes
that arterial pathology is present both in temporal arteri-
tis and in degenerative atherosclerosis. Biopsy results
would be used to refine the group of patients treated for
temporal arteritis, excluding those patients with degen-
erative atherosclerosis alone.A negative ultrasound eval-
uation would be assumed to rule out either temporal
arteritis or degenerative atherosclerosis, eliminating the
need for biopsy. The risk of this study is the possibility 
of missing temporal arteritis in a patient with a false-
negative duplex ultrasound evaluation. While in most
series the risk of a false-negative ultrasound evaluation
is quite small, it is not zero. In these patients the routine
use of the five clinical criteria would be necessary to

Table 12–2. Summary of studies using duplex ultrasound to diagnose temporal arteritis.

Ultrasound findings evaluated

Number of Halo
Study patients formation Stenosis Occlusion Conclusions

Schmidt14 30 + + + May replace biopsy
Venz28 20 + Halo alone not specific

enough
LeSar15 32 + + + May limit need for

biopsy if negative
Nesher27 32 + May limit need for

biopsy if negative
Salvarani26 86 + Did not improve upon

physical examination
Murgatroyd23 26 + + + May be helpful
Pfadenhauer29 67 + + + Cannot replace biopsy
Reinhard30 48 + + May limit the need for

biopsy if positive
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avoid undertreatment of patients with negative biopsies
or ultrasounds.

A third approach to defining the value of duplex ultra-
sound in temporal arteritis would be its value as an indi-
cator of positive biopsy results. Again, an ultrasound
evaluation of the temporal arteries in the area of biopsy
would be performed. If significant arterial pathology
were found, then this would be viewed as a positive
biopsy and the patient would be treated based on the
diagnostic criteria outlined in Table 12–1. Instead of using
surgical biopsy as one of the five criteria, either an abnor-
mal duplex ultrasound or a positive surgical biopsy would
be assumed to be equivalent. Since two additional crite-
ria would be necessary for the diagnosis of temporal
arteritis, this decreases the severity of a false-positive
ultrasound study and requires additional criteria for the
clinical diagnosis of temporal arteritis. By prospective
assessment, the benefits of this diagnostic strategy could
be objectively defined. Unfortunately since in most series
the rate of positive biopsy is only about 25%, 75% of the
patients would still require a biopsy to rule out the
disease. Only in that less than 25% of patients with a pos-
itive ultrasound would biopsy be avoided and in those
patients the risk of steroid therapy would be assumed.
This strategy would result in every patient being exposed
to either a biopsy or steroid therapy, both of which carry
additional risk.

From our perspective and experience, either of the first
two strategies seem to be the best next step in the use of
ultrasound for temporal arteritis. In our opinion the third
strategy exposes the patients to too much risk without
adequate benefit. Ideally, the study should be undertaken
as multicenter trials using a common protocol. Only in
this manner can these data be generalized to the wider
population of patients presenting with possible temporal
arteritis to the clinician. In spite of these concerns ultra-
sound remains a viable diagnostic tool in the manage-
ment of temporal arteritis.
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Introduction

Stroke is the third leading cause of death in the United
States with over 783,000 strokes reported annually.1 Over
one-third of patients die and another one-third are
severely disabled. The annual economic cost exceeds $30
billion.2 Randomized trials have established the efficacy
of carotid endarterectomy (CEA) in the prevention of
stroke for patients with high-grade carotid stenosis
(CS).3–7 The advent of newer technologies and a 
desire for less invasive treatment have encouraged 
investigators to propose carotid artery stenting (CAS) 
as an alternative to CEA.1,8–10 Our institution1, 8,11–17

(Figure 13–1), along with others,18–22 has demonstrated
that CAS is technically feasible and safe in patients 
with restenosis after CEA, surgically inaccessible lesions,
previous radiation, or significant medical comorbidities.
The 30-day stroke and death rate in 190 CAS procedures
at our institution was 4.15%, indicating a competitive
alternative to CEA.14 However, due to the proven effi-
cacy of CEA, current indications for CAS have been
limited to situations where CEA yields suboptimal
results.13,23

Two randomized trials have compared CAS and CEA.
The SAPPHIRE (Stenting and Angioplasty with Protec-
tion in Patients at High Risk for Endarterectomy) inves-
tigators randomized 334 high-risk patients to CAS or
CEA.24 The 30-day composite stroke, death, and myocar-
dial infarction rate was not different between the two
groups (CAS 12.2% vs. CEA 20.1%). The European
CAVATAS (Carotid and Vertebral Artery Transluminal
Angioplasty Study) investigators also reported compara-
ble 30-day combined stroke and death rates (CEA 5.9%
vs. CAS 6.4%).25 The authors concluded that CAS was
not inferior to CEA.

These trials were not powered to identify a difference
between CAS and CEA. The NIH/NINDS-supported
CREST (Carotid Revascularization Endarterectomy
versus Stent Trial) is currently underway to make that

determination.26 In the lead-in phase of the trial, the com-
bined stroke and death rate was 5.6% for symptomatic
and 2.4% for asymptomatic patients undergoing CAS.27

These preliminary results indicate low complication rates
with CAS. The results of CREST may determine the 
role of CAS in future years. However, current data
suggest clinical equipoise between CEA and CAS based
on the three clinical end points of stroke, myocardial
infarction (MI) and death.As a result of this information,
the Food and Drug Administration (FDA) has approved
the use of CAS in selected high-risk patients (significant
medical comorbidities, post-CEA restenosis, anatomi-
cally inaccessible lesions above C2, and radiation-induced
stenoses).

In-Stent Restenosis: The Rationale for
Post-Carotid Artery Stenting
Surveillance

The incidences of in-stent restenosis (ISR) after bare
metal stenting of the coronary and renal arteries have
been reported as 20–35% and 15–25%, respectively.13

It was therefore thought that ISR rates would be 
high with CAS too. Indeed, early reports noted post-CAS
ISR in the ranges of 1–50%.13 However, the reported 
rate of ISR depends on the definition of restenosis 
utilized, the duration of follow-up, and the methods 
of diagnosis and calculation used. Most studies have 
relatively short follow-up periods (≤12 months), and
report absolute recurrence rates weighting each proce-
dure equally regardless of the length of follow-up.
This results in an underreporting of ISR rates. With
longer follow-up (1–74 months) and the use of lifetable
analysis, we reported more meaningful data on ISR 
after CAS. The majority of restenoses ≥40% occurred
within 18 months (13/22, 60%) and the majority of clini-
cally significant restenoses ≥80% occurred within 15

13
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Figure 13–1. Methods of carotid revascularization practiced at our institution. (A, B) Carotid endarterectomy. Exposure and dis-
section of the plaque. CCA, common carotid artery; ICA, internal carotid artery; ECA, external carotid artery. (C, D) Carotid
artery stenting. (B) Prestenting angiogram, arrow at stenosis in ICA; (C) poststenting angiogram, arrows at distal and proximal
ends of stent.

Figure 13–2. Distribution of in-stent restenosis cases based on
time of diagnosis from initial carotid artery stenting procedure.
Note that the majority of restenoses occurred within 18 months
of the initial carotid artery stenting procedure. The dotted line
identifies the 18 month postprocedure mark. ISR, in-stent
restenosis. [Adapted from Lal B K, Hobson RW 2nd, Goldstein
J, et al. In-stent recurrent stenosis after carotid artery stenting:
Life table analysis and clinical relevance. J Vasc Surg 2003;38(6):
1162–8.]

months (3/5, 60%) of their intervention (Figure 13–2).
The incidence of ISR ≥ 40 and ≥60% was 42.7% and
16.4%, respectively, at 48 months of follow-up. Our 
data also noted that hemodynamically significant (≥80%)
ISR after CAS was 6.4% at 5 years (Figure 13–3). It is
clear that a significant number of patients will develop
moderate ISR after CAS, of which some will progress to
high-grade stenosis. There is additional evidence that the
placement of a stent induces continuing arterial remod-

eling. Nitinol self-expanding stents can continue to
expand over a 2-year period poststenting.28 Conversely,
neointimal thickening has been reported to occur up to
1 year poststenting; further thickening may overwhelm
positive remodeling of the arterial diameter from the
stent and result in hemodynamically significant in-stent
restenosis. This provides conclusive evidence that contin-
ued surveillance of patients is essential once CAS has
been performed.
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Figure 13–3. Kaplan–Meier cumulative event-free rates for
clinically significant in-stent restenosis after CAS. (A) Event-
free rate for ISR ≥ 80%. (B) Event-free rate for ISR ≥ 60%. (C)
Event-free rate for ISR ≥ 40%. CAS, carotid artery stenting;
ISR, in-stent restenosis; N, number at risk; SE, standard error.
[Adapted from Lal BK, Hobson RW 2nd, Goldstein J, et al. In-
stent recurrent stenosis after carotid artery stenting: Life table
analysis and clinical relevance. J Vasc Surg 2003;38(6):1162–8.]

Duplex Ultrasonography: The Ideal
Method for Post-Carotid Artery
Stenting Surveillance

The characteristics of the ideal follow-up technique for
CAS patients remain generally similar to that for CEA
patients. The technique must be able to reliably identify

changes in arterial diameter and stent morphology in an
objective manner and be readily available, inexpensive,
and associated with low observer variability. Computed
tomography and magnetic resonance imaging may be
considered: they are both expensive modalities and are
associated with significantly reduced accuracy in deter-
mining diameter estimates of the carotid arteries. There-
fore duplex ultrasonography (DU) remains the optimal
imaging modality for post-CAS surveillance. It is non-
invasive, safe, free of complications, readily available in
vascular laboratories around the country, and is associ-
ated with a large experience with primary and recurrent
carotid stenosis of the native carotid artery.

The utility of DU scanning in the detection of native
carotid artery disease is well documented. Ultrasound
velocities correlate with angiographic percent stenosis 
in the native unstented carotid artery.29 The appropri-
ate threshold velocities signifying different degrees of
stenoses have been intensively analyzed and identified
leading to the use of peak systolic velocity (PSV),
end diastolic velocity (EDV), PSV/EDV ratio, or 
internal/common carotid artery (ICA/CCA) ratio, alone
or in combination, to define normal and increasingly
stenosed ICAs.30 While thousands of carotid stents have
been placed worldwide and in the United States, DU
velocity criteria have not been well established for
patients undergoing CAS. Robbin et al.31 studied the use
of DU in the follow-up of stented carotid arteries and
noted that velocity measurements were unreliable after
stenting. Similarly, Ringer et al.32 reviewed their experi-
ence immediately after carotid stent placement and 
concluded that strict velocity criteria for restenosis 
were unreliable. Both groups applied limited, randomly
selected velocity criteria to their data, and did not
perform a systematic analysis to confirm their findings.

At our institution, we initially applied Intersocietal
Commission for the Accreditation of Vascular Laborato-
ries (ICAVL) accredited cutoff PSV and EDV criteria
developed for native (unstented) carotid arteries to the
follow-up of our first 90 CAS procedures.17 Of these, 38
demonstrated a mean PSV ≥ 130cm/s on postprocedure
DU performed within 3 days. Using the velocity criteria
established in our laboratory for unstented arteries, these
patients would be characterized as technical failures of
the procedure, having in-stent residual stenoses in the
range of 20–49%. However, only six procedures demon-
strated true angiographically proven residual stenosis
≥20%. We therefore concluded that stenting resulted in
an elevation in measured DU velocities despite normal
luminal diameters. Based on receiver operating charac-
teristic (ROC) analysis of our data we found that a PSV
≥150cm/s in combination with an ICA/CCA ratio ≥2.16
provides optimal sensitivity (100%), specificity (97.6%),
positive predictive value (PPV) (75%), negative predic-
tive value (NPV) (100%), and accuracy (97.7%) for 
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differentiating 0–19% and ≥20% ICA in-stent residual
stenosis after CAS17 (Figure 13–4).

Compliance, a measure of arterial stiffness, is the rela-
tionship between strain (fractional deformation of wall)
and stress (force per unit area of wall).33 In an artery, it
is described by the change in volume of a segment of
artery in relation to pulsatile change in blood pressure.
We reported, for the first time, a significant decrease in
the compliance of the ICA after placement of a carotid
stent (Figure 13–5). The enhanced stiffness of the stent-
arterial wall complex renders the flow–pressure relation-
ship of the carotid artery closer to that observed in a rigid
tube34 so that the energy normally applied to dilate the
artery results in an increased velocity.

The new DU velocity criteria above define procedural
success (<20% residual stenosis) and will most reliably
discriminate normal from in-stent residual stenosis
(≥20%) immediately after CAS. These proposed criteria
can form the basis for additional prospective validation

studies to further develop criteria identifying post-CAS
ISR of higher grades. Until these revised criteria are
available, we recommend early registration of baseline
velocity measurements after CAS against which future
results should be compared.

While velocity criteria are being developed, increasing
resolution of B-mode imaging is improving our ability 
to visualize the stent and luminal morphology. Further
studies are required to establish the accuracy of luminal
diameter measurements obtained by B-mode alone.
However, it is possible that additional information 
derived from current B-mode imaging and spectral 
broadening may be used to supplement velocity measure-
ments. For instance, in the presence of a PSV ≥ 150cm/s
and an ICA/CCA ratio ≥2.16, B-mode imaging may 
show no evidence of luminal encroachment in the 
stent, or there may be no spectral broadening. These 
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Figure 13–4. Receiver operating characteristics curves of
various ultrasound velocity measurements (in cm/s) for differ-
entiating between ≥20% or <20% angiographic in-stent resid-
ual stenosis immediately after carotid stenting. (A) In-stent
PSV. (B) In-stent EDV. (C) In-stent PSV/EDV ratio. (D) In-
stent PSV of ICA/CCA ratio. [Adapted from Lal BK, Hobson
RW 2nd, Goldstein J, Chakhtoura EY, Duran WN. Carotid
artery stenting: Is there a need to revise ultrasound velocity cri-
teria? J Vasc Surg 2004;39(1):58–66.]

Figure 13–5. Measurement of elastic modulus (A) and com-
pliance (B) demonstrates increased stiffness of the stented
distal internal carotid artery post-CAS versus the native distal
internal carotid artery (pre-CAS) (n = 20 for each measure-
ment). Pre-CAS, prior to carotid artery stenting; post-CAS, after
carotid artery stenting. [Adapted from Lal BK, Hobson RW
2nd, Goldstein J, Chakhtoura EY, Duran WN. Carotid artery
stenting: Is there a need to revise ultrasound velocity criteria?
J Vasc Surg 2004;39(1):58–66.]
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data may therefore supplement the velocity criteria for
determination of severity of in-stent stenosis.

Recommendations

1. All patients undergoing CAS must be placed in 
a regular follow-up protocol involving DU and clinical
evaluation. The current risk of hemodynamically signifi-
cant ISR is 6.4% over 4 years. Most ISR appears to 
occur early after CAS (18 months). Therefore follow-
up must occur at baseline, 6 months, and annually 
thereafter.

2. The first follow-up DU after CAS must occur as
soon after the procedure as possible, preferably during
the same admission.Velocity criteria used to define resid-
ual stenosis ≥20% had to be revised to include a PSV
≥150cm/s and an ICA/CCA ratio ≥2.16 in our laboratory.
These values must be used as a guide to revise velocity
criteria in individual vascular laboratories.

3. B-mode imaging of the arterial lumen and spectral
waveform analysis must be used to supplement and
enhance the accuracy of velocity criteria.

4. Revised velocity criteria defining higher grades of
ISR are still under development; early registration of
baseline velocities to compare subsequent follow-up
velocities is the optimal surveillance protocol currently
available. Elevations in PSV and/or ICA/CCA ratios 
may be indicative of developing ISR, which must 
then undergo angiographic evaluation and appropriate
management.
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Introduction

It has been over 20 years since Aaslid first described the
technique of middle cerebral artery range gated Doppler
interrogation via a low-frequency ultrasound transducer
stationed just above the zygomatic arch.1 Since that 
time insonation techniques with probe fixation 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 and utility of transcranial Doppler (TCD)
is eloquently presented in Chapter 9.The objective of this
chapter is to expose the reader to some of the lessons
learned from adjuvant transcranial Doppler during
carotid stent-supported angioplasty.

Carotid endarterectomy has been proven in large ran-
domized trials to reduce the risk of stroke or future 
neurologic events in patients with symptomatic and
asymptomatic extracranial cerebrovascular disease.3,4

The carotid endarterectomy techniques have matured
and through the years we have learned that in the hands
of experienced surgeons, the risk of a periprocedural 
neurologic event is very low.5,6 The inherent risk of tran-
scatheter interaction with the typical friable internal
carotid artery lesion and resultant embolization of mate-
rial to the brain was recognized early on as a limitation
to carotid artery stenting.7–10 The development of cerebral
protection devices including distal occlusive balloons,
distal filter systems, and proximal occlusive systems has
rekindled enthusiasm about carotid artery stenting as an
alternative to endarterectomy.11–20

Carotid artery stenting remains very controversial in
many countries and currently there are no well-
controlled randomized clinical trials that have shown clin-
ical equipoise between carotid artery stenting and carotid
endarterectomy.21 There does appear to be a subgroup of
patients that may benefit from this technology. These
patients have been categorized as “high risk” for surgery
based on anatomic and clinical criteria. At present there

is one well-designed randomized trial evaluating carotid
endarterectomy versus stenting in high-risk patients for
endarterectomy.22 While the SAPPHIRE trial did not
show a statistically significant reduction in risk of peripro-
cedural stroke in patients undergoing stenting versus
surgery, there did seem to be an overall lower risk of
serious adverse events when also considering myocardial
infarction as an endpoint.22 There have also been multi-
ple registries of high-risk patients who have undergone
carotid stenting with outcomes compared to historical
controls. These studies also suggest carotid stenting may
be a safe alternative to surgery in high-risk patients.23–26

The recent approval by the United States Food and Drug
Administration (FDA) for carotid artery stenting in
patients that are considered high risk for surgery under-
scores the importance of better understanding the
embolic risk of carotid artery stenting and TCD has given
considerable insight to investigators on that front. In fact,
TCD has provided early carotid stent pioneers with
important feedback on embolic risks during different
stages of the procedure and also significant insight into
the physiology of the reperfusion syndrome.

Transcranial Doppler,
Periprocedural Setup

The patient is placed in the normal supine position on 
the angiographic table. The TCD headgear (Figure
14–1A) is placed in a position such that the lateral
Doppler transducer fixation gaits can be aligned just
above the zygomatic arch along the temporal window.
This allows for the continuous sampling of pulse wave
Doppler signals from the middle cerebral distribution, as
detailed in Figure 14–1B. Fortunately, the headgear is
radiolucent, except for the lateral brackets and tightening
apparatus as shown in Figure 14–2. Thus, digital subtrac-
tion intracerebral angiography can be performed without
removal of the headgear.The patient is then prepped and
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A

B

Figure 14–1. (A) The Spencer technologies headgear utilized
for securing the transcranial Doppler probe for periprocedural
imaging. The torque device in the front tightens 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) 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.

Artifact without
DSA

A

B

Figure 14–2. (A) A nonsubtracted image illustrating an artifact
in the midline related to the ratchet device used to harness the
transcranial Doppler. (B) During digital subtraction angio-
graphy the artifact silhouette persists but it is still possible to
define the intracranial cerebral anatomy in the AP view without
removing the transcranial Doppler harness.
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draped in standard sterile fashion and baseline TCD
interrogation is performed (Figure 14–3). Ideally, bilateral
continuous pulse flow Doppler insonation of the middle
cerebral arteries is monitored and digitally recorded
throughout the procedure. It should be noted that any-
where from 9 to 16% of patients might not have an ideal
window for accurate insonation of the middle cerebral
artery.27,28 In the case of an inadequate image of a window
hand positioning of the probe and continuous monitoring
are utilized versus continued attempts at repositioning
the probe at different stages in the procedure.27

Preprocedural “Baseline”
Transcranial Doppler Observations

The baseline TCD pattern may show blunting of the peak
systolic wave in patients with severe extracranial disease.28

More importantly, the TCD may give some insight into the
collateral support via the Circle of Willis.29,30 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 flow. Niesen et al. reported the utilization of 
baseline ratio between the peak systolic velocity in the
ipsilateral middle cerebral vessel compared to the con-
tralateral middle cerebral system as a reference for col-
lateral support.31 Also, the baseline intracranial flow
characteristics could be important in predicting patients
who are at risk for postprocedural reperfusion syndrome
and intracranial hemorrhage. Mori et al. suggested 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.32 This may
include utilization of carbon dioxide reactivity or VMR
testing with Diamox prior to interaction with the lesion.

Periprocedural Transcranial 
Doppler Observations

Transcranial Doppler provides two important parameters
for continuous monitoring during carotid artery stenting.
The first is related to ensuring preserved middle cerebral
flow velocity and pulse volume. The utilization of a prox-
imal or distal occlusive device for cerebral protection
does result in interruption or reversal of flow in the ipsi-
lateral internal carotid artery.33 During internal carotid
artery flow arrest or reversal a dramatic drop in middle
cerebral flow velocity on TCD may precede the clinical
hemispheric symptoms in patients with severe contralat-
eral disease or inadequate collateral support due to an
incomplete 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 guard wire (previously
known as Percusurge). This device is a low-pressure
balloon on a 0.014-inch wire that can be navigated across
the lesion and then inflated to occlude the internal
carotid artery during transcatheter intervention.20 Uti-
lization of this type of distal balloon occlusion system has
proven to be effective in reducing the risk of emboliza-
tion. However, Al-Mubarak et al. have shown with TCD

Figure 14–3. 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 fixed to the head prior to baseline angiography.
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release of particles during balloon deflation that is likely
related to inadequate particle retrieval from the cul-de-
sac around the balloon.34

Parodi and Bates have shown with TCD the ability to
completely reverse flow 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 Figure 14–4.35 This may have significant implications
for optimizing cerebral protection during carotid stenting
and ultimately even facilitate clot retrieval during tran-
scatheter treatment of acute stroke.

In patients with an intact Circle of Willis undergoing
carotid stenting with a protection system that preserves
flow (i.e., filter) the sudden interruption of flow to the
ipsilateral middle cerebral artery could be an ominous
finding suggesting a large embolic event or spasm in the
internal carotid artery proper.Also, filter systems do have
a threshold of particulate debris based on the filtered
design and size.36 If the volume of embolic debris exceeds
the filter 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 filter.27

The second variable that is monitored by TCD during
carotid artery stenting is the occurrence of microemboli
signals (MESs).The reflective 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.37–39 These high intensity signals may
represent the egress of small particles or microembolic

debris into the ipsilateral hemisphere.40 It is difficult to
differentiate artifact from small air bubbles from true
embolic debris and that is one of the limitations of this
technology.41–43 Ex vitro studies by Coggia et al. and Ohki
et al. have provided significant insight into when particles
are released during different stages of the procedure.44,45

The peak embolic risk during angioplasty in the ex vitro
model appears to be during balloon deflation.44 Similar
findings are seen in vivo with continuous TCD during
carotid stenting at the time of balloon deflation.46,47 In our
experience MESs are seen during all stages of carotid
stenting with or without protection even with navigation
of a 0.014-inch wire across the lesion (Figure 14–5).

TCD before (a) and after (b)
arteriotomy and shunt insertionArteriotomy

Figure 14–4. Transcranial Doppler evidence of intentional middle cerebral artery flow reversal during carotid endarterectomy.
(Compliments of Dr. Juan Parodi.)

Crossing with the wire

Figure 14–5. Small subtle microembolic signals (MESs) coin-
cident with advancing the wire through the lesion. These MESs
are shown as bright signals with the most prominent seen in the
fourth complete Doppler pulse sequence.
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Postprocedural Transcranial 
Doppler Observations

Some authors have followed TCD with serial interval
studies during the first 12h following carotid stenting.48,49

Our center believes that this may be particularly impor-
tant in patients who are at increased risk for intracranial

hemorrhage. The preprocedural risk factors for reperfu-
sion syndrome and/or intracranial hemorrhage include
contralateral severe carotid disease or occlusion, baseline
high-grade stenosis or “string sign” with slow flow, hyper-
tension during the carotid stenting procedure, and base-
line decrease of vasoreactivity.50 Figure 14–6 details the
TCD hemodynamic sequence of a patient who developed
the typical reperfusion syndrome complicated by intra-

Baseline study with subtle HITS
noted during Sheath placement

56 YO with contralateral disease and “string sign’’ having aphasia
2 to 3 times weekly on max Rx 

Immediate flow after successful stent

Flow at 20 minutes after stent

A

B

D

C

E

ICH ->

Figure 14–6. (A) Baseline angiography and follow-up
angiography after carotid stenting in a patient with
multiple risk factors for postprocedural intracranial
hemorrhage. (B) Baseline low pulse volume middle
cerebral artery Doppler in the patient illustrated in
(A). (C) Immediate flow after carotid stent placement
in the patient presented in (A). Note that the flow
velocity has increased by approximately 30%. (D) The
flow pattern in the same patient depicted in (A). This
is 20min following stent placement and note the flow
velocity is now three times greater than the baseline
velocity. (E) CT scan confirming a large intracranial
hemorrhage depicted as an intracerebral hemorrhage
(ICH) 12h after stent placement.
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cranial hemorrhage during our early experience with un-
protected carotid stenting 10 years ago.

Few studies have actually reported continuous TCD in
the early postoperative period after carotid stenting.
However, it seems that MESs are uncommon during the
recovery period after carotid stenting.51

Significance of Microemboli during
Carotid Artery Stenting

Microembolic signals detected during carotid endarterec-
tomy have been associated with a decrease in cognitive
function.52 Similarly, MESs with so-called “embolic
storms” during different stages of carotid stent proce-
dures are associated with ipsilateral defects on early
follow-up diffusion weighted magnetic resonance
imaging (MRI) scan.53–57 Currently, there are very few
data with regard to cognitive function in patients follow-
ing protected carotid artery stenting, and this is a
concern. Interestingly, in a small subgroup analysis of
patients during the Carotid and Vertebral Artery Trans-
luminal 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.58

The threshold or “safe” size for microemboli has not
been clearly defined. Early work suggests that any parti-
cles more than 50µm in size will not circulate to the
venous cerebral system and thus by definition will cause
some arteriolar occlusions.59 Significant work on this
front has been done to better understand the decrease in
cognitive function that is seen after coronary artery
bypass surgery. Based on a postmortem study by Moody
et al. it appears that the particles causing decreased cog-
nitive function after coronary artery bypass surgery are
less than 70µm in size.60 This is particularly important to
understand since most distal protection filters have a
pore size of 100–120µm.

Differentiating Microemboli from 
Air Bubbles

The differentiation of air bubbles from true atheroemboli
has been very difficult. Several techniques have been
described including a defined threshold of greater than
10 hits in a sequence.27 Different mathematical sequences
have also been defined through the years, however, there
currently is no ideal way to differentiate these in vivo.41–44

There are certain stages of the procedure where con-
tamination from an air artifact would be less likely. For
example, crossing the lesion with the wire as noted in
Figure 14–5 should not be associated with air emboliza-

Balloon deflation without protection

Figure 14–7. Multiple MESs in a patient after balloon defla-
tion in our early experience before cerebral protection was
available.

Contrast Injection

Figure 14–8. Multiple air bubble MESs during contrast 
injection.

tion and is likely true microemboli. Also, many centers
have reported that the highest numbers of emboli occur
with predilatation or postdilatation as the balloon is
deflated and it is also unlikely there is significant trapped
air or artifact during this time as depicted in Figure 14–7.
However, scattered MESs are typically seen during con-
trast injections, which is related to microbubbles in the
contrast (Figure 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 with retracting of the sheath housing the self-
expanding stent and some authors have suggested that
this is related to the shear force of a stent against the
plaque.27 However, we feel this is related to trapped air
within the fabric of the stent and, thus, is less likely to be
of pathologic concern (Figure 14–9).
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Conclusions

Currently, TCD has not been declared mandatory for
periprocedural adjuvant monitoring in patients under-
going carotid artery stenting based on consensus docu-
ments.61 Many centers believe that transcranial Doppler
is more of an academic tool to help understand the ben-
efits and failure modes of current protection systems.
Periprocedural transcranial Doppler is clearly indicated
in patients who are at high risk for reperfusion syndrome
and may also give additional insight into the long-term
issues of decreased cerebral flow reserve and/or worsen-
ing cognitive function after carotid stenting. Obviously,
there is much more to learn in terms of better under-
standing microemboli and the long-term consequences
MESs have on the patients after carotid stenting. We
believe TCD provides invaluable information during the
procedure and should be applied to all patients under-
going carotid stenting. Clearly, the argument could be
made that patients at high risk for reperfusion syndrome
or those undergoing carotid stenting with internal carotid
artery flow arrest or flow reversal should have TCD guid-
ance. Only future studies will help us understand the
importance of MESs in predicting issues related to cog-
nitive function.
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Carotid Imaging

For the first few decades following the development and
refinement of carotid endarterectomy in the 1950s
through 1970s cerebral arteriography was the sole pre-
operative diagnostic modality and was considered the
gold standard for carotid artery imaging. Cerebral arteri-
ography, however, carries a risk of cerebrovascular events
of 4% and permanent neurological deficit of approxi-
mately 1%.1 Noninvasive techniques such as oculo-
plethysmography (OPG), Doppler waveform analysis,
and supraorbital directional flow were extensively
studied, showed poor or no correlation with arterio-
graphy, and were deemed unreliable for surgical decision
making.2,3 The Echoflow (Diagnostic Electronic Corp.,
Lexington, MA), a continuous wave directional Doppler
velocity flowmeter that provided a velocity-sensitive
color-coded computer-generated image of the extracra-
nial carotid arteries developed in the 1970s was evaluated
by several authors and showed merit as a screening tool
for carotid stenosis.3–7 It was not until the development
of duplex ultrasonography (DUS) in the 1980s, however,
that the supremacy of arteriography for surgical planning
was seriously challenged.8–12 DUS has become the most
widely used screening tool for the detection of carotid
stenosis, and in the majority of patients preoperative
imaging with DUS alone is accurate, safe, and cost 
effective.9,13–16

Intraoperative Carotid Imaging

Assessment of technical perfection in the operating room
is a necessary part of carotid endarterectomy. Histori-
cally, such assessment was limited to palpation of the
reconstructed carotid artery. Continuous wave Doppler
provides an audible assessment of arterial flow that is
more sensitive than palpation and less invasive than arte-
riography, but it does not provide a quantitative measure

and is therefore limited in its reliability and applicabil-
ity.17 The use of intraoperative contrast arteriography
improves the ability to detect technical problems follow-
ing endarterectomy and remains a common method for
this evaluation. The routine use of intraoperative angiog-
raphy has been shown to impact the results of carotid
endarterectomy favorably by reducing operative mortal-
ity (2.9–1%), the permanent stroke rate (1.9–0.9%),
and the temporary neurological deficit rate (6.3–1%) as
well as the incidence of residual and recurrent stenotic
lesions.18 However, this technique is invasive and cum-
bersome and carries risk associated with vessel puncture
and contrast injection.18,19 It is routinely performed in a
single projection and provides no functional assessment
of flow within the reconstructed artery. Furthermore very
few, if any, arterial reconstructions are followed with
routine repeat arteriography in the months and years fol-
lowing the operation. These limitations of arteriography
have accelerated the acceptance of duplex ultrasound for
the intraoperative assessment of arterial reconstructions,
especially in the carotid circulation.

The use of duplex ultrasonography in the operating
room following carotid endarterectomy represents a sig-
nificant advance that is less invasive than arteriography
and provides more objective information than continuous
wave Doppler and arteriography.20,21 Duplex provides not
only a grayscale or B-mode image of the vessel, but also
a functional assessment of flow through the carotid artery
using pulsed Doppler spectral analysis. Schwartz et al. in
1988 identified technical errors in 22% of patients under-
going intraoperative duplex scanning during carotid
endarterectomy, with immediate corrective measures
undertaken in 11%.20 DUS has been shown to compare
favorably with arteriography for the intaroperative
assessment of carotid endarterectomy with false negative
rates of 3.4% and 2.1%, respectively.22 Panneton et al.
reported abnormalities on intraoperative duplex exami-
nation in 41% of patients undergoing carotid endarterec-
tomy; 30% of these defects were classified as minor and
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11% major hemodynamically significant based on the
absence or presence of elevated peak systolic velocities,
visible residual plaque-producing stenosis, thrombus, or
intimal flap/dissection.23 Ipsilateral perioperative neuro-
logical events occurred in two of three patients with unre-
vised significant defects identified on intraoperative
duplex with none occurring following revision of the
remaining 14 significant defects. In addition to improved
immediate results, normal intraoperative duplex exami-
nation has been associated with improved late patency.24

Even minor defects appeared to be associated with an
increased incidence of late restenosis in this study.24

Therefore, the sensitivity of intraoperative duplex has
been shown to be similar to arteriography, it is safer and
less cumbersome, and its routine use may decrease
restenosis rates following carotid endarterectomy.22–27

Despite the usefulness of duplex ultrasound following
carotid endarterectomy, this modality has limitations.
Duplex requires B-mode imaging of the vessel in order
to set or determine the angle of ultrasound insonation
and perform pulsed Doppler sampling of arterial veloc-
ity. Such imaging requires training and experience in
order to acquire accurate, reproducible readings, a skill
that in some centers may necessitate a technologist or
radiologist. Furthermore interpretation of the B-mode
image in the operating room is often subjective and small
defects are of unknown consequence and may be mis-
leading. These facts combined with the cost of the duplex
ultrasound equipment and the radiologist/technologist
time may prohibit its use in the majority of centers per-
forming carotid endarterectomy.

Angle-Independant Doppler System

Recent development and refinement of diffractive ultra-
sonic transducers have facilitated measurement of blood
velocity independent of a B-mode image.28–30 Thus a func-
tional assessment of blood flow can be obtained with
simpler, compact equipment that is easier to use and less
expensive than conventional duplex. Traditionally only
hemodynamically significant defects detected with
duplex scanning have been routinely repaired.20,23,24 The
sensitivity of duplex scanning permits identification of
even minor residual abnormalities, the significance of
which remains unknown. Identification of elevated peak
systolic velocities without a B-mode image with an angle-
independent ultrasound would potentially enable detec-
tion of hemodynamically significant defects.

Concept of Angle-Independent Ultrasound

Based on the Doppler equation (Figure 15–1) an angle of
insonation must be determined or known with a high
degree of accuracy in order to determine the velocity of

flowing blood. Standard duplex ultrasound combines a
pulsed Doppler system with a B-mode scanner to allow
the insonating beam to be aligned to the vessel at a
desired or defined angle. The angle of insonation is set
manually by the operator and requires training and expe-
rience to perform measurements in a reproducible
manner.

The angle-independent ultrasound technology is based
on a diffractive transducer that consists of a series of
linear piezoelectric elements spaced a fraction of a wave-
length apart. The diffracting conditions can be altered to
generate multiple ultrasonic beams from a single insonat-
ing probe.28–31 This diffractive transducer technology has
led to the development of a new ultrasonic Doppler
system that forms two ultrasound beams to insonate
vessels and thereby functions to sample arterial velocities
without an operator-determined angle (e.g., angle-
independent) of insonation (Figure 15–2).

2 fo V cos θ
C

∆f =

Figure 15–1. Doppler equation calculating the magnitude of
frequency shift (∆f) where fo = frequency of transmitted sound,
V = velocity of blood, θ = the angle of insonation between the
axis of the ultrasound beam and the direction of blood flow, and
C = velocity of sound in tissue (∼1.56 × 105 cm/s). (Reproduced
from J Vasc Surg 2003;37:374–80. Copyright © 2003, with per-
mission from Society of Vascular Surgery.)

Figure 15–2. The diffractive transducer creates two continuous
wave ultrasound beams that insonate the blood vessel and facil-
itates measurement of blood velocity without the need to set an
angle of insonation.
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two unknowns (velocity and θ).28–31 These equations can
be solved to determine θ and ultimately blood velocity
based on the mathematical equation or principle of two
unknowns described by Daigle.32 Thereby analysis of the
two ultrasound beams and their respective Doppler
equations allows the EchoFlow system to provide blood
velocity measurements without the need to preset an
angle of insonation as is necessary with standard duplex
ultrasound.

In addition, based on velocity measured and the size 
of the vessel insonated this flowmeter also allows flow 
to be measured independently of the angle of insonation.
Its use was initially reported in animal studies.33 Skladany
et al. made 65 flow determinations in the carotid arteries
of five pigs. Flow measurements were obtained in arter-
ies bled into a calibrated vessel and compared with the
true volume of the blood captured. The flowmeter meas-
ured flow-volume rates in milliliters per minute were
found to be within ± 15% of the cylinder captured
volume.33

Clinical Evaluation of the 
Angle-Independent
Doppler System

The small size and portability, low operator dependency,
and low cost of this ultrasonic flowmeter suggested
potential for widespread clinical applicability. There 
is no need for the operator to hold the probe at a 
predetermined angle to measure flow velocity in the
carotid artery. The system is therefore easier to use,
does not require a technologist or a radiologist, and 
is less expensive than conventional duplex scan. To
measure velocity intraoperatively in the carotid artery,
one probe can be used for all patients and all size 
vessels. The probe is placed over the surface of the 
vessel and a single switch is pushed to obtain a measure-
ment (Figure 15–2). The waveform and velocity 
measurements are displayed on an LCD screen (Figure
15–4).

The EchoFlow angle-independent ultrasonic Doppler
system was evaluated by us for intraoperative surveil-
lance following carotid endarterectomy in 65 consecutive
patients (36 female, 29 male; mean age, 71 years).
Velocity measurements of the common, internal, and
external carotid arteries were performed in 65 patients
after carotid endarterectomy Three velocity measure-
ments were obtained by the vascular surgeon from 
each of the arteries with the EchoFlow device and 
compared with the velocity measurements obtained 
with the duplex ultrasound scan performed by a 
radiologist.34

The commercially available EchoFlow BVM-1 blood
velocity meter (EchoCath, Inc, Princeton, NJ) is a dif-
fractive transducer-based technology that uses two ultra-
sonic beams and a 10-MHz probe to record blood
velocity (Figure 15–3). The diffracting transducer in the
EchoFlow device generates two beams to insonate the
vessel at two distinct angles. The first ultrasound beam is
at an unknown angle of insonation and the second beam
differs from the first by a known degree. The two fre-
quency measurements taken from the different ultra-
sound beams produce two Doppler shift equations with

Figure 15–3. EchoFlow BVM-1 blood velocity meter
(EchoCath, Inc, Princeton, NJ) with elevated display, remote
control, printer capability, and mobile console. (Reproduced
from J Vasc Surg 2003;37:374–80. Copyright © 2003, with per-
mission from Society of Vascular Surgery.)
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Reliability of Angle-Independent Velocity
Measurement

Velocity measurements obtained using the angle-inde-
pendent system were reproducible in the common, inter-
nal, and external carotid arteries with intrapatient
correlation coefficients of 0.95, 0.96, and 0.95, respectively
(Table 15–1).

Comparison to Duplex Ultrasound

Mean velocity measurement difference (bias) between
EchoFlow and duplex was −12cm/s for the common
carotid artery, −8cm/s for the internal carotid artery, and
−11cm/s for the external carotid artery (Table 15–2). Intr-
aclass correlation coefficients were 0.60, 0.69, and 0.73 
for the common, internal, and external carotid arteries,
respectively. Within-patient differences showed a signifi-
cant correlation with increasing velocity measurements in
each of the three arteries measured (p < 0.05).

The vast majority of velocity measurements from the
common, internal, and external carotid arteries fell within
two standard deviations of the mean differences between
EchoFlow and duplex. The majority of velocity measure-
ments from each of the three carotid arteries with

EchoFlow were within an error of ±25cm/s compared to
velocity measurements obtained by duplex ultrasound
(Figure 15–5). Seventy-five percent of common, 88% 
of internal, and 78% of external carotid velocity meas-
urements obtained with the angle-independent ultra-
sound scan device were within 25cm/s of the velocities
measured with duplex ultrasound scan. Differences
between the EchoFlow device and duplex scan velocity
measurements correlated with increasing arterial 
velocities in each of the three arteries measured 
(p < 0.05).

When interpreting these results, it is important to recall
the limitations of the study.Only peak systolic velocity was

100

80

60

40

20

0

cm/sec
–20

–40

–60

–80

–100

0 0.8 1.6
Seconds

2.4 3.2 4

Beam 2

Beam 1V
ei

oc
ity

Figure 15–4. EchoFlow system projects the arterial Doppler waveform on the left of the display screen and the velocity readings
on the right. It also provides an audible Doppler signal and has the capability to send readings to a printer.

Table 15–1. Intrapatient reliability of EchoFlow carotid veloc-
ity measurements.

Within patient Intraclass correlation
Vessela standard deviation (cm/s) coefficient

CC 4.65 0.95
IC 4.42 0.96
EC 6.81 0.95

aCC, common carotid; IC, internal carotid; EC, external carotid.
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measured; the study included only a limited number 
of patients and an assessment on outcome was not
reported. Also, the specific point of insonation on the
artery from which velocities were sampled may have
varied between the EchoFlow and duplex scan probes,
making agreement between these two methods difficult to
confirm.34

Based on the results of this preliminary study applica-
tion of the angle-independent ultrasound system should
be viewed as a supplement to and not a replacement for
standard duplex ultrasound at the present time. This new
system represents an initial or screening modality avail-
able in the operating room to assess arterial reconstruc-
tion or bypass much like continuous wave Doppler is
currently used. If a technical defect is suspected duplex

ultrasound or intraoperative arteriography should con-
tinue to be performed.

The noninvasive and compact nature of the angle-
independent ultrasound device combined with its 
simple operating system make its potential application
broad. The manufacturing cost of this unit has been 
contained and is less than $10,000 for a fully equipped
unit, significantly less expensive than the standard 
duplex ultrasound machine.33 Furthermore, elimination
of the need for a specially trained person to operate the
device substantially reduces the operating cost of the
unit.

By providing an objective velocity measurement 
with an audible Doppler signal this technology signi-
ficantly extends continuous wave Doppler yet is nearly as
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Figure 15–5. (A) Comparison of peak systolic velocity meas-
urements between EchoFlow (y-axis) and duplex (x-axis) from
the common carotid artery. Dashed reference lines represent
error of ±25cm/s. (Reproduced with permission from J Vasc
Surg 2003;37:374–80). (B) Comparison of peak systolic velocity
measurements between EchoFlow (y-axis) and duplex (x-axis)
from the internal carotid artery. Dashed reference lines repre-

sent error of ±25cm/s. (Reproduced with permission from J
Vasc Surg 2003;37:374–80). (C) Comparison of peak systolic
velocity measurements between EchoFlow (y-axis) and duplex
(x-axis) from the external carotid artery. Dashed reference lines
represent error of ± 25cm/s. (Reproduced from J Vasc Surg
2003;37:374–80. Copyright © 2003, with permission from
Society of Vascular Surgery.)

Table 15–2. Comparison of carotid velocity measurements between EchoFlow and
duplex.

Mean difference Standard deviation Limits of Diff Intraclass
(bias) of differences agreement ≤25cm/s correlation

Vessela (Echoflow-duplex) (Echoflow-duplex) (95%) (%) coefficient

CC −11.91 22.0 −55 to 31 75.4 0.60
IC −8.33 20.0 −47 to 31 87.5 0.69
EC −11.35 30.6 −71 to 49 77.5 0.73

aCC, common carotid; IC, internal carotid; EC, external carotid.
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simple to use.This technology may provide surgeons who
do not otherwise have access to duplex ultrasound
machines and the expertise necessary to use them with a
comparable means of assessing arterial velocity in the
operating room. It has potential broad applicability in the
intraoperative assessment of arterial velocities following
reconstruction or bypass.
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Various noninvasive tests for the evaluation of cere-
brovascular insufficiency 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 noninvasive testing depended on the
presence of severe disease, the current techniques, espe-
cially carotid artery imaging, demonstrate the opposite
characteristic. Carotid imaging is able to detect minimal
disease that is not hemodynamically significant; 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 sensi-
tivity 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 example is the patient with noninvasive
evidence of severe stenosis who has no significant steno-
sis 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
angiograms were routinely used in the evaluation of
patients with cerebral ischemic attacks in order to deter-
mine whether vascular reconstructive surgery was in-
dicated. Standard angiography was of limited clinical
value, particularly as a means of diagnostic screening in
asymptomatic patients, because of prohibitive costs, poor
patient acceptance, and the risk of arterial catheteriza-
tion.As a result, noninvasive vascular tests became estab-
lished as the preferred means of diagnostic screening in
asymptomatic patients, because they provided an objec-
tive method of determining the hemodynamic signifi-

cance of carotid disease in a safe and relatively cost-
efficient manner.

Recent studies have questioned the role of arterio-
graphy as the “gold standard” in the evaluation of carotid
artery occlusive disease.1–5 Contrast arteriography has
also been noted to have an 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 dysfunc-
tions in 1–5%. With this in mind, it would be beneficial
and cost-effective if these patients could be safely 
evaluated without invasive arteriography. Color duplex
ultrasonography of the carotid arteries and magnetic 
resonance angiography (MRA) are two noninvasive
modalities that can detect and grade carotid artery 
stenosis.

Carotid Angiography, Magnetic
Resonance Angiography, and/or 
Color Duplex Ultrasound in the
Diagnosis of Carotid Artery Disease
(Single or Combined)

Carotid duplex ultrasound (DUS) is readily available,
noninvasive, inexpensive, fast, repeatable with good res-
olution of carotid plaque morphology, and has excellent
accuracy in most experienced medical centers. One of its
limitations is that there is no suitable acoustic access to
certain vessels of interest in the body. For example, it
cannot directly visualize the origin of the left carotid
artery, the distal internal carotids, or the Circle of Willis
(Figure 16–1). Therefore, a screening examination based
on ultrasound alone may be incomplete for certain 
surgical patients. Ultrasound is also highly operator
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dependent, with a skilled technologist providing more
reliable information than the novice.

The weaknesses of color DUS as a noninvasive screen-
ing examination are complemented by MRA. MRA is
also a noninvasive modality and can access almost any
place in the body, e.g., the carotid artery from the arch to
the Circle of Willis, and is not obscured by overlying bone
or dense vascular calcification. It is repeatable and less
costly than conventional angiography with excellent res-
olution for severe to total occlusion or minimal carotid
artery disease. It can display vessel anatomy as a rotating
three-dimensional angiogram that can be readily inter-
preted by those who did not perform the study (Figure
16–2). Severe or tight stenoses (≥70%) are usually seen
as a flow gap (Figure 16–3). Like ultrasound, it can be
used to measure blood flow volumes and blood velocity,
although it lacks the temporal resolution of Doppler
devices. MRA can also be combined with cerebral mag-
netic resonance imaging at the same time. Since it is non-
invasive, it can be applied safely on patients with
compromised renal functions or severe contrast allergies.

There is no danger of thromboembolic phenomena as
might occur with catheter manipulation during conven-
tional contrast angiography. However, there are several
instances in which MRA is likely to be unsuccessful:
patients who require intensive monitoring or mechanical
respiration are difficult to study by MRA, patients who
are claustrophobic will require sedation before the study,
and patients who cannot hold still for approximately 4–8
min at a time will have images that are considerably
degraded. The images are also degraded by the presence
of small pieces of metal in the body near the vessel of
interest, e.g., surgical clips and small fragments from sur-
gical instruments. Patients with intracranial aneurysms,
clips, or cardiac pacemakers are excluded from having a
magnetic resonance angiogram. Other disadvantages of
MRA include poor plaque morphology and overestima-
tion of stenoses in certain patients (Figure 16–4). MRA
is extremely sensitive to the presence of vascular steno-
sis.When there is a difficulty, it is usually in specificity, i.e.,
the stenosis may be overestimated, but rarely missed or
underestimated.This overestimation may result from tur-
bulence. Whenever there is a mixing flow or chaotic flow
(blood flow that is accelerating and decelerating rapidly),
the vascular signal may be lost, and this loss of signal may
be misinterpreted as a stenosis.

Cerebral arteriography, on the other hand, has the fol-
lowing advantages: it is relatively accurate and is capable
of describing the extent of the lesion or the pathology
(Figure 16–1). However, as indicated earlier, it is invasive
with a definite small risk of neurologic complications,
expensive, with only a fair description of the plaque mor-
phology, and it may also underestimate the pathology or
stenosis if proper filming is not undertaken (Figure 16–5).

Several studies have reported satisfactory results of
carotid endarterectomy performed with color DUS alone
or in combination with MRA.7–15 Jackson et al. prospec-
tively evaluated carotid MRA and compared its accuracy
with color-flow duplex.16 Fifty patients were prospectively
evaluated with conventional angiography and MRA after
clinical and color-flow duplex findings indicated the need
for carotid angiography. Using receiver-operating char-
acteristic (ROC) curves, the probability of correctly 
predicting a ≥60% stenosis using various color-flow
duplex thresholds and MRA was assessed. Sensitivity,
specificity, positive predictive value (PPV), and negative
predictive value (NPV) in determining ≥60% stenoses
were estimated. For MRA the sensitivity was 85% [95%
confidence interval (CI) = 69–94%], specificity 70% 
(CI = 56–81%), PPV 68% (CI = 53–80%), and NPV 86%
(CI = 72–94%). For color-flow duplex, the sensitivity 
was 89% (CI = 74–96%), specificity 93% (CI = 82–
98%), PPV 89% (CI = 74–96%), and NPV 93% 
(CI = 82–98%).When MRA and color-flow duplex results
were concordant (n = 64), the sensitivity was 100% 
(CI = 89–100%), specificity 95% (CI = 81–99%), PPV
94% (CI = 77–99%), and NPV 100% (CI = 92–100%).

Figure 16–1. Four vessel arch aortogram showing tight steno-
sis at the origin of the left common carotid artery (open arrow),
a tight stenosis of the right vertebral artery (straight arrow), and
a tight stenosis of the left vertebral artery (curved arrow) which
originates from the arch of the aorta.
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Figure 16–2. (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 res-
onance angiogram showing the origin of both vertebral
arteries (as indicated by the arrows). (D) Magnetic reso-
nance 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).



186 A.F. AbuRahma

A B
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Figure 16–3. (A) Conventional arteriogram showing severe
to tight stenosis of the proximal internal carotid artery (curved
white arrow) with associated ulceration (black arrow). (B)
Three-dimensional TOF magnetic resonance angiogram of the
same patient showing the same tight stenosis with ulceration.
(C) Carotid magnetic resonance angiogram showing severe to
tight stenosis of the internal carotid artery without ulceration
as indicated by flow gap (black arrow).
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A B

Figure 16–4. (A) Two-dimensional time of flight (TOF) mag-
netic resonance angiogram of the carotid arteries showing flow
artifacts at the base of the skull (open arrows). (B) Three-

A B

Figure 16–5. (A) Frontal projection of the carotid artery bifur-
cation showing minimal disease of the internal carotid artery
(large arrow). (B) The same patient on oblique projection

dimensional TOF magnetic resonance angiogram of the same
patient showing that the narrowing is no longer evident (white
arrows).

showing tight stenosis of the origin of the internal carotid artery
(solid black arrow).
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The area under the ROC curve for color-flow duplex was
95%, compared to 83% for MRA (p = 0.0005). They con-
cluded that the low specificity of MRA precludes its use
as the definitive imaging modality for carotid stenosis.
The 93% specificity of color-flow duplex alone warrants
its consideration as a definitive carotid imaging study. By
ROC curve analysis, color-flow duplex offers superior
accuracy to MRA.The data of Jackson et al. support non-
invasive preoperative carotid imaging for detecting a
threshold stenosis of ≥60% whether color-flow duplex is
used alone, or in combination with the selective use of
MRA.

In a prospective diagnostic study, Nederkoorn et al.13

investigated the accuracy of noninvasive testing com-
pared with digital subtraction angiography (DSA). They
performed DUS, MRA, and DSA on 350 consecutive
symptomatic patients. Separate and combined test results
of DUS and MRA were compared with the reference
standard DSA. DUS had a sensitivity of 87.5% (95% 
CI, 82.1–92.9%) and a specificity of 75.7% (95% CI,
69.3–82.2%) in identifying severe 70–99% internal
carotid artery stenosis. MRA yielded a sensitivity of
92.2% (95% CI, 86.2–96.2%) and a specificity of 75.7%
(95% CI, 68.6–82.5%). When MRA and DUS results
were combined, agreement between these two modalities
(84% of patients) gave a sensitivity of 96.3% (95% CI,
90.8–99.0%) and a specificity of 80.2% (95% CI,
73.1–87.3%) for identifying severe stenosis. It was con-
cluded that MRA showed a slightly better accuracy than
DUS in the diagnosis of carotid artery stenosis, however,
to achieve the best accuracy, both tests should be per-
formed subsequently.

Westwood et al.15 conducted a study to determine if suf-
ficient evidence exists to support the use of MRA as a
means of selecting patients with recently symptomatic
severe carotid stenosis for carotid endarterectomy
(CEA). A systematic review of published research on 
the diagnostic performance of MRA was analyzed. One
hundred and twenty-six potentially relevant articles were
identified, but many articles failed to examine the per-
formance of MRA as a diagnostic test at the surgical deci-
sion thresholds used in major clinical trials on CEA.
Twenty-six articles were included in a meta-analysis that
showed a maximal joint sensitivity and specificity of 99%
(95% CI, 98–100%) for identifying 70–99% stenosis and
90% (81–99%) for identifying 50–99% stenosis. Only
four articles evaluated contrast-enhanced MRA. They
concluded that MRA was accurate for selecting patients
for CEA at the surgical decision thresholds established
in the major endarterectomy trials, but the evidence was
not very robust because of the heterogeneity of the
studies included.

Recently, Nederkoorn et al.14 performed a systematic
review of published studies retrieved through PUBMED,
from bibliographies of review papers, and from experts.
The English-language medical literature (between 1994

and 2001) was searched for studies that met the selection
criteria: (1) DUS and/or MRA was performed to esti-
mate the severity of carotid artery stenosis, (2) DSA was
used as the standard of reference, and (3) the absolute
numbers of true positives and negatives and false posi-
tives and negatives were available or derivable for at least
one definition of disease (degree of stenosis).

Sixty-three publications on DUS, MRA, or both were
included in the analysis, yielding the test results of 64 dif-
ferent patient series on DUS and 21 on MRA. For the
diagnosis of 70–99% versus <70% stenosis, MRA had a
pooled specificity of 90% (95% CI, 86–93) and a pooled
sensitivity of 95% (95% CI, 92–97). These numbers were
87% (95% CI, 84–90) and 86% (95% CI, 84–89) for DUS,
respectively. For recognizing occlusion, MRA yielded a
sensitivity of 98% (95% CI, 94–100) and a specificity of
100% (95% CI,99–100),and DUS had a sensitivity of 96%
(95% CI, 94–98) and a specificity of 100% (95% CI,
99–100).A multivariable summary ROC curve analysis for
diagnosing 70–99% stenosis demonstrated that the type of
MR scanner predicted the performance of MRA, whereas
the presence of verification bias predicted the perform-
ance of DUS. For diagnosing occlusion, no significant het-
erogeneity was found for MRA; for DUS, the presence of
verification bias and type of DUS scanner were explana-
tory variables. MRA had a significantly better discrimina-
tory power than DUS in diagnosing 70–99% stenosis
(regression coefficient, 1.6; 95% CI, 0.37–2.77). No 
significant difference was found in detecting occlusion
(regression coefficient, 0.73; 95% CI, −2.06–3.51). These
results suggest that MRA has a better discriminatory
power compared with DUS in diagnosing 70–99% steno-
sis and is a sensitive and specific test compared with DSA
in the evaluation of carotid artery stenosis. For detecting
occlusion, both DUS and MRA are very accurate.

Several other studies reported on the value of
MRA17–22 and CTA23,24 in the diagnosis of carotid artery
stenosis.

Doppler ultrasound is likely to remain the initial
screening method of the carotid bifurcation in most
centers. However, MRA may be used as a screening
method in two situations: (1) when obtaining a magnetic
resonance image of the brain to assess prior ischemic
events, screening images of the bifurcation can easily be
included with very little additional expense; and (2)
MRA may be used for patients whose findings are equiv-
ocal by ultrasound, e.g., patients with unfavorable
anatomy, such as high bifurcation, tortuous vessels that
are difficult to identify, considerable overlying adipose
tissue that may obscure the vessel, or dense vascular cal-
cifications that cause acoustic shadowing. MRA can also
provide a noninvasive assessment of those portions of the
carotid that are not accessible to the ultrasound trans-
ducer, which can be manifested by an ultrasound showing
a dampened waveform consistent with the presence of a
tandem lesion or proximal stenosis or occlusion.
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Specific application of any of these three modalities,
i.e., color duplex ultrasonography, MRA, and conven-
tional contrast angiography, are described in the follow-
ing sections.

Asymptomatic Carotid Bruit

Although some asymptomatic carotid bruits radiate from
the heart or the great vessels, a considerable proportion
of them originate from the carotid artery bifurcations.
Fell et al.25 reported on 100 patients with 165 asympto-
matic carotid bruits. Duplex scanning showed a normal
internal carotid artery in 12 cases (7%), <50% stenosis in
83 (50%), ≥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 ≥50% stenosis, which may justify further work-up in
selected patients. Noninvasive carotid testing permits
separation of earlier, moderate atheromatous lesions
from advanced, flow-reducing lesions. Most authorities
agree that the early lesions require no treatment, but the
patient should be followed at yearly intervals with repeat
noninvasive testing to detect possible progression to
more advanced stenosis. Identification of advanced
stenosis of the internal carotid artery indicates a patient
who is at an increased risk for subsequent stroke.

As indicated earlier, the ACAS study concluded that
patients with ≥60% stenoses who were treated medically
had a higher stroke rate over a 5-year period in compar-
ison to patients who underwent a CEA.With this in mind,
most authorities recommend screening for asymptomatic
carotid stenoses, particularly in patients who are good
candidates for a potential CEA. Figure 16–6 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 recommended that the test be repeated in 6 months.

If stenosis of ≥60–99% was detected and the patient is a
good risk, a magnetic resonance angiogram can be done
to complement the findings of the ultrasound, and if con-
firmed, a CEA is recommended. If the magnetic reso-
nance angiogram was not conclusive or contradicted the
ultrasound findings, then angiography may be considered
in centers with a minimal stroke risk rate from angio-
graphy. However, in patients with a good quality carotid
DUS, an endarterectomy may be considered based on
ultrasound findings only. Several authorities 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 is
recommended to confirm 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 atherosclerosis, many of these patients have
occult carotid bifurcation 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 operations in order
to detect carotid stenoses that may substantially increase
the risk of intraoperative and postoperative stroke.

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
deficits. Since a variety of nonvascular causes, such as
orthostatic hypotension, cardiac arrhythmias, and med-
ications, may be responsible for these symptoms, non-
invasive carotid testing is important in identifying these
patients with hemodynamically significant carotid steno-
sis. Our management protocol for this group of patients
is outlined in Figure 16–6.

Patients with Focal Neurologic Deficits
(Transient Ischemic Attacks or Strokes)

A major proportion of transient ischemic attacks (TIAs)
or permanent focal neurologic deficits in hemispheric 
distribution 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 hemispheric blood 
flow. In the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) study,26 carotid
endarterectomy was highly beneficial for patients with

Carotid Duplex Ultrasound
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Figure 16–6. Management protocol for patients with asympto-
matic carotid bruit or nonhemispheric symptoms. MRA, mag-
netic resonance angiography; CEA, carotid endarterectomy; st.,
stenosis.
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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 surgery prohibitive. Our management protocol for 
this group of patients is outlined in Figure 16–7. As 
noted in Figure 16–7, 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.,
aspirin therapy and repeat color DUS in 12 months).
If the stenosis is ≥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 findings alone; or MRA can be done to complement
the ultrasound findings, and if the diagnosis is confirmed,
surgery may be considered without angiography. Angio-
graphy is reserved for patients with a marginal quality
DUS or magnetic resonance angiogram, or in patients
with contradictory magnetic resonance angiogram 
and DUS results. If the DUS shows total occlusion and
the ultrasound was of good quality, no further work-up 
is usually necessary. For patients with a DUS that is 
not diagnostic, an arteriogram or magnetic resonance
angiogram is done, and if it is diagnostic and the severity
of stenosis is established, surgery can be done accord-
ingly. If the MRA is not diagnostic, angiography is 
recommended.

Specific Duplex Criteria for Specific
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,5,12,16 the decision to proceed with 
an arteriogram is based on the duplex findings in the
majority of patients. The mortality and morbidity of 
arteriography vary from institution to institution, but 
can be significant.6,27 We propose that vascular laborato-
ries at institutions with significant mortality and morbid-
ity in relation to carotid arteriography use duplex criteria

Symptomatic

Duplex Ultrasound

Diagnostic

<50% st. ≥50% st.

occlusion 50–99% st.

angio CEA?
CEA angio

good quality
& focal symtoms

angio MRA

?% st.confirmed

Undiagnostic

MRA

Diagnostic Undiagnostic

? st.
severity
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and repeat in 12 months

Figure 16–7. Management protocol for patients with suspected
hemispheric symptoms (cerebrovascular disease). For <50%
stenosis, repeat ultrasound in 12 months. MRA, magnetic reso-
nance angiography; CEA, carotid endarterectomy; ASA Rx,
acetylsalicylic acid treatment; st., stenosis.

Table 16–1. Selected optimal criteria with best PPV (≥95%) and overall accuracy in
detecting ≥60–99% and 70–99% ICA stenosis.a

Best PPV PPV Overall accuracy Sensitivity Specificity NPV

For ≥60% ICA stenosis
ICA PSV ≥ 220cm/s 96% 82% 64% 98% 76%
ICA EDV ≥ 80cm/s 96% 87% 79% 97% 84%
ICA/CCA PSV ratio 
≥4.25 96% 71% 41% 99% 65%
ICA PSV and EDV
150 and 65b 96% 90% 82% 97% 86%

For ≥70% ICA stenosis
ICA PSV ≥ 300cm/s 97% 80% 48% 99% 76%
ICA EDV ≥ 110cm/sb 100% 91% 75% 100% 87%
ICA/CCA PSV ≥ none — — — — —
ICA PSV and EDV
150, 110b 100% 91% 75% 100% 87%

aPPV, positive predictive value; NPV, negative predictive value; ICA, internal carotid artery; PSV,
peak systolic velocity; EDV, end diastolic velocity; CCA, common carotid artery.
bThese values have the best PPV and overall accuracy.
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with 95% or greater PPV and the best overall accuracy
in order to minimize the number of patients undergoing
unnecessary arteriography (Table 16–1). These criteria
can also be utilized when CEA is performed without 
preoperative arteriography. In those institutions where
arteriography does not significantly add to the mortality
and morbidity of the overall treatment of carotid disease,
we suggest using the criteria described in Table 16–2.
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 new classification was proposed by us which would
consist of lesions <30% stenosis, ≥30–49% stenosis,
≥50–59% stenosis, ≥60–69% stenosis, and ≥70% stenosis.
This new duplex classification would fit into the existing
trials [NASCET, ACAS, and Veteran’s Administration
Cooperative Study (VA)], and may be of benefit as 
new conclusions are released.28 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 benefits for 
individual patients.With the added risks of arteriography,
decisions to operate would be better based on 
duplex findings alone. Having PPVs of 90–97% and 
accuracies of 87–93% can eliminate many unnecessary 
arteriograms.

It is important to note that the data obtained by indi-
vidual vascular laboratories will vary as a result of 
differences in equipment, abilities, and consistencies of
vascular technicians and reader interpretations.28 There-
fore, each laboratory must adapt a method that employs
the equipment they use and has validated their method
when using proposed new duplex criteria.

Intraoperative 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.29 The development of smaller
scanning heads and probes together with techniques of
sterilization has made this application feasible. The ultra-
sound examination can be performed quickly and, unlike
angiography, requires no delay for film processing. Nor is
it necessary to inject contrast material. Angiography is
also associated with the risks of subintimal injections,
thromboembolic complications, and allergic reactions.

Despite careful operative techniques, certain vascular
defects can be missed, e.g., intimal flaps, luminal throm-
bus/platelet aggregation, stricture, etc. that occur in the
course of carotid repair (Figure 16–8). 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 thrombosis; or they may result in postopera-
tive recurrent carotid stenoses. Blaisdell et al. reported
the fallibility of clinical assessment by routine completion
angiography, which revealed unsuspected defects in 25%
of cases.30 A number of investigators have subsequently
confirmed the observations of Blaisdell et al. by using
angiography, alone or in combination with various ultra-
sound techniques, such as continuous-wave Doppler
examination, pulse Doppler spectral analysis, or duplex
ultrasonography. Intraoperative monitoring has con-
sistently documented severe defects in the internal caro-
tid artery (ICA) or the common carotid artery (CCA)
that warranted immediate correction in approximately

Table 16–2. Selected optimal criteria with best NPV (≥95%) and overall accuracy in
detecting ≥60–99% and 70–99% ICA stenosis.a

Best NPV NPV Overall accuracy Sensitivity Specificity PPV

For ≥60% ICA stenosis
ICA PSV ≥ 135cm/sb 99% 80% 99% 64% 71%
ICA EDV—none — — — — —
ICA/CCA PSV
ratio ≥ 1.62 95% 71% 97% 47% 62%
ICA PSV and EDV—none — — — — —

For ≥70% ICA stenosis
ICA PSV > 150cm/sb 99% 80% 99% 69% 65%
ICA EDV ≥ 60cm/s 96% 83% 94% 77% 71%
ICA/CCA PSV ≥ none — — — — —
ICA PSV and EDV—none — — — — —

aNPV, negative predictive value; PPV, positive predictive value; ICA, internal carotid artery; PSV,
peak systolic velocity; EDV, end diastolic velocity; CCA, common carotid artery.
bThese values have the best NPV and overall accuracy.
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2–10% of all repairs.31–37 Although the percentage of
patients with residual repair defects in whom a postop-
erative 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 operation, since the sequelae of an
ICA thrombosis are frequently catastrophic.

Baker et al.33 reported that recurrent stenoses (>75%)
developed in 17% of patients with abnormal unrepaired
CEAs by intraoperataive imaging compared with 4.3%
in normal CEAs (p < 0.001). This suggests that abnor-
malities detected by intraoperative DUS, if not corrected,
may contribute to recurrent carotid stenosis after CEA.

Kinney et al.34 showed the importance of intraopera-
tive scanning in a prospective study of 461 CEAs. They
correlated the results of intraoperative assessment by
clinical inspection, ultrasound, or arteriography with an
end point of stroke. The CEA site was assessed by ultra-
sound 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 intraopera-
tive assessment, 26 endarterectomies (6%) were revised

at the time of the surgery. Perioperative morbidity was
similar in cases with normal, mildly abnormal, or no ultra-
sound.There were 12 temporary (3%) and six permanent
(1%) neurologic deficits and six deaths (four strokes and
two cardiac events). Based on life-table analysis, the inci-
dence of >50% ICA stenosis or occlusions was increased
(p < 0.007) in patients with residual flow abnormality or
no study. However, patients with normal intraoperative
studies had a significantly lower rate of late ipsilateral
stroke compared with the other patients (p = 0.04). The
incidence of stroke was increased (p = 0.00016) in
patients with ICA restenosis or occlusion (3 of 35) com-
pared with patients without recurrent stenosis (3 of 426)
during a mean follow-up of 30 months. It was concluded
that a normal intraoperative duplex scan may prevent
recurrent stenosis as well as stroke after CEA in the 
long-term.

Most authorities rely on imaging or Doppler flow
detection technique to exclude technical defects. The
diagnostic signal analysis is highly sensitive and specific
(>90%), particularly if pulse Doppler analysis is per-
formed. This technique is simple, widely available, and
relatively inexpensive. Although abnormalities of the
Doppler flow signal are readily apparent by audible inter-
pretation, quantitative spectral analysis is preferable.
With flow and pressure reducing lesions, a spectral broad-
ening is present throughout the pulse cycle, and a peak
systolic velocity (PSV) exceeding 150cm/s is noted.
Visual inspection of velocity spectra and calculation 
of PSV can be obtained by a high-frequency pulse
Doppler probe or duplex scanning, which permits classi-
fication of flow patterns into three categories: normal
flow, mild to moderate flow disturbance, and severe flow
disturbance.31 When a significant residual flow abnormal-
ity is identified, angiography is usually recommended to
delineate the abnormality before reexploration of the
repair.

Recently, intraoperative duplex ultrasonography has
been advocated because of its ability to provide both
anatomic and hemodynamic information.35–38 Improve-
ments in linear ray scan head design and electronic signal
processing, including 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 flow
analysis alone, in that the structure of the anatomic
defects associated with severe flow disturbance can
usually be determined. B-mode imaging is sensitive in
detecting small intimal defects in flaps, however, most
authorities have not repaired these minor lesions, and 
the outcome of the procedure has not been adversely
influenced.37

A comparison of intraoperative and early postopera-
tive duplex findings after CEA indicated that a majority
of these abnormalities identified by duplex scanning

Doppler
intimal
flap

Intimal flap

Figure 16–8. The application of Doppler probe to detect
defects of a repaired internal carotid artery (intimal flap).
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within 3–6 months of CEA represent residual rather than
recurrent stenoses.36

Recently, Ascher et al.39 reported on the value of 
intraoperative carotid artery duplex scanning in a modern
series of 650 consecutive primary endarterectomy proce-
dures (April 2000 to April 2003). Major technical defects
at intraoperative duplex scanning (>30% luminal ICA
stenosis, free-floating clot, dissection, arterial disruption
with pseudoaneurysm) were repaired. CCA residual
disease was reported as wall thickness and percent steno-
sis (16–67%; mean 32% ± 8%) in all cases. Postoperative
30-day TIA, stroke, and death rates were analyzed. There
were no clinically detectable postoperative thromboem-
bolic events in this series.All 15 major defects (2.3%) iden-
tified with duplex scanning were successfully revised.
These included seven intimal flaps, four free-floating 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 497cm/s (mean,250 ± 121cm/s).
Thirty-one patients (5%) with the highest residual wall
thickness (>3mm) in the CCA and 19 (3%) with the
highest CCA residual diameter reduction (>50%) did not
have postoperative stroke or TIA. Overall postoperative
stroke and mortality rates were 0.3% and 0.5%, respec-
tively; combined stroke and mortality rate was 0.8%. One
stroke was caused by hyperperfusion, 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 significant lesions.
Residual disease in the CCA does not seem to be a har-
binger 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 (Figure 16–9). The probe is generally posi-
tioned in the cervical incision directly over the exposed
carotid repair. A sterile solution is instilled into the inci-
sion for acoustic coupling. As the surgeon scans the arte-
rial 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 flow patterns should be evalu-
ated 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 visualized 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 atten-
tion 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 first few
centimeters, looking for residual plaques or areas of
thrombus. In patients who have CEAs closed with a
patch, either polytetrafluoroethylene (PTFE) or Dacron,
it is impossible to scan through the patch itself because
of the air within the wall of the patch. However, it is pos-
sible to scan along the side of the artery, either posterior
or anterior to the patch, which may yield the necessary
information (Figures 16–10 and 16–11).

Figure 16–9. Transducer covered by sterile disposable plastic
sleeve that contains acoustic gel.

Figure 16–10. Probe scanning position for carotid endarterec-
tomy closed with a patch. It is impossible to scan through the
PTFE patch, but the operator can scan along the side of the
artery, either posterior or anterior to the patch.
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A B

C D
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Figure 16–11. Intraoperative duplex ultrasound of carotid
endarterectomy: (A) common carotid artery in grayscale. Note
the shelf of the proximal end of carotid endarterectomy
(arrow), (B) common carotid artery bifurcation in grayscale

(arrow), (C) internal carotid artery in grayscale, (D) common
carotid artery with color flow, (E) internal carotid artery with
patch with color flow, and (F) distal internal carotid artery with
color flow.
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The limitations of this technique are largely related 
to lack of experience, correct measurement of duplex
derived flow velocities, recognition of abnormal flow pat-
terns, and transducer size. Intraoperative duplex imaging
has the following advantages over angiography: compa-
rable or higher accuracy, safety, ease of repeated use after
reexploration, and low cost. Color duplex scanning is also
sensitive to variations in anatomy and minor vascular
defects that may alter blood flow streamlines. Certain
flow patterns produced by carotid patch angioplasty
should be noted and should not be regarded as abnormal.
Some authorities have reported vascular defects in as
many as one-third of their repairs, but only one-third of
these appear to justify reexploration.

Intraoperative Monitoring of Carotid
Endarterectomy with Transcranial
Doppler Sonography

Transcranial Doppler (TCD) sonography has the advan-
tage of allowing monitoring of both hemodynamic and
embolic events, primarily in the middle cerebral artery
distribution during CEA. The middle cerebral artery
cannot be insonated in 5–15% of patients, most com-
monly because of the lack of a window for Doppler signal
penetration of the skull. Severe cerebral ischemia is 
considered present in the first 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 base-
line.40 Following insertion of the shunt or upon declamp-
ing, a brisk recovery in middle cerebral artery velocity
should be seen, usually >80%. Absolute mean velocities
of 15cm/s or even 30cm/s have been alternatively 
suggested. A middle cerebral artery velocity of 30cm/s
has correlated roughly with a carotid artery stump blood
pressure of 50mmHg. Some authorities reported that
TCD detects critically low flow that results in neurologic
deficits, even in the absence of electroencephalographic
changes. The converse is also true: a pronounced 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 lap-
tomeningeal vessels.

In a recent study, Ackerstaff et al.41 concluded that 
in CEA, TCD-detected microemboli during dissection
and wound closure, ≥90% middle cerebral artery veloc-
ity decrease at cross-clamping, and ≥100% pulsatility
index increase at clamp release are associated with 
operative stroke. In combination with the presence of
preoperative cerebral symptoms and ≥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 monitoring 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
embolization, or the hyperperfusion syndrome. It has
been reported that markedly increased mean velocity
(150% of the baseline) may herald an intracranial hem-
orrhage. The use of TCD monitoring during CEA has led
some surgeons to modify their operative techniques
based on hearing a distressing frequency of emboli while
operating with the continuously audible TCD.

Patients Who Develop a Neurologic
Deficit After Leaving the 
Operating Room

If patients wake up well after CEA and then develop a
neurologic deficit, emergent reexploration is indicated. If
the deficit proves to be a TIA as symptoms resolve prior
to the return to the operating room, heparin anticoagu-
lation followed by duplex scan is preferred. A throm-
bosed ICA may be treated operatively or medically
(anticoagulation), particularly in patients with dense
deficits. A patent carotid without apparent pathology 
is immediately followed by CT scanning to identify
intracranial hemorrhage or other pathology. If negative,
an angiogram should be done to confirm the duplex find-
ings and assess the intracranial vasculature. If negative,
oral anticoagulation is started. Thromboembolism of
inaccessible intracranial vasculature has been treated
with selective catheterization 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 frequency of follow-up examina-
tions.42–52 Several studies have reported on the value 
of postoperative carotid duplex surveillance, but no 
consensus has been reached.42–52 The advantages that 
have been cited are detection of significant restenosis
prior to the onset of neurologic events, which aids 
in the prevention of potential strokes, and follow-up 
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on the contralateral carotid artery to document the devel-
opment of surgically correctable stenosis. Opponents 
of routine postoperative carotid duplex surveillance
claim that restenosis is benign in nature, therefore,
a large number of strokes may not be prevented by 
this surveillance.45,46,48,49,52 Despite the high rate 
of restenosis, symptoms attributed to restenoses are 
rare, therefore several authorities have suggested that
routine surveillance of patients after CEA is not 
efficacious.44–46,49

Mattos et al.46 described their experience with postop-
erative carotid duplex surveillance and found an equal
stroke-free survival at 5 years between patients with or
without >50% restenosis. In addition, only one of 380
patients suffered a stroke in their study, suggesting a
benign clinical significance of recurrent carotid artery
stenosis. Mackey et al. claim a low rate of clinically sig-
nificant restenosis.45 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 restenosis. They also
noted that the majority of restenoses (53%) remained
asymptomatic and did not progress to occlusion through-
out 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 unheralded stroke. They felt that 
postoperative carotid duplex surveillance was not 
justified due to the low incidence of symptomatic
restenosis.

In spite of these findings, investigators have been reluc-
tant to advise that postoperative carotid duplex surveil-
lance be abandoned because the cost-effectiveness of this
surveillance has not been formally investigated. Others
have reported that high-grade stenosis (>75%), whether
caused by myointimal hyperplasia of the CEA site or 
progressive atherosclerosis of the contralateral carotid
artery, is associated with an increased risk of late
stroke.34,52

Ouriel et al. reported an 11% incidence of restenotic
lesions greater than 80%. Although the incidence of
symptoms with restenotic lesions was low (12%), the
onset of symptoms at the time of occlusion was signifi-
cant.47 Forty-two percent of patients became sympto-
matic 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.47 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 sug-
gests a more serious course once restenosis reaches
>80%.46

So far, a consensus has not yet been reached in 
the surgical 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 surveil-
lance duplex on the operative carotid system within 
the first 6 months43,46–48,52 to detect residual stenosis from
the operative procedure or early restenosis.47 For
example, Roth et al.52 recently recommended an initial
DUS to ensure a technically successful CEA, with subse-
quent postoperative carotid duplex surveillance at 1–2
years, as long as restenosis and contralateral stenoses
remain <50%. More frequent follow-up (every 6 months)
is warranted if >50% stenosis is noted, or with the onset
of symptomatic disease.52

Several studies have reported that the majority of
restenoses occurs during the first 1–2 years after CEA.
Mattos et al.43 noted that 70% of restenoses were
detected within 1 year after the CEA, and 96% devel-
oped within 15 months. Thomas et al.42 reported that 
70% of restenoses in their study occurred within 1 year
of the CEA. Similar observations were noted by us 
previously.50

Ricco et al.53 reported on the need for follow-up duplex
scan 1 year after CEA was performed with prosthetic
patching and intraoperative completion arteriography. A
total of 605 CEA procedures with prosthetic patch
closure and intraoperative 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 abnor-
malities in 114 cases, including 17 involving the ICA and
73 involving the external carotid artery. Successful revi-
sion was achieved in all cases and confirmed by repeat
arteriography. Postoperative duplex scans at 4 days
detected three abnormalities involving the ICA (0.5%),
including asymptomatic occlusion in one case and resid-
ual stenosis >50% in two cases. Ninety-eight percent 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 con-
tralateral carotid stenosis over 50% at the time of the
initial intervention.The findings of this study indicate that
duplex scan follow-up 1 year after CEA with intraoper-
ative completion arteriography is unnecessary unless
postoperative duplex scan demonstrates residual stenosis
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of the ICA. However, duplex scan at 1 year is beneficial
for patients presenting with contralateral carotid artery
disease with diameter reduction >50% at the time of
CEA.

Lovelace et al.54 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, asympto-
matic, previously nonoperated 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 classified into two groups: those with a 
PSV <175cm/s and those with a PSV of 175cm/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 symptomatic 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 <175cm/s, and 85 ICAs (13%) had initial
PSVs of 175cm/s or more. Asymptomatic progression 
to 60–99% ICA stenosis occurred in 22 (26%) of 85 
ICAs with initial PSVs of 175cm/s or more, whereas 
24 (4%) of 548 ICAs with initial PSVs <175cm/s pro-
gressed (p < 0.0001). The Kaplan–Meier method showed
freedom from progression at 6 months, 12 months, and 
24 months was 95%, 83%, and 70% for ICAs with 
initial PSVs of 175cm/s or more versus 100%, 99%, and
95%, respectively, for ICAs with initial PSVs <175cm/s 
(p < 0.0001).

They concluded that patients with <60% ICA stenosis
and PSVs of 175cm/s or more on initial duplex examina-
tion are significantly more likely to progress asympto-
matically to 60–99% ICA stenosis, and progression is
sufficiently frequent to warrant follow-up duplex studies
at 6-month intervals. Patients with <60% ICA stenosis
and initial PSVs <175cm/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 surveillance is not cost-effective since there is
such a low incidence of symptomatic restenosis. Patel 
et al. evaluated the cost-effectiveness of postoperative
carotid duplex surveillance.51 They concluded that 

postoperative carotid duplex surveillance after CEA 
has an unfavorable cost-effectiveness ratio. In the 
process of their analysis, they identified a subset of
patients in which postoperative carotid duplex sur-
veillance 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 or exceeds 
the level at which postoperative carotid duplex sur-
veillance becomes cost-effective. Some of these include
patients with multiple risk factors, e.g., smoking, hyper-
tension, hyperlipidemia, diabetes mellitus, coronary
artery disease, female gender, and a 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 (see Our 
Clinical Experience).

Our Clinical Experience

Three hundred 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 ≥80% restenosis over time and the time frame 
of progression from <50% to 50–79% and ≥80%
stenosis.

Greater than or equal to 80% restenosis developed in
24 (21%) with primary closure and nine (4%) with patch-
ing. A Kaplan–Meier estimate of freedom from 50–79%
restenosis 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 ≥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
closures and 10/28 primary closures progressed to
50–<80% restenosis (p = 0.02) and 0/28 patch closures
and 6/28 primary closures progressed to ≥80% (p = 0.03).
In primary closures, the median time to progression 
from <50% to 50–79%, <50% to ≥80%, and 50–79% 
to ≥80% was 42, 46, and 7 months, respectively. Of the 
24 arteries with ≥80% restenosis in primary closures,
10 were symptomatic. Thus, assuming that symptomatic
restenosis would have undergone duplex examinations
anyway, there were 14 asymptomatic arteries (12%) 
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that could have been detected only by postoperative
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 ≥80% restenosis, six asympto-
matic arteries (four vein patch closure and two PTFE,
3%) could have been detected by postoperative carotid
duplex surveillance. In patients with a normal duplex at
the first 6 months, only 4/222 (2%) patched arteries (two
asymptomatic) developed ≥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 ≥80% restenosis in the primary closure
group in our series,55 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 occlusion (assuming a similar outcome of ≥80%
restenosis as described by Mattos et al.46).There was a net
reduction of four strokes in patients with primary closure
and an approximate cost of $56,150 per stroke prevented.

Also, assuming a similar outcome of >80% restenosis
as described by Ouriel et al.,47 and if one-half of these
>80% restenosis would progress to total occlusion (7
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,55

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 contralateral nonoperated
side.

The justification for this cost is unclear without a defi-
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 sur-
veillance 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 neuro-
logic symptoms.

Our randomized prospective studies confirm that
carotid restenosis is a known entity that follows a per-
centage of patients who undergo carotid surgery. In the
past, the clinical significance 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 beneficial in patients
with primary closure with examinations at 6 months and
at 1–2 year intervals for several years. For patients with
patching, a 6-month postoperative duplex examination, if
normal, is adequate.

Duplex Ultrasound Surveillance of 
Carotid Stents

Kupinski et al.56 conducted a study to evaluate the DUS
characteristics of carotid stents including comparing
hemodynamic to B-mode and color-flow 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 patient ICA stents,
the PSV proximally within the stent was 92 ± 6cm/s 
with an EDV of 24 ± 2cm/s. The mid stent PSV was 
86 ± 5cm/s with an EDV of 24 ± 2cm/s. The distal 
stent PSV was 90 ± 4 with an EDV of 26 ± 2cm/s.
Proximal to the stent, the PSV was 70 ± 3cm/s with 
an EDV of 17 ± 1cm/s. Distal to the stent, the PSV was
77 ± 4cm/s with an EDV of 25 ± 2cm/s. There were no
defects observed on B-mode image and no areas of 
color turbulence. Three stents developed stenotic areas
with PSVs of 251, 383, and 512cm/s. The EDV was 50,
131, and 365cm/s, respectively. Poststenotic turbulence
was present in each of these stents. An elevated PSV of
>125cm/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 veloci-
ties within stented carotid arteries can be elevated above
established ranges for normal.They concluded that veloc-
ity criteria 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 
>150cm/s and a prestenotic (or prestent) to stenotic
segment PSV ratio of l : ≥2 are suggestive of significant in-
stent restenosis.57

Determination of Progression

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% diameter reduction) can be accu-
rately detected based on significant changes in peak 
frequency.58 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 frequencies.
The ability to identify such disease progression without
invasive arteriographic studies will contribute to our
understanding of the natural history of the disease
process.
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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. Recently, we analyzed the natural history of carotid
artery stenosis contralateral to CEA from two random-
ized prospective trials.50,59

The contralateral carotid arteries of 534 patients who
participated in two randomized trials comparing CEA
with primary closure versus patching were followed clin-
ically and had DUSs at 1 month and every 6 months.
Carotid artery stenoses were classified into <50%,
≥50–<80%, ≥80–99%, and occlusion. Late contralateral
CEAs were done for significant carotid artery stenoses.
Progression of carotid artery stenosis was defined as
progress to a higher category of stenosis. A Kaplan–
Meier life table analysis was used to estimate freedom
from progression of carotid artery stenosis. The correla-
tion of risk factors and carotid artery stenosis progression
was also analyzed.

Out of 534 patients, 61 had initial contralateral CEAs,
within 30 days of the ipsilateral CEA, and 53 had con-
tralateral 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
carotids; 56/157 (36%) patients with <50% carotid artery
stenosis progressed versus 45/95 (47%) patients with
50–<80% carotid artery stenosis (p = 0.003). The median
time for progression was 24 months for <50% carotid
artery stenosis and 12 months for ≥50–<80% carotid
artery stenosis (p = 0.035). Freedom from progression for
patients with baseline <50% and ≥50–<80% carotid
artery stenosis at 1, 2, 3, 4, and 5 years was 95%, 78%,
69%, 61%, 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 significant number of
patients with baseline contralateral carotid artery 
stenosis. Serial carotid DUSs every 6–12 months for
patients with ≥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 longer done routinely, even when planning for surgery,
to eliminate the risk of neurologic events during angio-
graphy. The risk of stroke from angiography is around 
1%.6

Although standard conventional angiography is still
generally considered to be the definitive diagnostic test
for carotid artery stenosis, there has been an increasing
interest in performing CEA based on clinical evaluation
and duplex scanning only.3–5,7–12,60–63 This has been stimu-
lated by improvement in the accuracy and reliability of
color carotid duplex scanning, along with the increasing
demands to minimize both the risk of carotid angiogra-
phy and the cost of medical 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.60 reviewed arteriograms and duplex
scans in 83 patients and found that in 87% the clinical
presentation and duplex findings were adequate for
patient management. They concluded that arteriography
was necessary in 13% that (1) showed an unusual or atyp-
ical pattern of disease, (2) had technically inadequate
duplex scans, or (3) had an internal carotid artery steno-
sis of <50%. This group7 completed a subsequent
prospective evaluation of 94 cases that showed that arte-
riography affected clinical management in only one case
(1%). Dawson et al.7 indicated that while specific indica-
tions for CEA without angiography remain controversial,
the results of angiography rarely alter the clinical treat-
ment plan when a technically adequate duplex scan
shows an 80–99% stenosis in asymptomatic patients or an
ipsilateral 50–99% stenosis in patients with hemispheric
neurologic symptoms.7

The duplex and arteriogram results of 85 patients were
prospectively evaluated by Moore et al. with a panel of
neurologists, neurosurgeons, and vascular surgeons.3 The
duplex scan results were prospectively compared with
arteriography. One hundred and fifty-nine of 170 carotid
arteries were correctly characterized (94%); hemody-
namically significant stenoses were correctly character-
ized in 100%. Thirty-two CEAs were performed by these
authors in 29 patients without angiography. All duplex-
predicted lesions were confirmed at surgery, and there
were no perioperative strokes.

If arteriography is not done, there is a potential to miss
significant 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 
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significant symptoms,64,65 and, therefore, does not impact
the decision to perform CEA. Intracranial aneurysms
occur in approximately 1–2% of patients undergoing arte-
riography,66 but most are small and unlikely to be affected
by CEA.66 With the advances in imaging techniques, the
concern for occult brain tumors has become less relevant.

In addition, associated costs are significant with some
institutions reporting charges for cerebrovascular arteri-
ography as high as $5000 to $6000. Strandness67 has sug-
gested 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 $3000, the total cost of
angiography alone would be $750 million dollars (not
counting the costs of an estimated 7500 TIAs, 1500
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.67 We have
already begun to see a shift in the testing that is done for
a preoperative diagnosis. A report from the University of
Vermont stated that 87% of their last 130 CEAs were
performed without arteriography, with acceptable rates
of stroke and death,68

CEA should not be attempted without arteriography
unless the following criteria are met:7

1. The distal ICA is free of significant disease (disease is
localized to the carotid bifurcation).

2. The CCA is free of significant 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%.7,60,68 However, as experience grows, indications
may be expanded.

Therefore, angiography is most likely to be useful when
the duplex scan is not diagnostic, in patients with atypi-
cal lesions that appear to extend beyond the carotid
bifurcation, and for stenoses of <50% in patients with
classical hemispheric neurologic symptoms.

Carotid Endarterectomy Based on
Duplex Ultrasonography with Minimal
Angiographic Findings

We published a report on CEA for symptomatic carotid
artery disease and failed medical treatment with plaque
associated with <60% stenosis by DUS.69 All patients 
in this study underwent arteriography, which showed
normal to <20% stenosis. CEA was uneventful in these
14 patients, and their symptoms resolved.

We found that carotid DUS is superior to carotid arte-
riography in detecting irregular or ulcerative heteroge-
neous plaques associated with mild degrees of stenosis.
These patients should also be worked up to exclude other
noncarotid causes of the TIAs or strokes.

Ultrasonic Carotid Plaque Morphology
and Carotid Plaque Hemorrhage:
Clinical Implications

The lack of neurologic symptoms in many patients with
significant carotid stenosis has perplexed many scientists.
It has been proposed that the character of the plaque may
be as, or more important, than significant stenosis in pro-
ducing neurologic events.

We70 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 ≥50% ICA
stenoses in 135 patients who had CEAs and characterized
them ultrasonographically into irregular/ulcerative,
smooth, heterogeneous, homogeneous, or not defined.
Heterogeneous plaques were defined as a mixture of
hyperechoic, isoechoic, and hypoechoic plaques. In con-
trast, homogeneous plaques were defined as consisting of
only one of the three types of echogenic plaques.An isoe-
choic plaque was defined as having the ecogenicity 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 irreg-
ular plaque was defined as a plaque that lacks a smooth
surface with or without an intimal layer.A smooth plaque
was defined 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 ir-
regularity (41%), 48 smooth (32%), 59 heterogeneous
(39%), 52 homogeneous (34%), and 41 (27%) not
defined. 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 heterogeneous
plaques had ipsilateral cerebral infarcts, in contrast 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 associated with intraplaque hemorrhage,
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neurologic events, and cerebral infarcts. Therefore, ultra-
sonic plaque morphology may be helpful in selecting
patients for CEA.

In another recent study, we71 analyzed the natural
history of 60–<70% asymptomatic carotid stenosis
according to ultrasonic 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 classified as het-
erogeneous (Group A, 162) or homogeneous (Group B,
229). CEA was done if the lesion progressed to ≥70%
stenosis or became symptomatic.

Three hundred and eighty-two patients (391 arteries)
were followed at a mean follow-up of 37 months.The clin-
ical/demographic characteristics were similar for both
groups.The incidence of future ipsilateral strokes was sig-
nificantly higher in Group A than in Group B: 13.6%
versus 3.1% (p = 0.0001, odds ratio 5). Similarly, the inci-
dence 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 ≥70% stenosis
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 ≥70% asymptomatic carotid
stenosis) versus 13 (5.7%) for Group B (five for stroke,
seven for TIAs, and one for ≥70% asymptomatic carotid
stenosis (p = 0.0001, odds ratio 6.2).

We concluded that patients with 60–<70% asympto-
matic carotid stenosis with heterogeneous plaquing were
associated with a higher incidence of late stroke, TIAs,
and progression to ≥70% stenosis than patients with
homogeneous plaquing. Prophylactic CEA for 60–<70%
asymptomatic carotid stenosis may be justified if associ-
ated with heterogeneous plaquing.

In another study72 of the correlation of ultrasonic
carotid plaque morphology and the degree of carotid
stenosis, 2460 carotid arteries were examined using color
DUS during a 1-year period. Carotid stenoses were clas-
sified into <50%, 50–<60%, 60–<70%, and >70–99%.

Heterogeneous plaques were noted in 138 of 794 arter-
ies 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 ≥50%
stenoses versus 17% for <50% stenoses, 72% of 
≥60% stenoses versus 24% for <60% stenosis, and 80% 
of ≥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 ≥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 ≥50%
stenoses,68% for all ≥60% stenoses,and 75% for all ≥70%
stenoses (p < 0.0001, p < 0.0001, and p = 0.02, respectively).

We concluded that the higher the degree of carotid
stenosis, the more likely it is to be associated with ultra-
sonic heterogeneous plaquing and cerebrovascular symp-
toms. Heterogenosity of the plaque was more positively
correlated to symptoms than to any degree of stenosis.
These findings suggest that plaque heterogenosity should
be considered in selecting patients for CEA.72

Differentiating unstable from stable plaques by ultra-
sound has been hampered by the subjectiveness of inter-
preting such images.73–76

Biasi et al.75 conducted a study to confirm that plaque
echogenicity evaluated by computer analysis, as sug-
gested by preliminary studies, can identify plaques asso-
ciated 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 TIAs and 55 asymp-
tomatic). 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
echogenicity was better than the degree of stenosis in
identifying plaques associated with an increased inci-
dence of CT brain scan infarction and consequently
useful for identifying individuals at high risk of stroke.

Kern et al.74 investigated the value of real-time com-
pound ultrasound imaging for the characterization of ath-
erosclerotic plaques in the ICA. Thirty-two patients (22
men, 10 women; mean age, 75 years) with plaques of the
ICA as identified 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 according to a stan-
dardized protocol. The majority of plaques were classi-
fied as predominantly echogenic and as plaques of
irregular surface, whereas ulcerated plaques were rarely
observed. The interobserver agreement for plaque
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surface characterization 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 cate-
gories plaque texture resolution, plaque surface defini-
tion, and vessel wall demarcation. Furthermore, there 
was a significant reduction of acoustic shadowing and
reverberations.

They concluded that real-time compound ultrasound
was a suitable technique for the characterization of ath-
erosclerotic plaques, showing good general agreement
with high-resolution B-mode imaging. This advanced
technique allows reduction of ultrasound artifacts and
improves the assessment of plaque texture and surface
for enhanced evaluation of carotid plaque morphology.
This subject will be covered in depth elsewhere in this
volume.

Intima-Media Thickness by 
Duplex Ultrasound

Poli et al.76 reported on a study of ultrasonographic meas-
urement of the CCA wall thickness in hypercholes-
terolemic patients, and they concluded that there was a
correlation between the thickness of the carotid artery
and the presence of cardiovascular risk factors.The meas-
urement 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
defined as intima-media thickness (IMT). It is believed
that patients with larger IMTs had a greater number of
cardiovascular risk factors than patients with thinner
IMTs. O’Leary et al.77 reported for the Cardiovascular
Health Study Collaborative Research Group that thick-
ening of the carotid wall was a marker for atherosclero-
sis 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 sonographic measurement of carotid
plaque thickness and cholesterol deposition. Therefore,
an increased internal carotid IMT corresponds to an
increased degree of carotid artery stenosis, and the meas-
urement of the ICA wall thickness correlates with the
extent of subjectively graded percentage of stenosis.78

O’Leary et al.79 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 meas-
urement from the common and ICAs. IMT is felt to be a
marker for future myocardial infarction as well as for
stroke.

The Role of Carotid Duplex Scanning
After 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 prospec-
tively evaluated by Fry et al.80 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-
firmed by arteriography; 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-
fied by duplex scan and confirmed by arteriography. The
remaining 76 patients had normal duplex scans and no
sequelae up to 3 weeks postdischarge. It was concluded
that DUS is a valuable tool in evaluating carotid injury.

Dissection of the Internal 
Carotid Artery

ICA dissection has been reported more often recently
than was previously suspected. This disease can appear
spontaneously, or may follow traumatic events accompa-
nied by the fully developed 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 flow DUS, the diagnosis can be made when
the flow 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 flow signals marks the proximal end of the
dissection. Corresponding Doppler signals characterize
partial recanalization with systolic forward and backward
signal components, but with diastolic forward flow preser-
vation.81–83 On angiography, proximally there is a thread-
like occlusion/subtotal stenosis of the ICA without a
connection to the intracranial vasculature (Figure 16–12).
Monthly follow-up assessments are important, since the
majority of the cases spontaneously recanalize.

Vertebrobasilar Insufficiency

During the 1970s and 1980s, there was limited clinical
experience in regard to vertebrobasilar insufficiency, due
in part to the difficulty in noninvasive study of vertebral
artery flow. Furthermore, documented alterations in the
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vertebral flow may have little bearing on the clinical sit-
uation. Keller et al. studied vertebral artery flow using
directional Doppler ultrasound in 90 patients, 40 of whom
underwent subsequent arteriography.84 The probe was
positioned in the dorsal oropharynx after appropriate
topical anesthesia, and the following four determinations
were made: (1) the flow direction in each vertebral artery,
(2) the related amplitude of both signals, (3) cessation 
of the flow in either vertebral artery during any part of
the cardiac cycle, and (4) response of the vertebral flow
to ipsilateral CCA compression. Under normal circum-
stances, the vertebral flow 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 compression. Alteration of any of these normal
observations was diagnostic of vertebral artery occlusive
disease with a specificity of 82%. Kaneda et al.85 simpli-
fied the previous technique by positioning the probe just
below the mastoid process directed toward the con-
tralateral 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 defined and more intervening
structures were present.

Recent studies have shown that with adequate skill and
patience on the operator’s part, the innominate, sub-

clavian, cervical, and prevertebral segment of the verte-
bral artery can be displayed with real-time, pulsed echo
methods. Duplex scanning appears to be the most suc-
cessful and accurate technique to diagnose atheroscle-
rotic 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 flow can
be determined, whether antegrade or retrograde, which
may be suggestive of subclavian steal. It has been
reported that a reliable investigation of the prevertebral
segment and the orifice of the vertebral artery is possible
in more than 80% of cases (Figure 6–10 in Chapter 6).
Some studies85–87 claim more rapid identification and a
higher success rate if color flow imaging is used. For
detecting stenoses of ≥50% of the arch branches and at
the site of the origin of the vertebral artery, duplex scan-
ning has a high sensitivity, specificity, and overall accu-
racy. 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 arter-
ies in which the examination is successfully completed,
only a limited spectrum of disease involvement can be
identified. Accuracy of ultrasonic examination of the
intradural segment of the vertebral artery can be
improved by the use of simultaneous B-mode and color
flow imaging. This subject will be covered in depth in
another chapter in this volume.

Color Duplex Ultrasound in the
Diagnosis of Temporal Arteritis

Temporal arteritis is sometimes diagnosed clinically, but
a temporal artery biopsy is usually recommended to
confirm the diagnosis.88 The American College of
Rheumatology requires three of the following five crite-
ria to be met to establish the diagnosis: age ≥50 years, new
onset of localized headache, temporal artery tenderness
or decreased pulse, erythrocyte sedimentation rate 
≥50mm/h, and histologic findings. Schmidt et al.88 exam-
ined 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 tempo-
ral arteritis or polymyalgia rheumatica were examined by
duplex ultrasonography. They examined both common
superficial temporal arteries and the frontal and parietal
rami as completely as possible in longitudinal and trans-
verse 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 flow veloc-
ity was more then twice the rate recorded in the area
before the stenosis, perhaps with waveforms demonstrat-
ing turbulence and reduced velocity behind the area of

Figure 16–12. Carotid arteriogram showing internal carotid
artery dissection of the higher cervical portion, as indicated by
the black arrow.
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stenosis. Two ultrasound studies were performed and
read before the biopsies. Based on standard criteria, the
final diagnoses were temporal arteritis in 30 patients, 21
with biopsy-confirmed disease; polymyalgia rheumatica
in 37; and negative histologic findings 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.88 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 identified in the 82
patients without temporal arteritis; 6 (7%) had stenoses
or occlusions. For each of the three types of abnormali-
ties identified by ultrasonography, the interrater agree-
ment was ≥95%.

They concluded that there are characteristic signs of
temporal arteritis that can be visualized by color duplex
ultrasonography. The most specific 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 possible to make a diagnosis of temporal arteri-
tis and begin treatment without performing a temporal
artery biopsy. This subject will be covered in depth in
another chapter in this volume.
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Introduction

As the population continues to grow in average age,
chronic lower extremity ischemia is becoming more
prevalent. Recently, Dormandy et al.1 reported the
weighted mean incidence of intermittent claudication
from five large population-based studies. The incidence
ranged from two per 1000 men per year in the 30- to 54-
year-old group to seven per 1000 in those over 65 years
of age. In a recent summary of large population studies
from Italy, Britain, Holland, and Finland, the prevalence
of intermittent claudication increases gradually from
<1% in 30-year-old men to 3% in 55- to 59-year-old men.
The prevalence also increases starting at age 60, from 3%
to over 7% in those 70 years old and older.2 It is believed
that the overall incidence and prevalence of peripheral
arterial disease are likely to increase significantly with the
aging of the population, and it has been estimated that
the number of individuals aged ≥65 will grow by 70% in
the United States between 2010 and 2030.3

Anatomy of the Lower Extremity
Vascular System

The arterial anatomy relevant to the lower extremity cir-
culation is demonstrated in Figure 17–1.

At its most distal aspect, the aorta branches to form
paired common iliac arteries. These continue retroperi-
toneally 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 pelvic structures, while the external
iliac courses inferior to the inguinal ligament to become
the common femoral artery.

The common femoral artery then bifurcates early in its
course to form the profunda femoris artery, which sup-
plies the thigh musculature, and the superficial 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 compart-
ment of the lower leg. The tibioperoneal trunk then con-
tinues briefly, 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 pos-
terior tibial artery is divided into lateral and medial
plantar arteries below the medial malleolus to supply the
sole of the foot.

Ultimately, the anterior tibial artery continues on to 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.4 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.

Collateral Circulation

In the event of chronic obstruction of major arterial
vessels, collateral pathways exist that allow preservation
of sufficient distal blood flow 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
common iliac arteries, a variety of pathways for collateral
circulation exist (Figure 17–2). Communications may
exist between the lumbar and circumflex iliac or hypogas-
tric arteries. Other communications may exist between
the gluteal branches of the hypogastric arteries and recur-
rent branches of the common femoral or profunda
femoris arteries. Visceral–parietal communications may
also exist at this level between the inferior mesenteric
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Figure 17–1. 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 superficial femoral
artery, popliteal artery, and diseased tibioperoneal trunk.

R L
Superior mesenteric
artery
Inferior mesenteric artery

Common iliac artery
Deep circumflex iliac artery
External iliac artery
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Figure 17–2. (A) Collateral circulation of the left lower
extremity secondary to occlusion of the major arterial segments
as noted in Figure 17–1. (B) Arteriogram showing complete
occlusion of the left common iliac artery (arrow). Note the col-
lateral circulation around the obstruction. This also shows
extensive disease of both right and left external iliac arteries.
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and internal iliac vessels via hemorrhoidal branches at
the level of the rectum.

More distally, with obstruction of the common femoral
artery, collateral circulation around the hip is provided
via communication of the inferior epigastric and deep
circumflex branches of the external iliac arteries with the
internal pudendal and obturator branches of the internal
iliac arteries (Figure 17–2B).

With chronic obstruction of the superficial femoral
artery, collateral circulation to the popliteal artery is pro-
vided by communications with the profunda femoris
artery via the geniculate arteries, as well as descending
branches of the lateral femoral circumflex arteries. With
popliteal occlusion, it is these geniculate arteries that are
responsible for the filling of the more distal tibial vessels
as well (Figure 17–2B). More distally, branches of the per-
oneal, anterior tibial, and posterior tibial arteries all
provide collateral supply to the plantar arch vessels.4,5

Normal Structure of the Arterial Wall

Before discussion of any pathologic process affecting the
arterial wall, it is important to understand the basic struc-
tural anatomy of the normal blood vessel. The artery is
composed of three major layers known as the intima,
media, and adventitia.

The intima, the innermost layer, consists of a layer of
endothelium 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 proteo-
glycan substance. Collagen and elastin fibers are also
present within this layer.

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, fibroblasts,
capillaries, neural fibers, 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.6

Atherosclerosis

Pathophysiology

Intermittent claudication as a symptom of peripheral
arterial disease can be caused by flow limiting stenosis,
which is almost secondary to atherosclerosis. Whether or
not a stenotic lesion is flow limiting depends on both flow
velocities and the degree of stenosis.7 Flow velocity at rest

has been estimated to be as low as 20cm/s in the femoral
artery. A diameter reduction of >90% would be required
for a stenotic lesion at these rates to be considered hemo-
dynamically significant. However, the metabolic require-
ments in the distal tissue of an exercising or active
individual are higher, and the femoral artery velocities
may increase up to 150cm/s, and at this velocity level, a
stenosis of 50% can cause significant pressure and flow
gradient leading to inadequate oxygen delivery. In
general, patients with mild intermittent claudication typ-
ically have a single segment disease, which is often asso-
ciated 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 reflected in ankle-brachial index (ABI)
measurements or direct measurement of calf blood flow
do not necessarily correlate with walking performance or
severity of the claudication symptoms.8 Biochemical
changes and microcirculatory changes induced by the
cycle of ischemia and reperfusion have been suggested as
evidence 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 cel-
lular level through increased oxidative stress, generation
of oxygen-free radicals, and lipid peroxidation that occurs
during reperfusion of ischemic tissue. Several studies
have demonstrated the accumulation of several meta-
bolic intermediates, such as acylcarnitines, impaired syn-
thesis of phosocreatinine, and supranormal levels of
adenosine diphosphates.9 Patients with advanced chronic
peripheral arterial disease have an abundance of these
antimetabolic compounds, which signify well-established
metabolic myopathy. Increased acylcarnitine accumula-
tion has been noted to correlate well with decreased
treadmill exercise performance.10

The basic underlying disease process affecting the arte-
rial wall, and the one responsible for the clinical mani-
festations of lower extremity peripheral arterial disease,
is atherosclerosis. Simply put, atherosclerosis is a disease
of medium to large arterial vessels that causes lumi-
nal narrowing, thrombosis, and occlusion resulting in
ischemia of the end organ involved. The process of ath-
erosclerosis is extremely complex and is the subject of
continuous investigation within the medical and surgical
community. In addition to lower extremity vascular
disease, atherosclerosis is known to produce many other
clinical events of importance including, but not limited to,
myocardial infarction, stroke, mesenteric vascular insuf-
ficiency, and aortic aneurysm formation.11

Atherosclerosis is primarily a disease of the intima
characterized 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
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accumulates within the vessel wall, either extracellularly
or intracellularly, 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.12

The fibrous plaque, the next phase of atherogenesis, is
characterized histologically by a thick fibrous 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). Con-
tinued proliferation of smooth muscle cells and accumu-
lation of lipid material results in the luminal narrowing
characteristic of the disease.13

In some cases, although it is unclear why, the plaque
may develop features of luminal ulceration and wall
calcification 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.14

Risk Factors

Through epidemiologic data, a number of risk factors for
the development of atherosclerosis have been reasonably
well established. These factors include hypertension,
hypercholesterolemia, cigarette smoking, obesity, dia-
betes mellitus, stress, sedentary lifestyle, and family
history. Of these, hypertension, hypercholesterolemia 
[of the low-density lipoprotein (LDL) fraction], and 
cigarette smoking have demonstrated the greatest
significance and are classified as “major” risk factors. Of
these “major” risk factors, cigarette smoking appears to
convey the greatest relative risk of developing athero-
sclerosis, as well as for accelerating the process once it
has been established.6,15,16

The association between smoking and peripheral arte-
rial disease is very firmly established.17 Overall, smokers
carry a three times higher relative risk of developing inter-
mittent claudication and experience claudication symp-
toms an average of 10 years earlier than nonsmokers.The
Framingham study showed that smokers are twice as
likely to develop peripheral arterial disease as coronary
artery disease.18 Celermajer et al.19 reported that abnormal
endothelial/nitric oxide-dependent vasodilatation has
been implicated as an explanation for the smoking-
induced development and progression of atherosclerosis.

Several research studies have both supported and
refuted the significance of total cholesterol as an inde-
pendent risk factor for peripheral arterial disease.2

However, the ratio of total to high-density lipoprotein
cholesterol has been recognized as an accurate predictor
of peripheral arterial disease.Cheng et al.20 concluded that
lipoprotein (a) is an independent risk factor for peripheral
arterial disease.20 It should be noted that the association

between hypertriglyceridemia and the progression of
coronary and carotid atherosclerosis is well-established.21

The presence of diabetes mellitus increases the risk of
claudication by two-fold. There is strong evidence that
better control of blood sugar delays the onset of micro-
vascular diabetic retinopathy and nephropathy, however,
the effect of such control in progression of macrovascu-
lar disease remains controversial.22 Glucose intolerance,
insulin resistance, and hyperinsulinemia have all been
implicated as independent risk factors for peripheral
arterial disease.

The role of hypertension in the development of periph-
eral arterial disease has been controversial, with the
Framingham and the Finnish studies arriving at opposite
conclusions. 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 sufficiently to
unmask and unrecognize hemodynamically significant
stenotic lesions.

Hyperhomosysteinemia has been established as a risk
factor for peripheral arterial disease with an odds ratio
of above six.23 This entity has been related to premature
atherosclerosis and preferentially associated with periph-
eral arterial disease more often than coronary artery
disease. Finally, a family history has not been found to be
a significant independent risk factor in the development
of peripheral arterial disease, in contrast to patients with
coronary artery disease.

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 arte-
rial disease have significant coronary artery disease, cere-
brovascular disease, or both, whereas about 40% of those
with coronary artery or cerebrovascular disease also have
peripheral arterial disease.2 Murabito et al.18 reported
that the diagnosis of concomitant coronary artery disease
can be established with a clinical history, physical exam-
ination, and EKG in 40–60% of all patients with inter-
mittent claudication.

The relative risk for developing intermittent claudica-
tion increases by two- to three-fold for male versus
female, and for each additional decade of life.22

Theories of Atherogenesis

The extreme complexity of the atherosclerotic process
has resulted in the formulation of several theories to
explain its pathogenesis. These theories are based on
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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 rea-
sonable: 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 interaction 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 sub-
stance released from the platelet—platelet derived
growth factor (PDGF)—is thought to induce the smooth
muscle proliferation characteristic of the process.24,25 This
hypothesis may explain the marked tendency for athero-
sclerosis to develop in regions of increased turbulence
such as that observed at major arterial bifurcations.

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 Ath-
erosclerosis with elevated levels of LDL.26 This hypothe-
sis, however, fails to account for other features of the
lesion, including smooth muscle proliferation and throm-
botic events.

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.27 The aforementioned risk factors function
as theoretical mutagens.

This hypothesis considers events that cause smooth
muscle proliferation as critical in atherogenesis. Actions
of other growth factors may either stimulate or inhibit
cell proliferation, depending on the circumstances, as 
well as on macrophage-derived cytokine activity, such as
the finding of transforming growth factor-β receptors
in human atherosclerosis28 provides evidence for an

acquired resistance to apoptosis. Resistance to apoptosis
may lead to proliferation of a resistant cell subset associ-
ated with progression of stenotic lesions.

This theory once again focuses on the smooth muscle
proliferation 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.

Hemodynamic Changes in
Atherosclerosis

Atherosclerotic occlusive disease primarily affects cir-
culatory flow through energy losses at fixed arterial
stenoses.The reasons for this arise from knowledge of the
physical properties of blood as a fluid. As blood flow
enters an area of stenosis, its velocity increases across the
stenosis to maintain constant flow. 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 steno-
sis, the more severe the change in velocity and thus the
greater the energy loss. In general, flow studies have
demonstrated that significant changes in flow and veloc-
ity 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 significant hemodynamic changes and
result in marked impairment of distal flow.29,30

Clinical Manifestations

The clinical manifestations of lower extremity athero-
sclerotic occlusive disease occur along a well-defined
spectrum of severity, ranging from intermittent claudica-
tion to the observation of trophic changes suggesting
impending limb loss.

Claudication is defined as pain (or discomfort) pro-
duced with brisk use of an extremity and relieved with
rest. We have also observed that the location of the 
discomfort is typically experienced one joint distal to 
the stenotic area. For example, disease involving the
superficial femoral artery manifests itself via calf claudi-
cation. Blood flow 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 fixed arterial obstruction.31 Aside
from diminished distal pulses, significant physical findings
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 buttock claudication should be dif-
ferentiated 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 arthritis from claudication.
Patients with spinal cord compression frequently present
with a history of back pain and have symptoms on stand-
ing, 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 inflammatory
processes.

Ischemic rest pain develops when the degree of circu-
latory 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 ele-
vation (lying in a bed) and is relieved with dependency.
Physical findings at this stage typically include decreased
skin temperature and delayed capillary refill, as well 
as Buerger’s signs (dependent rubor and pallor on 
elevation).

Trophic changes represent the most severe manifesta-
tions 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 interven-
tion for limb salvage to be possible.32

Natural History and Staging

Several studies over the past 40 years have concluded
that approximately 75% of all patients with claudication
experience symptom stabilization or improvement over
their lifetime without the need for any intervention.33,34

This clinical improvement or stabilization holds true,
despite arteriographic evidence for disease progression in
most of these patients. In 25% of claudicant patients,
symptoms worsened, particularly during the first year, in
approximately 8%, and subsequently at the rate of 2–3%
per year. It has been estimated that around 5% of these

patients will undergo an intervention within 5 years of
their initial diagnosis. Several large studies estimate that
2–4% of these patients will require a major amputa-
tion.35,36 Diabetes and smoking are the most significant
primary risk factors for disease progression and higher
intervention and amputation rates. Dormandy and
Murray36 concluded that an ABI of 0.5 on initial diagno-
sis was the most significant 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-
firmed that the presence of peripheral arterial disease sig-
nificantly increased the risk of myocardial infarction,
stroke, ischemia of splanchnic organs, and the risk of 
cardiovascular death. Criqui et al.37 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 two-fold higher relative risk of a total, coronary,
and cardiovascular mortality in symptomatic versus
asymptomatic peripheral artery disease patients. It has
been estimated that the average life expectancy of
patients with intermittent claudication was decreased by
about 10 years.33 A review of over 20 studies by TASC
places the 5, 10, and 15 year mortality rate for patients
with intermittent claudication at 30%, 50%, and 70%,
respectively.2

Determination of the ABI has proven to be a power-
ful clinical tool. An ABI of <0.5 has been associated with
more severe coronary artery disease and increased mor-
tality.38 It has been demonstrated that patients with an
ABI of <0.3 had a significantly lower survival rate than
those with a range of 0.31–0.9.38

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.

The most common staging system used by vascular sur-
geons today is that devised by the Society of Vascular
Surgery and the International Society of Cardiovascular
Surgery (SVS/ISCVS). Rutherford et al.39 defined claudi-
cation categories 0–3 as asymptomatic, mild, moderate,
and severe (Table 17–1). Categories 4–6 encompass
ischemic rest pain and minor and major tissue loss of
patients with critical limb ischemia. Rutherford’s classifi-
cation is presently the recommended standard when
describing clinical assessment and progress.2 The other
classification that is used by our medical colleagues is the
Fontaine classification. In this classification, the stages of
the disease are categorized into Class I–IV (I corre-
sponds to 0 in Rutherford’s classification and IV corre-
sponds to stage III in Rutherford’s classification).
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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 treatment recommended for this stage involves risk
factor modification such as cessation of smoking, reduc-
tion 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 defined as claudication occurring at a distance of
greater than 1/2 block, whereas stage IB disease is
defined as claudication occurring at a distance of less than
1/2 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%.31,40

Because of the relatively benign natural history of stage
I disease, the cornerstone of therapy remains aggressive
medical management, particularly for patients with stage
IA disease. Stage IB disease may be considered a relative
indication for invasive intervention if medical therapy
fails or if the degree of disability is intolerable for the
patient.Once again,progression 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.41 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 additional tissue loss and allow limb salvage.41

Diagnostic Investigation

History and Physical Examination

As with any condition, evaluation begins with a compre-
hensive 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 defined previ-
ously, 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 repro-
ducible, 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 disease,
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
elicited regarding symptoms of coronary disease (angina
or myocardial infarction), cerebrovascular disease (tran-
sient ischemic attacks or prior strokes), or previous vas-
cular 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 refill 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.

Table 17–1. Classification of peripheral arterial disease (PAD):
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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If the pulse is nonpalpable, a Doppler probe should be
used to determine the presence or absence of flow in the
vessel, and its flow characteristics (monophasic versus
biphasic).

Noninvasive Tests

A variety of noninvasive tests are available for assess-
ment 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 per-
formed 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 pres-
sure) and compared with those in the brachial artery as
follows:

A ratio of less than 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 0.3.42

In general, noninvasive testing should precede the
ordering of any more invasive evaluations.

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 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 confined space for several minutes, which may
be intolerable for some people. The presence of any 
previously placed aneurysm clips within the brain or 
the presence of a pacemaker precludes the use of MRA
due to the powerful magnetic forces generated. Finally,
the presence of turbulent flow can result in signal loss,
which may result in an overestimation of the degree of
stenosis.43

Contrast Angiography

Contrast angiography has long been the gold standard for
the assessment of the aorta and lower extremity vascular

ABI
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tree. The procedure involves arterial puncture, with sub-
sequent passage of a catheter system to the area targeted
for imaging. Contrast medium is then injected and radi-
ographs 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 intensifier fluoroscopic
system. In digital subtraction angiography (DSA), a time
subtraction technique known as mask-mode radiography
is utilized. With this technique, an initial fluoroscopic
image is recorded and digitally processed. Contrast is
then administered and additional images recorded.
Finally the images are digitally “subtracted” from each
other, resulting in radiographs of higher resolution than
those obtained with conventional angiography, with
smaller amounts of contrast media.44

Risks of angiography include the risks of arterial punc-
ture, which may result in compromise of the distal circu-
lation due 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, systemic vasodilatation, stroke,
and convulsions. Renal insufficiency may also be precip-
itated via contrast administration. This risk may be min-
imized via adequate hydration and the use of nonionic
low-osmolarity contrast agents.45 Overall, the morbidity
related to angiography may be as high as 7%.46 Recent
studies have reported lower major complication rates for
peripheral arteriography (2.1%).47 Therefore, it is gener-
ally believed that arteriography should be performed
only on those patients in whom invasive intervention is
considered. Figures 17–3 to 17–7 illustrate some normal
and abnormal findings.

Treatment Options

Discussions on the treatment of lower extremity periph-
eral vascular disease have filled volumes and are not the
focus of this text. However, a brief discussion of the
various treatment strategies is provided for complete-
ness. Basically, the treatments may be classified 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) or stage I (clau-
dication) disease. This begins with identification and
aggressive modification of risk factors. This includes
improving control of hypertension and diabetes mellitus,
reduction of serum lipids, dietary modification, and—
most importantly—cessation of smoking.15,16
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Recent evidence suggests that the risk of developing
new or worsening claudication can be reduced signifi-
cantly by lipid-lowering agents.48,49 The mechanism of
action of these drugs can include plaque stabilization,
preventing rupture, and favorable vasomotor effects. A
low-density lipoprotein, cholesterol level of <100mg/dl
may be achieved through diet control or lipid-lowering
agents if necessary.

The next essential facet of medical therapy should be
institution of an exercise program. Although the mecha-
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Figure 17–3. (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.

nism is not completely understood, exercise does result
in improvement in the majority of claudicators willing to
comply with the program. It was once thought that the
exercise helped to facilitate development of collateral cir-
culation, but this has not been supported by available
data. Rather, it is more likely that exercise induces adap-
tive changes in the muscle, which result in more efficient
extraction of oxygen from the blood.50

Overall, exercise commonly leads to increased 
claudication-free walking distance, the ability to better
perform activities of higher intensity, and improved
quality of life.51,52 Other benefits of exercise include
improved glucose utilization, a reduction in cholesterol
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Figure 17–4. (A) Arteriogram showing normal right and left
common iliacs, internal iliacs, external iliacs, and right and left
common femoral arteries and bifurcation to the proximal super-
ficial femoral artery and deep femoral artery. (B) Arteriogram
showing tight stenosis of the right common iliac artery (arrow).
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Figure 17–6. (A) Arteriogram of a normal proximal, mid and distal superficial femoral artery (right and left). (B) Arteriogram
showing total occlusion of the distal left superficial femoral artery (arrow) and severe stenoses of the right distal superficial femoral
artery (arrows).

A B

Figure 17–5. (A) Arteriogram showing a normal proximal and mid-superficial femoral artery and deep femoral artery. (B) Arte-
riogram showing almost total occlusion of the proximal left superficial femoral artery (arrow) and severe stenosis of the proxi-
mal right superficial femoral artery.

and triglyceride levels, and a higher rate of smoking 
cessation.2

Pharmacologic therapy is available for the treatment
of claudication. To date only one agent, pentoxifylline
(Trental), has been approved by the U.S. Food and Drug
Administration for the treatment of peripheral vascular
disease. This drug, classified as a hemorrheologic agent, is
believed to improve microcirculatory blood flow by

enhancing the flexibility of the erythrocyte membrane,
thus decreasing blood viscosity.53 In initial double-
masked trials, pentoxifylline treatment yielded a 45%
response rate, compared with 23% for placebo.54

Although this is encouraging, it is obvious that not all
patients will respond. We typically recommend a 6-week
trial of the drug, at which time a decision is made regard-
ing whether the agent should be continued.55
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Figure 17–7. (A) Arteriogram of the right distal popliteal
artery and its trifurcation vessel (anterior tibial, tibioperoneal
trunk: peroneal artery and posterior tibial artery). (B) Arteri-
ogram 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).

Recently, cilostazol (Pletal) has been introduced as 
a new treatment for patients with claudication. It 
appears to modestly benefit walking ability and it has
other potential useful effects, including inhibition of
platelet aggregation and beneficial effect on serum lipids.
In a randomized, prospective, double-blind study exam-
ining walking ability in patients with peripheral arterial
disease with moderate to severe claudication, cilostazol
was superior to both placebo and pentoxifylline
(Trental).56

Surgical Therapy

Surgical therapy remains the gold standard for treatment
of limb-threatening ischemia and, in select cases, dis-

abling 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 treat-
ment 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 flow around a stenotic or occluded arterial segment
using a conduit, typically either autogenous vein or pros-
thesis [polytetrafluoroethylene (PTFE) or Dacron]. This
extremely versatile technique remains the most com-
monly utilized method in treating arterial occlusive
disease of the lower extremity.
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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 associated with a
60–80% 5-year patency rate, with better outcome noted
for autogenous vein conduit than for prosthetic
bypasses.57

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
vessel lumen.

3. Stenting, or stented endovascular grafting, which is an
evolving technique involving the placement of an
expandable 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 endovas-
cular therapy are expected to improve with the progres-
sion of the technology supporting these therapeutic
interventions. Overall, the initial technical success 
rates for open surgical procedures and percutaneous
endovascular therapy are somewhat similar, however,
surgery frequently provides greater long-term patency.
On the other hand, angioplasty is often associated 
with lower morbidity and mortality rates, and late 
failure of percutaneous endovascular therapies can 
often be treated successfully with percutaneous 
reinterventions.58
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Various noninvasive vascular diagnostic techniques have
been described in the past four decades to help the clini-
cian in the management of vascular patients. Although
many physicians still rely entirely upon arteriography as
the main tool for evaluation of peripheral arterial occlu-
sive disease, the role of the vascular laboratory cannot be
denied. These techniques should remain as a valuable
adjunct to the information gained from the complete
history and physical examination. Noninvasive vascular
tests help the physician to evaluate the presence or
absence of significant arterial occlusive disease, severity
of disease, location of disease, and, in the presence of mul-
tisegmental disease, which arterial segment is mostly
affected.

There are other challenging questions for physicians
dealing with patients with peripheral vascular disease: In
patients with both arterial occlusive disease and neu-
ropathy, which condition is more likely to be responsible
for the pain or ulceration? Will an ulcer or amputation
heal at a specific level? Is a patient’s impotence hor-
monal, vascular, neurogenic, or physchogenic in nature?
Since the traditional diagnostic tools of clinical history
and vascular examination are often inadequate in
answering some of these questions, and since arteriogra-
phy is invasive, painful, and provides no physiological
information, increasing attention has been focused on the
value of the vascular laboratory in these diagnostic chal-
lenges. This chapter will emphasize methods that have
clinical applications and that are commonly used. The
techniques that are outdated or used only for research
are only briefly mentioned.

General indications for obtaining noninvasive assess-
ment of the peripheral arterial system include absence of
normal pulses, suboptimal examiner reliability or experi-
ence, a clinical history or examination potentially consis-
tent with peripheral arterial occlusive disease, and a
planned vascular procedure. The subcommittee on
peripheral vascular disease of the American Heart Asso-
ciation has suggested that instruments used in the clini-

cal vascular laboratory be (1) simple, (2) reliable and
reproducible, (3) easily used by paramedical personnel,
(4) capable of intrinsic standardization, (5) suitable 
for measurement during and/or after exercise, and (6)
adaptable to current recording devices. Various clinical
applications of the vascular laboratory in patients 
with peripheral vascular disease are discussed in later
chapters.

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, various plethys-
mographic techniques, including pulse volume recording,
thermography, electromagnetic flowmeter, 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 record-
ing, and Duplex ultrasonography.1–5 These three com-
monly used methods will be described in detail in the
next chapters.

Ultrasound

The use of ultrasound in the range of 1–10MHz for
medical diagnosis has become widespread since its intro-
duction by Satomura in 1959.6 Current instruments either
use the Doppler effect to detect flow velocity or rely on
tissue reflectance 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).

Doppler Ultrasound

Although Satomura6 was credited for developing the 
first Doppler flow detector in 1959, its clinical application
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was pioneered by Strandness et al. in 1966.7 Since then,
the instrumentation has been further improved and
refined. 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 (shorter wave-
length) than the transmitted frequency, and lower (longer
wavelength) 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 = average flow velocity; C = velocity of sound
in tissue; ∆f = Doppler frequency shift; fo = transmitting
frequency of ultrasound beam; and θ = angle of the inci-
dent sound beam to the blood vessel being examined.
Since transmitting frequency, angle of incidence, and
sound velocity in tissue can be kept constant, frequency
shift (∆f) becomes proportional to the velocity of blood
flow.

Continuous-Wave Doppler Ultrasound

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.

The Principle of Doppler Ultrasound

The Doppler unit contains an oscillator, which vibrates at
a specific frequency. The oscillator may be of varying fre-
quencies from 2 to 10MHz. The standard frequency used
for peripheral arterial examination is 5–10MHz. The
oscillator causes a piezoelectric crystal to emit a beam of
ultrasound. This piezoelectric crystal is in a hand-held
probe. The beam of the ultrasound emitted from the
probe does not readily pass through air; therefore, an
acoustic gel is placed on the skin to permit uniform trans-
mission of the beam. Moving blood cells in the path of
the ultrasonic beam cause a frequency shift (magnitude
of change in hertz) in the reflected ultrasound, which is
proportional to the velocity of the blood flow. The
backscattered ultrasound is received by a second receiv-
ing crystal in the hand-held probe. The pitch of the veloc-
ity signal will change if the angle between the beam and
the vessel is changed. To produce a frequency shift
detectable by the observer, the blood velocity must be

V

V
C f
fo

= ∆
2 cosθ

greater than 3–6cm/s. Again, it should be noted that the
lower the frequency of the ultrasound, the deeper 
the penetration; and the deeper the penetration, the
wider the beam of ultrasound, and thereby the less the
resolution.

There are various methods of displaying the Doppler
velocity signals. The three most commonly used methods
are the audio output, the analog waveform, and the sound
spectrum analysis.

The received ultrasonic beam can be amplified 
and projected audibly through a loudspeaker or 
earphones. There are three acceptable methods of 
listening to the audio output: stereo earphones, stetho-
scopic earpieces, and a loudspeaker. The analog wave
tracing, by means of a frequency-to-voltage converter
(zero-crossing detector), and sound spectral analysis of
the audio frequency spectrum are described in detail in
Chapter 19.

There are now two commercially available types of
Doppler ultrasound flow velocity meters utilizing CW
ultrasound: the nondirectional and the directional type.
The instruments with directional capacity detect flow
away from and toward the probe (by detecting both neg-
ative and positive Doppler shifts). Thus, the position of
the probe relative to the flow in the artery is important.
The directional Doppler units may be equipped with two
directional flowmeters, which read flow toward and away
from the probe (Figure 18–1). Note in Figure 18–1, which
is an example of readings from two such meters, that the
arterial flow is oscillatory, i.e., at different times there are
forward and reverse flow components.The net flow in this
case is toward or away from the probe. Another method
of determining the direction of the flow is by analyzing
the analogue wave tracing.The forward and reverse flows
are both sensed by the direction of the Doppler probe

Figure 18–1. Directional Doppler unit.



18. Overview of Noninvasive Vascular Techniques in Peripheral Arterial Disease 223

and both may be occurring simultaneously during the
arterial pulse. The directional analogue wave tracing rep-
resents the average of the forward flow and the reverse
flow at a given point in time. The net forward flow is 
presented above the zero line (Figure 18–2). The net
reverse flow (or flow away from the probe) appears
below the zero line. The higher pitched sounds will
appear farther from the zero baselines on the analogue
recording.

Pulsed Doppler Ultrasound

Pulsed Dopplers, unlike CW Dopplers, use the same
piezoelectric crystal to alternately transmit and receive
the backscattered signal. By sampling the reflected
signals at discrete time intervals after transmission, they
are capable of analyzing individual points along the
course of the sound beam with resolution of approxi-
mately 1–1.5mm. As the probe is moved across the blood
vessel, two-dimensional velocity data can be collected for
small volumes rather than mean cross-sectional areas as
with CW Dopplers.

The pulsed Doppler instrument emits short bursts
(0.5–1.0µs) of ultrasound. The receiving crystal is time-
gated to receive reflected Doppler-shifted ultrasound 
signals at variable intervals following the emitted 
bursts. The time required for ultrasound to travel to 
and from the site of detected flow is proportional 
to the distance of the flow stream from the transducer.
The use of several gates allows simultaneous detection 
of flow from multiple points along the path of the 
sound beam. The pulsed Doppler detector permits 
determination of the depth of the flow signals, and this
information, coupled to a transducer by a position-
sensing arm, permits the unblanking of spots on the
storage oscilloscope at the sites of detected flow. This will
appear as a painted picture on the oscilloscope screen.
Flow velocity can also be recorded in multiple longi-
tudinal and transverse sections of the vessel. These
recordings are not available through conventional 
arteriography.

Figure 18–2. Directional analogue wave tracing. The net
forward flow is above the zero line.

Figure 18–3. Pocket Doppler ultrasound unit.

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 
interruption. Such devices are not range-specific, i.e.,
they will detect blood flow at any depth within the 
range of the instrument up to several centimeters,
depending upon the frequency of the instrumentation.
The pulsed Doppler detectors transmit intermittent
bursts of ultrasound that can be sampled for retained
signals at various times after transmission, permitting
range resolution of detected flow at a given point 
from the transducer. As mentioned earlier, CW Doppler
units can be directional or nondirectional. Figure 18–3
shows a commonly used pocket Doppler unit (Meda-
Sonics, Mountview, CA); Figure 18–4 shows commonly
used directional Doppler units (Imex System, Golden,
CO).
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B-Mode Ultrasound

B-mode ultrasound graphically records cross-sectional
mapping on the storage oscilloscope by detecting
reflected echoes of ultrasound at various tissue interfaces
within the range of the instrument. B-mode ultrasound
application is not based on Doppler effect. Rather,
the image it produces represents spatial differences 
in ultrasound reflectance from tissue interfaces of 
differing acoustic impedance. Modern B-mode scanners
utilize brightness modulation and scan converter memory
systems to permit display of a wide range of tissue 
densities in grayscale images. This refinement allows
accurate definition of luminal thrombus contained 
within the blood vessels. The B-mode scanner has been
further modified in the past 20 years by using multi-
ple rotating transducers to produce real-time vessel 
images.8 The standard units use 2MHz (abdominal
imaging) while special B-scan devices may operate 
at higher frequencies (5MHz for carotid, 5–10MHz for

extremities). This modality will be described in detail in
other chapters.

Duplex Ultrasound and Color Flow Imaging

When B-mode scanners and pulsed ultrasound Dopplers
are combined, the resulting duplex scan is capable of not
only imaging the vessel under study, but also of detecting
blood flow velocity at multiple points within its lumen.
Presently, color duplex ultrasonography is the most
common modality used in modern vascular laboratories.
This instrumentation will be described in detail in several
other chapters. Color flow imaging provides the duplex
information described above, i.e., combined real-time B-
mode imaging (grayscale evaluation) and Doppler spec-
tral analysis. In addition, it evaluates the Doppler flow
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).

A B

Figure 18–4. (A) The VascuLab system, which has a directional Doppler unit. (B) The Imex system, Golden, CO.
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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 occlu-
sion plethysmography).9 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 
photoplethysmograph (PPG) that records the change in
reflection of light from the change in number of red blood
cells in the cutaneous microcirculation.

Instrumentation

In the past, the most commonly used plethysmographic
device was the oscillometer. This instrument is simple,
inexpensive, and portable. However, it is a nonstandard-
ized instrument with poor sensitivity, and provides no
pulse contour information or permanent record. It is no
longer recommended for the evaluation of vascular
patients. Various types of plethysmographs have been
used in the past. Each type employs a different transducer
principle for recording the changes in body dimension.

1. The water plethysmograph10 is one of the oldest
methods of recording limb or digit volume, using the dis-
placement of water as a means of recording changes in
limb girth. This technique has been widely used by phys-
iologists, but the instrument is bulky, cumbersome, and
impractical for routine clinical use.

2. The photoelectric or PPG11 has been used for many
years as a pulse sensor. This technique includes an
infrared light-emitting diode12 to transmit light into skin.
Light reflected 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,13

cerebrovascular disease,14 and venous diseases.15

Recently, Bortolotto et al.,16 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
second derivative of photoplethysmography correlated
with age and was useful in the evaluation of vascular
aging in hypertensive patients.16

3. The strain-gauge plethysmograph (SGP), originally
described by Whitney,17 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 peripheral arterial
and venous disease. Modifications of this instrument have
permitted electrical calibration of the gauge in situ on the

limb18 and automatic calculation of the limb flow from the
excursion of a panel meter needle.19 This technique is less
cumbersome than standard volume plethysmography,
and has been accepted for measuring limb blood flow.20

It can also be used to obtain pulse volume waveforms,
which have been proven to be valuable in the diagnosis
of arterial occlusive disease.

4. The air plethysmograph has been used in a variety of
instruments, including the oscillometer, Winsor plethys-
mograph,21 and pulse volume recorder (PVR),22 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 Chapter 20.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-filled bladder. These
changes can be displayed as segmental pressure pulse con-
tours, which correspond closely to a direct intraarterial
recording at that level. By adding venous occlusion to
plethysmography, indirect measurements of arterial flow
are possible.This can be done by placing a pneumatic cuff
on the proximal extremity, which is then inflated to a pres-
sure that temporarily arrests venous outflow without
impairing arterial inflow. Under these circumstances, 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 inflow.This is usually expressed
as cubic centimeters flow per 100ml tissue per minute.
Since resting arterial flow is not reduced until an advanced
degree of ischemia is present,22 this technique has not
found wide clinical application.

5. Quantitative air plethysmography measures volume
changes of the entire lower leg by calibration with 
pressure changes and expresses these volume changes 
in absolute units. As shown in Figure 18–5, an air 
chamber that surrounds the lower leg is inflated to 

Calibration
syringe APG

Computer
moniter
output

15 cm

APG cuffSupport

Figure 18–5. This is an air plethysmography [APG, (ACI
Medical, San Marcos, CA)].
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6mmHg, the lowest level at which good chamber/
limb contact occurs with minimal venous compression.
The leg blood flow is measured during venous occlusion.
Calibration is performed by injecting 100cm3 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 deflated to 
50mmHg to occlude the venous outflow. The increasing
leg volume is recorded for 20s and represents the arte-
rial inflow to the leg during that period. The arterial
inflow in cubic centimeters/milliliter can be calculated
from the slope of the volume/time curve during the 20s.
This technology has been reported to be reproducible,
however because it is cumbersome, it is not presently
widely used.23

Clinical Applications

Plethysmographic techniques permit evaluation of
peripheral vascular disease by one of the following three
techniques: pulse-wave analysis, determination of digit or
limb blood pressure, and determination of arterial or
venous blood flow. Pulse-wave analysis is particularly
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 flow permits quantita-
tion of peripheral arterial and venous diseases.

Pulse-Wave Analysis

The contour and amplitude of the plethysmographic 
pulsation with each heartbeat is a qualitative guide to 
the presence and degree of peripheral arterial occlusive
disease.24 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
contour is damped with a more gradual upslope, a broad
rounded peak, and loss of the dicrotic wave on the downs-
lope, which becomes convex away from the baseline. The
amplitude or height of the pulse wave diminishes pro-
gressively with increasing arterial obstruction (Figure
18–6). 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.25 concluded that finger arterial
pulse-wave amplitude was helpful in the assessment of
peripheral vascular endothelial function.

The digit and segmental limb systolic blood pressures
can be determined by plethysmography. However, such
determinations are more simply done by Doppler ultra-
sound. The measurement of systolic blood pressure
usually requires a plethysmography transducer on the

distal phalanx.26 Photopulse, strain gauge, or air trans-
ducers are suitable for detecting the return of pulsations
following deflation of a specially designed blood pressure
cuff. Such digit pressure measurements are particularly
useful in patients with diabetes mellitus, Raynaud’s 
syndrome, and advanced peripheral arterial occlusive
disease.

Determination of digit or limb blood flow by plethys-
mography provides an accurate quantitation of periph-
eral arterial or venous disease. The limb or digit blood
flow may be determined by means of venous occlusion
plethysmography from the rate of initial increase in limb
or digit circumference in response to temporary venous
occlusion with a proximal pneumatic cuff.10 The limb
blood flow may remain normal in peripheral arterial
occlusive disease until the disease becomes far advanced.
Thus, it is necessary to measure the abnormal attenuation
of increase in limb blood flow during stress, such as that
during reactive hyperemia or following limb exercise.27

Normally, arterial blood flow increases by several times
the resting level during hyperemia and rapidly returns to
normal within a few seconds (reactive hyperemia) or in
1 or 2min (postexercise hyperemia). In the presence of
arterial occlusive disease, the hyperemia would be atten-
uated and prolonged in proportion to the degree of the
circulatory obstruction.

Transcutaneous PO2

This technology allows quantitative estimation of cuta-
neous oxygen delivery that is independent of arterial wall
mechanical properties (e.g., medial calcinosis).28 This
monitoring device is a modification of the Clark polaro-
graphic 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 tem-
peratures higher than 43°C, the ratio of transcutaneous
PO2 (TCPO2) to arterial PO2 is constant and approxi-
mates 1. Conventional probes are, therefore, set between
43 and 45°C. The relationship is complex and affected by
several factors, although the TCPO2 is directly related to
skin blood flow. Several attempts have been made to

Figure 18–6. Pulse wave tracing. A 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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increase the accuracy of predictions based on TCPO2

measurements, e.g., response to maneuvers including
oxygen inhalation, postocclusion reactive hyperemia,
exercise, and leg dependency. None of these maneuvers
was found to significantly increase the overall accuracy.
Other factors that may limit the accuracy and overall use-
fulness of this methodology include changes in skin tem-
perature, sympathetic tone, age, edema, hyperkerotosis,
and cellulitis.

The clinical application of absolute TCPO2 measure-
ment using this technology is limited by the broad
overlap of values correlating with the clinical classifica-
tion of arterial disease. Mild to moderate arterial 
occlusive disease is generally not detected by reduced
TCPO2 levels. The normal range in these patients is 
≥40mmHg. TCPO2 measurements have maximal sensi-
tivity at critically low levels of tissue perfusion; therefore
it is useful in predicting amputation or wound healing  in
an extremity with severe peripheral vascular occlusive
disease. Generally speaking, most wounds or amputations
will heal if the TCPO2 is greater than 30mmHg at 
that level. For TCPO2 values between 20 and 30mmHg,
the likelihood of healing is unpredictable. For TCPO2

levels of <20mmHg, most amputations or wounds will
not heal.29 This methodology 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 micro-
circulation. A pick-up system records the reflected light 
and the Doppler-shifted signal corresponds to the
average velocity of the particles. These measurements 
can vary based on several factors, including significant
scattering on both the incident and reflected light 
beams, 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-flux has been used 
to describe the measurement, as it represents neither
velocity nor flow. The signal is a product of the number
of moving RBCs in the sample volume and their mean
velocity (flux = RBC volume fraction × mean velocity).
This noninvasive technology provides continuous
readout and it is easy to operate, however, it cannot 
be calibrated, its reproducibility is frequently problem-
atic, and the data are not expressed in familiar or 
absolute units (velocity or flow rate).30 Systolic skin 
pressure (SSP) can be measured using a blood pressure
cuff applied directly over the sensor. This technique
involves inflation of a cuff placed over the sensor 
until RBC-flux stops. The cuff is then deflated, and 

the SSP is the point at which the recorded signal 
returns. Laser Doppler fluxometry has been used in 
association with various maneuvers to detect micro-
angiopathy and predict clinical outcome. Loss of reac-
tive hyperemia response following temporary arterial 
occlusion and failure to increase RBC-flux with skin
healing are signs of microangiopathy in diabetic patients
with compromised wound healing. In addition, loss of
venoarteriolar response, a sympathetic axonal reflex 
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 difficulties.

Eicke et al.31 conducted a study comparing CW
Doppler ultrasound of the radial artery and laser
Doppler flowmetry of the fingertips with sympathetic
stimulation, and concluded that both methods were fea-
sible to monitor flow changes due to sympathetic 
stimulation.

Kubli et al.,32 in a study of the reproducibility of laser
Doppler imaging of the skin blood flow as a tool to 
assess endothelial function, concluded that endothelium-
dependent and -independent responses of dermal blood
flow evaluated with laser Doppler imaging are highly
reproducible from day to day, at least in healthy non-
smoking young male subjects. These observations have
implications for testing for endothelial function in clini-
cal studies.

Radioisotope Techniques

Various radioisotope techniques have been described 
in the diagnosis of peripheral arterial occlusive dis-
eases, e.g., radionuclide angiography, the xenon-133
washout technique, the use of radioactive microsphere
assessment of regional blood flow, and arterial venous
shunting. Other methods have been used for the diagno-
sis of venous disorders, e.g., iodine-125 fibrinogen leg
scanning.

Radionuclide angiography using technetium-99m
permits visualization of the major arteries using an Anger
camera. This technique is particularly useful in screening
for the presence of aortic aneurysms and carotid arterial
occlusive disease.33

The 133Xe washout technique is useful to determine dis-
crete muscle compartment blood flow.34 This technique
involves injection of approximately 50µCi of 133Xe dis-
solved in saline into the muscle with subsequent record-
ing of the rate of washout of the isotope from the site 
of injection. Xenon-133 freely crosses the capillary
endothelium, and the rate of washout is directly pro-
portional to capillary blood flow. This technique has been
predominantly employed in clinical investigation of peri-
pheral arterial disease and compartment compression
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syndromes. The use of radioactive microspheres35 has
permitted assessment of regional distribution of blood
flow, particularly in patients with advanced arterial occlu-
sive disease or ischemic ulceration. Radionuclide-tagged
particles of albumin are injected intraarterially, and their
distribution is determined by scanning of the extremity.
This technique detects areas of poor perfusion. The
degree of radioactivity of tissues surrounding an ischemic
ulcer is an accurate guide to the healing potential of the
lesion. Microspheres also permit assessment of the
degree of arteriovenous (AV) shunting.36

Temperature Detection

Abnormalities in limb temperature may reflect changes
in blood flow and the presence of arterial occlusive
disease. Several techniques, such as thermometry, ther-
mography, and calorimetry, were used in the past, but
they are now outdated.

Electromagnetic Flowmeter

The electromagnetic flowmeter aids in measuring flow
rates and is reasonably accurate in real time without
interrupting or restricting the flow stream. When a fluid
conductor moves at right angles through a magnetic field,
an electrical potential is induced in the fluid perpendicu-
lar to both the magnetic field and the direction of the
flow. The magnitude of the voltage depends on the spa-
tially averaged velocity flow, the strength of the magnetic
field, and the diameter of the blood vessel. The standard
noncannulating electromagnetic flow 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 flow appears at the inter-
face between the fluid and the vessel wall. In turn, this
voltage is conducted across the vessel wall, where it is
picked up by the electrodes and is amplified to drive a
recording system. The volume flow (in cubic centimeters
per second) is measured by a special formula. A supply
of calibrated probes of varying diameters are gas-steril-
ized 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 flow recordings. A length of vessel about 
three times the width of the probe is dissected out 
to allow easy application and to prevent angulation of 
the probe. All electrical equipment, particularly the elec-
trocautery, is disconnected prior to using the electromag-
netic flowmeter. This is to prevent stray currents from

passing through the ground electrodes of the flowmeter,
where they could produce an electrical burn or shock.
Also, it helps to eliminate troublesome electrical inter-
ference. After the probe has been positioned on the
vessel, the distal vessel is momentarily occluded in order
to adjust the zero. The resulting reactive hyperemia is
allowed to subside for a few seconds to several minutes
before pulsatile and mean flows are recorded. It is impor-
tant to ensure that the vessel probe is surrounded by
tissue fluids or by saline in order to duplicate the condi-
tions of in vitro calibration. For a branched vessel, or in
the case of an end-to-side graft where there are two or
more outflow tracts, it is helpful to occlude each of the
outflow tracts or branches in turn to obtain some idea of
flow distribution.

The flow value (milliliters per minute) is recorded at
rest and often following intraarterial injection of a
vasodilating agent (papaverine hydrochloride). A flow
value recorded after administration of a vasodilator is
termed a stimulated or augmented flow. The electromag-
netic flowmeter has been useful in detecting technical
errors, such as intimal flaps, 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, are immediately cor-
rected, and reoperation can be avoided.37

Conclusions

The most important function of the noninvasive vascular
laboratory is the provision of diagnostic services for the
evaluation of patients with clinical vascular diseases. This
includes confirmation of the diagnosis, prediction of the
therapeutic result, monitoring of surgical or medical
therapy, and follow-up of the natural history or influence
of therapy on peripheral vascular disease. Various nonin-
vasive vascular diagnostic techniques have been used to
detect peripheral vascular occlusive disease. Presently,
the most commonly used methods are the measurement
of segmental Doppler pressures, with or without Doppler
waveform analyses, either alone or in combination with
duplex ultrasonography (with color flow imaging).1,2–5,38–42

These modalities are described in detail in the following
chapters.
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The credit for first developing Doppler flow detectors
belongs to Satomura, whose clinical report appeared in
1959.1 However, until Strandness et al.2 popularized the
use of transcutaneous flow detection to study peripheral
vascular occlusive disease, the diagnosis or objective
assessment of limb ischemia was dependent upon clinical
examination, arteriography, or plethysmography. The
development of the continuous-wave or pulsed Doppler
techniques opened a new field for the diagnosis of periph-
eral vascular occlusive disease.

Instrumentation and Physical Principles

A continuous-wave (CW) Doppler velocity detector is
used to sense apparent changes in the reflected sound
wave frequency produced by the movement of red blood
cells relative to an ultrasound probe. An electric oscilla-
tor vibrates a piezoelectric crystal (ceramic) at 5–10MHz.
This produces an ultrasound wave that is transmitted via
an acoustic coupling gel into the body. The ultrasonic
beam is reflected back to a receiver in the probe by all
the structures in its path, including the moving red blood
cells.The movement of the blood cells causes a frequency
shift (Doppler shift) in the reflected sound wave. The
Doppler shift is proportional to the blood flow 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 sta-
tionary source. Depending on the direction of the flow
relative to the Doppler beam, the reflected frequency is
higher or lower than the transmitted frequency (Doppler
shift). The signal is electrically mixed with the transmit-
ting frequency and processed to produce a frequency in
the audible range. A received ultrasonic beam can be
amplified 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-

fied signal is electronically converted and displayed on a
channel recorder similar to an ECG (Figure 19–1).

Therefore, there are several types of Doppler
velocimetry: (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 filtering. 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 indi-
cate a significant arterial occlusion. (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 accuracy, but it is
not as sensitive as the spectral analysis and it also has the
following drawbacks: noise and under- or overestimation
of high and low velocities, respectively. (3) Spectral analy-
sis: this method displays frequency on the vertical axis,
time on the horizontal axis, and the amplitude of back-
scattered signals at any frequency and time (Figure 19–2).
It has the advantage of displaying the amplitudes at all
frequencies, but it is free of many of the disadvantages
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 medi-
cine. It validates the diagnosis of the presence, location,
and severity of arterial occlusive disease, helping to dif-
ferentiate true vascular claudication from pseudoclaudi-
cation 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 sug-
gestive of arterial insufficiency, e.g., nonhealing ulcers.3–7
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The arterial lower extremity Doppler study is also helpful
in determining the level of leg amputation and the benefit
from lumbar sympathectomy.8–10 In addition, the Doppler
examination is useful in screening patients with
Raynaud’s disease or syndrome,11 or arteriovenous (AV)
fistula,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
catheterization or peripheral arteriography. Similarly, any
complication 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
endarterectomy can be used to predict the results of the
procedure. The determination of segmental pressure
measurements in the postoperative period aids in quan-
titatively assessing the results of aortofemoral bypass
(Table 19–1).

Methods and Interpretations

The complete arterial lower extremity Doppler examina-
tion consists of three components: (1) analysis of the 
arterial analog wave tracing, (2) measurement of the seg-
mental 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–
15min 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 exter-
nally rotated with the knee slightly bent to facilitate the
lower extremity evaluation. Alternative positions for the
Doppler lower extremity examination include right or
left lateral decubitus (patient on his or her side) or the
prone position for access to the popliteal artery.

The Doppler probe (transducer) must be positioned on
the long axis of the vessel. An angle of insonation of
approximately 45–60° is usually used for this study. The
leg pulses (femoral, popliteal, dorsalis pedis, and poste-
rior 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) superficial
femoral artery, (3) popliteal artery, (4) posterior tibial

0
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Figure 19–1. Normal arterial velocity tracing (multiphasic).
(A) Systolic component; (B) early diastolic component; (C) late
diastolic component.

Figure 19–2. 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 back-scattered
signals at any frequency and time. (This picture was taken by a
color duplex ultrasound machine.)

Table 19–1. 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 insufficiency.
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 fistula.
9. Detection of pulses in shock states or in trauma.
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artery (at the level of the medial malleolus), (5) dorsalis
pedis artery (at the dorsum of the foot), and (6) occa-
sionally 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) flow signals, while the left earphone provides
reverse (retrograde) flow 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 dias-
tolic components (Figure 19–1). In the major peripheral
arteries, the systolic component is a large positive deflec-
tion indicative of a high net forward flow velocity. This is
followed by a brief period of net flow reversal. This flow
reversal is then followed immediately by another positive
deflection, the diastolic forward flow component. The
brief period of flow reversal characteristic of the major
peripheral arterial velocity signal is a function of the gen-
erally high resistance of the extremity vascular bed. Low-
ering resistance, via vasodilation, can eliminate the net
flow reversal. The normal arterial velocity signal is also
pulsatile, i.e., it cycles with each heartbeat. Thus, the
normal nonpulsatile, phasic, low-pitch venous signal is
easily differentiated from the pulsatile, multiphasic arte-
rial signal.

Abnormal signals are generally monophasic (Figure
19–3), nonpulsatile, or absent. Biphasic signals can also
be considered abnormal (Figure 19–3). 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 signal can be obtained prox-
imal to an obstruction as well as distal to it. In the absence
of additional obstructions, the distal signal can normalize.

The arterial velocity signal produced just before an
occlusion is characteristically of short duration, i.e., a
slapping 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 char-
acterized by dampened systolic and absent diastolic com-
ponents, but it is not as high pitched as the stenotic signal.
The signal beyond an occluded arterial segment is like a
poststenotic 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 continuous. These similarities among the abnor-
mal arterial velocity signals make the differentiation dif-
ficult. Therefore, if there is difficulty in interpreting these
signals, they can be called either normal or abnormal for
practical purposes (Figure 19–3).

As noted in the abnormal wave tracing, a Doppler
signal obtained from a common femoral artery that is dis-
eased shows the poor quality of the signal (poor upslope

and downslope, with a somewhat rounded peak) (Figure
19–3). 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 pres-
sure resistance secondary to a vasodilated 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) fre-
quency13 as seen in Figure 19–4. This ratio is independent
of the beam-to-vessel Doppler angle when using 

Figure 19–3. An abnormal arterial tracing of the lower extrem-
ity 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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hand-held Doppler equipment. As seen in Figure 19–4,
the pulsatility index equals P1 to 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 presence of proximal occlusive disease,
e.g., a PI of <4 or 5 in the common femoral artery with a
patent superficial femoral artery (SFA) indicates proxi-
mal aortoiliac occlusive disease. However, the same
reduced PI is not diagnostic if the SFA is occluded.

2. Inverse damping factor: This is calculated by divid-
ing the distal PI by the proximal PI of an arterial segment.
It indicates the degree to which the wave is dampened as
it moves through an arterial segment,13 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 specific site bilaterally. Delay on one side
may indicate a more proximal occlusive disease. You
must compare the signals bilaterally at the same site.

4. Acceleration time or index: This differentiates inflow
from outflow disease. It is based on the principle that
arterial obstruction proximal to the site of the Doppler
probe prolongs the time between the onset of systolic
flow to the point of maximum peak in waveforms at the
probe site (Figure 19–5). Figure 19–5A shows a normal
common femoral artery tracing. There is a quick systolic
upslope representing a normal acceleration time, in con-
trast to Figure 19–5B, 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 mini-
mize artifacts. Generally, an acceleration time of equal to

or less than 133ms suggests the absence of significant 
aortoiliac disease. 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 cardiac output since the Doppler flow signal 
will be attenuated with the waveform detecting slow
upstroke, rounded peak, and slow downslope.

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
inability 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 arterial analogue tracings, the second component of
the Doppler examination is started, i.e., determinations
of the segmental systolic limb pressures. Doppler seg-
mental 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 ob-
jective 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.The results of this testing are usually com-
bined with the Doppler velocity waveform analysis. The
patient preparation and positioning are similar to those
of the Doppler velocity waveform analysis.Figure 19–4. The method for calculating the pulsatility index.

A B

Figure 19–5. 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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Technique for Segmental 
Doppler Pressures
The brachial artery Doppler systolic pressures are meas-
ured in each arm. Cuffs of appropriate size (bladder
dimension 12 × 40cm) 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 inflated until the signal disap-
pears (20–30mmHg beyond the last audible Doppler
signal). The cuff is slowly deflated until the arterial signal
is again audible, at which time the pressure is recorded.
Unlike the standard stethoscope, as the cuff is further
deflated, the velocity signal will not disappear, so the dias-
tolic pressure cannot be determined.

Four 12 × 40cm 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
(Figure 19–6A). The examiner then listens to the poste-
rior tibial and the dorsalis pedis arterial signals (Figure
19–6B). 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 per-
oneal (lateral tarsal) artery is examined (found just ante-
rior 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 identified
in the popliteal fossa. High-thigh, above-knee, below-
knee, and ankle pressure readings are taken. An auto-
matic cuff inflator may be used to save time.

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 encir-
cle 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 prac-
tical purposes, this means that larger arms require wider
cuffs.When a cuff is too narrow relative to the limb diam-
eter, an erroneously high pressure (30–90mmHg greater
than arm pressure) results.

A B

Figure 19–6. (A) Technique for measuring the segmental
Doppler pressures using the four cuff method. (B) The appli-
cation of the Doppler probe on the dorsalis pedis artery.
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The four cuffs used in this test to determine the seg-
mental pressures at different levels of the lower limb are
all the same width (12 × 40cm), making the pressures at
the widest part of the limb (high thigh) erroneously high.
Some laboratories use a large (19 × 40cm) thigh cuff to
satisfy the recommended 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 hand-held or machine sphygmomanometer
with automatic display: ankle pressure (using the poste-
rior tibial artery and dorsalis pedis artery); below-knee
pressure (calf pressure), using the best signal of the pos-
terior 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 difficult to obtain); and high-thigh pressure
(the same as above-knee pressure). If a pressure meas-
urement needs to be repeated, the cuff should be fully
deflated for about 1min prior to repeat inflation.

Barnes4 used a narrower cuff (12 × 40cm) for measur-
ing the proximal and distal thigh pressures and accepted
the artificially high values obtained.This technique allows
an approximation of the common femoral (inflow) artery
pressure by the proximal cuff and the superficial 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 superfi-
cial femoral artery occlusive disease. For convenience,
the aeroid manometer is used rather than the mercury
manometer. The aeroid manometer has the advantage of
being portable, inexpensive, easily exchanged from cuff
to cuff, and an accurate pressure registering system.

For the analog wave recording technique, diastolic
pressure is taken as the pressure at which there is con-
tinuous forward flow during diastole. But this point of
return of continuous forward flow in diastole would be
difficult to determine in the vasoconstricted or high-
resistant limb, because the tracing would be constantly
crossing to zero during the period of net flow reversal.
The problem is overcome by purposely inducing a state
of reactive hyperemia in the vasoconstricted limb. This
hyperemia is a state of vasodilation.

Interpretations

After determination of the segmental systolic limb pres-
sures, analysis of the various segment pressures is done.
Normally, the proximal thigh pressure should be 20–

30mmHg higher than that of the arm, and the pressure
gradient between adjacent levels of measurement in the
leg should be no greater than 20–30mmHg. A low prox-
imal thigh pressure signifies aortoiliac or common
femoral occlusive disease.An abnormal gradient between
the proximal thigh and the above- or below-knee cuff is
indicative of superficial femoral or popliteal artery occlu-
sive disease. An abnormal gradient between the below-
knee and ankle cuffs indicates tibioperoneal disease.
Figure 19–7 shows a patient with occlusion of the left
superficial femoral artery as indicated by the pressure 
differential between the high-thigh and above-knee 
readings (160–116mmHg, respectively).A horizontal dif-
ference of 20–30mmHg or more suggests significant
disease at or above the level of the leg with the lower
pressure. Figure 19–8 shows a patient with significant
stenosis or occlusion at the aortoiliac level as indicated
by low high thigh pressures bilaterally.

Normal
Ankle/Arm Index

1.0 0.6

120 120

160164
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Figure 19–7. Segmental systolic limb pressures of a patient
with severe stenosis of the left superficial femoral artery.
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tolic pressures, a ratio is obtained that is helpful in deter-
mining 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 signifi-
cantly, so all persons having an ABI of 1.0 or greater will
probably benefit from stress testing, e.g., treadmill exer-
cise as described in detail later.

It is generally agreed upon that an ABI of 0.9–1.0 sig-
nifies normalcy or minimal arterial occlusive disease, an
ABI of 0.5–0.9 signifies a claudication level, less than 0.5
signifies the presence of ischemic rest pain or severe arte-
rial 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 50mmHg, rather
than an ABI of 0.5, is better at predicting symptoms 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
physiological lower extremity arterial test, usually a seg-
mental Doppler pressure with or without Doppler wave-
form analysis. 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 fingers and a 2.5- to 3-cm cuff for the
great toe. The digital pulse can be examined using the
usual Doppler probe, and a similar technique is applied
to measure the Doppler toe pressure.

Normal toe pressures vary from 60% to 80% of the
ankle pressures. Values significantly less than this signify
digital arterial occlusive disease.The exception to this cri-
teria is when the ankle pressure is artificially high (arte-
rial calcinosis), 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 artifi-
cially high segmental Doppler pressures at the ankle
level.14

Limitations and Sources of Error in Doppler
Segmental Pressure Determination

1. Media sclerosis: This may cause falsely elevated
Doppler pressures in those patients with calcified ves-
sels, e.g., patients with diabetes or end-stage renal 
disease. Toursarkissian et al.14 reported the results of a 

Thigh Pressure Indexes

Thigh pressure/higher brachial pressures are normally
greater than 1.2, while 0.8–1.2 suggests aortoiliac occlu-
sive disease, and less than 0.8 indicates that proximal
occlusion is likely. With the three-cuff technique, the
large, single thigh cuff segmental pressure is normally
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 sys-
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Figure 19–8. A patient with significant stenosis or occlusion at
the aortoiliac level as indicated by low high-thigh pressures
bilaterally.
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retrospective review of 101 diabetic patients without aor-
toiliac disease to analyze the ability of various noninva-
sive tests to predict the level of >50% significant stenosis
of intrainguinal arterial disease. Patients were studied
with ABI, toe brachial indices (TBI), segmental pulse
volume recording (pulse volume recording), segmental
pressures, segmental Doppler waveforms, and arteriogra-
phy. The results were classified as normal, disease at the
femoropopliteal level, infrapopliteal level, or both levels
(multilevel), or noninterpretable. Their findings showed
that as a single test, the Doppler waveform appears to
have the best angiographic correlation, although the
summed diagnosis of combined Doppler waveform and
pulse volume recording data was superior in distinguish-
ing multilevel disease from isolated 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 ele-
vated, the absolute poststenotic values are also erro-
neously high. Since there is no linear relationship
between the change in the systemic pressure and the
peripheral pressure, the measurement should always be
repeated after the systemic pressure has normalized.

3. In patients with multilevel occlusive disease it is
difficult to interpret segmental pressures.

4. Measurement of pressure postexercise: Two exam-
iners should carry out the examination simultaneously
after physical exertion to evaluate both extremities, oth-
erwise an adequate rest period between the measure-
ment of the right and left sides is needed. The lower
extremity that has the lower resting pressure should be
measured first, because the recovery time, postexercise, is
otherwise too long in pathological cases.

5. Edema: In solid edema, especially lipedema, ade-
quate arterial compression may fail, causing erroneously
high pressure values.

6. Patients with uncompensated congestive heart
failure may show decreased ankle-brachial indexes after
exercise.

7. This test cannot distinguish between stenosis and
occlusion, and cannot precisely localize the area of occlu-
sion, although it can identify a general location. Similarly,
it cannot distinguish between common femoral artery
disease and proximal external iliac artery disease.

8. Resting period: An adequate resting period of
10–20min before measurements are taken must be
observed. Where there are poorly compensated flow
obstructions, the resting period should be longer, in order
to avoid measuring erroneously low pressure values.

9. Deflation errors: Releasing the cuff pressure too
quickly (above 5mmHg per second) causes erroneously
low values.Therefore, a deflation velocity of around 2mm
Hg per second should be maintained.

10. Arm–leg measurement intervals: The time differ-
ence between Doppler pressure measurements should
not be too long. Intraindividual systemic blood pressure
fluctuations can occur and affect the results.

11. Subclavian stenosis or occlusion: The systolic blood
pressure values measured in this situation are erro-
neously low; this may give a false impression of normal
circulation of the lower extremities.

12. Flow velocity in the arteries measured: If the flow
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 mm Hg.

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 pres-
sure in the cuff may not be transmitted completely to the
vessels in the central part of the limb, and the measured
pressures may be erroneously exaggerated. Such high
false pressures are commonly encountered in the meas-
urement at the level of the thigh.

14. Effect of vasomotor tone changes: Changes in the
vasomotor tone may affect the arterial pressures. When
the blood flow is increased during peripheral vasodilation
induced by exercise, heat, or reactive hyperemia, more
pressure energy is used in causing flow through stenotic
lesions, small distal vessels, and collaterals; therefore
distal pressure is reduced. Conversely, when the patient
is cool, or when the flow 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 pressures may
be altered significantly 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 artificial reduction of the measured systolic 
pressure.15,16

15. Stenosis or occlusion in parallel vessels: When
several parallel vessels of comparable size are under 
the cuff, the measurement will usually reflect the pre-
ssure 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, per-
oneal, ulnar, or individual digital arteries, or interruption
of one of the palmer or plantar arches.

Clinical Studies and Results

An analysis of 150 patients (300 limbs) who had both
arterial lower extremity Doppler studies (segmental
Doppler pressures and analogue wave analysis) and 
arteriograms was done. Each limb was studied in 
four arterial segments: 300 iliofemoral, 300 femoral,
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282 popliteal, and 275 trifurcation segments. Eighteen
popliteal and 25 trifurcation segments were excluded 
for lack of angiographic visualization (not enough 
dye).

The results are tabulated in Tables 19–2 through 19–4.
In the 1157 segments studied, 793 were found to be
normal, of which 758 were confirmed 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 atherosclerotic disease. Of the 364 segments
interpreted as abnormal by arterial lower extremity
Doppler, 328 were confirmed by the arteriogram (90%
true-positive and 10% false-positive results). In the other
36 segments, the arteriogram was normal or showed mild
disease.Thus, in a total of 1157 segments studied, the find-
ings in 1086 were confirmed by the arteriogram (94% 
correlation).17,18

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 tech-
nology, color duplex imaging (CDI) has become popular
in the diagnosis and localization of aortoiliac and
femoropopliteal occlusive disease with a very good 
correlation to angiography.19–22 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,23 we compared the
abilities of segmental Doppler pressures and CDI to
accurately categorize the severity of disease.We analyzed
134 patients (268 limbs) who underwent all three tests:
segmental Doppler pressures, CDI, and arteriograms.
Segmental Doppler pressures and CDI results were
examined to determine their accuracy in localizing high
grade (>50%) stenosis at three levels: aortoiliac-common
femoral artery (Level I), superficial femoral artery (Level
II), and popliteal artery (Level III).

The sensitivity, specificity, positive and negative pre-
dictive values, and overall accuracy for segmental
Doppler pressures 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); 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 regards to the severity of disease in
88% of the limbs (1170 segments).The presence of super-
ficial femoral artery disease in patients with Level I
disease or aortoiliac-common femoral artery disease in
patients with Level II disease did not significantly alter
the ability of segmental Doppler pressures to localize the
disease. The presence of diabetes significantly affected
the accuracy of segmental Doppler pressures in localiz-
ing superficial femoral and popliteal artery stenosis. An
analysis of the ability of segmental Doppler pressure to
detect any segment as abnormal, as confirmed by arteri-
ogram, revealed a sensitivity of 88%, specificity 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.

Table 19–2. Correlation of arterial leg Doppler (ALD) studies
and arteriograms in detecting normal arterial segments.

Normal Normal by
Segment by ALD arteriogram True-negative False-negative

Iliofemoral 201 192 96% 4%
Femoral 222 211 95% 5%
Poplitea 187 176 94% 6%
Trifurcation 183 179 98% 2%
Total 793 758 96% 4%

Table 19–3. Correlation of arterial leg Doppler (ALD) studies
and arteriograms in detecting abnormal arterial segments.

Abormal Abormal by
Segment by ALD arteriogram True-positive False-positive

Iliofemoral 99 90 90% 10%
Femoral 78 69 88% 12%
Popliteal 95 86 93% 7%
Trifurcation 92 83 90% 10%
Total 364 328 90% 10%

Table 19–4. Correlation of arterial leg Doppler (ALD) studies
and arteriograms.

Total segments Findings confirmed
Segment studied by ALD by arteriogram Accuracy

Iliofemoral 300 282 93%
Femoral 300 280 95%
Popliteal 282 262 94%
Trifurcation 275 262 94%
Total 1157 1086 94%



240 A.F. AbuRahma and K.S. Jarrett

Summary

Doppler ultrasound has the advantage of being inexpen-
sive, noninvasive, and easy to perform. Moreover, it can
provide valuable information on the functional impair-
ment caused by vascular lesions, a parameter that its 
invasive cohort, arteriography, cannot do. These charac-
teristics make the ultrasonic technique an ideal test 
for the serial evaluation of disease progression and 
for postoperative follow-up study of reconstructive 
procedures.

Feigelson et al.24 used the segmental Doppler pressure
ratios and flow velocities by Doppler ultrasound to define
cases of large vessel peripheral arterial disease. They
noted that overall measurement of the posterior tibial
flow showed the highest sensitivity, specificity, positive
predictive value, negative predictive value, and overall
accuracy. In addition, an absent or nonrecordable poste-
rior tibial peak forward flow 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%, specificity 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 single 
measurement using a hand-held Doppler flowmeter
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 calcified arteries, artificially elevated high-thigh
pressure in very large or obese patients, difficulty in
interpretation of segmental pressures in patients with
multilevel occlusive disease, difficulty in distinguishing
occlusive disease in the aortoiliac segment and common
femoral artery, interpretive problems for high-thigh pres-
sures in patients with isolated hemodynamically signifi-
cant superficial femoral and deep femoral occlusive
disease, and false-negative results in patients with mild
vascular occlusive disease who have normal resting seg-
mental systolic pressures.

In patients with diabetes mellitus or chronic renal
failure, the vessels may be heavily calcified, leading to fac-
tiously high segmental limb pressures. Since the digital
arteries are seldom calcified, an accurate toe pressure 
can usually be measured in spite of an artificially 
high pressure proximally. Also, the analogue wave 
tracing might be abnormal and, thus, helpful in these
patients.

Another difficulty in interpreting segmental pressures
occurs in patients with multilevel occlusive disease.
In these patients, the proximal lesion might mask 
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 disease present between these
levels. Also giving a low high-thigh pressure is the 
combination of isolated, hemodynamically significant,
superficial femoral and profunda femoris occlusive
lesions.

These problems in the interpretation of high-thigh
pressure 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 com-
pression device. This pneumatic device presses the artery
against the superior pubic ramus, thus allowing the pres-
sure 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 superficial
femoral artery occlusion and severe deep femoral artery
stenosis.

Other methods, which may help in differentiating 
aortoiliac occlusive disease from disease of the common
femoral artery and/or disease of the superficial femoral
artery and deep femoral artery, are the determination 
of the pulsatility index13 and the inverse damping factor.
The amplitude of the Doppler waveform depends on 
the angle between the ultrasound probe and the axis 
of blood flow. 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 King25 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 wave-
form.26,27

As previously discussed, the segmental systolic limb
pressure alone is somewhat limited in certain patients in
localizing 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.28 quantified
improvements in accuracy 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 
significantly improved Doppler waveform accuracy 
at all levels. Compared with ABI, the addition of seg-
mental pressure to waveform data failed to improve 
accuracy.
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The Value of Stress Testing in 
the Diagnosis of Peripheral 
Arterial Disease

A majority of lower limb arterial studies use Doppler
ultrasound to measure the resting ankle pressure. While
indicative 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 func-
tional disability among patients varies. One patient with
a resting ankle pressure of 90mmHg 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 methods of producing this con-
stant stress have been used to evaluate the functional 
disability of patients with claudication, e.g., treadmill
exercise, reactive hyperemia, and isolated leg exer-
cises.25–34 The two most commonly used methods are
treadmill exercise and reactive hyperemia.

Treadmill Exercise

Patients with advanced arterial ischemia can be ade-
quately 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
flow 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 symptoms such as claudication and shortness of
breath. If the symptoms are due to pulmonary disability,
arterial reconstruction will not be of benefit. Further,
exercise testing is useful in distinguishing true claudica-
tion from pseudoclaudication caused by neurologic or
musculoskeletal conditions or venous insufficiency. It can
also weed out suspected malingerers.

Treadmill exercise is preferred over reactive hyper-
emia because it produces physiological stress that 
reproduces the patient’s ischemic symptoms. However,
treadmill testing has the following limitations and/or con-
traindications: hypertension, shortness of breath, cardiac
problems, stroke, or difficulty in walking.

Technique

The resting arm and ankle Doppler pressure are initially
recorded with the patient in the supine position. The pos-
terior tibial and dorsalis pedis systolic pressures are
taken, and the highest reading is used as the ankle pres-
sure. The ABI is then calculated. The treadmill exercise
is done at 2mph on a 12% grade for 5min or less, if not
tolerated by the patient because of claudication. The
ankle and arm pressures are recorded immediately fol-
lowing the test and every minute thereafter for up to 
20min until the pressure returns to the preexercise level.

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, conges-
tive 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.32

Normally, an increase in the pressure is noted after
exercise 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
experienced during exercise, and the pressure changes,
if any, from pre- to postexercise status form the basis 
for interpretation of this test. Doppler ankle pressures
that drop to low or unrecordable levels immediately 
following treadmill exercise and increase to resting 
level in 2–5min suggest occlusion at a single level.
Meanwhile, when ankle pressures remain reduced or
unrecordable for up to 12min, multilevel occlusions 
are usually present. Patients with severe or advanced
peripheral vascular disease, e.g., with ischemic rest pain,
may have unrecordable postexercise Doppler ankle pres-
sure for 15–20min.

Clinical Studies

From a cohort of 1000 arterial Doppler studies per-
formed on 1000 patients (2000 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 exercise ankle
pressure and to calculate the ABI.
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To facilitate the correlation, the findings on the arteri-
ograms were classified as normal, mild (<30% stenosis),
moderate (30–60% stenosis), severe (>60% stenosis), or
occluded. The 124 limbs studied included 46 limbs with
occluded arteries, 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
significant 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 significant drop
in the ABI.

After treadmill exercise, all patients with normal limbs
had an exercise index above 0.90, signifying excellent cor-
relation between the tests. In comparing patient symp-
toms to the exercise index, none of the patients with rest
pain had an index greater than 0.59. However, 80 limbs
out of 101 with claudication had an index greater than
0.59. Ninety-one percent of 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
associated with arterial occlusive disease is the measure-
ment of the magnitude and duration of fall in the ankle
pressure following the constant load treadmill exercise
test. Table 19–5 presents the readings in a patient with
resting right ankle pressure of 180mmHg and left ankle
pressure of 130mmHg. After exercising on the treadmill
for 5min, the right ankle pressure remained above 
180mmHg, while the left ankle pressure dropped to 
50mmHg. It took 20min for the left pressure to return 
to 130mmHg, indicating severely compromising arterial
disease.

Although the ankle pressure response provides physi-
ologic information about the severity of peripheral arte-
rial occlusive disease, it does not pinpoint the location 
of the arterial obstruction. Strandness and Bell noted 
that the location of disease had an effect on the magni-
tude of the pressure drop and the time required for the
pressure to return to baseline.30 Pressure drops following
exercise indicate that the obstruction involves the arter-
ies 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 fol-
lowing exercise signifies an obstruction of the upper
popliteal or superficial femoral arteries or a more proxi-
mal vessel. When the obstruction is confined to vessels
below the knee, exercise seldom causes claudication or a
significant 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 exer-
cise. For example, an isolated aortoiliac lesion usually has
more functional significance than a lesion confined to the
superficial femoral 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 aorotiliac disease is frequently raised. If
the amplitude of the femoral pulses either at rest or fol-
lowing exercise is reduced, the disease may contribute
significantly to the leg symptoms and require correction.
However, moderate aortoiliac disease may not signifi-
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
preexercise examination, the contribution by aortoiliac
disease to the total limb ischemia may be evaluated by
determining the high-thigh and ankle pressure responses
following exercise. 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
important indicator, mainly because it is not repro-
ducible.31 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 claudica-
tion. If a patient stops exercising due to shortness of

Table 19–5. Segmental pressure readings (mm Hg) and ankle-
brachial index after exercise in a patient with severe peripheral
vascular occlusive disease of the left leg.

Postexercise Right ankle Left ankle
(min) (normal) (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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breath, angina, or hip pain before claudication develops,
the ankle pressure response may be small and of little
help in isolating lower limb arterial insufficiency.

In conclusion, the three factors evaluated during
treadmill exercise testing have to be taken into consider-
ation in determining the severity of the vascular occlu-
sive disease, i.e., the duration of exercise, the maximum
drop in the ankle index, and the recovery time (the time
required for return to baseline pressures).

Reactive Hyperemia

For some patients, treadmill exercise is not applicable
(amputees or persons with musculoskeletal problems) 
or practical (patients with cardiopulmonary disease or
severe claudication), because they cannot perform for a
sufficient length of time. In such cases, reactive hyperemia
may be used to increase blood flow in the extremities.

To increase blood flow, a thigh cuff is inflated above the
systolic pressure (20–30mmHg above the brachial pres-
sure) for 3–7min to produce local circulatory arrest,
resulting in hypoxia and local vasodilation. After release
of the compression, ankle pressures are taken at 15, 20, or
30s intervals for 3–6min,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 30–60s.
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 hyper-
emia. In limbs with obstructive arterial occlusive disease,
the decrease in pressure coincides well with that seen 
following exercise, but recovery to resting levels is much
faster.33 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 1min to more than 3min), the correlation is not
as good as that given by the maximal depression of the
ankle pressure induced by exercise. Patients who have
single 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 benefit, the hyperemic stress test is less time-
consuming 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 dis-
advantage 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 identify
any cardiopulmonary disability that might actually be
more limiting than the arterial insufficiency. The test is
also uncomfortable and thigh compression may be haz-
ardous in limbs with femoral popliteal grafts. Finally,
rapid pressure measurements are required to get repro-
ducible 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 satis-
factorily on the treadmill because of cardiac, pulmonary,
or orthopedic reasons. In the test’s simplest form, the
patient flexes and extends the ankles repeatedly. Some
investigators have used ankle exercise performed against
a fixed load, accomplished by having the patient repeat-
edly rise up and down on the toes.
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Introduction

The pulse volume recorder (PVR) was introduced by
Raines almost 35 years ago in a thesis based on graduate
work conducted at the Massachusetts Institute of Tech-
nology (MIT), Harvard Medical School and Massachu-
setts General Hospital.1 The work was sponsored by the
National Institutes of Health. The work built on earlier
pioneering efforts by investigators such as T. Winsor2 and
E. Strandness.3 The research took advantage of major
recent advances in electronics, specifically 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 first 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 first 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 lab-
oratories included obtaining codes for reimbursement
from Medicare and other third party insurance carriers.
Three years later the early experience of this laboratory
was presented at the 1975 Annual Meeting of the Society
for Vascular Surgery and again published in Surgery.5 At
that time studies within the vascular laboratory were
expanding to include functional evaluation of venous dis-
orders and extracranial arterial occlusive disease. At this
point many other centers had developed vascular labo-
ratories and began publishing their results.

The early PVR was available in either a box or cart
model. The first units also included a built-in continuous-
wave Doppler in two frequencies (9MHz and 5MHz).
Within 5 years of its introduction the PVR became an

extremely popular device and was widely used through-
out the world. In vascular 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 nonin-
vasive functional studies with angiography and clinical
outcome 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
first clinical studies using this technique were performed
in the Vascular Laboratory of the Miami Heart Institute,
which was directed at that time by 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 field of noninvasive medical
imaging as applied to peripheral vascular disease has
been explosive and has made significant clinical contri-
butions. Despite this, functional studies remain an inte-
gral component in the investigation of most forms of
peripheral vascular 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 35 years will be given. This will be followed by
descriptions of how the PVR may be used most effec-
tively in today’s modern vascular laboratory.

Before closing the introduction it is instructive to 
note two important items. First, peripheral vascular
disease of the elderly and in the United States the 
elderly is now the fastest growing segment of the 
population. The Census Bureau estimates this trend is
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expected to continue to the year 2030.16 This is com-
pounded by the fact that in the United States over the
past 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 opportunity for manufacturers of
equipment and providers of care in peripheral vascular
disease.

Pulse Volume Recorder—2005

As described in the original PVR development work at
MIT,1 to maintain proper system calibration when a PVR
cuff is placed on an extremity, the system and operator 
must inflate the cuff to a known cuff pressure (i.e.,
65mmHg thigh/calf/ankle) and also know the amount of
injected atmospheric air necessary to produce the cuff
pressure. If the volume of injected air does not meet an

established criterion (i.e., 75 ± 10cm3, calf/ankle; 400 ±
75cm3, thigh) the operator must reapply the cuff.
Whereas a number of manufacturers market PVR-like
devices, some do not include this important calibration.
These manufacturers have suggested to operators that
after cuff application it is necessary to inflate the cuff only
to the recommended pressure. This assumes each cuff is
applied to the same tension despite variation in limb size;
we have found results can vary significantly based on
operator application and technique. There are manufac-
turers who provide a good external calibration as
described above. These systems provide reproducible
PVR data that almost eliminate operator application and
technique errors. In our laboratory, working with indus-
try, we have developed a computer-controlled internal
calibration system that is very accurate and completely
eliminates cuff reapplication at any level (Figure 20–1).

The ability to record and store data is most import-
ant to document testing for both reimbursement and 
certification purposes. The new PVR systems include
patient interface ports (i.e., for PVR cuffs and Doppler
probes), color monitor, keyboard, and color printer.
Studies may be performed in a dedicated laboratory or
at the patient’s bedside. It should be acknowledged that
when earlier systems were making the transition from
non-PC-based to PC-based units, the PC units were slow,

Figure 20–1. (A) Picture of a prototype internally calibrated
pulse volume recorder (PVR). This system is controlled by a
computer. The operator interfaces with the unit via Keyboard,
Joystick, and Monitor. The system also has a dedicated Printer
and Modem for report generation. (B) This schematic illustrates
how internal calibration is accomplished. During the early 

phase of diastole, the piston in the calibration chamber rapidly
increases the system volume by a known amount. The resultant
instantaneous pressure reduction is measured along with 
the pressure differential from tracing foot to peak. This 
allows the total volume change to be calculated in near real-
time.
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to obtain the skills to perform the testing at the same
degree of speed and confidence obtained by experienced
workers.

Indications and Guidelines for
Functional Lower Extremity 
Arterial Studies

Diagnostic technique and therapeutic methods for
peripheral vascular disease have changed significantly
since the development of the PVR. However, the 
questions posed to the vascular laboratory by re-
ferring 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 
associated interest in describing as accurately as possible
the anatomic location of hemodynamically significant
lesions. However, it should be carefully noted that while
these are the important questions in over 90% of patients
referred to a vascular laboratory for lower extremity
occlusion, these questions cannot be answered by
knowing the anatomy.These are purely questions of 
function. Later we will discuss 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 possible have compared our figures with those 
of other vascular laboratories; in most cases the 
numbers have been very similar. The average age of our
patients is 67 years. Two-thirds are 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 routine criteria. In our series 
one-third have had a previous myocardial infarction and
one-tenth (9%) have a history of previous cerebrovascu-
lar accident.

Is Resting Ischemia Present?

Patients with rest pain as their initial presentation
may be either diabetic or nondiabetic; however,
nondiabetics are more frequent in this category as will 
be described. Their description of pain will also 
almost exclusively be limited to the forefoot. The 

difficult for even experienced operators to use, and inflex-
ible. With time, technician input, and fast processors 
this has changed and the new systems are both rapid and
flexible.

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 under-
standable report is not generated this is not possible. New
PVR systems provide a protocol-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 a 
PC-based PVR. Evaluation time was divided into three
components: (1) time to obtain and record demograph-
ics, clinical history, and pulse and bruit grading; (2) 
time to perform 10 PVR arterial tracings and six 
segmental limb pressures; and (3) time to prepare a 
final report excluding interpretation. In obtaining back-
ground information for the standard PVR, the technician
recorded the data on a preprinted form that became 
part of the final report. The technician entered back-
ground information for the PC-based PVR directly 
into the system via a keyboard. Testing was performed
using standard protocols for each system and included
PVR tracings at the thigh, calf, ankle, metatarsal 
(TM), and first digital levels bilaterally and limb systolic
pressures bilaterally by Doppler technique at the 
thigh, calf, and ankle levels. Using the standard PVR,
the technician had to cut three cardiac cycles from the
PVR strip charts and using tape affix them to the 
final report. For the PC-based system the technician 
electronically selects cycles for reporting and printing.
This latter area is where the PC-based system is 
clearly faster (Table 20–1).

PVR vascular technicians not familiar with the PC-
based systems require approximately 3h of formal train-
ing to perform the testing and an additional 10h of use

Table 20–1. Time taken to perform lower extremity arterial
study using a standard pulse volume recorder (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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pain will develop at rest and will transiently be relieved
by dangling the foot. This temporarily decreases the local
peripheral resistance, increasing local blood flow.
Although ischemia pain may present more proximally,
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 TM level.
PVR amplitude and contour at the first digit or most

symptomatic digit.
Ankle pressure.

If the ankle pressure is <40mm Hg in the nondiabetic
patient or <60mm Hg in the diabetic patient resting
ischemia may be present. The difference in criteria is
based on the fact that diabetics often have medial calci-
nosis that artificially elevates distal pressures. It should
also be stated that in 10–15% of diabetic cases distal pres-
sures 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 flatline
PVR amplitude, ischemia is very probable. The probabil-
ity is further increased if the TM and ankle PVR tracings
are also flatline or near flatline. It is not hemodynamically
possible to have a flatline tracing proximal to a nonflat-
line 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 reflected
wave present in diastole.

It is possible to have transient borderline ischemia 
with digital amplitudes as high as 2mm; 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 recognized 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
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 TM level.
PVR amplitude and contour at the first digit or most

symptomatic digit.

Ankle Pressure

Hemodynamics indicates that local perfusion is a func-
tion of mean arterial pressure (MAP), mean venous pres-
sure (MVP), and size and number of perfusion vessels.
We use systolic pressure as a surrogate for MAP; MVP
in a supine subject is near 0mm Hg and PVR amplitude
can be shown to be an adequate surrogate for size and
number of perfusing vessels.Table 20–2 is a helpful guide-
line in determining whether a lesion will heal with the
current level of perfusion in the absence of infection,
chronic trauma, and microvessel diabetic disease. These
stipulations are significant and require a degree of clini-
cal judgment.

Will a Particular Amputation Site 
Heal Primarily?

There is a sizable group of patients with advanced 
arteriosclerotic peripheral vascular disease in whom 
arterial reconstruction is not possible and who come to
amputation. Significant morbidity and mortality rates are
present in these patients, particularly in those in whom a
more distal amputation fails and who require a second
procedure. Measurements in a vascular laboratory with a
PVR are helpful in reducing this complication by pre-
dicting 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
amputation site healing potential are a function of the

Table 20–2. Guidelines for determining whether current 
perfusion is adequate for healing.

Nondiabetic Diabetic

Ankle pressure (mm Hg) ≥60 ≥70
Pulse volume recorder amplitude ≥1 ≥2
in digit of interest (mm)
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site. Table 20–3 gives guidelines for amputation site
healing that are applicable to the diabetic and nondia-
betic patient.

Is Vascular Claudication Present?

Patients in the age range associated with peripheral vas-
cular 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 insufficiency. In fact, both entities may
coexist. With vascular insufficiency it is also important to
determine accurately the patient’s degree of disability
and to establish a quantitative 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
hemodynamic measurements taken at rest. We have there-
fore evaluated various methods of stressing vascular
patients and have determined that a small treadmill oper-
ating at a fixed grade of 10% at either 1.5mph (2.4km/h)
or 2.25mph (3.6km/h)—choice of speed being a function
of the subject’s ability—is the most physiologic and is tol-
erated by the largest percentage of vascular patients. Fol-
lowing resting studies, we determine on the treadmill
what we 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 continue. This point has consistently been repro-
ducible. We have not found that following PVR ampli-
tudes and/or limb pressures 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 <70mmHg and an
ankle PVR amplitude of <5mm. Note that this criterion
represents significant hemodynamic alteration and that 
it is therefore possible to have significant 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 insufficiency.

Location of Arterial Obstruction in the
Lower Extremities

As mentioned in the beginning of this section, the major
questions to be addressed in the vascular laboratory are
functional. However, with attention to detail, hemody-
namic studies can also localize the major levels of arte-
rial obstruction. The following guidelines are helpful in
the anatomical localization of arterial lesions in the lower
extremity.

Pulse Volume Recorder Reflected Wave

The contour of a PVR tracing is closely associated with
the intraarterial pressure contour. If at rest the reflected
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 reflected wave are expected following exercise
(Figure 20–2).

Pulse Volume Recorder Amplitude

The greater the PVR amplitude, the greater the local pul-
satile component of total flow rate (Qp). Generally, Qp
tracks total flow. Further, PVR amplitude is a function of
local pulse pressure and pulse pressure is reduced with
arterial occlusion proximal to the point at which the
tracing is taken. Therefore, the more reduced the PVR
amplitude the greater the proximal obstruction and the
poorer the local perfusion.

Table 20–3. Guidelines for amputation site healing (applicable to diabetic and 
nondiabetic patients).

Site Thigh Calf Ankle TM Digital

Above-knee ≥2 mm NA NA NA NA
(AK) ≥50 mm Hg

Below-knee NA ≥1 mm NA NA NA
(BK) ≥50 mm Hg

TM NA NA ≥40 mm Hg ≥1 mm NA
Digital NA NA ≥50 mm Hg ≥1 mm ≥1 mm
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Pulse Volume Recorder 
Amplitude Relationships

When PVR tracings are properly calibrated, with an open
superficial femoral artery, the PVR calf amplitude is
always increased when compared with the thigh and
ankle amplitudes. If this is not the case a superficial
femoral artery occlusion should be expected. If the PVR
tracing at the thigh level is normal with an open aortoil-
iac 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 reflected wave, amplitude reduc-
tion) but the calf amplitude is augmented compared with
the thigh, this suggests aortoiliac disease with an open
superficial femoral/popliteal system.

Whenever there is an abrupt change in PVR ampli-
tude and contour from a proximal measurement to 
the next segment (i.e., calf to ankle; ankle to TM; TM to 
digit) occlusion between the two levels should be 
suspected.

Postexercise Measurements

Exercise testing is very helpful in both localizing arterial
lesions and determining exercise-related symptoms such
as claudication.This has been mentioned previously.Aor-
toiliac disease produces symptoms in the calf, thigh, and
finally in the buttock if exercise is continued. Superficial
femoral artery occlusions produce symptoms at the calf
level and do not rise to the buttock level. Further, signif-
icant aortoiliac disease always produces flatline ankle
PVR amplitudes after exercise.

Superficial femoral artery occlusions reduce postexer-
cise ankle PVR amplitude, but a flatline 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 system the distal systolic pressures
should be slightly higher than the brachial value. When
there is a reduction of >20mm Hg between segments,
arterial obstruction between segments should be 
suspected.

It is important to note that often PVR results and sys-
tolic 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
findings more representative of local perfusion and sys-
tolic limb pressures more representative of the degree of
native vessel occlusion.

Role of Lower Extremity Arterial Imaging

Clearly over the past 30 years the ability to image accu-
rately 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 functional questions of ischemia, perfusion,
amputation site healing, and the presence of vascular
claudication. For this reason the importance of functional
hemodynamic measures should not be lost as our abili-
ties to image continues 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 definition, the ability to directly image ob-
struction at the aortoiliac and superficial 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.

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 occlusions develop have a greater overall
patency.

Minor changes in graft diameter (area) secondary to
an obstructive process may not produce significant hemo-
dynamic changes, but may be identified by abnormalities
in graft appearance.This is most often true at anastomotic
sites.

PULSE VOLUME RECORDINGS*

Normal Abnormal
*Ankle Level
 Cuff Pressure – 65 mm Hg
 Cuff Volume – 75 cc

Figure 20–2. Normal PVR tracings illustrate rapid rise and fall
during systole and the presence of a clear reflected wave in early
diastole. When proximal arterial obstruction is present, PVR
amplitude (foot to peak) is reduced and the reflected wave is
absent.
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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 con-
trast, ultrasound 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 extremity arterial disease is 67 years, with 
75% being male. For venous disease the age is two
decades younger and the majority of patients are 
female.

In the era of the modern vascular laboratory, lower
extremity hemodynamic measurements were first made
in the arterial 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 insufficiency 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 DVT and in 
determining superficial 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 Applica-
tion of the Pulse Volume Recorder for Noninvasive Diag-
nosis of Deep Vein Thrombosis.18 This work suggested 
the measurement of two parameters described as
maximum venous outflow (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 levels. 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 specificity 
of 90%.11 In the author’s hands for DVT excluding 
minor nonextending calf thrombi, the sensitivity has 
been 95% with an 85% specificity when compared with
venography.19

The modern PVR completely automates the measures
of MVO and SVC. Further, the system allows the deter-
mination of venous respiratory waves and venous veloc-
ity measurements. 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 that 30min with the patient supine on an
examining table. This functional method is extremely
useful in making a rapid and safe assessment 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
accurate functional diagnostic studies. However, today 
all subjects suspected of having DVT should undergo a
vascular laboratory examination that includes venous
imaging. The vascular technologist should look for deep
venous obstruction 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 
Insufficiency Present?

The major hemodynamic culprit in venous valvular in-
sufficiency is venous ambulatory hypertension. In the
senior author’s laboratory, before the development of
photoplethysmography, measurements of venous ambu-
latory hypertension were taken using a needle in a
subject’s foot connected to a fluid column. Many PVR
systems now include an easy-to-use photoplethysmograph
that quickly allows the determination of venous valvular
insufficiency at the deep and superficial 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 degree of compromise associated with the
upper extremity. Atherosclerosis in the upper extremities
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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 measurements for thoracic outlet syndrome
and vasospastic studies for Raynaud’s disease or sclero-
derma. In the lower extremity, miscellaneous studies may
be performed for popliteal entrapment syndrome and
arteriovenous and venovenous malformations. PVR and
Doppler measurements are also used in the evaluation of
male impotence.
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Introduction

An accurate diagnosis of lower extremity peripheral
artery disease (PAD) can usually be established based on
the clinical history, vascular examination including pulse
palpation, and Doppler survey of the femoral and pedal
arteries. With the development of symptomatic PAD, i.e.,
disabling claudication, critical limb ischemia (ischemic
rest pain, tissue loss), or peripheral aneurysmal disease,
more detailed vascular testing is necessary for disease
management. Peripheral arterial testing is best per-
formed in an accredited facility by certified technical per-
sonnel and physicians experienced in test interpretation.
Measurement of limb blood pressure in conjunction with
duplex mapping of the arterial tree should be performed
to assess disease location and severity. Duplex ultrasound
scanning provides hemodynamic and anatomic informa-
tion at no risk to the patient and ensures an accurate
diagnosis.1–4 Based on disease location and morphology,
a decision to proceed with endovascular or surgical inter-
vention is possible.5–9 Other vascular imaging modalities
[contrast arteriography, computed tomography (CT)
angiography, magnetic resonance angiography (MRA)]
do not provide hemodynamic information essential for
the evaluation of symptomatic PAD, and formulating an
individualized treatment plan.

The versatility of duplex testing allows its use in all
phases of disease management, including diagnosis,
intraprocedural assessment, and surveillance for residual
or recurrent stenosis. Often, the improvement in PAD
symptoms can often be accomplished using less invasive
endovascular techniques making duplex detection of
appropriate lesions important. When duplex ultrasound
is used in conjunction with Doppler-derived pressure
measurements, i.e., ankle-brachial index (ABI), the need
for a catheter-based diagnostic contrast angiogram can 
be obviated.9–13 A high-quality peripheral duplex scan is
diagnostic in the majority of PAD patients, and provides
sufficient information to recommend and proceed with

either endovascular or surgical intervention (Table 21–1).
Other arterial lesions important in patient care can also
be addressed such as concomitant extracranial carotid
stenosis, associated aneurysmal disease, and the presence
of an adequate lower limb (saphenous, femoral-popliteal)
or arm (cephalic, basilica) vein for arterial bypass 
grafting.

Preintervention Arterial Testing

The extent of peripheral arterial testing should be indi-
vidualized based on patient symptoms, signs of limb
ischemia, and other physical findings (swelling, ulcera-
tion, gangrene, pulsatile masses).The presence and sever-
ity of lower limb occlusive disease should be evaluated
by performing segmental pressure measurements in 
combination with Doppler or plethysmographic (pulse
volume) waveform analysis (Figure 21–1). Measurement
of toe systolic pressure is especially helpful in the evalu-
ation of diabetic patients in whom calcified, incompress-
ible tibial vessels may produce erroneously high (>1.3)
ABI in the presence of significant occlusive disease.
Patients with atypical exertion leg pain and an abnormal
ABI (<0.90) should undergo exercise treadmill testing
with assessment of ankle systolic pressure reduction in
response to walking to verify or exclude vascular claudi-
cation. Other indications for peripheral arterial testing,
including absent pulses, disabling claudication, ulcera-
tion, gangrene, or rest pain, should prompt a color duplex
examination to characterize disease location, morphol-
ogy (atherosclerosis, aneurysm), severity, and extent.
Duplex testing can also identify other relevant concomi-
tant vascular conditions (renal artery stenosis, abdominal
or peripheral aneurysm, venous thrombosis).

Duplex scanning is used to detect and classify disease
(occlusive, aneurysmal) in the aortoiliac, femoropopliteal,
and popliteal-tibial arterial segments.2–4,10–13 Multilevel
disease is commonplace and should be expected when

21
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•The assessment of femoral artery catheterization sites
for pseudoaneurysm.

•The exclusion of occult inflow (aortoiliac) disease in
patients requiring lower limb femoral-distal bypass
grafting.

•The evaluation of the hemodynamics of specific dis-
eased arterial segments visualized on diagnostic arteri-
ography when clinical significance is ambiguous.

•The provision of arterial imaging to avoid angiographic
contrast exposure in patients with renal insufficiency.

•The identification of peripheral lesions causing
atheroembolism, i.e., blue toe syndrome.

•The evaluation of vascular (arterial, venous) injury fol-
lowing blunt and penetrating limb trauma.

•The surveillance of arterial bypass grafts or recon-
structions, endovascular angioplasty, or dialysis access
for stenosis, caused by myointimal hyperplasia, fibrosis,
or atherosclerosis.

The accuracy of duplex scanning is sufficient to permit
arterial mapping analogous to contrast arteriography in
body regions accessible to diagnostic ultrasound imaging.
Classification of lesion severity is based on the same
physical principles that apply to the duplex evaluation of
cerebrovascular, renal, and mesenteric circulations. Com-
pared to arteriography, the “gold standard” for peripheral
arterial imaging, duplex scanning has a diagnostic accu-
racy of >80% for the detection of a >50% diameter reduc-
ing stenoses or occlusion (Table 21–2).1,2,4,7–9 Diagnostic
accuracy decreases when multilevel disease is present. 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. In more than 50% of patients with
symptomatic PAD, duplex scanning will identify disease

Table 21–1. Interventional options based on color duplex scan findings.

Duplex diagnosis Endovascular Surgery

Aortoiliac lesions
Focal stenosis Stent Endarterectomy
Diffuse disease Stent Aortofemoral bypass

Subintimal angioplasty Femorofemoral bypass
Infrainguinal lesions
Femoropopliteal segment

Common femoral — Endarterectomy
Profunda femoris Patch angioplasty
Superficial femoral Balloon angioplasty Endarterectomy

(cryoplasty balloon) Patch angioplasty
(cutting balloon) Interposition graft
Atherectomy Bypass reconstruction

Popliteal aneurysm Stent-graft Exclusion with bypass
Interposition grafting

Pseudoaneurysm
Iatrogenic Ultrasound-guided thrombin injection Surgical repair
Graft Covered stent Interposition graft

Arteriovenous fistula Embolization Surgical repair
Vein graft stenosis Balloon angioplasty Surgical revision

  PAD Testing
ABI - Waveform Analysis

Normal Abnormal

  ABI erroneous high
- incompressible artery

Segmental Pressure
Measurements

PVR
Pulsatility Index

Doppler Waveform
Analysis

Toe Pressure

Treadmill
Exercise Testing

Critical Foot
Ischemia

Adequate Pressure
for Healing

TP > 40 mm Hg

Duplex Scanning
(Arterial Mapping)

Assess Intervention
Options

Figure 21–1. Vascular laboratory evaluation of peripheral
artery disease by ankle-brachial index (ABI), Doppler wave-
form analysis, pulse volume recordings (PVR), digit pressures,
exercise testing, and duplex arterial mapping to assess inter-
vention options.

scanning patients with critical limb ischemia. Accepted
clinical applications for duplex scanning include the 
following:

•The evaluation of symptomatic patients with abnormal
(<0.9) ABIs to identify occlusive lesions amenable to
endovascular intervention, e.g., percutaneous translu-
minal angioplasty (PTA), or surgical bypass.
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amenable to endovascular therapy.9,13 Duplex imaging 
to plan infrainguinal bypass procedures for occlusive
disease has also been studied in prospective trials with
results compared to contrast angiography. Patient out-
comes (limb salvage, graft patency) were similar indicat-
ing that the clinical accuracy of duplex testing to select
appropriate inflow-outflow anastomotic sites for lower
limb arterial bypass was equivalent to angiography.10,11

Whether an arterial lesion is suitable for endovascular
repair depends on specific anatomic characteristics.
Duplex findings of TransAtlantic Intersociety Consensus
(TASC) category A or B lesions indicate endovascular
intervention is the preferred treatment (Table 21–3).11

Technical success rates in excess of 95% can be achieved
with clinical results similar to surgical reconstruction.
Category C lesions (>4cm length calcified stenosis, mul-

tilevel disease, 5–10cm length chronic occlusions) may
also be amenable to endovascular repair depending on
the experience of the vascular surgeon. Endovascular
treatment of category 4 (diffuse stenosis, >10cm occlu-
sions) lesions is not associated with outcomes com-
parable to “open” surgical repair or bypass grafting.11 In
applying duplex scanning to patient evaluation, the intent
is to characterize the extent and severity of occlusive
disease to permit a clinical decision regarding interven-
tion options.

Color Duplex Peripheral 
Arterial Examination

Patient examination should be conducted in a warm
(75–77°F) room to avoid vasoconstriction. A time of
30–45min should be allotted for testing, and the patient
informed not to smoke (>1h) or eat (overnight fasting,
>4h) prior to testing. Imaging in the morning is recom-
mended to minimize the presence of intestinal gas that
obscures imaging of the infrarenal aorta and iliac arter-
ies. Abdominal imaging is performed using a 3–5MHz
phased array transducer beginning at the level of the renal
arteries. From the groin (femoral artery) to the ankle
(tibial arteries), a 5–7MHz linear array transducer should
be used. Multiple scanning windows (anterior, flank,
umbilical, posterior) may be required to achieve adequate
arterial insonation/imaging of the aorta, iliac, and infrain-
guinal arteries due to obesity (vessels >15cm deep), bowel
gas, large limbs, edema, surgical wounds, ulcers, joint con-
tractures, small vessels, and vessel calcification. Scanning
should proceed sequentially from proximal to distal 
with recording of centerstream pulsed Doppler velocity

Table 21–2. Diagnostic accuracy (sensitivity/specificity) of
color duplex ultrasonography compared with contrast arteriog-
raphy or magnetic resonance angiography for hemodynamically
significant lesions.a

Author IA CFA DFA SFA Pop Tib

Cossman et al.1,b 81/98 70/97 71/95 97/92 78/97 50/8
Moneta et al.2,b 89/99 76/99 83/97 87/98 67/99 90/2
Allard et al.4,b 84/97 36/98 44/97 92/96 37/92 —
Kohler et al.6,b 89/90 67/98 67/81 84/93 73/97 —

Aortoiliac Femoropopliteal Tibial

Hingorani et al.16,c 81/84 75/90 43/65

aIA, iliac artery; CFA, common femoral artery; DFA, deep femoris
artery; SFA, superficial femoral artery; Pop, popliteal artery; Tib, tibial
arteries.
bContrast angiography.
cMagnetic resonance angiography.

Table 21–3. TACS (TransAtlantic Intersociety Consensus) classification of lower limb arterial occlusive lesions suitable for 
percutaneous transluminal angioplasty (PTA).19,20

Site of arterial lesiona

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 calcified 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 Complete CFA or SFA and popliteal or proximal tibial vessel occlusion

D Iliac stenosis associated with aortic or iliac aneurysm
Diffuse stenosis >10 cm of CIA, EIA, CFA
Unilateral occlusion CIA and EIA
Bilateral EIA occlusion

aCIA, common iliac artery; EIA, external iliac artery; CFA, common femoral artery; SFA, superficial femoral artery.
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spectra in a segmental (iliac, femoral, popliteal, distal
tibial) manner. Normal values of arterial diameter and
peak systolic velocity (PSV) for lower limb arterial seg-
ments are shown in Table 21–4.6,7 Infrarenal aorta diame-
ter is documented as the technologist moves from the
renal to iliac arteries. Aorta wall-to-wall diameter should
be measured in both transverse and sagittal scan planes.
Real-time color and power Doppler imaging facilitates
location of stenosis by identifying lumen narrowing,
plaque formation, color-map aliasing (turbulent flow),
presence of color flow jet, and tissue bruits (Figure 21–2).
At sites of stenosis, changes in PSV and spectral content
are assessed by moving the “sample volume” of pulsed
Doppler through the area of narrowing.To classify steno-
sis severity, velocity spectra are recorded at a 60° Doppler
angle relative to the artery wall for calculation of peak-
systolic and end-diastolic velocity. Identification of vessel
branching, exit and reentry collaterals, vessel occlusion,
aneurysmal change, and atherosclerotic plaque is an

important component of arterial imaging. Occlusive
lesions tend to develop at specific arterial sites (Table
21–5).These segments should be examined in detail when
proximal-to-distal changes in PSV or spectral broadening
are identified. Limitations of duplex imaging include
obesity (vessels >15cm deep to skin), bowel gas, edema,
surgical incisions, ulcers, joint contracture, and arterial
wall calcification producing acoustic shadowing.

Recording pulsed Doppler velocity spectra from tibial
arteries at the ankle is recommended to correlate PSV
and waveform pulsatility with measured ABI values
(Figure 21–3). Correlation is necessary when calcified

Table 21–4. Mean arterial diameter and peak systolic flow
velocity (PSV) measured by duplex scanning patients with
normal ankle-brachial indices (ABI).7

Diameter ± SDa Velocity ± SD
Artery (cm) (cm/s)

Infrarenal aorta 2.0 ± 0.3 65 ± 15
Common iliac 1.6 ± 2 95 ± 20
External iliac 0.79 ± 0.13 119 ± 22
Common femoral 0.82 ± 0.14 114 ± 25
Proximal superficial femoral 0.60 ± 0.12 91 ± 14
Distal superficial femoral 0.54 ± 0.11 94 ± 14
Popliteal 0.52 ± 0.11 69 ± 14
Tibial 55 ± 10

aSD, standard deviation.

Figure 21–2. Iatrogenic common femoral artery pseudoa-
neurysm with narrow stalk amenable to duplex guided throm-
bin injection. Velocity spectra recording from the stalk
demonstrates characteristic to-and-fro arterial flow.

Table 21–5. Most common locations of lower limb atheroscle-
rosis, or stenosis after infrainguinal bypass grafting.

Arterial segment Site of occlusive disease

Aortoiliac Distal aorta, proximal-mid common iliac artery,
proximal external iliac artery

Femoropopliteal Common femoral artery, superficial femoral 
artery at the adductor, i.e., “Hunter” canal,
origins of superficial and deep femoral artery

Tibial Tibioperoneal trunk
Vein bypass Proximal graft segment after reversed saphenous 

vein bypass, distal graft segment after 
nonreversed or in situ vein bypass grafting,
graft–graft anastomosis

Prosthetic bypass Distal anastomotic region

ABI

1.09

0.72

0.40

45

36

1.5

1.0

58 8

PSV
(cm/s)

PI

Figure 21–3. Duplex scan of mid-thigh superficial femoral
artery stenosis in a patient with calf claudication. At rest, a
triphasic waveform was recorded proximal and at a focal steno-
sis with a PSV of 441cm/s (criteria indicating a >50% diameter
reducing stenosis). Treadmill exercise (12% grade at 1.5mph)
resulting in a decrease in ankle pressure from 132mm Hg at rest
(ABI = 0.8) to 50mm Hg after walking for 2min. The patient
underwent percutaneous transluminal balloon angioplasty of
the lesion with restoration of normal limb hemodynamics (ABI
> 1.0).
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tibial arteries are imaged, when patients are diabetic, or
incompressibility is suggested by an ABI value > 1.3. Seg-
mental pulsed Doppler spectra should be recorded from
arterial segments (common femoral, popliteal, tibial)
without severe (>50%) stenosis as this allows diagnosis
of multilevel disease by comparison of pulsatility index,
acceleration time, and waveform damping (pulsus tardus)
between adjacent arterial segments.

Duplex testing is the recommended diagnostic modal-
ity to evaluate the arterial catheterization sites for
pseudoaneurysm. Ultrasound imaging can distinguish
between a hematoma with no flow and color Doppler
characteristics of a pseudoaneurysm (Figure 21–4). The
finding of a stalk indicates suitable anatomy for ultra-
sound-guided thrombin injection.

Duplex Criteria for Grading 
Arterial Stenosis

A number of duplex-derived velocity criteria to grade
stenosis severity have been validated by comparison 
with contrast arteriography.1–3,6 Use of PSV, end-diastolic
velocity (EDV), and the velocity ratio (Vr) of PSV prox-
imal to and at the site of maximum stenosis, in conjunc-
tion with the velocity spectral waveform distal to the
stenosis, is recommended to categorize first- and second-
order (tandem) stenoses. Assessment of the common
femoral waveform is an accurate predictor of normal
inflow (aortoiliac segment) if its configuration is tri- or
multiphasic. If the superficial femoral artery is occluded,

a monophasic common femoral waveform may be
present, but the acceleration time is <130ms when no
pressure-reducing iliac lesion is present. Symptoms of
mild claudication (ABI >0.8) may be associated with a
tibial artery triphasic Doppler waveform at rest, but with
exercise treadmill testing, the ankle pressures decrease
and a monophasic, damped waveform develops distal to
the occlusive 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 (Figure 21–5 and Table 21–6).6,7,13 Lesions with a
velocity spectra indicating a >75% stenosis are typically
associated with a >20mm Hg reduction in systolic pres-
sure (Figure 21–6). Duplex criteria that reliably predict a
hemodynamically significant stenosis, i.e., associated with
resting peripheral pressure and flow reduction include
the following:

•Loss of triphasic waveform configuration at stenosis
•Damping or reduction in the pulsatility index in the

distal artery velocity waveform.
•PSV >250–300cm/s.
•EDV >0.
•Vr >3 across the stenosis.

By using a modified Bernoulli equation, an estimation
of the systolic pressure gradient across a stenosis can be
obtained, where

Systolic pressure gradient (mm Hg)
= 4 × (PSVat the stenosis − PSVproximal to the stenosis)2

Figure 21–4. Pulsed Doppler velocity spectra recorded form
the posterior tibial artery at the ankle. Note changes in the
velocity spectral waveform (triphasic to monophasic), decrease
in peak systolic velocity (PSV), and pulsatility index (normal:
>4) with decrease in ankle-brachial index (ABI) from normal
(>0.95), to the levels seen in claudicants (ABI: 0.5–0.09), and
with critical limb ischemia (ABI < 0.5).

A   Normal, no stenosis

B   PSV < 150 cm/sec

C   PSV 200–300 cm/sec

D   PSV > 300 cm/sec

Figure 21–5. Lower extremity duplex spectral waveforms
typical of normal (A) 1–19% diameter reduction, (B) 20–49%
diameter reduction, (C) 50–75% diameter reduction, and (D)
>75% diameter reduction stenosis as classified in Table 21–6.
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Example:

Common iliac stenosis: PSVstenosis = 3.5m/s;
PSVproximal = 0.5m/s

∆ P = 4 × (3.5 − 0.5)2

∆ P = 36mm Hg

As stenosis severity increases, distal arterial pulsatility
and flow velocity decrease, EDV in the stenosis increases,
and flows in the inflow artery decrease. The flow pattern

in the arterial segment proximal to high-grade (>75%)
stenosis or occlusion depends on the extent of collateral
development. In the setting of acute limb ischemia, a high
resistance (no flow in diastole) flow pattern should be
identified. Velocity criteria thresholds for grading >50%
and >70% iliac artery stenosis and validated diagnostic
accuracy compared to biplane, contrast arteriography 
are shown in Table 21–7.8,12,13 High-grade (>70%) iliac
artery stenosis was associated with an EDV >40cm/s and
Vr >5 across the stenosis; the positive predictive value is
65%.

Table 21–6. University of South Florida duplex criteria for lower limb arterial 
occlusive disease.6,13,a

Percent Peak systolic End diastolic
stenosis velocity velocity Velocity
(%) (cm/s) (cm/s) ratio 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 Damped distal waveform and low 
PSVb

Occlusion Absent flow by color Doppler/pulsed Doppler spectral analysis; length of 
occlusion estimated by scan distance between exit and reentry collateral 
arteries

aAdapted from University of Washington Criteria.
bPSV, peak systolic velocity.

PSV 551 cm/sec, Vr 12
EDV 180 cm/sec
ABI = 0.65

Figure 21–6. Duplex scan and corresponding arteriogram of a
>75% superficial femoral artery stenosis (arrow) with increased
peak systolic velocity (PSV), velocity ratio (Vr), and end-

diastolic velocity (EDV) and turbulent spectra characteristic of
a pressure reducing lesion accounted for the abnormal ankle-
brachial index (ABI) of 0.68 measured at rest.
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Occlusion of an arterial segment is identified by
absence of color Doppler flow in the lumen, a preocclu-
sive thump (staccato waveform), dampening of distal
waveforms, and the presence of exit collateral vessels.
Real-time Doppler imaging can be used to estimate the
length (± 4cm) of vessel occlusion based on flow in the
lumen and imaging the distance between the exit and
reentry collaterals.1 The diagnostic accuracy of duplex
scanning in grading stenosis severity decreases distal to
an occlusion. The presence of proximal >75% stenosis or
occlusion reduces duplex accuracy in the femoropopliteal
segment approximately 10%. The grading of second-
order stenosis relies on high-resolution imaging using
power Doppler and modification of the velocity criteria
for stenosis grading. A velocity ratio >2.5 combined 
with significant lumen narrowing demonstrated by B-
mode/power Doppler imaging indicates a >50% diame-
ter reduction stenosis.4 The reduced sensitivity of color
Doppler mapping to accurately identify >50% stenosis in
low-flow conditions, e.g., limbs with critical limb ischemia,
limits is application as the sole vascular imaging study
prior to intervention. In these circumstances, MR or CT
angiography is required for disease management.

Endovascular and Surgical Intervention
Based on Duplex Scanning

The application of duplex arterial mapping as a sole diag-
nostic modality to proceed with, or for monitoring arte-
rial interventions continues to expand.1–7,14–17 This
approach is recommended in patients at increased risk
for developing contrast-induced renal failure, with a con-
trast allergy, or when arterial access for a catheter-based
diagnostic study is limited. Newer duplex ultrasound
systems provide enhanced resolution and other imaging
features (power Doppler, B-flow) important for arterial
mapping studies and accurate disease detection. Vascular

surgeons have also acquired confidence by performing
duplex-guided therapeutic interventions, including
thrombin injection of femoral artery pseudoaneurysms,
angioplasty of peripheral and carotid stenoses, placement
of vena cava filters, and closure of saphenous vein using
radiofrequency or laser energy.

In the treatment of lower limb occlusive disease,
duplex testing can reliably distinguish between single and
multilevel (aortoiliac, femoropopliteal, popliteal-tibial)
segment involvement. Single segment disease, character-
ized by focal (<5cm) stenosis or occlusion, is typically
associated with claudication symptoms of varying dis-
ability. Medical therapy consisting of risk factor PAD
modification, a walking exercise program, and drug
therapy (cilostazole) should be initiated. Vascular labo-
ratory surveillance at 6-month intervals is recommended
for treatment response and disease progression. If clau-
dication symptoms are disabling and medical therapy has
failed, duplex testing can identify limbs with lesions
amenable to PTA.

Clinical features of an occlusive lesion suitable for
endovascular intervention include a duplex-detected
focal stenosis or short segment (<5cm) occlusion and
recent (<3 months) onset of limb ischemia. Endovascular
treatment of TASC A and B lesions is associated with
high (>95%) technical success rates and acceptable clin-
ical outcomes when postprocedure duplex surveillance 
is performed.17–20 Endovascular repair of TASC C and D 
is less durable with outcomes inferior to surgical
endarterectomy and/or bypass. Both endovascular and
“open” surgical interventions are prone to the develop-
ment of myointimal restenosis and thus duplex surveil-
lance has an important role in monitoring functional
patency and detection of “correctable” occlusive lesions.
The application of intraluminal stent-grafts to treat lower
limb occlusive and aneurysmal disease has further
expanded the use of duplex scanning to identify lesions
with appropriate anatomy for this type of endovascular
repair.

Patients with multilevel occlusive disease may require
a combined endovascular-surgical approach for disease
management. Duplex arterial mapping can be used to
identify common femoral disease, best treated by open
repair, and iliac or superficial femoral artery (SFA)
lesions amenable to endovascular therapy. The use of
duplex testing to design an arterial intervention proce-
dure is well accepted by the patients who, by nature, favor
using less invasive procedures when possible. Duplex-
guided surgical bypass and peripheral aneurysm repair
are associated with outcomes similar to evaluations using
contrast angiography.9–11,15,19,20 Patient evaluation using
duplex arterial mapping has the potential to reduce
patient care costs by reducing the need for diagnostic
arteriography, and facilitate the use of endovascular 
therapies.

Table 21–7. Diagnostic accuracy of color duplex ultrasonogra-
phy criteria in detection of the occlusive disease involving 
aortoiliac segment compared with arteriography.5,14

Duplex criteria Positive predictive Negative predictive
predictivea value (%) value (%)

50–70% 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

aDR, diameter reduction; Vr, peak systolic velocity ratio across the
stenosis; PSV, peak systolic velocity; EDV, end diastolic velocity.
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Duplex-Monitored Endovascular
Procedures

Early failure after endovascular procedures, defined as an
initial technical failure or technical success without clin-
ical improvement 1 month after treatment, has been cor-
related with the presence of a residual duplex-detected
stenosis. Factors such as elastic recoil, plaque dissection,
and spasm are reported as factors contributing to early
PTA failure rates ranging from 9% to 47%.14,15 Even in
limbs with improved ABI following PTA, abnormal
hemodynamics at the angioplasty site have a negative
influence on durability. Mewissen et al.14 demonstrated
that PTA sites with duplex-detected residual stenosis are
predictive of clinical failure. By life-table analysis, a >50%
PTA site stenosis (PSV >180cm/s, Vr >2) was associated
with a 15% 1-year clinical success compared to 84%
stenosis-free patency when <50% was verified by duplex
scanning, p < 0.01. Other reports indicated that comple-
tion arteriography following PTA can mask a hemody-
namic stenosis in up to 25% of procedures. These
observations provide the rationale for duplex monitoring
of angioplasty procedures. Some vascular groups have
championed the use of intravascular ultrasound, which
provides unique anatomic information at the PTA 
compared to arteriography. Given the versatility and
accuracy of duplex ultrasound, we prefer this diagnostic
modality for evaluating the outcome of endovascular
interventions.

The evaluation algorithm for peripheral angioplasty
using PTA-site arteriography and duplex ultrasound is
shown in Figure 21–7. The goal of duplex-monitored
angioplasty is to terminate the procedure when duplex
testing has confirmed normal PTA site hemodynamics.
Pre-PTA velocity spectra typically indicate high-grade,
pressure-reducing stenosis with PSV >300cm/s and end-
diastolic velocity >40cm/s. A successful PTA should have

a PSV less than 180cm/s and/or a Vr across the treated
stenotic segment less than 2. Duplex assessment is per-
formed after the PTA site arteriogram confirms <20%
residual stenosis. If a residual stenosis is identified by
duplex scanning, reintervention using a larger balloon,
prolonged balloon inflation, atherectomy, or stent
deployment is performed. Duplex testing is repeated to
verify normal PTA site hemodynamics. If a lesion is
judged to be maximally dilated, i.e., in treating a vein
graft stenosis, duplex scanning demonstrates persistent
stenosis, careful surveillance or operative intervention
(PSV exceeds 250cm/s) is recommended depending on
the severity of the residual stenosis. A duplex-detected
stenosis at the angioplasty site has in our experience been
correlated with early failure by progression to stenosis
with similar hemodynamics of the primary lesion, or to
occlusion. Approximately 20% of infrainguinal PTAs
were found to have residual stenosis by intraprocedural
duplex assessment (Table 21–8). Reintervention resulted
in normal PTA site hemodynamics in 82 of the 86 angio-
plasty procedures. Subsequent duplex surveillance
demonstrated an 80% stenosis-free patency, and reinter-
vention for recurrent stenosis was performed at six sites.

Duplex Surveillance 
following Intervention

Late failure following endovascular or surgical inter-
ventions can be caused by myointimal hyperplasia or 
atherosclerotic disease progression. Identification of a
“failing” arterial reconstruction allows intervention prior
to thrombosis thereby extending functional patency. In
general, a repeat PTA is associated with an outcome
similar to the primary procedure. Lower limb arterial
repairs should be assessed by duplex scanning and meas-
urement of ABI within 1–2 weeks of the procedure. If
normal repair site hemodynamics are recorded, subse-
quent surveillance is performed 3 months later and then
at 6-month intervals. If the postprocedure duplex identi-
fies a 50–75% stenosis but the ABI has appropriately

Endovascular
Procedure

Re-intervention

Scan of SFA
PTA Site

Procedural Arteriogram

Normal

Abnormal

Duplex Ultrasound
Scan

Normal PTA
- PSV < 180 cm/s
- Vr < 2

PSVR
A 60

400

200

0

60

30

0

30
0

A
B
C

B

C

Residual Stenosis
- PSV >180 cm/s
- Vr > 2

Figure 21–7. Evaluation algorithm of infrainguinal endovascu-
lar angioplasty procedures using arteriography and duplex
ultrasound.

Table 21–8. University of South Florida experience with
duplex-monitored percutaneous transluminal balloon angio-
plasty (PTA) of femoropopliteal or infrainguinal vein graft
stenosis.

Number Treatment Early Late
PTA site of sites altereda failure failure

Femoropopliteal segment 32 8 0 3
Vein grafts 54 15 1 6b

aLarger balloon (n = 15); longer inflation time (n = 5); stent placement
(n = 3).
b80 stenosis-free patency at 2 years.
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increased, a repeat scan in 3–4 weeks should be per-
formed to assess for improvement or deterioration in the
repair site hemodynamics. A progressive stenosis with
PSV >300cm/s, Vr >3.5 should be subjected to repeat
angiographic imaging and consideration for angioplasty
or surgical repair based on anatomic characteristics of the
arterial segment.

Conclusion

Duplex scanning has demonstrated an established and
continually expanding role in the management of PAD.
While duplex arterial mapping is not a replacement for
arteriography or other vascular imaging modalities, its
routine use in patient evaluation allows rapid, safe assess-
ment of a wide spectrum of lower limb vascular condi-
tions. The diagnostic accuracy of lower limb duplex
scanning is similar to contrast arteriography, and superior
to MRA, for defining arterial anatomy in patients under-
going revascularization. In this emerging era of endovas-
cular therapy, duplex arterial testing is ideally suited to
identify lesions appropriate for PTA, and then at the time
of the procedure to be used to monitor technical ade-
quacy. Normalization of lower limb or arterial repair
hemodynamics is an important treatment principle and
should be a goal of intervention since a stenosis-free
repair predicts long-term clinical success.As clinical expe-
rience with peripheral arterial duplex is gleaned, clini-
cians acquire confidence in its accuracy and are willing to
proceed with intervention based solely on duplex findings.
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Introduction

Vascular laboratory surveillance using duplex ultrasound
is recommended after infrainguinal bypass grafting as it
benefits 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 flow in the runoff arteries and
foot. Color duplex imaging is more sensitive than arteri-
ography for intraoperative assessment and detects unrec-
ognized graft abnormalities in 5–10% of reconstructions,
permitting immediate correction.3 The application of
duplex graft surveillance has been shown to reduce the
incidence of both early (<30 days) and late bypass
failure.1,2,4 Infrainguinal arterial bypasses, constructed of
either autologous vein or a prosthetic graft, are prone to
develop intrinsic stenotic lesions, which when progressive
to cause thrombosis if graft flow is reduced below the
“thrombotic threshold velocity.”5–9 Myointimal hyperpla-
sia producing lumen reduction is the most common eti-
ology 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 (<2cm) 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 commonly at the distal anasto-
mosis 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 dif-
ferences in “thrombotic threshold velocity,” myointimal
hyperplasia development, and atherosclerotic disease
progression.8,9

The patterns of infrainguinal graft failure mandate
using color duplex ultrasound for effective surveillance.
Clinical assessment for symptoms or signs of limb
ischemia, even when combined with measurements of
segmental limb pressures, lack the diagnostic sensitivity
to detect a developing graft stenosis. Less than 50% of
patients found to have a >70% diameter reducing graft
stenosis admit to symptoms of claudication or recognized
changes in limb perfusion. Duplex surveillance is used to
detect changes in graft flow, identify sites of intrinsic graft
lesions or developing stenosis, and grade lesion severity.
Serial testing permits timely revision of hemodynamically
significant lesions that if unrepaired would result in graft
thrombosis. The criteria for intervention of an identified
“failing graft” are based on duplex-measured peak sys-
tolic flow velocity and/or reduction of ankle-brachial
index (ABI) compared to initial postoperative levels.
The efficacy of surveillance has been demonstrated in
prospective clinical trials by a 15–30% improvement in
long-term graft patency rates: higher for autologous vein
than for prosthetic bypass grafts.2,7,11–13 Multiple investi-
gators have observed graft failure rates of approximately
25% 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 cor-
rectable stenosis found at anastomotic sites.9

The goal of graft surveillance is to avert failure by the
detection and elective correction of graft abnormalities
(technical errors, intrinsic graft lesions, myointimal
hyperplasia, and graft aneurysm). Surveillance should be
initiated prior to discharge from the hospital and con-
tinue indefinitely, with the majority of patients requiring
6 month or yearly evaluation after the first year. It has
been estimated that a duplex surveillance program is
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cost-effective if limb loss can be prevented in 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, arte-
rial bypass graft hemodynamics, and the physiology of
graft stenosis. Graft failure occurs by one of three mech-
anisms: occlusion by thrombosis, hemodynamic failure,
or structural failure (aneurysmal degeneration or infec-
tion).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% per month
during the first year and then decreases to <5%/year. The
attrition of patency is highly dependent on application of
graft surveillance, patient compliance, 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 con-
dition, or inadequate runoff to maintain graft flow 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 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 hyperpla-
sia. The incidence of graft stenosis varies with graft type
ranging from 12% following in situ saphenous vein
bypass grafting to 44% for arm vein bypasses.1,10,18 The
temporal occurrence 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.

Beyond 2 years, atherosclerosis progression of the
inflow/outflow arteries and venous aneurysm develop-
ment account for the majority of late graft failures.18 Ath-
erosclerotic disease progression is related to effective
control of the patient’s risk factors, i.e., tobacco use, dia-
betes, hypertension, and hyperlipidemia. Inflow and
outflow occlusive disease are suspected when duplex
testing indicates reduction in graft blood flow velocity but
no graft abnormality is identified. Aneurysm-related or
thromboembolic graft failure should be suspected with
graft thrombosis despite a prior duplex showing no
stenotic lesions and normal graft flow. Aneurysmal

degeneration is infrequent and tends to occur in arm vein
conduits and in patients with aortic/popliteal aneurysmal
disease. The presence of mural thrombus in a vein or
prosthetic conduit is abnormal and indicates the graft is
at increased risk for thrombosis.

Arterial Bypass Hemodynamics

Factors that influence duplex-measured flow velocity and
spectral waveforms of graft blood flow include conduit
diameter, status of inflow/outflow arteries, severity of 
preoperative ischemia, and cardiac hemodynamics. The
range of peak systolic velocities (PSV) recorded from
infrainguinal vein bypasses varies but the mean graft flow
velocity (GFV) recorder from three or four sites along
the graft length ranges from 50 to 80cm/s (Table 22–1 and
Figure 22–1).19–21 The PSV in nonstenotic vein grafts of 
>3mm diameter should be over 40cm/s and the graft
spectra waveform should demonstrate low outflow resist-
ance, i.e., antegrade flow throughout the pulse wave cycle.
Flow velocity varies with graft diameter and type (Figure
22–2). Belkin et al. reported graft PSV was lower in infra-
malleolar (pedal) grafts (59 ± 4cm/s) compared to tibial
(77 ± 6cm/s) and popliteal (71 ± 8cm/s) vein bypasses.21

A low graft PSV can be measured in large (>6mm) diam-
eter vein conduits, i.e., basilic vein, and in grafts with dis-
advantaged runoff (pedal bypass, isolated popliteal/tibial
artery segments). If the graft PSV is <40cm/s in a conduit
<6mm in diameter, a careful search for inflow or outflow
arterial lesions should be conducted. The combination of
low PSV and absent diastolic flow indicate high outflow
resistance and indicates a bypass at increased risk for
thrombosis. A low PSV is abnormal but does not predict
graft failure in all cases. When identified at operation it

Table 22–1. Peak systolic velocity measured by duplex ultra-
sound from mid- or distal segments of femoropopliteal and
femorotibial saphenous vein and PTFEa bypass grafts.19–21

Peak systolic velocity (cm/s)
Graft type No. (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

aPTFE, polytetrafluoroethylene.
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DAY 1

DAY 10

DAY 45

Vp= 102 cm/sec

Vp= 88 cm/sec

Vp= 115 cm/sec

Figure 22–3. Velocity spectra recorded from the distal segment
of a femoral-peroneal in situ saphenous vein bypass at 1, 10, and
45 days. A low-resistance spectral waveform (flow throughout
the pulse cycle) is normal and expected after bypass grafting for
critical ischemia. Flow resistance increased with time as evi-
denced by the decrease in diastolic flow. No significant change
in peak systolic velocity (Vp) occurred and the development of
a triphasic spectral waveform at day 45 indicates normal bypass
graft hemodynamics and distal limb perfusion (ABI > 0.9).

provides the rationale for the perioperative administra-
tion of anticoagulation (heparin, warfarin) regimens, or
altering the primary procedure by adding a sequential
bypass to a second outflow artery or construction of a
distal arteriovenous fistula, procedures intended to
increase graft flow velocity.

A graft flow pattern of low outflow resistance is prog-
nostic of successful bypass grafting. A bypass graft per-
formed for critical limb ischemia should demonstrate this
“hyperemic” flow pattern in the distal graft segment and
runoff artery. Within days to weeks, the hyperemia of
revascularization abates and the Doppler waveform
changes to a triphasic pattern with normalization of the
ABI (Figure 22–2). Failure of the graft flow 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 bipha-
sic waveforms more than 3 months after operation devel-
oped a graft stenosis or subsequently occluded.5 Bypass
grafts to the peroneal artery or an isolated popliteal arte-
rial segment may not develop a triphasic flow pattern if
limb pressure (ABI) does not become normal (<0.85). In

Inflow Artery

Graft Flow Velocity

GFV = average PSV at
            from 3 or 4 sites
            (without stenosis)

NORMAL: 60–70 cm/s

LOW: <40 cm/s

Proximal Anastomosis
/Graft (PAG)

Graft
Conduit

Distal Anastomosis
/Graft (DAG)

High Thigh

Above Knee

Below Knee

Distal graft

Figure 22–1. Schematic depicting the recording sites used
for the calculation of mean graft flow velocity.
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Figure 22–2. Duplex ultrasound measured peak systolic flow
velocity (PSV) for tibial and popliteal grafts showing relation-
ship with lumen diameter.
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and a search for a graft stenosis should be initiated (Figure
22–3). The duplex features of a >70%, pressure-reducing
stenosis included lumen reduction with color Doppler
aliasing, PSV increase to >300cm/s with spectral broad-
ening, and a PSV ratio (at stenosis compared to proximal
to stenosis) >3.5. (Figures 22–4 and 22–5). The increase 
in diastole flow velocity is due to flow limitation 
during systole requiring flow throughout the pulse cycle 
to supply adequate volume flow to the distal limb. If

patients with dialysis-dependent end-stage renal disease
and severely calcified tibial arteries, a low flow (PSV in
the range of 30–45cm/s) bypass with minimal or no dias-
tolic flow can occur due to diseased runoff and associated
high outflow resistance.

Following changes in graft PSV is important in detect-
ing “failing” bypass grafts. Development of a low 
(<40cm/s) PSV or a decrease in PSV of >30cm/s compared
to a prior study indicates a significant change in graft flow

4-months after bypass grafting 7-months after bypass grafting

Figure 22–4. Duplex-recorded velocity spectra recorded from
the above-knee segment of a femoropopliteal vein bypass
demonstrating change in waveform configuration (triphasic to

PSV = 548 cm/s; Vr = 12
Vend-diastole = 274 cm/s
ABI = 0.69

Figure 22–5. Angiogram and duplex ultrasound scan of a
>75% diameter reducing stenosis of the proximal segment of a
superficial femoral artery to anterior tibial artery vein bypass.

biphasic) and reduction in peak systolic velocity (PSV) from 56
to 18cm/s caused by the development of a distal anastomotic
graft stenosis.

Peak systolic velocity (PSV) is 548cm/s, velocity ratio is 12, end-
diastolic velocity is 274cm/s, and ABI is 0.69 decreased from the
initial postoperative value of 0.95.
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duplex scanning of the bypass does not identify a stenosis,
graft imaging by contrast arteriography or computed
tomography (CT) angiography is recommended.Elevated
PSV (>150cm/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 120–160cm/s can be
measured along the entire course of small (3mm diameter
or less) vein conduits. More frequent (every 4–6 weeks)
surveillance of these “high”-velocity grafts is recom-
mended because of their propensity to develop long-
segment strictures.When a progressive increase in PSV to
>300cm/s is identified, replacement of the stricture with
an interposition vein bypass should be performed.

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
common configuration associated with an acquired graft
stenosis (Figure 22–3). 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 20–30cm/s. The reduction in
waveform pulsatility and return of diastolic flow indicate
arteriolar dilation in response to a pressure-reducing
lesion. Other types of abnormal graft waveforms include
a monophasic waveform with low (<45cm/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 approxi-
mately 6% of abnormal grafts and always associated with
a high-grade outflow stenosis. This staccato flow pattern
indicates a to-and-fro blood flow within a compliant
venous conduit, extremely low graft flow, and impending
graft thrombosis. Grafts with this flow feature are diffi-
cult to evaluate using contrast arteriography and the con-
dition has been referred to as a graft “pseudoocclusion.”
The combination of graft PSV measurements, color
duplex imaging for anatomic lesions, and ABIs analyzed
sequentially during the postoperative period provides a
comprehensive characterization of graft and limb hemo-
dynamics. The objective data provided by duplex testing
allow detection of graft stenosis, the progression of
lesions, and identification of grafts at increased risk for
thrombosis.

Intraoperative Duplex Scanning

Assessment of infrainguinal bypass grafts at opera-
tion for technical adequacy can be performed using 
continuous-wave (CW) Doppler flow analysis, arteriog-
raphy, angioscopy and CW Doppler after flow is restored,
or color duplex ultrasonography.22–24 Color duplex ultra-
sound is the preferred methods because it provides both
anatomic and hemodynamic assessment of graft function
and limb perfusion. When used at operation, approxi-
mately 15% of procedures have an unrecognized abnor-

mality with velocity spectra of a stenosis identified.
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 consecu-
tive 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-flow grafts.
The revision rate was highest (p < 0.01) for alternative
vein bypass grafts (27%) compared with the other graft-
ing methods (reversed vein bypass grafts, 10%; nonre-
versed translocated, 13%; in situ, 16%). A normal
intraoperative scan on initial imaging (n = 464 scans) or
after revision (n = 67 scans) is associated with a 30-day
thrombosis rate of 0.2% and a revision rate of 0.8% for
duplex-detected stenosis (PSV > 300cm/s). By compari-
son, 20 (21%) of 95 bypass grafts with a residual (n = 29
grafts) or unrepaired duplex stenosis (n = 53 grafts) or
low flow (n = 13 grafts) had a corrective procedure for
graft thrombosis (n = 8) or stenosis (n = 12); p < 0.001.
Correction of residual graft defects and rescanning to
document no residual stenosis reduced the incidence of
graft problems identified on postoperative duplex 
surveillance.

The algorithm for intraoperative duplex ultrasound
assessment of an infrainguinal vein bypass involves
imaging the entire arterial reconstruction and classifica-
tion of findings into one of four categories (Figure 22–6
and Table 22–2). Scanning is performed after completion
of the bypass graft and patency is verified by clinical
inspection and pulse palpation.A 10–15MHz linear array
transducer, placed in a sterile plastic sleeve containing
acoustic gel, is used to scan exposed vessels and grafts
segments beneath the skin. Imaging of the vein graft,
anastomoses, and adjacent native arteries is performed in
a longitudinal plane along the vessels, beginning at the

Papaverine-Augmented
Duplex Scan

Scan Distal
Anastomotic Region

Scan
Graft

Scan Proximal
Anastomotic Region

Scan Interpretation Categories

Normal
Scan

Stenosis
PSV > 180

Vr > 2.5

Residual
Stenosis

PSV > 125 cm/s

No Stenosis
Low Flow Graft
MGV < 40 cm/s

Ved = 0

Record Graft Velocities
from Normal Segments

Figure 22–6. Algorithm for intraoperative duplex scanning of
an infrainguinal vein bypass. Following duplex assessment, the
study is classified into one of four categories: normal, stenosis
identified, residual stenosis identified, or no stenosis identified
but hemodynamic assessment of graft flow demonstrates low
[peak systolic velocity (PSV) < 40cm/s] velocity and high resist-
ance (no flow in diastole, Ved = 0).
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distal graft anastomotic segment and then proceeding
proximal to include the entire venous conduit and the
inflow artery-proximal anastomosis graft segment.
Papaverine-HCl (30–60mg) is injected into the distal vein
bypass via a 27-gauge needle to augment flow thereby
increasing the diagnostic sensitivity for stenosis detec-
tion. 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 inflow and
outflow arteries. Following in situ saphenous bypass,
imaging for patent side branches is performed and 
the absence of a side-branch flow is confirmed by 
the presence of a staccato waveform with distal graft
occlusion.

Vein conduit stenosis is the most frequent abnormality
found with intraoperative duplex scanning, and other
abnormalities, in decreasing frequency, include anasto-
motic stenosis, platelet thrombus, and low graft flow as a
result of outflow disease. Immediate repair is indicated
for vein valve/anastomotic sites with PSV >180cm/s and
a velocity ratio (Vr = PSV at lesion/PSV proximal) of >2.5
(Figure 22–7). Velocity spectra of a high-grade stenosis
(PSV > 300cm/s) at the site of the imaging graft abnor-
mality 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 arteries. In vein grafts of
normal (3–5mm) caliber, a low PSV was measured in
only 13 of the 626 grafts, of which 6 were to blind 

Table 22–2. Interpretation of intraoperative duplex ultrasound studies of infrainguinal vein bypasses and suggested periopera-
tive management.

Graft flow Peripheral
Duplex velocity vascular
scan category (cm/s) resistance Interpretation and perioperative management

Normal >40 Low No stenosis identified and graft PSVa is normal; administer with 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 identified but graft PSV is low
PSV > 180 cm/s <40 cm/s—administer heparin anticoagulation (weight-based ) or low-molecular-weight
Vr > 2.5 heparin (1 mg/kg sc bid), dextran-40 (25 ml/h), and oral aspirin (325 mg/day)
Residual stenosis >40 Low Rescan after 10 min to confirm no progression; administer low-molecular-weight heparin
PSV < 180 cm/s (1 mg/kg sc bid), dextran-40 (25 ml/h), and oral aspirin (325 mg/day)
Vr < 2.5
Low flow, no <40 High Consider an adjunctive procedure to increase graft flow (distal arteriovenous fistula,

graft stenosis jump/sequential graft to another outflow artery); if not possible treat as low flow graft 
with an antithrombotic regimen of heparin anticoagulation, dextran-40, and aspirin 
(325 mg/day)

aPSV, peak systolic velocity.

Anastomosis with Abnormal
Velocity Spectra - PSV = 220 cm/sec

Normal Velocity Spectra
After Revision - PSV = 100 cm/sec

Figure 22–7. Intraoperative color duplex scan of a residual
stenosis at the distal anastomosis of a femoral-peroneal saphe-
nous vein bypass (left). Following revision by vein patch angio-

plasty, repeat scanning shows normal velocity spectra [peak sys-
tolic velocity (PSV) < 150cm/s].



268 P.A. Stone and D.F. Bandyk

segments. Five of the 13 grafts failed within 90 days. Rzu-
cidlo et al.26 also reported a high rate of early graft throm-
bosis when duplex scanning demonstrated no or low (<8
cm/s) flow in diastole in the distal graft. When a high-
resistance, low graft flow is identified, a careful search 
for a technical error should be performed, and if none is
identified, perioperative heparinization or a procedure to
increase graft flow (sequential bypass, distal arteriove-
nous fistula) should be considered.

Postoperative Graft Surveillance

Duplex ultrasound is used to confirm graft patency, iden-
tify stenotic lesions, assess their risk for producing graft
thrombosis, and, if not repaired, monitor stenosis pro-
gression. 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 anastomosis and inflow/outflow arteries. A
“predischarge” scan is recommended to confirm normal
functional patency, identify the presence of technical
problems and the progression of a residual stenosis
detected at operation, and provide baseline graft flow
velocities. Upon discharge, patients should be counseled
and their primary care physician notified regarding the
importance and necessity of graft surveillance. Graft
failure has been associated with lack of a surveillance
examination 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 associated 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 (Figure 22–7). Grafts at higher risk include those
with residual stenosis, those modified during surgery, and
those with low graft velocities. If the predischarge scan 
is normal, the first outpatient graft surveillance is per-
formed 1 month after discharge. At this time, complete
graft imaging should be possible, and if no abnormalities
are identified the next surveillance study is scheduled for
3 months later, and every 6 months thereafter if normal
surveillance studies are obtained. Bypasses with low-flow,
residual graft lesions or constructed of arm veins should
be evaluated every 3 months for the first year.

Threshold Velocity Criteria for Graft Revision

Repair of duplex-detected graft stenosis with a PSV 
> 300cm/s and Vr > 3.5 is recommended, especially 

if the lesions have demonstrated progression on serial
examinations and MGV has decreased to <45cm/s.28

Duplex imaging should demonstrate an anatomic steno-
sis on power Doppler and other features of lesion should
be characterized including stenosis length, site (graft vs.
anastomosis vs. native artery), and the diameter of the
graft proximal to the lesion (Figure 22–8). Similar thresh-
old velocity criteria have been published by other vascu-
lar groups:

•PSV > 300cm/s, Vr > 4.0: Mills et al.29

•PSV > 300cm/s, Vr > 3.0: Sladen et al.30

•PSV > 250cm/s, Vr > 3.4: Papanicolauo et al. 31

•PEDV > 20cm/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 22–3 and 22–4).
In the highest risk group (Category I), the development
of a pressure-reducing stenosis (PSV > 300cm/s) has 
produced low flow velocity (GFV < 45cm/s) in the graft,
which if it decreases below the “thrombotic threshold
velocity” will result in graft thrombosis. Prompt repair of
Category I lesions is recommended, while Category II
lesions (PSV > 300cm/s, GFV > 45cm/s) can be scheduled
for elective repair within 1–2 weeks. A Category III
stenosis (PSV of 150–300cm/s, Vr < 3.5) is not pressure
or flow reducing in the resting limb. Serial scans at 4–6
week intervals are recommended to determine hemody-
namic (Figures 22–9 and 22–10) progression or regression
of these lesions.Among graft stenosis detected within the
first 3 months of surgery, regression of the lesion occurs
in 30–35% of cases, while 40–45% remain stable.Approx-
imately 50% of these “index” graft lesions progress to
high-grade (PSV > 300cm/s,Vr > 3.5) stenosis. In general,
serial (4–6 week intervals) duplex scans will determine if
a lesion will progress and become “graft threatening”

Intraoperative Duplex
Ultrasound Assessment

Abnormal Normal

Pre-Discharge
Duplex Scan &

ABI/toe pressure
measurements

Abnormal

Correct Graft
Abnormality

Outpatient
Graft Surveillance
at 4 wks, at 4-mo,

then q 6 mo
if scans are normal

Figure 22–8. Duplex surveillance protocol beginning at oper-
ation with rescanning prior to discharge and in the outpatient
clinic at regular intervals.
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Table 22–3. Risk stratification for graft thrombosis based on surveillance data.a

Categoryb High-velocity criteria Low-velocity criteria ∆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) 180 < PSV > 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

aPSV, duplex-derived peak systolic velocity at site of flow disturbance; GFV, graft flow velocity (global or distal); Vr, PSV ratio at maximum steno-
sis compared to proximal graft segment without disease; ABI, Doppler-derived ankle-brachial systolic pressure index.
bCategory I: prompt repair of lesion is recommended—patients are hospitalized and anticoagulated prior to repair. Category II: lesions are 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.

Table 22–4. Potential of a graft lesion to cause graft thrombosis.

High-grade stenosis producing low graft flow High
Graft entrapment High
Flow-limiting graft stenosis Moderate
Graft—anastomotic site aneurysm with mural thrombus Moderate
Nonflow limiting graft stenosis (PSV < 300 cm/s)a Low
Residual arteriovenous fistula after in situ vein bypass Low

aPSV, peak systolic velocity.

Threshold Velocity Criteria
for Stenosis Repair

PSVmax > 300 cm/sec

Vr =
PSVmax

PSVprox

Vein
Diameter

(mm) PSVprox PSVmax

Stenosis Length (cm)

> 3.5

Figure 22–9. Duplex characterization of a graft stenosis, including velocity criteria for stenosis repair, vein diameter, and steno-
sis length.
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within 4–6 months of identification.8,9 In a natural history
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 identified in the majority (approximately
80%) of bypass grafts studied with ultrasound, i.e., Cate-
gory IV scans. For these patients, surveillance at 6-month
intervals is generally recommended. For Category IV
grafts with a GFV < 45cm/s, a diligent search should 
be conducted for additional inflow or outflow 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 (81mg/day).

This anticoagulation regimen is also prescribed following
femorodistal prosthetic bypass grafting when a GFV of
<60cm/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 veloc-
ity,” 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 prosthestic revascu-
larization, a procedure with poor long-term success, or
amputation.31

Duplex Criteria for Endovascular Repair of
Graft Stenosis

Methods for repair of graft stenosis include open surgi-
cal revision using path angioplasty, interposition grafting
or jump, and endovascular repair using balloon angio-
plasty. Duplex testing can be used to select lesions appro-
priate for balloon angioplasty based on criteria that
include severity of stenosis, lesion length, conduit diame-
ter, and appearance time from bypass procedure:

Stenosis severity: PSV > 300cm/s, Vr > 3.5
Stenosis length: ≤2cm
Conduit diameter: ≥3.5cm
Appearance time: >3 months from bypass grafting.

Over a 6-year period, 118 (22%) of 525 infrainguinal
vein bypasses monitored by duplex ultrasound underwent
revision for stenosis. One-half of the lesions met the cri-
teria for endovascular intervention. Stenosis-free patency
at 2 years was identical for surgical (63%) and endovas-
cular (63%) interventions. However, the stenosis-free
patency varied with timing and type of procedure. The
endovascular treatment of a focal (<2cm) vein graft steno-
sis >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 primary procedures
with an initial scan with 1 week to verify no residual steno-
sis at the repair site. Outcome of balloon angioplasty for
graft stenosis is varied in the literature (Figure 22–11).
Alexander et al.35 used balloon angioplasty to treat 101
cases of vein graft stenosis with failure rates of 35% at 6
months and 54% at 1 year. Graft angioplasty was associ-
ated with an 8% complication rate. Kasirajan et al.36 eval-
uated angioplasty using a “cutting” balloon in 19 patients.

Duplex-Detected Graft Stenosis

Time from Primary Procedure

<3 Months >3 Months

Surgical Revision
- vein patch angioplasty
- interposition graft

Vein Diameter >3.5 mm*
Stenosis Length <2 cm

Balloon Angioplasty

Yes

No

Figure 22–11. Treatment algorithm for duplex-detected steno-
sis based on appearance time (less than or more than 3 months)
from operation and anatomic characteristics (vessel diameter,
stenosis length). *Stenosis in a graft outflow artery >2mm in
diameter can be considered for endovascular intervention.
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Figure 22–10. Algorithm for the surveillance and management
of duplex-detected graft stenosis based on peak systolic veloc-
ity (PSV), velocity ratio (Vr), and ankle-brachial index (ABI)
measurements.
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During a mean follow-up of 11 months, one (5%) angio-
plasty site developed stenosis, and no surgical conversions
were required.

While the majority of graft stenosis develop during the
first postoperative year, Erickson et al.37 emphasized the
need for indefinite 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 anastomoses. These findings support the continued
annual evaluation of infrainguinal bypass for the dev-
elopment of stenosis and for disease progression or
aneurysmal changes in the venous conduit.

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 identified occur
in asymptomatic patients, criteria for intervention should
be based on duplex-measured velocity spectra. High-
grade lesions that produce low graft flow have the great-
est potential to produce graft thrombosis and should be
repaired promptly. Duplex findings 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 identified on a “predischarge” or early (<6-week)
duplex scan. With time, the incidence of vein graft steno-
sis decreases, but because of atherosclerotic disease pro-
gression in native arteries and aneurysm formation in the
vein conduit, life-long surveillance (yearly after 3 years)
is recommended.
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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 inflow and outflow arteries. Twenty to forty percent of
all infrainguinal 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 proce-
dures will maintain patency, while treatment after throm-
bosis is significantly more morbid and less successful.
Clinical examination looking for signs and symptoms of
limb ischemia, including pulse evaluation and with meas-
urement of ankle systolic pressure, can usually identify
only the very high grade stenoses or occlusions. Over the
past two decades there has been increasing evidence to
support postoperative surveillance of arterial bypass
grafts to improve long-term patency. The use of duplex
ultrasound (DU) surveillance for infrainguinal vein grafts
has become widely accepted.2 We have suggested that
DU is also applicable for prosthetic bypass grafts.3

Natural History

Primary patency of a graft is defined as uninterrupted
patency without need for further procedures to maintain
patency. Any surgical or percutaneous procedure per-
formed on a patent graft, its anastomosis, or inflow and
outflow vessels, serves as an endpoint to primary patency,
but maintains “assisted primary patency.” When a graft
thromboses, “secondary” 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 co-workers compared patency rates of
infrainguinal bypasses using autologous vein grafts with
those of prosthetic [polytetrafluoroethylene (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 intervention 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 first post-
operative year.7 These lesions are usually the result of
myointimal hyperplasia. If these lesions are not cor-
rected, they have been associated 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 abnor-
malities in one series were followed without revision.8 Idu
and co-workers 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 co-
workers 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
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for a variety of reasons (difficult anatomy, patient reluc-
tance, etc.)11 Only five (10.9%) showed progression of
abnormal findings. Only 3 of the 46 failing grafts (6.5%)
occluded during the follow-up period.

Clearly intervening for a failing graft is more beneficial
than for failed grafts. In a retrospective series of 213
patients from the Mayo Clinic who underwent graft revi-
sion 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 
co-workers who demonstrated that revision of a duplex-
identified stenosis was significantly 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 failing grafts. These modalities lack 
sufficient 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-defined 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 ultra-
sonography detected 100% of grafts with the same diam-
eter 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 co-workers published one of 
the earliest reports about the use of DU-derived 
blood flow velocity measurements to define graft 
stenosis that might predict graft failure.18 The two 
most important predictors in this series were low peak
systolic velocities (<45cm/s) throughout the graft and 
the absence of diastolic forward flow, indicating high
outflow resistance. The authors also noted that all 
grafts experienced some degree of increased outflow
resistance in the early postoperative period, as evidenced
by a generalized drop in peak systolic velocities during
follow-up studies. These results were later confirmed 
by Mills and co-workers on a much larger patient
cohort.19 Once again, a peak systolic velocity of 
45cm/s was suggested as the threshold to predict early
graft failure. If the peak systolic velocity was higher 
than 45cm/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 
45cm/s. Only 29% of failing grafts, as diagnosed by 
DU, showed a reduction in ankle-brachial index 

measurement greater than 0.15, clearly indicating the
higher sensitivity of DU surveillance.

These studies were performed using DU sampling at
three positions: proximal anastomosis, mid graft, and
distal anastomosis. This method may miss focal stenoses
within the body of the graft, or in inflow and outflow
vessels. The current technique in most reliable noninva-
sive vascular laboratories includes sampling the graft
with segmental peak systolic velocity measurements
along its entire length. In our noninvasive laboratory,
velocities are measured every 10cm along the graft, along
with measurements at both anastomosis, and proximal
and distal to the anatomy. It appears that the benefit of
DU surveillance is most apparent in the highest risk auto-
genous grafts.

A recent retrospective review by Armstrong and co-
workers found a statistically significant benefit of DU sur-
veillance in optimizing the patency of infrainguinal grafts
constructed with an arm vein.20 They found the combina-
tion of DU and endovascular therapy achieved an excel-
lent assisted graft patency rate (91%) and limb salvage
rate (97%) at 3 years. These statistics are impressive con-
sidering 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 surveillance might be correspondingly more
valuable. However, the surveillance of infrainguinal 
prosthetic grafts has received mixed reviews.8,22–28 A
prospective randomized study by Lundell and co-workers
demonstrated a 25% improvement in infrainguinal vein
bypass patency at 3 years (78% vs. 53%) with DU sur-
veillance, but no significant benefit was appreciated with
PTFE or PTFE-vein composite graft patency.29 However,
the number of prosthetic infrapopliteal arterial grafts was
very small, which may limit he statistical value of the
analysis.

We and others have observed significant benefits for
surveillance programs for prosthetic grafts.3,5,30,31 Many
feel that prosthetic graft failure often occurs without the
harbinger 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 inflow or outflow
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
inferior to assisted primary patency rates for failing pros-
thetic grafts.5 Sullivan and co-workers demonstrated that
thrombolysis for occluded vein grafts had significantly
better long-term patency than for prosthetic grafts
(69.3% vs. 28.6% at 30 months), which supports aggres-
sive surveillance of prosthetic grafts.32
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Prosthetic grafts are much more sensitive to low-flow
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 findings
that correctly diagnosed a failing graft was 88% for
femorotibial bypasses but only 57% for femoropopliteal
bypasses.3 The positive predictive value (correct ab-
normal studies/total abnormal studies) was 95% for
femorotibial grafts and 65% for femoropopliteal grafts.
Therefore we concluded that DU surveillance is indi-
cated and worthwhile for prosthetic femorotibial grafts,
while its utility for prosthetic 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.13,33 Wixon
and co-workers concluded that the 1-year and 5-year
costs of DU surveillance ($7,742 vs. $12,194, respectively)
were markedly less than performing graft revisions 
based on clinical indications 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 associated 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 three months for the first year
after bypass operation, every six months for the second
year, and annually thereafter if no problems are found.
A 4.0–7.5MHz 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 superficial
location, in situ vein grafts are much easier to follow 
than anatomically tunneled grafts. The entire graft is
scanned beginning at the inflow artery, crossing the 
proximal anastomosis, moving along the body of the 
graft every 10cm, and beyond the distal anastomosis.
Peak systolic and diastolic velocities are recorded at 
these sites. Color flow is used to identify areas of turbu-
lence, which are also sampled. Significant focal increase
in flow 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 examination of the inflow and outflow vessels is
necessary. These findings, however, could be consistent
with normal flow through a relatively large diameter
graft.

Abnormal Findings

There is no firm consensus on strict criteria for defining
stenosis with duplex ultrasonography or on what degree
of abnormality mandates revision.10,34–36 The published
literature has focused on low peak systolic flow velocities
(PSFV)17,18,21 and focal increases in peak systolic flow
velocities with reference to adjacent areas.8,9,30,37–39 A com-
bination of these two parameters has also been recom-
mended.40 A consensus appears to be evolving away from
low flow velocity criteria toward use of a PSFV ratio of
3–4. The criteria used at our institution to determine
failing grafts are illustrated in Table 23–1.

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 flow throughout the graft as
evidenced by monophasic Doppler signals.

2. Decreased peak systolic velocities less than 45cm/s
throughout the graft.

3. Focal elevations of peak systolic velocities greater
than 250–350cm/s.

4. Elevated peak systolic velocity ratios between two
adjacent segments, suggested by abnormal elevated
ratios, range between 3.5 and 4.0.8,10,41–46

Gupta and co-workers recommended peak systolic
velocity ratios greater than 3.4 and focal peak systolic
velocities greater than 300cm/s.44 Similar values were also
suggested by Mills et al.19

Bandyk created a graft surveillance risk stratification
model to predict graft thrombosis as illustrated in Table
23–2.33 Patients with Category I lesions were hospitalized,
anticoagulated, 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 co-workers
were able to support these criteria with a prospective
study and demonstrate all grafts at risk for thrombosis.45

Table 23–1. 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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An interesting finding in Bandyk’s series was that of
lesion regression when a Category III (intermediate graft
stenosis (PSV 150–300cm/s, Vr < 3.5) lesion is discovered
in the first 3 months after surgery; it may regress
(30–35%), remain stable, or progress to a high-grade
stenosis (40–50%).33 Given the variable biological behav-
ior, it is critical to perform serial duplex studies at 4–6
week intervals for Category III abnormalities. These
lesions will usually stabilize or progress within 4–6
months.10,44

As suggested by the previous study from our group,
abnormal duplex findings do not always mandate further
therapy.1,47 This is especially true if the abnormal finding
is moderate PSV ratio elevation near the proximal anas-
tomosis. We speculate that the hemodynamics at vessel
bifurcations, which occurs at the typical end-to-side prox-
imal anastomosis, is not strictly comparable to flow
dynamics within the graft because of size discrepancies
between the graft and native artery. Possibly this turbu-
lence and the resulting abnormalities in peak systolic
velocity ratios at the proximal anastomosis are less pre-
dictive of graft thrombosis than the same abnormalities
at other locations.

Recommendation of 
Lifelong Surveillance

Clearly duplex surveillance of infrainguinal bypass grafts
is beneficial, but how long does the surveillance program
need to continue? Most reviews have shown a definite
benefit up to 2 years based on the fact that 70–80% of all
graft abnormalities develop and require revision during
this time period. Erickson and co-workers recommend
that surveillance continue indefinitely for autogenous
bypass grafts.48 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 anastomosis. Although the inci-
dence of vein graft stenosis developing decreases over
time, atherosclerotic changes continue in native arteries.
Another important finding to look for in older vein grafts
is aneurysmal degeneration of the vein. Vein dilation is

usually focal and can be associated with mural thrombus,
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
development of atherosclerosis in other vascular beds.

Summary

Duplex ultrasonography is the method of choice for the
surveillance of infrainguinal bypass grafts. Every nonin-
vasive vascular laboratory should continuously correlate
its interpretations with arteriographic findings and clini-
cal outcomes. Any focal peak systolic velocity >300cm/s
or a peak systolic velocity ratio >3.5 between two adja-
cent segments is generally accepted as a strong indicator
for a focal stenosis that may threaten graft patency. Low
peak systolic velocities throughout the graft (<45cm/s),
as well as lack of diastolic forward flow as evidenced by
loss of biphasic Doppler signals throughout the graft, may
also indicate inflow or outflow problems and warrant
further investigation. Arteriography and appropriate
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 of lower extremity bypass grafts sig-
nificantly improves both primary assisted and secondary
patency rates.1,2 In this setting duplex ultrasound provides
objective, hemodynamic data, and can provide detailed
anatomic information both in terms of degree of stenosis
as well as plaque characteristics and morphology. It can
also be cost-effective.3 The goal of any surveillance pro-
tocol is to reduce procedural failures by detecting disease
progression within the treated segment and allow for rein-
tervention before a failure is realized. Such a protocol will
ideally be cost-effective based on the assumption that the
cost of reintervention is less than the cost of treating a
failure of that procedure, which is likely to require a more
complex intervention with potentially greater morbidity.

Although reporting standards are well-established for
the surveillance of lower extremity bypass grafts there
are currently no such standards for surveillance after
lower extremity angioplasty. Therefore, duplex surveil-
lance protocols following angioplasty of the iliac and
femoral arteries have largely been based on the concepts
and results derived from duplex surveillance of lower
extremity bypass grafts.

Rationale

All interventions are finite. Although angioplasty has less
patency than bypass grafting, it is a less invasive option for
lower extremity revascularization. If symptoms resolve a
successful angioplasty may postpone or ultimately pre-
clude the need for the more invasive intervention. A sur-
veillance protocol, with appropriate reintervention when
needed, can therefore extend the patency of angioplasty
sites and delay or prevent the need for a more invasive
bypass procedure. Different vascular beds have different
rates of restenosis following angioplasty. In general,
the larger the artery is, the lower the restenosis rate. One

year patency rates following iliac artery angioplasty for
stenoses range from 67% to 92%, whereas patency rates
for occlusions range from 59% to 94%. Primary patency
rates for angioplasty of femoropopliteal lesions at 1 year
range from 47% to 86%.4 Other considerations such as
clinical indication (claudication vs. limb salvage), lesion
length, location within the vessel, degree of calcification,
eccentricity of the lesion, the presence and extent of inflow
and outflow disease, and overall medical condition will
also affect restenosis rates. Finally, female sex and renal
insufficiency in the presence of critical ischemia are asso-
ciated with deceased patency rates in patients undergoing
iliac angioplasty and stenting.5

As is the case for bypass procedures, failure following
interventional procedures may occur early or late. There
are also similar causes of failure at each stage. Although
somewhat simplified, early failures (<30 days) following
angioplasty and/or stenting are usually due to technical
failures secondary to the presence of residual or newly
created defects, or to a thrombogenic state. These tech-
nical failures may be due to incomplete angioplasty, recoil
of the vessel, or the presence of a residual flow limiting
lesion. Midterm failures (30 days–18 months) are gener-
ally due to the development of intimal hyperplasia while
late failures (>18 months) are frequently due to progres-
sion of the underlying atherosclerotic disease process.

To justify any surveillance protocol, it is necessary to
show that primary assisted and/or secondary patency
rates exceed primary patency rates to a degree that jus-
tifies the surveillance (Figure 24–1).6 In addition, the jus-
tification for such a protocol depends on the ability of the
method to detect treated sites at risk (positive predictive
value), the implications of failure of the procedure, and
the durability of potential secondary interventions that
may be performed.

Duplex ultrasound has been used increasingly in both
the preprocedural planning and intraprocedural per-
formance of lower extremity angioplasty.7 Advantages of
this approach include reduced radiation exposure to the
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patient and staff, as well as reduced risk of contrast tox-
icity, especially renal effects. Occasionally, duplex ultra-
sound may identify lesions not identified by conventional
arteriography, such as the presence of intimal flaps
(Figure 24–2).8 Another major advantage is the ability to
obtain a baseline evaluation at the completion of the pro-
cedure, which may then be used for comparison during
follow-up surveillance examinations. One study found
that the detection of a residual stenosis on duplex did not
correlate with angiographic appearance, but predicted
clinical failure.9

Outcome Measures

The ultimate utility and outcomes of a duplex sur-
veillance protocol will depend on the definitions used 
to define success. In other words, how are outcomes
defined in restorative as opposed to reconstructive 
procedures? The difference between a widely patent 
and an occluded segment is straightforward, but 
the degree of stenosis, as determined by peak systolic
velocity (PSV) or other measures, may not be as obvious.
This is largely because these determinations are being
made in a vessel that is still diseased, despite the angio-
plasty that was performed. By extrapolating from the
reporting standards adopted for the surveillance of lower
extremity bypasses the following comparisons can be
made.

To assess the optimal value of PSV for surveillance, i.e.,
that providing the greatest sensitivity and specificity,
receiver operating characteristic (ROC) curve analysis
can be performed. This analysis plots sensitivity and
specificity against a range of PSV values. Such an analy-
sis was performed for iliac interventions.10 In this study a
threshold PSV of 300cm/s as determined by the need to
reoperate was most optimal for the detection of techni-
cal failure, having the highest accuracy (81%) and speci-
ficity (90%), although the sensitivity was relatively low
(58%) (Figure 24–3).
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Figure 24–1. Increased assisted primary patency, secondary
patency, and limb salvage rates above primary patency rates
with duplex surveillance. (Adapted from Kudo T, Chandra FA,
Ahn SS. The effectiveness of percutaneous transluminal angio-
plasty for the treatment of critical limb ischemia: A 10-year
experience. J Vasc Surg 2005;41:423–35. With permission.)

Figure 24–2. External Iliac artery dissection (open arrow). The
dissection was not evident on angiography and was repaired
under duplex guidance.
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The criteria chosen to define technical success and
patency will impact on technical success rates, patency
rates, reintervention rates, and the number of reported
failures. This fact underscores the need for evaluation of
both hemodynamic and clinical results when evaluating
a procedure. For example, subintimal angioplasty, which
has been used in the treatment of long-segment lower
extremity arterial occlusions in patients with severe lower
extremity ischemia, has relatively low reported patency
rates but high limb salvage rates, from which it derives
much of its support, especially for use in high-risk
patients.11

In most cases anatomic success of angioplasty is
defined as residual luminal stenosis of less than 30% com-
pared to normal diameter as determined by angiography
or other accepted imaging techniques.12 Anatomic failure
is defined as restenosis of 50% or greater compared to
the normal diameter by angiographic or other imaging
assessment.12

Reporting standards for bypass procedures state that
criteria used to determine a failing graft include a PSV
above a certain level (e.g., 150cm/s) or a PSV greater than
that of an adjacent “normal” segment (e.g., at least 2.5
times).13 End diastolic velocity also increases with greater
degrees of stenosis. Failure on the basis of decreased graft
flow velocity (e.g., below 45cm/s) has also been predicted
in femoropopliteal vein grafts. Absolute flow velocities
may not be applicable to tibial or prosthetic bypass grafts.
However, relative decreases in flow velocities on serial
examinations are suggestive of problems in both bypass
and angioplasty procedures.

Primary patency is defined as uninterrupted patency 
of the treated vessel without any interventional or open
procedures that maintain or restore patency. Assisted
primary patency is uninterrupted patency of the treated
vessel with a secondary intervention, e.g., reballoon
angioplasty designed to preserve patency in the setting of
restenosis. As noted above, because the effects of angio-
plasty are not limited to the segment in which the balloon
is inflated or where the stent is placed these definitions
should include the entire artery(ies), or treated vessel(s)
and not just the treated segment. Secondary patency is
defined as patency of a vessel after an intervention, e.g.,
thrombolysis was undertaken to restore patency follow-
ing occlusion of the vessel. For the purposes of lower
extremity angioplasty, the difference between primary
and assisted primary patency is the most important in
assessing the benefits of a surveillance protocol since this
difference is where most of the benefit will be realized.
Reinterventions designed to restore patency (secondary
patency) may not be required immediately upon the time
of failure. For example, if an angioplasty performed for a
gangrenous lesion that has healed goes on to fail but the
patient remains asymptomatic, i.e., the lesion remains
healed, no further intervention is required at that time.

Surveillance of Angioplasty with and
Without Stents

The question can be raised as to whether there should 
be any difference in the indications for surveillance in
patients undergoing angioplasty versus those undergoing
angioplasty with stenting? We believe that protocols for
the surveillance of angioplasty alone should not differ
from those designed to follow angioplasty with stenting.
Although many studies show no difference in restenosis
rates, justifying surveillance in both cases, these may rep-
resent different cohorts of patients, with stented patients
having more severe disease. There are some special con-
cerns regarding stents. The presence of a stent may make
visualization of the flow lumen somewhat difficult due to
shadowing. Stents also decrease the compliance of the
artery and may lead to velocities that are falsely elevated
relative to the predicted degree of stenosis.

Surveillance of Angioplasty Versus 
Bypass Procedures

Although angioplasty is a “minimally invasive”procedure,
it is nonetheless still an invasive procedure.While it differs
in many ways from bypass procedures both these differ-
ences and its invasive nature need to be taken into account
when considering a surveillance protocol. Angioplasty is
a “restorative procedure,” defined as “one in which the
obstructing element (often clot or plaque) is removed or
displaced from the lumen of an arterial or venous
segment, allowing flow through the lumen to be restored
to normal or near normal without direct reconstruction.”13

By its nature, it involves “controlled trauma” to a given
narrowed area of the affected vessel. During dilatation of
the vessel the plaque is split and the media is stretched.
These events hopefully have the net effect of increasing
the luminal diameter and the total cross-sectional area of
the artery in question. There are, however, several 
negative effects resulting from angioplasty including the
presence of irregularly fractured plaque, damage to the
media that occurs from stretching, and desquamation of
endothelium. There is also the potential for embolization
and the creation of intimal flaps. In addition, longitudinal
dissection planes are created and plaque fracture can
extend a good distance proximal and/or distal to the actual
angioplasty site. Because of these negative effects the
already diseased vessel may be at increased risk of
restenosis or occlusion along an even greater length than
was encompassed by the original lesion. Thus, the entire
arterial segment may be considered somewhat vulnerable
and must be closely followed.

There are several new technologies that seek to
improve upon the results of traditional angioplasty by
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reducing some of the negative effects indicated above.
The evaluation of these technologies will be dependent
on the performance of adequate duplex ultrasound sur-
veillance protocols. One such device is the cutting
balloon, which contains multiple longitudinally arranged
circumferential microtomes, designed to cut the plaque
before it ruptures and allow for a more uniform dilata-
tion of the vessel with less plaque fracture and dissection.
Another device is the cryoplasty balloon, which freezes
the plaque prior to dilatation. In this case the plaque
develops microfractures, again allowing for a more
uniform dilatation without large plaque fracture or dis-
section.Another proposed advantage of the latter system
is the prevention of intimal hyperplasia by inhibitory
effects on the proliferation of vascular smooth muscle
cells.

Bypass is a “reconstructive procedure,” defined as “an
open procedure that is performed to remove, replace, or
bypass an obstructive or aneurysmal lesion involving the
vessel wall and restore pulsatile flow beyond the involved
segment.”13 In bypass procedures the inflow and outflow
sites are chosen specifically such that anastomoses are
constructed to the most normal area of the vessels possi-
ble. There should be minimal or no disease above the
inflow site and minimal or no disease below the outflow
site (the occluded segment as well as any diseased or oth-
erwise unfavorable segments are excluded). However,
with angioplasty only the most diseased segments of the
artery are treated and the remaining, less diseased seg-
ments, left untreated, may still impact on the overall
outcome of the procedure and its durability. Thus, bypass
graft surveillance begins (ideally) with a relatively
disease-free inflow, conduit (vein or prosthetic), and
outflow vessel. In the case of surveillance following
angioplasty there may be a patent, but nonetheless exten-
sively diseased vessel in which quantitative and qualita-
tive assessments are more difficult. This is especially true
considering the variety of endoluminal procedures that
are now being performed including traditional angio-
plasty, which dilates the native true lumen, subintimal
angioplasty, which creates and dilates a new lumen, and
atherectomy, in which plaque causing stenosis or occlu-
sion is mechanically debulked. These considerations
argue for close monitoring of the entire vessel following
angioplasty.

A bypass graft that develops intimal hyperplasia or
other lesions within the graft, as well as the progression
of proximal or distal disease, can produce signs and symp-
toms of hemodynamic deterioration in patients without
producing concomitant thrombosis of the bypass graft.
This condition is referred to as a “failing graft” because,
if not corrected, graft thrombosis will almost certainly
occur.14 The importance of this failing graft concept lies
in the fact that many difficult lower extremity revascu-
larizations can be salvaged for long periods by relatively

simple interventions if the lesion responsible can be
detected and treated before graft thrombosis occurs. The
patency of a graft (or angioplasty site) is greater when
treated prior to thrombosis than when treated after
thrombosis occurs. Additionally, if recanalization is not
possible, the secondary reconstruction may be difficult or
impossible.

Because the entire artery is generally diseased, the ref-
erence diameter by which the degree of stenosis is judged
may be smaller than that of the true, undiseased “normal”
vessel diameter and as such lead to an underestimation
of the actual degree of stenosis.

Alternative Surveillance Methods

Other surveillance methods have been considered and
evaluated but none has proven to have the same utili-
ty as duplex scanning.15–17 Physical examination, while
simple, inexpensive, and readily available, is also unreli-
able in terms of predicting failures and is generally useful
only once failure has occurred or in rare cases where
failure is imminent. Resting ankle-brachial indices
(ABIs) are less time consuming to perform than are
duplex studies but are also subject to significant interob-
server variability. In addition, the ABI is affected by the
presence of both proximal and distal occlusive disease.
While a decrease in ABI is indicative of some compro-
mise in circulation, these decreases in ABI may therefore
be due to the progression or development of lesions
either within the treated segment, proximal to the treated
segment, distal to the treated segment, or any combina-
tion thereof. Finally,ABIs are not reliable in patients with
diabetes, end-stage renal disease, and/or heavy vascular
calcifications. For these reasons resting ABIs are not con-
sidered to be an adequate method for long-term follow-
up of patients undergoing angioplasty. Postexercise ABIs
have also been found to be highly variable and have
many of the same shortcomings as those described for
resting ABIs. Other indirect measures, such as assessment
of the common femoral artery waveform following iliac
angioplasty, may be of benefit but are generally combined
with other indirect measures for surveillance. Lastly,
angiography, considered the current gold standard for the
evaluation of lower extremity occlusive disease, is both
invasive and costly and, as such, is not suitable for use as
a surveillance tool.

Surveillance Duplex Protocol

Currently we utilize the following duplex surveillance
protocol. Patients are scanned preprocedurally, within 1
month postprocedurally, every 3 months for the first year,
every 6 months for the next year, and yearly thereafter.
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If a patient requires a reintervention the protocol is
restarted beginning from the time of the most recent rein-
tervention. The protocol may also be adjusted to allow
for increased frequency of screening if a stenosis of mod-
erate severity is detected and the patient remains asymp-
tomatic. The importance of follow up and the purpose of
the surveillance protocol must be communicated to the
patient as noncompliance may be a significant issue. This
is especially true in patients who are asymptomatic or in
those having limited mobility.

We and others also utilize a standardized scanning pro-
tocol for the surveillance of patients who have under-
gone angioplasty. Duplex Doppler with a 60°angle of
insonation is employed. The entire treated segment is
evaluated in addition to one complete vessel above and
one complete vessel below the treated vessel. The
maximum PSV is calculated at predetermined, standard-
ized points within the vessel(s) examined.The PSV at the
site of suspected stenosis is the most consistent measure-
ment available and therefore minimizes interobserver
variability. Other secondary criteria that can be used to
evaluate restenosis include the PSV ratio at the stenosis
(calculated by dividing the peak velocity at the stenosis
by the velocity at a normal segment proximal to it),
the end diastolic velocity, and evaluation of spectral
waveforms.

The examination is performed using a high-resolution
duplex scanner that provides color flow capability. The
equipment selected must allow enough penetration to
permit adequate insonation of the deep structures in 
the abdomen and pelvis with color flow sensitivity 
that allows the detection of slow flow velocities, all at 
reasonable frame rates. A low-frequency (2.5–4MHz)
sector or curved array transducer is necessary to 
visualize these deep structures; often, however, a variety
of differently configured (linear) and higher frequency
(7–4MHz) transducers are needed to accomplish a 
complete iliofemoropopliteal study.

For iliac interventions, Doppler color-flow imaging is
performed from the distal aorta, along the treated and
native iliac segments, and through the common, proximal
profunda, and superficial femoral arteries. Spectral veloc-
ity waveforms are sampled from the center-line of flow 
at multiple sites along the aortoiliofemoral segment.
Spectral waveforms and measured PSVs within angio-
plastied and/or stented iliac segments are compared 
to velocities in adjacent native iliac artery segments.
For femoropopliteal interventions, Doppler color-flow
imaging is performed from the common femoral artery
with evaluation of the waveform, along the treated 
and native femoropopliteal segments, and through the
origin of the anterior tibial artery and tibioperoneal
trunk. Spectral velocity waveforms are sampled from 
the center-line of flow at multiple sites along the
femoropopliteal segment. Spectral waveforms and meas-

ured PSV within angioplastied and/or stented femoro-
popliteal segments are compared to velocities in adjacent
native femoropopliteal artery segments.

We recommend that the first postprocedural scan be
performed within 1–2 weeks following the procedure to
obtain an adequate baseline study and to assess for 
any otherwise undetected residual stenosis. The PSV at
the treated site and elsewhere in the vessel should be
<200cm/s and the PSV ratio should be <2.

The reason to scan not only the treated segment but
the entire vessel as well as one vessel above and below is
because failure of the procedure can and does occur
within any of these segments. In their series Meyers et al.
found that restenosis in relation to a stent occurred above
the stent in 11% of cases, within the stent in 56% of 
cases, and in the artery below the stent in 33% of cases
(Figure 24–4).10 Vroegindeweij et al. evaluated 62
femoropopliteal recannalizations with a 3 year patency of
44%.18 They found that the majority of restenoses
occurred within the first year following the procedure
and that restenosis occurred within the distal one-half of
the treated segment in 16 of 21 patients with recurrent
stenosis.

The importance of residual stenosis is highlighted in a
study from Kinney et al. In this study 77 balloon-dilated
arterial segments were scanned using duplex ultrasound
within 1 week of a technically successful angioplasty.
Moderate (defined as 20–49% diameter reduction) or
severe (defined as greater than 50% diameter reduction)
residual stenosis was identified in 49 (63%) of the treated
arterial segments. In segments with a greater than 50%

11%

56%

33%

Figure 24–4. Distribution of restenoses following iliac angio-
plasty and stenting.



284 E.C. Lipsitz and G.L. Berdejo

diameter reduction, further restenosis and late clinical
failure were significantly more likely (11% success rate
at 1 year) than in segments where the degree of residual
stenosis was less than 50% diameter reduction (80%
success rate at 2 years), including patients with critical
ischemia, poor runoff, or diabetes mellitus.19

The vascular system is dynamic in nature and there are
instances where regression of residual stenosis may be
seen on serial duplex examinations. Spijkerboer et al. ana-
lyzed a series of 70 limbs in 61 patients undergoing iliac
angioplasty.20 In their series, 15 residual stenoses (as char-
acterized by a PSV ratio >2.5) were identified on early
postprocedural duplex. Of these 15 residual stenoses, 6
resolved by the 3-month duplex and 4 of these 6 remained
improved at 1 year. Of the 9 that had not improved at the
time of the month duplex one ultimately improved by 1
year. Back et al. reported a series of 84 iliac angioplasties
undergoing surveillance, and identified 2 residual
stenoses that regressed by the 3-month duplex.21 This is
not to suggest that high-grade residual stenoses be left
untreated or that the presence of residual stenosis is not
a predictor of failure, but rather to note that with remod-
eling and other less well understood factors improvement
that obviates the need for reintervention can occur.

Plaque Morphology

Although there are many factors that predict technical
success and durability of angioplasty within the arterial
system the degree of stenosis is the parameter that has
been most widely utilized. Other factors such as the
degree of calcification, plaque ulceration, intraplaque
hemorrhage, and other morphologic characteristics are
also important but are not routinely analyzed. While not
a formal part of most duplex surveillance protocols at
present, evaluation of plaque morphology is an area of
active investigation for the preprocedural and postproce-
dural evaluation of plaques in all vascular beds.22,23 Such
investigations may ultimately lead to a delineation of
characteristics that can define which plaques are most
amenable to angioplasty and/or stenting and which
plaques will yield the most durable results. The use of B-
mode imaging allows the observer to measure the plaque
thickness and characteristics at all areas of the circumfer-
ence of the vessel. The maximum and minimum luminal
diameters can also be evaluated by this method. A
method has been developed for evaluating the actual
plaque morphology.23 The process involves using com-
puter image standardization of grayscale images. All dig-
itized images (including those obtained by ultrasound)
are made of pixels, the smallest units of information. All
pixels in a grayscale image can be assigned a value from
0 (black) to 256 (white). The grayscale median represents
the median value of all pixels within a given area of inter-

est.An image is taken and the values for blood and adven-
titia are normalized to 0–5 and 185–195, respectively. The
image is then rescanned with these normalized values in
place (to allow standardization across different scans) and
a grayscale median (GSM) is calculated for the plaque.
Echolucent plaques are plaques defined as having a GSM
less than 25. They appear black on B-mode imaging and
have a higher content of lipids and cholesterol. As such,
they are more prone to rupture and embolization and in
patients with carotid artery disease are more frequently
seen in symptomatic patients. Conversely, echogenic
plaques have a GSM greater than 25 and appear white on
B-mode imaging. They contain larger amounts of fibrous
tissue and calcium and are thereby less prone to rupture
and embolization. In patients with carotid artery disease,
these types of plaques are more commonly seen in asymp-
tomatic patients.

The effect of GSM on lower limb angioplasty has been
investigated by Ramaswami and colleagues.22 They eval-
uated the value of ultrasonic plaque characteristics for
identifying patients at “high risk” for restenosis following
angioplasty. Thirty-one iliac or femoropopliteal stenoses
were followed with serial duplex at 1 day, every week for
8 weeks, at 3 months, 6 months, and 1 year. Total plaque
thickness, minimal luminal diameter, and PSV ratios were
recorded.The authors found a significantly greater reduc-
tion in plaque thickness when the GSM was less than 25
(3.3 ± 1.8mm) than when it was more than 25 (1.8 ± 1.6
mm). Using a 2-fold increase in the PSV ratio as the cri-
terion for restenosis, the overall restenosis rate was 41%
at 1 year. For lesions with a GSM of less than 25, resteno-
sis occurred in 11% of cases, while in lesions with a GSM
of more than 25, restenosis occurred in 78% of cases.This
difference was highly significant (Figure 24–5). The
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authors concluded that plaque echodensity can be used
to evaluate stenoses prior to angioplasty to predict initial
success and to identify a subgroup of plaques that has an
increased likelihood of restenosis.

Other Factors

There may be as yet unrealized medical/physiologic
factors that affect the durability of angioplasty and/or
stenting in the iliac and femoral arteries. The use of
statins has recently been shown to improve patency in
lower extremity bypass grafts and there is reason to
expect the same may be true for lower extremity angio-
plasty procedures.24 In addition, stent technology contin-
ues to improve and both drug-eluting and covered stent
technologies are currently undergoing evaluation. To
date, convincing long-term results for these devices have
not been presented. Determination of improved results
due to both medical and mechanical developments will
depend on the presence of reliable and consistent sur-
veillance procedures that will take on a heightened
importance in the assessment of these adjuncts.

Conclusion

Duplex ultrasound surveillance of iliac and femoral
angioplasty and/or stenting provides essential hemody-
namic information. Arterial duplex can provide useful
anatomic information both pre- and postprocedurally,
and is increasingly being used intraprocedurally. The
implementation of such a surveillance protocol requires
standardization for both the timing and technical per-
formance of scans. A surveillance protocol can improve
long-term patency of angioplasty sites and potentially
delay or eliminate the need for additional, more invasive
therapies.
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The use of percutaneous methods for coronary interven-
tions continues to grow, with more than 500,000 coronary
interventions performed annually in the United States.1

In concert, the frequency of postcatheterization false
aneurysms continues to rise. Larger sheath sizes as well
as more advanced anticoagulation regimens during 
and following percutaneous 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 superi-
ority to focal manual pressure. With the mounting push
for less invasive treatment of cardiovascular and periph-
eral vascular disease, the vascular surgeon will frequently
be faced with a “swollen” groin following these percuta-
neous procedures.

During the past three decades, the diagnosis and treat-
ment algorithm for this iatrogenic problem has under-
gone multiple changes. As in other areas of arterial and
venous pathology, the diagnosis of false aneurysms has
become a minimally invasive procedure. Like carotid
disease, once requiring arteriography prior to interven-
tion, evaluation for iatrogenic pseudoaneurysms (IPA)
today almost exclusively begins and ends with arterial
duplex. Until the early 1990s, open surgical repair was the
first-line, and really only, therapy widely offered for IPA.

Beginning in the late 1980s and through the mid 1990s,
several centers reported results of observation and
duplex follow-up for small pseudoaneurysms. In 1991,
Fellmeth introduced ultrasound-guided compression
(UGC), which was met with great enthusiasm. This min-
imally invasive option spared many patients an open sur-
gical repair. However, the UGC technique had many
limitations: long procedure times, treatment pain, and
very mixed success in patients currently treated with 
anticoagulation.

The shortcomings of compression therapy were sur-
mounted with the introduction of duplex-guided throm-
bin injection (DGTI), first described in 1986, whereby a

small amount of thrombin is injected directly into the
pseudoaneurysm sac with the assistance of ultrasound.
DGTI treatment is less painful, faster, and more success-
ful than UGC. Diagnosis and treatment of IPA in the
twenty-first century are handled almost exclusively by
duplex technology. With groin-related false aneurysms
accounting for the majority of those encountered in prac-
tice, the focus of this chapter will be on postcatheteriza-
tion femoral pseudoaneurysms and their contemporary
management.

Definition and Incidence

Pseudoaneurysms result when a disruption in one or
more layers of the arterial wall occurs. Should an arterial
puncture site not seal, subsequent arterial bleeding into
the soft tissue can result in hematoma formation. Occa-
sionally, the hematoma maintains a soft liquid central
region while developing a firm outer pseudocapsule that
permits blood to freely circulate from the injured vessel,
thereby forming a pseudoaneurysm. Since a femoral arte-
rial approach offers the interventionalist a wide variety
of diagnostic and treatment options, it is no surprise that
IPA most commonly occurs with percutaneous interven-
tion for cardiac and peripheral vascular disease. Other
risk factors for development of pseudoaneurysms have
been identified such as the use of anticoagulation either
at the time of arterial cannulation or in the immediate
postprocedure period, increased age, female gender, con-
comitant venous puncture, and large sheath/catheter size2

(Table 25–1). Naturally, attention to technical factors
remains an important part of a successful arterial access
procedure. For example, double arterial entry during
access can result in the development of arterial bleeding
in the posterior arterial wall or inaccuracy in arterial
entry can inadvertently puncture the superficial or 
deep femoral arteries. Puncture above the inguinal 
ligament into the external iliac artery can also result in
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an arterial laceration creating a risk of retroperitoneal
bleeding.

The incidence of IPA ranges widely from 0.05% up to
9%. This wide range results from variations in methods
used to assess IPAs. In a prospective study of over 500
patients with routine evaluation with duplex, regardless
of symptomatology, an incidence of 7.7% was reported.3

This figure is substantially larger than that seen in clini-
cal practice, in that generally only symptomatic patients
are assessed. According to The Society of Cardiovascular
and Interventional Radiology, an acceptable rate of IPA
and/or arteriovenous fistula should be ≤0.2%.4

Diagnosis

Clinical suspicion for IPA should follow any percuta-
neous intervention resulting in a swollen groin or soft
tissue hematoma. Hard signs of continued 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 IPA. Most commonly, IPA is associated with a
somewhat painful, nonbleeding access site and associated
hematoma of varying size. Unfortunately, physical exam-
ination alone is notoriously inaccurate in identifying IPA.
Angiography was the definitive mode of diagnosis until
Mitchell et al. reported successful diagnosis by color
duplex ultrasound in 1987.5 Arterial duplex evaluation
has emerged as the gold standard for diagnosis should a
patient have concern for IPA, as duplex scanning is asso-
ciated with nearly 100% diagnostic accuracy.

Generally, to diagnose an IPA, a 5- to 7-mHz probe in
a longitudinal orientation is used with vessel sampling
and velocity measurements to identify IPA neck and
confirm flow. Changing orientation to the transverse
plane allows diagnostic confirmation, size measurement,
and evaluation for thrombus. Duplex evaluation should
include views of the inflow distal external iliac, common
femoral, deep femoral, and proximal superficial femoral
arteries.Visualization of the common femoral vein is par-
ticularly important to exclude the presence of an associ-
ated arteriovenous fistula. Evaluation of IPA anatomic
features should include sac size, sac shape, neck diame-

ter, and neck length. The sac size of the false aneurysm
should be measured in largest squared centimeters, which
is one of the most important parameters for determining
treatment options. However, the length and width of the
neck are equally important to record in that a larger neck
width often directly correlates with larger arterial defects
that are generally more refractory to treatment with 
minimally invasive techniques. Multilobed IPA(s) like-
wise may be more difficult to treat. In our previous 
series up to 20% of IPA(s) were multilobed. Finally,
the presence of native artery or IPA thrombus should be
confirmed.

Typical characteristics noted on duplex imaging
include a swirling of color flow in a mass distinct from the
underlying artery, color flow signal through a tract
leading to a sac, and to-and-fro Doppler waveform in the
pseudoaneurysm neck (Figure 25–1).

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 evaluat-
ing the natural history of femoral vascular complications
following coronary catheterization, Kresowik et al. had
vascular surgery fellows evaluate all puncture sites with
physical examination prior to patient discharge. This
series observed seven femoral pseudoaneurysms that
were less than 3.5cm over a 4-week period with no 
complications and 100% thromboses within 4 weeks.2

In a series of similar size, Kent et al. reported 9 of 16

Table 25–1. Risk factors for iatrogenic pseudoaneurysms.

Increasing sheath size
Cannulation of artery other than common femoral artery
Calcified artery
Increased body mass index
Concurrent anticoagulation
Combined arterial and venous puncture
Failure to provide appropriate postoperative compression

Figure 25–1. Characteristics of duplex imaging.



25. Duplex Ultrasound in the Diagnosis and Treatment of Femoral Pseudoaneurysms 289

iatrogenic IPA(s) thrombosed with observation. Larger
IPA(s) and those associated with anticoagulation use
required repair more frequently.6

Toursarkissian et al.7 reported one of the largest series
using duplex surveillance of observed IPA(s). This series
also had strict inclusion criteria for observation of the
IPA(s): a maximum sac size less than 3cm, nonexpand-
ing, an association with severe pain, or in patients on anti-
coagulation. Additionally, patients who could not comply
with a scheduled follow-up regimen underwent surgical
repair and were excluded. Eighty-two IPA(s) were fol-
lowed at 2-, 4-, 8-, and 12-week intervals. A spontaneous
thrombosis rate was observed in 89% of the group with
no adverse events or circulatory complications occurring.
The mean time for spontaneous closure was 23 days, with
a mean 2.6 duplex examinations per patient required.7

Unfortunately, adoption of an observation policy for all
IPA(s) is not without concern. Problems with patient
follow-up tend to develop and the cost accrued with a
mean of 2.6 duplex examinations per patient approaches
$750–1,000 in patient charges. Additionally, as many
patients require chronic antiplatelet therapy for which
newer generation medications are now used, the throm-
bosis rate may not be as predictable.

Ultrasound-Guided Compression

In 1991, Fellmeth et al. described a nonoperative tech-
nique for thromboses of IPA and arteriovenous fistula.
With an overall success rate of 93%, this alternative to
open repair was welcomed.8 Following this initial report,
the use of UGC became the first-line treatment of choice
for those who were hemodynamically stable and without
associated infection or skin necrosis. This technique
includes the use of a linear or curvilinear probe (5 or 
7MHz) to compress the IPA and arrest IPA blood flow.
Real time, duplex, and color Doppler are used to identify
the neck of the pseudoaneurysm. Manual compression is
subsequently applied to the neck via the transducer,
which allows flow through the native artery while pre-
venting flow into the aneurysm sac. Flow is continuously
studied during the compression. Pressure is maintained
for 10-min intervals, at the end of which pressure is slowly
released and flows into the pseudoaneurysm assessed.
This is continued until thrombosis, operator fatigue, or
patient discomfort occurs. Success with this treatment
modality generally ranges from 60 to 90%.9–11 Despite
this acceptable success rate, compression times in excess
of 1h can be required and multiple compression sessions
are needed to treat at least 10% of IPA(s).

Factors associated with failed compression have been
evaluated in multiple previous publications. Ongoing
anticoagulation has been shown in many series to signif-
icantly reduce successful compression, as reported by
Coley et al. and Eisenburg et al.10,12 They describe failure

rates of 38% and 70%, respectively, in anticoagulated
patients, whereas failure rates in the groups without con-
current anticoagulation were 5% and 26%. In addition,
75% of those in Coley’s series ultimately had their anti-
coagulation stopped and underwent repeat UGC with
successful thrombosis. Several other series have shown
similar results. In contrast, Dean et al. found a 73%
success rate of UGC in 77 patients with uninterrupted
anticoagulation, with seven patients requiring multiple
compressions (12.5%) to induce sustained thrombosis.
The only factor found in this study influencing success of
UGC was the size of the pseudoaneurysm.13

Pseudoaneurysm size has been shown by most series
to have a trend toward significance. In addition to Dean,
Coley and Eisenburg also showed increased success with
compression in those with smaller pseudoaneurysms.
Coley et al. achieved a 100% success rate in those less
than 2cm with only a 67% success in those between 4 and
6cm. 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.
Diprete and Cronan did report a short tract length 
(<5mm) had unfavorable compression outcomes,
however, this study was limited by a sample size of only
12 patients.14

Complications following UGC can include arterial or
venous thrombosis. Case reports of aneurysm rupture
have also been reported following UGC. In the series 
by Eisenberg et al., the six complications that occurred
included acute enlargement or rupture requiring emer-
gent surgery. In general, complications with UGC are
infrequent. Successful thrombosis occurs at an acceptable
rate, but limitations including lengthy procedure times,
local patient discomfort, and newer methods have sur-
passed this treatment as the first line treatment of iatro-
genic pseudoaneurysms.

Ultrasound-Guided Thrombin Injection

In 1986, Cope and Zeit described a technique of ultra-
sound-guided percutaneous injection of bovine thrombin
into a pseudoaneurysm sac with successful thrombosis.15

Although an appealing method for handling IPA, rapid
acceptance of this technique was slow to develop, taking
over a decade. In 2002, Friedman et al. reported a review
of over 400 patients with a success rate of 99% for UGTI
and success rates have been compared to that of ultra-
sound-guided compression in multiple studies in the lit-
erature (Table 25–2).

Thrombin is an active form of factor II (prothrombin).
It transforms inactive fibrinogen to its active form—
fibrin. Fibrin subsequently contributes to thrombus 
formation. As a result of a limited blood flow in the
pseudoaneurysm sac, thrombin can propagate thrombus
that would often be cleared in sites of normal blood flow,
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which limits this mechanism by natural thrombolytic
systems.

The procedure can be performed at bedside or in the
vascular laboratory. Some clinicians use local nesthetic,
however, with experience single punctures can be
achieved.A 1-ml syringe and spinal needle (20–22 gauge)
is used to administer the bovine thrombin (100–1000
units/ml). Using B-mode imaging, the needle tip is visu-
alized and directed into the IPA sac (Figure 25–2). The
clinician should take care to keep the needle tip just
inside the capsule and as far from the IPA neck as tech-
nically possible. This minimizes the chance of forcing
thrombus or thrombin into the neck and native circula-
tion. Injection is preformed into the sac under duplex
visualization at 0.1-ml increments until successful oblit-
eration of flow is achieved. After successful thrombosis,
the native circulation is reassessed including the distal
tibial circulation and compared to preprocedural studies.
Following successful thrombosis, bed rest is recom-
mended typically for a period of 4–8h.

Complications following thrombin injection are
reported infrequently. In over 80 PSAs treated at our
institution over a 3-year period, there have been no
instances of infected pseudoaneurysm postinjection. The
most feared complications are arterial thrombosis and
distal embolization, but we have not seen any instances
of arterial or venous thrombosis at our institutions. Distal
embolization has occurred in less than 1% of the
reviewed literature, with some authors noting improved
circulation spontaneously. Others have been successfully
treated with intraarterial thrombolytic therapy or surgi-
cal thrombectomy. Limited evidence suggests that distal
embolization is associated with short and wide pseudoa-
neurysm necks.

Other complications seen only in case reports include
allergic reactions to bovine thrombin with severity
ranging from generalized urticaria to anaphylaxis. Infec-
tion after injection has also been reported occasionally,
and one case of rupture was identified in a complete lit-
erature review.

Experience from Our Institution

As a high volume cardiac and peripheral intervention
center, we have extensive experience with pseudoa-
neurysms.We reported our early results of duplex-guided
thrombin injection versus ultrasound-guided compres-
sion. With success in only 57% of those with compression
therapy as opposed to 97% with duplex-guided thrombin
injection, the use of compression therapy has mostly
stopped. Further experience was presented at the Society
of Vascular Ultrasound Annual Meeting in June of 
2004. Ninety-seven percent of patients (n = 82) with 
iatrogenic pseudoaneurysms, of which 12 were complex,
were successfully treated with UGTI. Additionally, in 
that cohort we reported a mean number of ultrasounds
per patient of slightly more than three. These included
diagnostic, treatment, and follow-up examinations. Upon
evaluation of this routine, we found only 5% of 
the follow-up ultrasounds could be deemed clinically 
significant. Two pseudoaneurysms recurred after 
successful thrombosis and two new pseudoaneurysms
were found that had not been previously detected,
both of which were less than 2.5cm. With such a low 
yield from follow-up duplex examinations, we recom-
mended follow-up ultrasound only in symptomatic
patients. We also considered our recurrence rate with 
that of over 600 iatrogenic pseudoaneurysms in the 
available literature, and determined a 3.2% recurrence
rate after successful duplex-guided thrombin injection
(Table 25–3).

As a result of these excellent technical success rates,
low recurrence rates, and overall patient acceptance 
and applicability, most vascular specialists now consi-
der duplex-guided thrombin injection as the initial 

Table 25–2. Ultrasound guided compression (UGC) vs. ultra-
sound guided thrombin injection (UGTI).

N Success
Reference (UGC)/(UGTI) (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%

aProspective—all patients initially UGC; UGTI if failed compression.
bProspective randomized trial.

Figure 25–2. Utrasound guided thrombin injection.
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treatment of choice as compared to other options for IPA
management.

Surgical Intervention

Under some circumstances, surgical repair remains the
best treatment strategy to address IPA. Patients present-
ing with hemodynamic instability and soft tissue infection
and those requiring immediate coronary artery bypass
grafting should all have surgical repair. In addition, those
patients with failed minimally invasive techniques should
undergo surgical repair (Figure 25–3).

Conclusion

Increasing demand for minimally invasive treatments will
undoubtedly be accompanied by associated complica-
tions such as IPA. Fortunately, a minimally invasive treat-
ment solution is available and exhibits a high technical
success and satisfaction rate for treatment of IPA. Duplex
imaging has now arisen to uniquely facilitate both the
diagnostic acumen and interventional success displacing
routine observation, manual compression, and surgical
repair in most instances.

References

1. Koreny M, Riedmuller E, Nikfardjam M, Siostrzonek P,
Mullner M. Arterial puncture closing devices compared
with standard manual compression after cardiac catheteri-
zation: Systemic review and meta-analysis. JAMA 2004;
291(3):3507.

2. Kresowik TF, Khoury MD, Miller BV, et al. A prospective
study of the incidence and natural history of femoral vas-
cular complications after percutaneous transluminal coro-
nary angioplasty. J Vasc Surg 1991;13:328–36

3. Katzenschlager R, Ugurluoglu A, Ahmade A, et al. Inci-
dence of pseudoaneurysm after diagnostic and therapeutic
angiography. Radiology 1995;195:463–66.

4. Standards of Practice Committee of the Society of Cardio-
vascular and Interventional Radiology. Standard for diag-
nostic arteriography in adults. J Vasc Interv Radiol 1993;
4:385.

5. Mitchell DG, Needleman L, Bezzi M, Goldberg B, Kurtz
AB, Penneli RG, Rifkin MD, Vialaro M, Balatrowich OH.
Femoral artery pseudoaneurysm: Diagnosis with conven-
tional duplex and color Doppler US. Radiology 1987;165:
687–90.

6. Kent KC, McArdle CR, Kennedy B, Baim DS, Anninos E,
Skillman JJ. A prospective study of the clinical outcome 
of femoral pseudoaneurysms and arteriovenous fistulas
induced by arterial puncture. J Vasc Surg 1993;17:125–33.

7. Toursarkissian B, Allen BT, Petrinec D, Thompson RW,
Rubin BG, Reilly JM, Anderson CB, Flye MW, Sicard GA.
Spontaneous closure of selected iatrogenic pseudoa-
neurysms and arteriovenous fistulae. J Vasc Surg 1997;25:
803–9.

8. Fellmeth BD, Roberts AC, Bookstein JJ, Freishlag JA,
Forsythe JR, Buckner NK. Postangiographic femoral artery
injuries: Nonsurgical repair with ultrasound guided com-
pression. Radiology 1991;178:671–5.

9. Cox GS, Young JR, Gray BR, Grubb MW, Hertzer NR.
Ultrasound-guided compression repair of postcatheteriza-
tion pseudoaneurysms: Results of treatment in one hundred
cases. J Vasc Surg 1994;19(4):683–6.

10. Coley BD, Roberts AC, Fellmeth BD, Valji K, Bookstein JJ,
Hye RJ. Postangiographic femoral artery pseudoa-
neurysms: Further experience with ultrasound guided
repair. Radiology 1995;194(2):307–11.

11. Hood DB, Mattos MA, Douglass MG, Barkmeirer LD,
Hodgson KJ, Ramsey DE, et al. Determinants of success of

Table 25–3. Literature review of PSA recurrences.

Number of Recurrence at
Reference successful DGTI 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)
Paulsen 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)
Stone et al. (unpublished) 80 2
Total 625 20b

aPSA, pseudoaneurysms; DGTI, duplex-guided thrombin injection.
bOverall recurrence rate of 3.2%.

latrogenic PSA

Stable
Hemodynamics

Large Sac
(>3.0 cm)

need anticoa-
gulation

unavailble
for F/U

Intermediate
Sac (1.3 cm)

Small Sac
(<1.0 cm)

Soft Tissue
Infection Rapid

Hematoma
Expansion

Immediate need
for CABG Failed

Repeat UGTI

Surgical Repair

UGTI UGTI
or

OBSERVATION

Duplex
Surveillance

(every 2 weeks
up to 1 month)

Surgical Repair

Persists Thromboses

<1 cm,
Consider

Compression

Enlarges
to >1 cm

UGTI

Unstable
Hemodynamics

Figure 25–3. Algorithm for surgical intervention.



292 P.A. Stone

color-flow duplex guided compression of repair of femoral
pseudoaneurysms. Surgery 1996;120(4):585–88.

12. Eisenburg L, Paulson EK, Kliewer MA, et al. Sonographi-
cally guided compression repair of pseudoaneurysms:
Further experience from a single institution. AJR Am J
Roentgenol 1999;173:1567–73.

13. Dean SM, Olin JW, Piedmonte M, Grubb M, Young JR.
Ultrasound-guided compression closure of postcatheteriza-
tion pseudoaneurysms during concurrent anticoagulation:
A review of seventy-seven patients. J Vasc Surg 1996;23:28–
35.

14. Diprete DA, Cronan JJ. Compression ultrasonography:
Treatment for acute femoral artery pseudoaneurysms in
selected cases. J Ultrasound Med 1992;11:489–92.

15. Cope C, Zeit R. Coagulation of aneurysms by direct percu-
taneous thrombin injection. AJR AM J Roentgenol 1986;
147:383–87.

16. Weinmann EE, Chayen D, Kobzantzev ZV, Zaretsky M,
Bass A. Treatment of postcatheterization false aneurysms:
Ultrasound-guided compression vs. ultrasound-guided
thrombin injection. Eur J Endovasc Surg 2002;23:68–72.

17. Gorge G, Kunz T, Kirstein M. A prospective study on 
ultrasound-guided compression therapy of thrombin 
injection for treatment of iatrogenic false aneurysms in
patients receiving full-dose anti-platelet therapy. Z Kardiol
2003;92(7):564–70.

18. Taylor BS, Rhee RY, Muluk S, Trachtenberg J, Walters D,
Steed DL, Makaroun MS. Thrombin injection versus com-
pression of femoral artery pseudoaneurysms. J Vasc Surg
1999;30:1052–9.

19. Stone P, Lohan J, Copeland SE, Hamrick RE Jr, Tiley EH,
Flaherty SK. Iatrogenic Pseudoaneurysms: Comparison of
treatment modalities, including duplex-guided thrombin
injection. WV Med J 2003;99(6):230–32.

20. Paulson EK, Sheafor DH, Kliewer MA, Nelson RC, Eisen-
berg LB, Sebastin MW, Sketch MH Jr. Treatment of iatro-
genic femoral arterial pseudoaneurysms: Comparison of
US-guided thrombin injection with compression therapy.
Radiology 2000;215(2):403–8.

21. Khoury M, Rebecca A, Greene K, Rama K, Colaiuta E,
Flynn L, Berg R. Duplex scanning-guided thrombin injec-
tion for the treatment of iatrogenic pseudoaneurysms.
J Vasc Surg 2002;35:517–21.

22. Lonn L, Olmarker A, Geterud K, Risberg B. Prospective
randomized study comparing ultrasound-guided thrombin
injection to compression in the treatment of femoral
pseudoaneurysms. J Endovasc Ther 2004;11(5):570–6.

23. Liau CS, Ho FM, Chen MF, Lee YT.Treatment of iatrogenic
femoral artery pseudoaneurysm with percutaneous throm-
bin injection. J Vasc Surg 1997;26(1):18.

24. Kang SS, Labropoulos N, Mansour MA, Baker WH. Percu-
taneous ultrasound guided thrombin injection: A new
method for treating postcatheterization femoral pseudoa-
neurysms. J Vasc Surg 1998;27(6):1032–8.

25. Lennox AF, Delis KT, Szendro G, et al. Duplex-guided
thrombin injection for iatrogenic femoral artery pseudoa-
neurysm is effective even in anticoagulated patients. Br J
Surg 2000;87(6):796–801.

26. Brophy DP, Sheiman RG, Amatulle P, Akbari CM. Iatro-
genic femoral pseudoaneurysms: Thrombin injection after
failed US-guided compression. Radiology 2000;214(1):278–
82.

27. Sackett WR, Taylor SM, Coffey CB, et al. Ultrasound-
guided thrombin injection of iatrogenic femoral pseudoa-
neurysms: A prospective analysis. Am Surg 2000;66(10):
937–42.

28. Pezzullo JA, Dupuy DE, Cronan JJ. Percutaneous injection
of thrombin for the treatment of pseudoaneurysms after
catheterization: An alternative to sonographically guided
compression. AJR Am J Roentgenol 2000;175(4):1035–40.

29. Tamim WZ,Arbid EJ,Andrews LS,Arous EJ. Percutaneous
induced thrombosis of iatrogenic femoral pseudoa-
neurysms following catheterization. Ann Vasc Surg 2000;
14(3):254–59.

30. La Perna L, Olin JW, Goines D, et al. Ultrasound-guided
thrombin injection for the treatment of postcatheterization
pseudoaneurysms. Circulation 2000;102(19):2391–95.

31. Calton WC Jr, Franklin DP, Elmore JR, Han DC. Ultra-
sound-guided thrombin injection is a safe and durable treat-
ment for femoral pseudoaneurysms. Vasc Surg 2001;35(5):
379–83.

32. Sheiman RG, Brophy DP. Treatment of iatrogenic femoral
pseudoaneurysms with percutaneous thrombin injection:
Experience in 54 patients. Radiology 2001;219(1):123–27.

33. Olsen DM, Rodriguez JA, Vranic M, et al. A prospective
study of ultrasound-guided thrombin injection of femoral
pseudoaneurysm: A trend toward minimal medication. J
Vasc Surg 2002;36(4):779–82.

34. Friedman SG, Pellerito JS, Scher L, et al. Ultrasound-guided
thrombin injection is the treatment of choice for femoral
pseudoaneurysms. Arch Surg 2002;137(4):462–64.

35. Chattar-Cora D, Pucci E, Tulsyan N, et al. Ultrasound-
guided thrombin injection of iatrogenic pseudoaneurysm at
a community hospital. Ann Vasc Surg 2002;16(3):294–96.



Introduction

The objectives of this chapter are to (1) summarize spe-
cific goals of distinct vascular laboratory arterial exami-
nations, (2) describe protocols for duplex ultrasound
arterial mapping (DUAM), (3) describe philosophies of
implementation of a preoperative arterial ultrasound
mapping program, and (4) summarize advantages of
DUAM over X-ray, contrast arteriography (XRA),
magnetic resonance angiography (MRA), and computed
tomographic arteriography (CTA).The following sections
represent the experience acquired with over 1000 
arterial procedures performed in the lower extremity
based on preoperative and perioperative ultrasound
imaging.1–13

The distinct goals of arterial examinations include (1)
screening, (2) definitive diagnosis, (3) preoperative or
preprocedural mapping, (4) intraoperative or perisurgi-
cal imaging, either during open or endovascular surgery,
and (5) postoperative follow-up for procedure and/or
patient evaluation. The protocols for arterial imaging can
be complete and time consuming or short and very spe-
cific. High-level communication between sonographer
and surgeon in charge of the patient is necessary to create
imaging shortcuts.

The philosophies or steps of implementation of a
peripheral arterial mapping program include (1) discus-
sion of what is the primary objective to be accomplished
by arterial mapping, (2) comparison of ultrasonographic
and arteriographic findings for specific segments of the
peripheral arterial tree, (3) evaluation of virtual decision
making based on ultrasound examinations, (4) appraisal
of real decision making, and (5) assessment of procedures
based entirely on preoperative and perioperative ultra-
sound imaging.

Advantages of DUAM are primarily based on imaging
of the arterial wall and hemodynamic data besides lower
cost, portability, noninvasiveness, and freedom of malig-
nancy risk. Concomitant mapping of veins to be used as

arterial conduits is another advantage of the preopera-
tive ultrasound assessment.

Arterial Examinations

This section summarizes details of specific arterial exam-
inations according to their goals and objectives.1–18 It ful-
fills the first two objectives of this chapter.

Screening

Peripheral arterial screening is commonly based on the
measurement of ankle pressures. Systolic ankle pressures
are compared to brachial pressures and the ankle-
brachial systolic blood pressure ratio, or ankle-brachial
index (ABI), is calculated. An ABI below 1 is abnormal
and warrants a medical investigation of the cardiovascu-
lar system. An ABI below 0.5 suggests severe peripheral
arterial disease and evaluation by a vascular surgeon.
Contrary to popular belief, the lowest ABI should be
employed as a screening criterion.19 Relation of calf flow
rate is stronger to the lowest than highest ABI.

Flow waveform analysis of the anterior and posterior
tibial arteries at the ankle may replace ABI as a screen-
ing method, particularly in the diabetic patient with arte-
rial incompressibility. Arterial incompressibility may be
total or partial, resulting in nonmeasurable or falsely ele-
vated ABI.20 The toe-brachial index could also be used as
a screening method in patients with incompressible 
tibial arteries.21–23 Triphasic flow waveforms are normal.
Monophasic waveforms suggest severe peripheral arte-
rial occlusive disease. Detection and evaluation of tibial
arteries waveforms are a first training step toward arte-
rial mapping.

Definitive Diagnosis

Although pulse volume recording (PVR) and segmental
pressure measurements have been used in the vascular
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laboratory, a protocol based on ABI and flow waveforms
obtained at the common femoral, mid superficial femoral,
popliteal, and distal tibial arteries is recommended from
the perspective of arterial mapping.With this protocol, an
expert interpreter can predict the levels of significant
arterial obstruction with an accuracy greater than 80%
when compared to X-ray arteriography.24,25 Upper calf
and thigh pressures may not present additional informa-
tion once the ABI and waveforms are analyzed. From the
arterial mapping learning point of view, the early experi-
ence 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
mapping of the ankle and from below the knee to the
groin. Proper imaging at the adductor canal level requires
specific 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
findings and definitive diagnosis. Clinical findings may
dictate if treatment is limited to the aortoiliac segment or
the femoropopliteal 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 segments: (1) aortoiliac, (2)
femoropopliteal, and (3) infrapopliteal. They are com-
plemented by venous mapping if an autogenous conduit
is considered.

Aortoiliac Segment

A long protocol demands an attempt at a complete aor-
toiliac mapping from the renal arteries down to the groin.
Imaging of the aortoiliac segment may be suspended (1) if
the primary objective is infrainguinal revascularization,(2)
if the waveform of the common femoral artery is clearly
triphasic, and (3) if intraoperative pressure measurements
are scheduled 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 10h prior to the examination,
usually scheduled in the morning. Antigas medication is
recommended 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 aortic elongation and tortuosities. Aortic flow
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
flow, or power Doppler imaging. Local increase in veloc-
ity may be employed to grade severe stenosis. If dilata-
tion 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 external iliac artery. Images are obtained in trans-
verse, longitudinal, and several oblique positions. Patient
and transducer positioning 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,
aneurysms, stenosis, and conditions of the arterial wall are
observed with B-mode, color flow, and power Doppler
imaging. Aliasing and increased velocities are scrutinized
at stenotic sites. Usually, a local doubling in peak systolic
velocity represents a hemodynamic significant stenosis
corresponding to a 50% diameter reduction. A local
tripling in peak systolic velocity corresponds to a severe
stenosis greater than 75% diameter reduction. A signifi-
cant stenosis should result in a monophasic flow 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.26

Patency or obstruction of the iliac arteries and aorta
are reevaluated during the treatment procedure. Intraar-
terial pressure measurements are performed from the
groin and compared to brachial pressures. A decrease
greater than 20mmHg indicates the presence of a hemo-
dynamically significant stenosis. Pressure measurements
are more sensitive to detection of a stenosis once iliac
flow is increased after an infrainguinal procedure. The
drop in pressure across a stenosis is proportional to the
flow rate through the lesion. Pending intraarterial pres-
sure 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
intraarterial 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
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to be performed with a low-frequency sector probe in the
patient with a large thigh. A monophasic flow 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 sections to obtain B-mode, color flow, and/or
power Doppler images. High persistence and low veloc-
ity scale improve detection of low flow in obstructed
arteries. Many patients requiring treatment have seg-
mental occlusion(s) of the femoropopliteal arteries.

Endovascular treatment of this segment requires com-
plete mapping. Serial significant 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 anastomosis (Figure 26–1).

Occlusions are confirmed by lack of color flow or
Doppler waveforms performed in very low, high sensitive
velocity scales. The first stenosis may be graded based on
velocity measurements. Doubling or tripling at the
stenotic locale indicates a hemodynamic significant or
severe stenosis, usually equated to a 50% or 75% diam-
eter reduction (Figure 26–2). The hemodynamic energy
lost in the first stenosis precludes velocity grading of addi-
tional, distal, sequential stenoses. It may be possible to
locate such stenoses based on aliasing at low, high sensi-
tive color flow velocity scales. An apparent aliasing signal

may be obtained. Otherwise, stenoses are perceived
based on narrowing of the color flow channel (Figure
26–3). Branch analysis clarifies sites of collateral flow
take-off prior to severe obstructions and/or collateral
flow reentry distal to such obstructions.

In summary, a long femoropopliteal imaging protocol
is required prior to an endovascular procedure. A short
protocol from the common femoral down to the first
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.

Figure 26–1. Longitudinal image of the popliteal artery
showing irregular plaquing. Imaging must continue distally in
search of a distal anastomotic site.

Figure 26–2. Significant increase in local velocity, corroborated
by aliasing in color. Color flow bleeding beyond stenotic lumen
or noncircular lumen requires additional imaging for a com-
plete evaluation.

Figure 26–3. Preocclusive “string-sign” at the superficial
femoral artery.
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Infrapopliteal Arteries

Imaging of diseased infrapopliteal arteries demands
appropriate patient preparation. The room and the
patient must be warm. Creating conditions for vasodila-
tion of the peripheral arteries helps detection of patent
segments. Mapping may actually be easier in patients
with inflammatory or infectious conditions due to the
degree of vasodilation already present. Detection of
patent, small segments is most difficult in extremities with
severe rest pain and cold feet. Manual compression
maneuvers may elicit blood movement in apparently
occluded segments. Performing the scan with the leg
dependent may actually help visualization of small arter-
ies dilated by the hydrostatic pressure. Contrast ultra-
sound 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
continues until the tibioperoneal trunk, if anatomically or
ultrasonographically possible, or until a reentry branch
distal to an occlusion. Edema, large legs, and occlusions
make imaging difficult. Occlusions are documented by
association with the posterior tibial veins (Figure 26–4).
Large legs and edema may have to be scanned with a low-
frequency sector probe.

On occasion color flow imaging of a patent distal pos-
terior tibial artery is followed toward the posterior ter-
minal 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 objec-
tives of the distal scan are to find a potential plantar

target for a distal anastomosis or to evaluate the poste-
rior 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 loca-
tion of a stenosis or occlusion that needs to be bypassed.
Wasting time imaging occluded or diseased arteries 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 fibula is essential for identification of the anterior
tibial artery. The learning of cross-sectional anatomy is
extremely valuable. A monophasic waveform indicates
proximal severe stenosis or occlusion. The scan toward
the popliteal artery can be performed in transverse or
longitudinal sections. Although a B-mode scan is poten-
tially feasible, longitudinal color-flow or power 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-
fication of potentially occluded segments must rely on
other secondary information. For example, the arterial
channel may appear irregular in sites where the flow is
diverged via short collaterals. Long collaterals may also
take over the task to deliver blood to patent distal seg-
ments. A sector probe may be needed to image the prox-
imal 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 superficial, 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
completed, 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 terminal branch of the peroneal artery. The
dorsal pedal divides into the a deep plantar branch that
communicates with the posterior circulation and a more
superficial transmetatarsal artery that eventually feeds
the digits. The objectives of the distal scan are to find 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 steno-
sis or occlusion that needs to be bypassed. 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 section anatomy to identify the peroneal vessels in
relation to the fibula is recommended. Longitudinal
color-flow or power Doppler scanning is preferred to

Figure 26–4. Imaging of the posterior tibial veins identify the
occluded artery as the posterior tibial artery.
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transverse or B-mode imaging for practical reasons. If
possible, a transverse scan is highly informative about
other arteries, veins, and anatomic references. Comple-
tion of a peroneal artery scan is less likely than comple-
tion 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 difficult (Figure 26–5) and they may have to be
studied with a low-frequency sector probe. Branching and
collateral networks may create difficulties in identifying
a patent peroneal artery. Bypasses have been extended to
a branch of the peroneal artery initially identified as the
peroneal artery on arteriography. Ultrasound has the
advantage of identifying the peroneal veins adjacent to
the peroneal artery. The anterior and posterior terminal
branches of the peroneal artery may feed the distal pos-
terior tibial and anterior tibial arteries. Therefore, poste-
rior or anterior tibial ABIs may actually represent
peroneal 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 diseased arteries that are going to
be bypassed is avoided.

The Anastomotic Site

Ultrasound B-mode imaging allows for detailed exami-
nation of the arterial walls. A thin, flexible, compressible
arterial segment can be selected. A rigid, calcified wall
can be avoided (Figure 26–6). Although calcification may
be a hindrance for ultrasonic evaluation of some stenoses,
a great advantage of ultrasound is to identify calcified
wall 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 flow 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 thick-
ened. Initially, the tendency is to avoid a thickened 
wall as a site for a distal anastomosis. Close examina-
tion, however, has shown that vascular surgeons have
approached thickened arteries and have performed anas-
tomoses in arteries apparently normal by arteriography.
Indeed, if needed, an anastomosis may even be per-
formed over a calcified segment.27 Nevertheless, ultra-
sound imaging can classify the segments into soft,
thickened, or calcified.

Vein Mapping

Arterial mapping should either start or end with vein
mapping, particularly if a distal bypass graft is being con-
sidered as treatment.15 Anastomotic sites may be altered
based on length of vein available for the bypass. Saphe-
nous or arm vein mapping is performed with high-
frequency transducers. Venous patency and conditions of
the vein wall are evaluated. 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 2mm in diameter often
dilates to become a 4-mm bypass graft.28 The arm veins
dilate with placement of a tourniquet in the upper arm.

Figure 26–5. Severe narrowing of the tibioperoneal trunk, with
an estimated stenosis greater than 75%.

Figure 26–6. This arterial segment was not selected as a distal
anastomotic site due to calcification as demonstrated by the
shadows through the color flow signal.
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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 4mm. 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 ultra-
sound imaging shows various structures apparently float-
ing 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 condi-
tions of the venous wall, vein diameters, and length avail-
able 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 pro-
cedure, 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 recommended. Long protocols include evaluation of
the bypass graft and proximal and distal arteries, partic-
ularly the bypass runoff arteries.A stenosis can be graded
based on the B-mode/color flow 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 flow rate in milli-
liters/minute. If a first ultrasound scan is normal, then
flow rate can become a parameter to indicate the need
for another complete scan. If flow rate decreases by
20–30% between tests, then a complete scan is indicated.
Several details, however, must be followed during flow
rate measurement. Only pulsatile flow must be consid-
ered. Diastolic flow is variable and adaptable to numer-
ous conditions of vasodilation. It is recommended that
measurements be performed in similar conditions of
vasodilation as indicated by toe temperatures. Recom-
mended toe temperature for such measurements is 28°C
(26–30°C). Another indication for a full duplex ultra-
sound evaluation is if pulsatile flow rate falls below a
minimum flow threshold value indicating poor perfusion:
<50, 40, 30ml/min of pulsatile flow for bypass grafts to the
popliteal, tibial, or paramalleolar level, respectively. Low
flow states are not caused only by graft or peripheral arte-
rial obstruction.A failing heart is often the cause of a low
flow state. A low flow 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 per-
formed. Follow-up, therefore, should be more stringent
than that for bypass grafts. A full duplex ultrasound eval-
uation is recommended. Sites of wall thickening, neointi-
mal proliferation, and stenoses are documented with
imaging and velocity measurements. Stents have differ-
ent compliance than arteries apparently causing increases
in velocity. Criteria used to classify arteries as normal 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 first 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.29

Patient Follow-up

Patient follow-up includes testing the contralateral limb
besides evaluation of an extremity treated with open or
endovascular 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 significant peripheral arte-
rial occlusive disease should also be tested routinely.
All these patients benefit 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 surgi-
cal 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 objec-
tive 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 fundamen-
tal variable. A valve was being monitored as closed or
opened. That is an indirect variable. The fundamental
information needed was if there was flow or not through
the valve. The valve could be closed and defective, allow-
ing flow of unwanted material through the conduit.
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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 proximal and distal anastomoses, then agreement
with arteriography becomes secondary.

An important point to consider is that several alterna-
tives 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 clinical and imaging information, may
opt for different forms of treatment in almost one-third
of the cases!30 More specifically, 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 fundamental 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 specific communications between
the ultrasonographer and the surgical team is a major
prerequisite for successful preoperative arterial mapping.
This principle is also applicable to arteriography. If a clin-
ical decision has been made to treat the aortoiliac
segment, an infrainguinal arteriogram is unnecessary. In
contrast, a beautiful arteriogram of the proximal arteries
is unnecessary if the surgeon needs a detailed evaluation
of the arteries of the leg and foot.31

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 labo-
ratory and the surgical team creates the basis to accom-
plish the fundamental objective of DUAM.

Learning Phase

The learning phase includes a gradual evolution from
detection of flow waveforms with a continuous-wave
Doppler to complete or limited imaging protocols to
define the operative procedure. Progressively, this phase
includes detection of flow waveforms at the common
femoral, superficial femoral, and distal infrapopliteal
arteries with a duplex ultrasound scanner. Segmental
imaging and flow evaluation are accomplished. 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 confidence improve, then the steps
described below represent alternatives to document the
qualifications 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,
specificity, and predictive values of ultrasound mapping to
arteriographic findings. Some have had better success in
detecting obstructions in the aortoiliac segment and
others in the femoropopliteal segment. Agreement in the
comparison of infrapopliteal findings has been inferior to
agreement in the comparison of findings in the most prox-
imal 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 landmarks for the necessary identi-
fication of the vessels visualized. Ultrasound is often
incomplete in large, edematous segments with calcified
arteries. Another drawback noted in several studies was
the strict dependence on velocity measurements only.
Increased velocities are inadequate for analysis of sec-
ondary, distal stenoses. All color-flow duplex-Doppler
information must be considered.Apparently, documenta-
tion of a patent segment by any technique should be the
standard. Nevertheless, segmental comparison with 
arteriography or MRA helps training of the ultrasono-
grapher and improves confidence to determine if the
ultrasound is informative, 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
imaging.13,32 Usually, such decisions were from different
interpreters. Although this process is effective for train-
ing, it fails to consider that multiple alternatives for treat-
ment are possible in many patients. Furthermore,
interpersonal variability in surgical decision making must
be taken into consideration.

A variant of virtual decision making that was success-
ful 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 arteri-
ogram. This learning phase demonstrated that 15 cases
were needed to educate the ultrasonographer and to per-
ceive the preferences of the vascular surgeon. Another
lesson was to recognize when the ultrasound examination
was incomplete either due to anatomic or pathologic 
constraints or to lack of patient cooperation 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:13
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1. The patient may be scheduled for surgery based on the
ultrasound mapping with the plan to perform an intra-
operative, 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 per-
formed 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
measure intraarterial pressures are highly desirable, even
if the entire treatment is planned based on preoperative
and perioperative ultrasound imaging. Such techniques
become prominent if treatment of an iliac artery follows
infrainguinal revascularization.

Disadvantages of Ultrasonography

Ultrasound (US) has several limitations as mentioned
below. Some frequently mentioned disadvantages, how-
ever, 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
possible 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 impossible 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 perform an arteriogram, for
example, but detailed knowledge is essential for the selec-
tion of the proper arteriographic, MR, and CT sequences.
Tridimensional reconstruction also requires special train-
ing and specific knowledge. In conclusion, all technolo-
gies employed for peripheral arterial 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 arteri-
ogram, MR, or CT.

5. US fails to categorize stenosis in the presence of cal-
cified walls or plaques. This disadvantage of US can be
used advantageously during DUAM. A significant steno-
sis or even occlusion may not be properly diagnosed in

calcified arterial segments. However, this information is
valuable in the selection of an anastomotic site, the
primary goal of DUAM.

6. US has a small field 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 cir-
cumvented with drawings that describe the US findings.
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 tridimensional 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 field can dislodge body
implants and affect the behavior of cardiac pacemakers.
Indeed, at the Maimonides Medical Center, the con-
traindications to the performance of MRA reach double
digits. The morbidity associated with X-ray, contrast arte-
riography is well known. Hematomas, pseudoaneurysms,
and even fistulas have been created by needle puncture
and catheter placement. Allergic reaction to contrast and
renal morbidity are serious contraindications to arteriog-
raphy, especially if the patient is a diabetic in renal failure.
The latest claim against X-ray technology is that it is car-
cinogenic. In particular, the use of CT must be restricted
significantly.

2. DUAM is portable. Arterial mapping can be per-
formed 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
technologies is limited.

3. DUAM shows the arterial wall and the obstructive
plaque. Arteriography is strictly a luminogram, showing
only flow. MRI and CT could, theoretically, show the arte-
rial wall and the obstructive material. Their resolution 
at present, however, is inferior to that of US B-mode
characterization.

4. DUAM provides hemodynamic data. Although 
theoretically possible with MRA, none of the other 
techniques presently available provides velocity and 
volumetric flow rate data. Hemodynamic data detected
with US improves evaluation of the cardiovascular 
conditions including the peripheral runoff.

5. DUAM detects low flow in any direction. Arteriog-
raphy often fails to detect flow distal to an obstruction.33,34
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MRA often fails to detect flow in directions not 
predicted by the algorithm employed. CTA often fails 
to demonstrate flow in small arteries. In contrast, US is
capable not only of detecting low flow but also of demon-
strating blood movement in arteries without apparent
flow.

6. DUAM provides information in all three dimen-
sions. X-Ray arteriography fails to describe properly
stenoses that cause noncircular lumens. One single pro-
jection is inadequate in many applications. Two, even
three projections or rotational arteriography cause an
overload of contrast and radiation. MRA can be tridi-
mensional, but in practice, only the longitudinal lumen is
described in multiple projections. The contrast and radi-
ation 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 structures. CT and MRI could perform the
same task if algorithms 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 erroneous with luminograms.

8. DUAM is “fast.” Depending on how time is meas-
ured, a 1-h DUAM procedure can be considered fast
compared to the other techniques. MRA can be time con-
suming. CTA and even MR need expert reconstruction
that may not be available until the data are analyzed
overseas, for example. 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 preoperative 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 informa-
tion leading to effective treatment of the lower extrem-
ity. Personnel training, open mindedness, and increased
reimbursement could make DUAM a preferred option
for most cases in a service geared toward patient and per-
sonnel safety and simplicity of diagnosis, perioperative
imaging, and follow-up.
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The successful performance of any arterial bypass proce-
dure starts with, ideally, 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. Most surgeons would not willingly abandon
some effort to image both the inflow and outflow arter-
ies, whether by conventional angiography, ultrasound,
magnetic resonance arteriography, computerized tomog-
raphy, or other more arcane techniques. However, these
same surgeons often pay little attention to the greatest
portion of their bypass, the vein itself.

That this is so is probably because the saphenous vein
was most frequently encountered by surgeons during
vein stripping, and certainly preoperative anatomic defi-
nition of the saphenous vein was not performed. In addi-
tion, it has taken the surgical community time to regard
veins as more than passive tubes awaiting use as an arte-
rial bypass. As the importance of the physiologic impor-
tance of the live autogenous vein became revealed to the
surgical community, methods were progressively devel-
oped to preserve the live vein. In this context, it became
increasingly apparent that minimizing intraoperative
injury to the vein conduit was desirable. In addition,
because of the frequent anatomic variations seen in any
of the cutaneous veins used for arterial bypass, improved
preoperative knowledge of the vein allowed surgeons to
select the most satisfactory veins available while avoid-
ing those that were too small or otherwise diseased while
minimizing the incisions and dissections required to
make this choice. This last point cannot be overempha-
sized as wound complications from vein harvest sites are
a frequent and troublesome complication of arterial
bypass surgeries.

The overall goal of this chapter is to supply the clini-
cian or technologist with the specific knowledge neces-
sary to perform preoperative vein mapping while,
hopefully, convincing him or her of its utility and ultimate
logic. Like many technologic advances, the need for vein

mapping may seem obscure, especially to surgeons who
have performed these surgeries for decades without this
knowledge. But like personal computers, post-it notes,
and remote controls, vein mapping, once used, makes the
life of the operator so much easier 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.1 While the initial cases were done
by incising the skin overlying the saphenous vein and
incising the valves with the modified Mills valvulotome
(“open” technique), further evolution of the instrumen-
tation led to the development of the Leather and then
other valvulotomes, which are passed blindly up the 
vein from a below-knee incision to the groin incision
(“closed” technique). The use of a closed technique,
although attractive in terms of decreasing operative dis-
section and operative time, is very sensitive to variations
in saphenous vein anatomy, as the surgeon does not
directly expose and thereby examine the entire vein or
veins available, making the selection of the best available
vein more problematic. In addition, certain branching
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 contrast venography. The results of
these studies were summarized in part by Shah et al.2 The
methods reported in that paper are still effective and
useful in some selected cases.The saphenous vein is punc-
tured in the foot, ideally in one of the many prominent
sidebranches covering the medial aspect of the foot. The
use of a tourniquet is helpful for the puncture, but should
be removed subsequently. Contrast medium is injected
into the saphenous vein. Importantly, the vein is then
flushed with heparinized saline after the venogram is
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completed to minimize the chance of contrast-induced
thrombosis.

Alternatively, the same information may be gained
intraoperatively at the beginning of the bypass proce-
dure. An incision is made over the saphenous vein,
usually just below the knee. Once the vein is thought to
be identified, it is cannulated through an opened side-
branch with a 22-gauge plastic angiocath (sheath only)
and a single film is taken of the thigh after 10–12ml of
contrast is instilled into the vein. This has the advantage
of not requiring the delay and inconvenience of preop-
erative venography, but is less likely to give the surgeon
the complete picture of the vein.

Although these venographic techniques were used in
several hundred bypass procedures, they are both inva-
sive. In addition, venography gives relatively little infor-
mation in regard to vein wall thickness, calcification, and
other aspects of vein quality that are more apparent with
ultrasonographic techniques. Venography is also not a
practical method of imaging multiple limbs in the same
patient at the same time.

There are some circumstances in which these methods
are still of use. First, when first starting to perform duplex
vein mapping, accuracy may be monitored by performing
venograms. This is especially important when the imager
encounters variations that he or she has not seen previ-
ously and helps shorten the learning period for the
imager. Second, there are individuals in whom the vein
anatomy is sufficiently complicated and/or difficult to
image with duplex due to patient anatomy (extreme
obesity) or inability to cooperate in whom an intraoper-
ative venographic study would be useful. Third, emer-
gency cases done late at night when duplex may not be
available may benefit from on-table venography instead.

Ultrasound Imaging of the 
Saphenous Vein

After duplex ultrasound became available at our institu-
tion, its potential advantages over contrast venography
were readily apparent. After a period of time trying to
develop a technique and method of duplex imaging, this
new technology became the method of choice for venous
imaging in 1985 and has continued with a few minor mod-
ifications until the present day.3,4

The noninvasive nature of ultrasound is its most attrac-
tive feature. This is most significant 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 with imaging of the contralateral greater saphenous
vein, bilateral lesser saphenous veins, residual ipsilateral
greater saphenous vein, and arm veins. This allows the
surgeon to pick and choose among several conduit
options in order to complete the reconstruction in 

the most efficient 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.
It has become apparent that the “quality” of the vein
affects vein performance as an arterial conduit.While this
has been long understood to include vein diameter,
quality also reflects other aspects of vein morphology
such as the presence of recanalization, sclerotic areas, and
thick vein walls.5,6 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 cutaneous vein mapping is that commonly available
and employed in vascular imaging studies of most kinds.
A 10- to 12-MHz transducer is what is generally
employed. Lower MHz probes are occasionally useful to
image deeper veins in extremely obese individuals, but
lack the resolution necessary for delineating the impor-
tant details seen with the higher MHz probes. A 4.5-MHz
pulsed Doppler is also occasionally employed primarily
to check for vein patency. Color is rarely, if ever, neces-
sary and may in some circumstances obfuscate important
details. The reason that color flow is usually not helpful
is that the unaugmented flow rates in these cutaneous
veins provides only sporadic color filling of the vessel,
which is of little use in outlining their course. The trans-
mit power (decibels) of the transducer probe is generally
turned down as this delivers a cleaner, clearer image by
minimizing backscatter. Focal zones should be adjusted
to maximize the near-field resolution (Figure 27–1).

Because the course of the vein is drawn upon the skin
with indelible marker and then stain, the unprotected
probe head may become permanently stained, especially
through the relatively porous probe membrane. To avoid
this, the probe is covered with a plastic sandwich bag con-
taining ultrasound gel.

Preparation of the examination area or room is of vital
importance for successful mapping. The room should be
well heated to minimize peripheral venoconstriction. In
a similar fashion, the patient should remain clothed and
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 greater saphenous vein
usually requires the stretcher to be placed in reverse
Trendelenburg with the knee slightly flexed and the hip
externally rotated. Standing the patient is usually not nec-
essary for the majority of cases and is certainly not well
tolerated by many in this patient group. Occasionally, the
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patient may be stood at the end of the procedure to check
the vein size under maximal pressure. In the past, tourni-
quets 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
junction can usually be positively identified with its char-
acteristic relationship to the common femoral vein and
artery (“Mickey Mouse,” Figure 27–2). In very obese
patients, however, this may be difficult 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.

The scanning technique is very different from that used
with, say, carotid imaging. Because these veins are super-
ficial and have very little internal pressure, they 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
fifth fingers offset from the course of the vein. The exam-
iner can check his or her technique by examining the vein
in cross section: it should be round, not elliptical (Figure
27–3).

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 visualized. 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
confirm its identity. The vein may be compressed to
confirm 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 perpendi-
cular to the skin as possible in order to help the surgeon
make the incisions as directly over the vein as possible.
This is entirely possible in most cases where the leg is
normal, but can be unavoidably inaccurate if the skin is
sagging or otherwise very redundant. Correct marking of
the course of the vein on the skin requires some experi-
ence and constant feedback from the operating room
findings.

Once the vein is identified in the transverse plane, the
probe is slowly rotated 90° to insonate the vein in a sagit-
tal 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

A B

Figure 27–1. (A) Ultrasound power low. (B) Ultrasound power high.

Figure 27–2. Mickey Mouse.
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or so. After the remainder of the scan is completed, the
dots are painted over with a continuous line. For this
purpose, we use carbol fuchsin stain (originally obtained
from the radiation oncology department) applied with a
cotton-tip applicator. This provides the operator with a
map of the underlying vein (Figure 27–4). This map
should provide the operator with a detailed picture of the
vein but it does not necessarily precisely indicate the best
place for the operator to place the incisions; this requires
some judgment from the surgeon in addition to the exter-
nal 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 gen-
erally 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

A B

C

Figure 27–3. (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.

Figure 27–4. Vein map.

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 surgeon does not
abandon the thought of using the vein without visually
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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 ultrasonog-
raphy under venous pressure.

As the probe is moved from the groin to the ankle, the
vein is held in a sagittal plane. As marks are made on the
skin, the probe is rotated to a transverse plane every 3–4
inches at which time the vein may be compressed to
confirm patency and its diameter measured and recorded.
Other data that should be generally noted include the
relationship of the vein to the superficial and deep fascia
and the relative depth of the vein in regards to the skin.
It does help if the ultrasonographer has some direct expe-
rience with the relationship of the saphenous vein to the
fascia. Knowing that the main vein usually runs below the
superficial fascia, for instance, allows the imager to avoid
tracking more superficial subdermal veins that may be as
large or larger.7 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
fascial layers.

Other more subtle but no less important data that may
be obtained include information about the vein wall. Nor-
mally, the intimal-medial complex appears as a thin,single,
well-delineated reflection. With the probe in the sagittal
plane, an abnormal appearance of the vein wall should be
noted (Figure 27–5). This may be expressed in the report
by describing the vein wall as being thickened (worri-
some), calcified (worrisome but often usable), irregular
(very worrisome,with possible recanalization),or sclerotic
(almost certainly not usable). These notations are some-
what 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 on ultrasound. This is the one condition in which
use of color flow imaging is useful; distal compression will
help define the vein from the surrounding fluid-filled
tissue planes.

At this point, the entire vein should have been com-
pleted in the first pass from the groin to the ankle. There
should be a line of black dots along the course of the vein.
At this time, the vein is rescanned again, from the top
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 medial
and lateral accessory veins in the upper thigh as well as
major perforators, which are seen as posterior or poste-
riolateral branches that then dive through the deep fascia
to communicate with the deep venous system (Figure
27–6). Preoperative identification of these points will

A B

Figure 27–5. (A) Normal vein wall. (B) Thickened (?sclerotic ) vein wall.

Figure 27–6. Perforator to deep system from saphenous vein.
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allow the surgeon to gain access to the vein with a
minimum amount of dissection and to ligate these perfo-
rators efficiently.

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 depict-
ing the leg (or arm) in question is filled out.This form has
a diagram of the mapped vein and notation for abnor-
malities, configuration, vein size, depth, and any other
data felt to be useful to the operator. This entire proce-
dure may take as little as 15min with a single simple
system, although longer periods of time are required for
more complicated cases.8

Saphenous Vein Variants

During imaging, many branches of the vein may be
encountered. Some of these branches will prove, upon
imaging, to be long parallel venous systems.9 While most
operators regard the greater 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 thou-
sand limbs now scanned. Familiarity with these variations
is important for both the ultrasonographer and the
surgeon.

For most purposes, the variations in saphenous vein
anatomy may be classified into two groups: above the
knee and below the knee. The most common single con-
figuration of the thigh saphenous vein is what is termed
a single medial dominant vein, seen in about 60% of
cases. This is the “typical” configuration in which the vein
is a single trunk running medially along the thigh and
deep to the superficial fascia. 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
lateral dominant system in 8% of cases (Figure 27–7). In
this setting, the thigh vein runs more laterally than usual
and is superficial to the superficial fascia. In addition, it
has many more, smaller branches, is more thin walled, and
curves toward the patient’s midline (concave inward).
The lateral system arises as the lateral accessory vein,
usually the first and largest lateral branch just distal to
the saphenofemoral junction. Although a single lateral
dominant 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 medial and lateral
systems running along the entire thigh that remain rela-
tively separate from each other even below the knee.10

These double systems may have a larger medial (medial
dominant double system) or lateral (lateral dominant
double system) branch, or both systems may be relatively

equal in caliber (Figure 27–8). This pattern occurs in
about 8% of cases. It is vitally important for the ultra-
sonographer to pick up this variant and to give the
surgeon some idea which vein is better so that the
surgeon can place the incisions over the appropriate
place. In addition, the surgeon can use the ultrasound
information to avoid wasting time chasing the less satis-
factory vein.

The saphenous vein may have a closed loop in the thigh
portion in about 7% of cases (Figure 27–9). This type of
vein tends to be a poor candidate for closed in situ bypass
valvular disruption, as there is no assurance the surgeon
has been able to instrument the larger of the branches 
of the loop, and the start and finish of the loop are 
points especially prone to injury from intraluminal 
instrumentation.

In about 16% of cases, the saphenous vein divides in
the distal two-thirds of the thigh (Figure 27–10). Both
branches run parallel into the lower leg. If not identified
by mapping, the surgeon can easily isolate the wrong
(smaller) system at the knee. 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 
sufficiently complicated, usually reflecting multiple 
loops and parallel systems, as to be difficult to char-
acterize ultrasonographically. The surgeon should be 

Figure 27–7. Single lateral dominant system 8%.
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A

B

Figure 27–8. (A) Superficial lateral and deeper medial systems. (B) Components of a double system 8%.

Figure 27–9. Closed loop in thigh 7%. Figure 27–10. Branching of saphenous vein in distal thigh.
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notified of this. Careful exploration and the use of intra-
operative venography (see above) are called for in 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
common situation, seen in 58% of cases, has the anterior
branch being the dominant system and the posterior
remaining clearly a tributary (Figure 27–11).The anterior
system is generally deeper, thicker walled, and has fewer
branches than the posterior system. It can be seen to lie
between the deep and superficial fascia and to travel with
the saphenous nerve.

The posterior system is the single dominant system in
about 7% of cases (Figure 27–12).This vein runs in a sub-
cutaneous plane, is thinner walled, and has many small
branches. This vein is generally harder to work with but
delivers good results when the dominant system. Inci-
sions for this variant tend to be more posterior in the calf
and less deep than the usual situation.

The saphenous vein has both complete anterior and
posterior systems in about 35% of cases. The systems
divide at the knee and rejoin at the junction of the upper
two-thirds and lower one-third of the lower leg. In this
situation, the anterior system is dominant in most (85%)

Figure 27–11. Typical calf saphenous vein anatomy 58%.

Figure 27–12. Single posterior dominant 7%.

Figure 27–13. Double calf system 35% (anterior dominant
85%).
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cases and posterior dominant in 15% of this subgroup
(Figure 27–13).

In less than 1% of the time the veins are tripled or oth-
erwise too complex for accurate imaging by ultrasound.

Proper Use of Mapping Data

Like any test, there are limitations in the data the 
study purports to deliver. First, like any ultrasound 
data, mapping is highly dependent upon a close working
relationship 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 in a noncontentious manner if 
the map was accurate or if the data provided were not 
accurate.

Mapping is very good at defining the presence or
absence of vein. It is good at defining the minimum 
size of the vein. Conversely, it does not do a good job 
of defining the size of the vein under arterial pressure.
Thus in good hands, if the surgeon is told that there 
is no vein, this is probably true. If the surgeon is told 
that the vein is present but small, 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 first two (proximal and distal) incisions
over the vein, but the vein should then be identified
before the incisions are connected. The map does not
obviate the need for surgical judgment in regard to this
point.

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 identified.
Valves are not well imaged.

Irregularities of the vein wall, when identified, are very
accurately identified with ultrasonography. Many of these
findings are somewhat subtle at first and require experi-
ence. The lack of identified irregularities on the mapping
is no guarantee that the vein quality is good.
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Introduction

Symptomatic arterial disease of the upper extremity is
uncommon and accounts for approximately 5% of all
cases of extremity ischemia. Unlike the lower extremity,
where atherosclerosis is by far the most common dis-
order, ischemia in the upper extremity may be caused by
a variety of systemic diseases. The diagnosis of upper
extremity arterial disease is often complex and requires
a complete history and physical examination, laboratory
screening, and noninvasive and possibly invasive exami-
nation of the arteries of the upper extremity. In contrast
to lower extremity ischemia, surgical intervention is
rarely required in patients with upper extremity ischemia
and the diagnosis of upper extremity ischemia can often
be sufficiently accomplished using only noninvasive diag-
nostic tests.We have had a long-standing interest in upper
extremity ischemia at the Oregon Health & Science Uni-
versity and over the past 30 years have evaluated over
1500 patients. Our noninvasive testing includes segmen-
tal arm pressures, digital pressures and arterial wave-
forms using photoplethysmography (PPG), and testing
for cold-induced vasospasm. Duplex evaluation plays a
minor role, and arteriography is rarely employed. The
noninvasive tests, in combination with the history and
physical examination, generally give all the necessary
information to secure the diagnosis and guide the treat-
ment for upper extremity ischemia. In this chapter, we
will review the disease processes that result in upper
extremity ischemia and our diagnostic approach to
patients presenting with it.

Presentation

Most clinical syndromes involving upper extremity
ischemia include Raynaud’s syndrome as one of the
major clinical manifestations. This condition is character-

ized by episodic attacks of digital artery vasospasm in
response to cold exposure or emotional stimuli. The
vasospasm causes closure of the small arteries of the
distal parts of the extremities. Classic attacks consist of
intense pallor of the distal extremities followed by
cyanosis and rubor upon rewarming with full recovery
not occurring until 15–45min after the inciting stimulus
is removed (Figure 28–1). Some patients, however,
develop only pallor or cyanosis during attacks and it is
now clear that the classic tricolor attacks do not occur in
all patients. In addition, a number of patients have been
recognized who complain of cold hands without digital
color changes. These patients have abnormal findings on
noninvasive examinations identical to patients with
classic digital color changes, thus suggesting that digital
color change may not be essential for diagnosis.

Patients with Raynaud’s syndrome have traditionally
been divided into two groups, as described by Allen and
Brown in 1932.1 The term Raynaud’s disease was used to
describe a benign idiopathic form of intermittent digital
ischemia occurring in the absence of associated diseases,
while the term Raynaud’s phenomenon was used to
describe a similar symptom complex occurring in associ-
ation with one or more of a variety of systemic diseases.
This classification is not based on the underlying cause of
the symptoms, and it is well recognized that associated
diseases may not be diagnosed at the time of initial pres-
entation but may develop years later. Therefore, using
this classification scheme, patients may make the transi-
tion between disease and phenomenon sometime after
their initial presentation. Thus we believe there is no 
need to attempt to separate Raynaud’s disease from
Raynaud’s phenomenon and refer to the condition as
Raynaud’s syndrome.

Episodic digital ischemia is not limited to primary
vasospasm and may be seen in association with other dis-
eases involving the small vessels of the hands, as well as
in large artery disease due to embolization from an
upstream lesion or occlusion of the major arteries sup-

28
Noninvasive Diagnosis of Upper Extremity
Vascular Disease
Jocelyn A. Segall and Gregory L. Moneta

312



28. Noninvasive Diagnosis of Upper Extremity Vascular Disease 313

plying the arm or hand. A small group of patients pre-
sent with intermittent ischemia overlying symptoms of
chronic ischemia. These patients may have chronic limb
pain or severe pain with minimal arm exertion. Such
patients are likely to have digital ulcers or fingertip gan-
grene at the time of presentation (Figure 28–2).They also
report episodic worsening of digital ischemia consistent
with Raynaud’s syndrome.

A useful classification scheme for both the diagnosis
and treatment of upper extremity ischemia is to divide
patients into those with large artery disease and those
with small artery disease. Patients are then further
divided into those with vasospasm and those with arte-
rial obstruction. We have found this classification scheme
to be helpful in categorizing patients and predicting their
long-term outcome.

Pathophysiology

The etiologies associated with small and large artery
occlusive disease are quite distinct, although the under-
lying pathophysiology of Raynaud’s syndrome attacks is
the same. It is important to note, however, that small

artery occlusive disease in the upper extremity accounts
for 90–95% of patients presenting with upper extremity
ischemia. Only 5–10% of patients will have large vessel
disease. Upper extremity ischemia resulting from small
artery disease may be as mild as intermittent cold sensi-
tivity of the fingertips, or may be severe enough to result
in gangrene of the fingertips.

The variety of diseases resulting in small artery disease
is wider than those seen in large artery disease (Tables
28–1 and 28–2). In contrast to large artery diseases, in
which symptoms are caused predominantly by arterial
obstruction, small artery diseases often result in symp-
toms that are caused by vasospasm of the palmar and
digital arteries and arterioles. In clinical practice, the most
common cause of upper extremity ischemia, which results
from small vessel disease, is idiopathic vasospasm. It is
well established that in cool, damp climates 6–20% of the
population, particularly young females, will report symp-
toms of Raynaud’s syndrome if questioned.2

Patients with vasospastic Raynaud’s syndrome do not
have significant proximal arterial, palmar, and/or digital
artery obstruction and accordingly have normal digital

A
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Figure 28–1. Raynaud’s syndrome.

Figure 28–2. Digital ulcer.

Table 28–1. Causes of small artery disease in the upper
extremity.

Idiopathic vasospasm
Connective tissue disease

Scleroderma
Rheumatoid arthritis
Sjögren’s syndrome
Systemic lupus erythematosus
Mixed connective tissue disease

Undifferentiated connective tissue disease
Hypercoagulable states
Neoplasm
Hypersensitivity angiitis
Frostbite
Emboli
Buerger’s disease
Chemical exposure
Vibration injury
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artery pressure at room temperature. A markedly
increased force of cold-induced arterial spasm causes
arterial closure in these patients. Patients with obstruc-
tive Raynaud’s syndrome have a significant obstruction
of the arteries between the heart and the distal phalanx.
To experience a Raynaud’s attack, the patient must have
sufficiently severe arterial obstruction to cause a signifi-
cant reduction in resting digital artery pressure. This con-
dition requires obstruction of both arteries of a single
digit. In such patients, a normal vasoconstrictive response
to cold is sufficient to overcome the diminished intr-
aluminal distending pressure and cause arterial closure.
This theory predicts that all patients with hand arterial
obstruction sufficient to cause resting digital hypotension
will experience cold-induced Raynaud’s attacks.3 In our
experience this appears to be true. Figure 28–3 demon-
strates the relationship between finger pressure and
finger temperature for normal patients and for those
patients with vasospastic and obstructive Raynaud’s 
syndrome.

A major focus in the search for the abnormalities in
Raynaud’s syndrome pathophysiology has been on alter-

ations in peripheral adrenoceptor activity. Increased
finger blood flow was noted in patients following α-
adrenergic blockade with drugs such as reserpine. Oral
and intraarterial or intravenous reserpine was the cor-
nerstone of medical management of Raynaud’s syn-
drome for many years.

α2-Adrenoreceptors appear to play an important role
in the production of the symptoms of Raynaud’s syn-
drome, as they are involved in the regulation of digital
vascular tone.4 Receptor levels in circulating cells appear
to mirror tissue levels. Due to the difficulty in obtaining
digital arteries from human subjects, levels of platelet α-
adrenoceptors have been measured as a surrogate. An
increased level of platelet α2-adrenoceptors in patients
with Raynaud’s syndrome has been demonstrated.5,6

Increased finger blood flow during body cooling was
noted in human controls treated with the α2-adrenergic
antagonist yohimbine. The α1-adrenergic antagonist pra-
zosin had only a mild effect.7 α2-Adrenoceptors are
believed to be necessary for the production of vasospas-
tic attacks in idiopathic Raynaud’s syndrome.8 Possible
mechanisms of α2-adrenergic-induced Raynaud’s syn-
drome include an elevation in the number of α2-receptor
sites, receptor hypersensitivity, and alterations in the
number of receptors exposed at any one time. Addition-
ally, increased vasoconstrictive responses to serotonin
and angiotensin II have been demonstrated in Raynaud’s
patients with an increase of tyrosine phosphorylation
upon cooling. This effect was reversed with protein tyro-
sine kinase inhibitors.9

The possible roles of the vasoactive peptides 
endothelin-1, a potent vasoconstrictor, and calcitonin
gene-related peptide (CGRP), a vasodilator, have also
been investigated. Elevated endothelin-1 levels have
been found in Raynaud’s syndrome patients.10 Depletion
of endogenous CGRP may also contribute to Raynaud’s
syndrome. Increased skin blood flow in response to
CGRP infusion has been demonstrated in patients with
Raynaud’s syndrome compared with controls.11 Addi-
tionally, investigations into the role of nitric oxide (NO)
have been and are continuing to be performed. It is
believed that with endothelial damage, NO is under-
produced. Furthermore, estrogens are thought to have
some control in vasodilation, especially in small artery
circulation, via an NO pathway.12 The deficiency of NO,
in combination with circulating inhibitors of NO, may
have a substantial role in the disease process.13

Platelet activation has also been implicated in the
pathophysiology of Raynaud’s syndrome and vibration
has been recognized as a cause of platelet activation.This
fact has been demonstrated by the increase in circulating
levels of thromboxane and α-thromboglobulin, both of
which are released by platelets. Thromboxane is a well-
known potent vasoconstrictor and platelet aggregator
and its actions, especially with cooling, are increased in

Table 28–2. Causes of large artery disease in the upper 
extremity.

Atherosclerosis
Aneurysmal disease
Giant cell arteritis
Takayasu’s arteritis
Radiation arteritis
Cardiac emboli
Trauma
Fibromuscular dysplasia
Arterial thoracic outlet syndrome
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Figure 28–3. The relationship between digital blood pressure
and digital temperature is illustrated in a diagrammatic fashion
for normal (red), patients with vasospastic Raynaud’s syndrome
(yellow), and patients with obstructive Raynaud’s syndrome
(green).
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patients with Raynaud’s syndrome. Additionally, sero-
tonin is released from platelets and may contribute to the
complex pathway that causes symptoms in Raynaud’s
patients.14

Small Artery Diseases

The most frequently associated disease process seen in
patients presenting with upper extremity ischemia is con-
nective tissue disease. Of the various connective tissue
diseases, scleroderma is the most common in patients pre-
senting with Raynaud’s syndrome (Figure 28–4) The inci-
dence of connective tissue disease in patients with upper
extremity ischemia varies widely in the literature from
16% to 80%.2 The reason for this variation includes the
fact that tertiary referral centers see patients with the
most severe ischemia, which likely includes a dispropor-
tionate number of patients with connective tissue dis-
eases. It is important to realize that while most patients
with connective tissue disease will have Raynaud’s syn-
drome, most patients with Raynaud’s syndrome do not
have a connective tissue disease. In our patient popula-
tion, 21% of patients had a connective tissue disease at
their initial presentation, with an additional 5.9% devel-
oping some type of connective tissue disease during long-
term follow-up.15

Patients with connective tissue disease may have either
obstructive or vasospastic Raynaud’s syndrome, and 
may progress from vasospasm to obstruction over time.
Patients with connective tissue disease are more likely to
have obstructive Raynaud’s syndrome at the time of
initial presentation and are more likely to develop

obstruction over time. The obstructive process appears to
result from a vasculitis that is common to the connective
tissue disease.

A variety of hypercoagulable states including cryo-
globulins, protein C and protein S deficiencies, and
antiphospholipid antibodies have been associated with
the development of upper extremity ischemia and digital
and palmar artery occlusion. Patients with cancer, likely
through a hematologic abnormality, have also presented
with digital and palmar artery occlusive disease.16,17 We
see several patients a year who present with the acute
onset of upper extremity ischemia with widespread
obstruction of the digital and palmar arteries in whom we
are not able to find a cause of the obstruction. We have
used the term “hypersensitivity angiitis” to describe the
process in these patients and postulate that they have
formed antibodies as a result of some environmental or
infectious exposure. These antibodies then precipitate in
the digital arteries resulting in obstruction.

Cold injuries such as frostbite and prolonged immer-
sion lead to upper extremity ischemia. The mechanism in
this type of injury includes digital artery obstruction,
which is seen in frostbite, and nerve damage resulting in
vasospasm, which occurs with both frostbite and immer-
sion injuries.

Buerger’s disease, also known as thromboangiitis oblit-
erans, is a clinical syndrome characterized by the occur-
rence of segmental thrombotic occlusions of small- and
medium-sized arteries in the upper and lower extremities
accompanied by a prominent arterial wall inflammatory
cell infiltrate.18 Affected patients are predominantly
young male smokers (mean age 34 years) who usually
present with distal limb ischemia frequently accompanied
by localized digital gangrene19 (Figure 28–5).

About 10% of patients with Buerger’s disease have iso-
lated upper extremity involvement, and 30–40% have
upper and lower extremity involvement. Central to the
diagnosis of Buerger’s disease is the onset of symptoms
before age 45 years, a uniform exposure to tobacco, and
the absence of arterial lesions proximal to the knee or
elbow.19 In the upper extremity, the lunar or radial artery
is frequently occluded, and extensive digital and palmar
arterial occlusion is uniformly present. The etiology of
Buerger’s disease remains unknown. Although a strong
association with tobacco use has been clinically recog-
nized, a causal relationship has not been conclusively
demonstrated.20

Occupational causes of small vessel disease include
vibration, toxin exposure, and perhaps long-term cold
exposure. The most common toxin reported to cause
upper extremity ischemia is polyvinylchloride, which is
no longer widely used. There have been several studies
that have looked at employees exposed to long-term
cold, particularly in the food packaging industries.21,22

There does appear to be an increase in Raynaud’s Figure 28–4. Scleroderma.
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symptoms with long-term cold exposure, but a cause and
effect link has not been established.

Use of vibrating tools has long been known to cause
upper extremity ischemia, starting with the first reports
from stonecutters in the early 1900s. Long-term use of
tools that vibrate at certain frequencies first causes
vasospasm both with the exposure to cold and vibration,
and later leads to palmar and digital artery obstruction.
As new industries have arisen over the years and vibrat-
ing mechanical tools have been invented to make the
work easier, new waves of patients with “vibration white
finger” have appeared.2 A prime example of this is in the
timber industry. The earliest chain saws were little more
than a motor attached to a blade and caused widespread
damage to the hands of those using them. The newer
antivibration saws have been carefully designed to isolate
the damaging frequencies from the user’s hands.

Large Artery Diseases

The causes of large artery disease in the upper extremity
are similar to those seen in the lower extremity but the
proportional distribution of diseases is different. The
most common cause of larger artery disease in the upper
extremity is atherosclerosis. However, atherosclerosis is
responsible for only a small proportion of disease, in con-
trast to the lower extremities where atherosclerosis is by
far the most frequent cause. A large variety of other con-
ditions may also affect the arteries of the upper extrem-
ity proximal to the wrist (Table 28–2).

Although a small proportion of disease, atherosclero-
sis in the upper extremity is the most frequently seen
cause of large artery upper extremity ischemia, particu-
larly in older males (Figure 28–6). The disease may be at
the origin of the great vessels or more distally in the axil-
lary or brachial arteries. Atherosclerosis may present
with chronic ischemia of the limb or as intermittent
ischemia due to embolic events. Aneurysms of the bra-
chiocephalic, subclavian, and axillary arteries may result
in upper extremity ischemia through thrombosis or by
showering emboli, which occlude the distal circulation.
Treatment of occlusive or aneurysmal disease consists of
thrombolysis, angioplasty and/or stenting, or bypass of
the lesion with resection or isolation of the aneurysm if
present.

Giant cell arteritis and Takayasu’s arteritis are autoim-
mune disorders involving the arteries of the head, neck,
and arms and are characterized by long segment stenoses,
occlusion, or aneurysms of the affected arteries.23 Giant
cell arteritis is most commonly seen in elderly white
females. These patients often have systemic symptoms
such as polymyalgia rheumatica, malaise, headache, and
an elevated sedimentation rate.24 Takayasu’s arteritis fre-
quently presents in young Asian females. Fever, myalgias,
and anorexia are common. It is important to identify
these disease processes correctly since surgery is con-
traindicated in the active phase and steroid therapy is
essential.

A

B

Figure 28–5. Buerger’s disease. (A) Minor finger amputations.
(B) Segmental thrombotic occlusion of small and medium arter-
ies in the upper and lower extremities of young smokers.

Figure 28–6. Atherosclerosis.
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Radiation arteritis is known to involve the subclavian
and axillary arteries and has led to critical limb ischemia
in a small group of patients.25 Treatment of these patients
may be difficult because of the radiation injury to the sur-
rounding tissue, but bypass with veins is often technically
possible.

Ten to twenty percent of cardiac emboli lodge in the
upper extremity. Emboli may also originate in diseased
upper extremity arteries or a heavily diseased and calci-
fied aortic arch, but approximately 70% of upper ex-
tremity emboli originate in the heart.26 The severity of
symptoms a patient has depends in part on the acuteness
of the episode and the location of the embolus (Figure
28–7). Emboli lodging proximal to the origin of the pro-

funda brachii artery usually result in severe extremity
ischemia because of the paucity of collaterals. Emboli
lodging distal to the profunda brachii do not usually
cause limb-threatening ischemia but may result in dis-
abling chronic symptoms of ischemia with arm use. For
these reasons surgical embolectomy is the recommended
treatment for emboli. The operative mortality of repair is
high, approximately 10%, and is due to underlying dis-
eases. Occasionally, particularly in the acute setting,
thrombolytic therapy may be effective in treating the
embolus.

Traumatic injuries to the upper extremity arteries may
be of a blunt or penetrating nature. Angiographic mis-
adventures, particularly those seen with brachial artery
catheterization, are another traumatic etiology. Most
traumatic arterial injuries present acutely with little
doubt as to the etiology. One exception to this is among
patients with occupations in which the hand is used as a
hammer to align or force objects. These patients, often
carpenters, mill workers, or machinists, may develop
chronic traumatic aneurysms of the ulnar artery at the
wrist. This so-called hypothenar hammer syndrome may
cause ischemia by thrombosis of the ulnar artery,
embolization to the digital arteries from the aneurysm, or
a combination of the two (Figure 28–8).

Extremely rare causes of large artery upper extremity
ischemia include fibromuscular dysplasia with occlusion
or aneurysm formation, and true arterial thoracic outlet
syndrome, which may cause subclavian artery aneurysms
or occlusions.27,28 Buerger’s disease, as described previ-
ously, may also cause large artery disease.

Noninvasive Diagnostic Techniques

Segmental Arm Pressures

Blood pressure using a 10-cm pneumatic cuff is measured
above the elbow, below the elbow, and above the wrist
while insonating the radial or ulnar artery at the wrist
using continuous wave Doppler. Waveforms can also be
recorded at the different levels. Abnormal waveforms or
pressures will help diagnose arterial disease proximal to
the wrist (Figure 28–9).

Digital Pressure and Plethysmography

Digital pressure and plethysmography have proven to be
extremely useful in the diagnosis of upper extremity arte-
rial disease. Either PPG or strain gauge plethysmography
can be used to measure digital blood pressure and to
obtain pulse waveforms. We prefer PPG because the
equipment is easier to use and more durable. The photo
cell is attached to the fingertip pulp with double-sided
tape or small strain gauges are placed around the finger-

A

B

Figure 28–7. Embolization.
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tip. One-inch (2.5-cm) blood pressure cuffs are placed
around the proximal phalanx (Figure 28–10). Waveforms
are recorded at rest, and then the cuff is inflated to
measure blood pressure, which is indicated by the cessa-
tion of pulsatile blood flow. It is extremely important to
measure and record finger temperature before perform-
ing this test. If the finger temperature is less than 28–30°C
then false-positive results may be obtained secondary to
cold-induced vasospasm. We recommend hand and/or

whole body warming in patients with low finger temper-
atures, and require the technologist to record the finger
temperature on the test form. Digital blood pressure is
normally within 20–30mmHg of brachial pressure. This
corresponds to a ratio of finger systolic pressure to
brachial systolic pressure of greater than 0.80.Waveforms
are normal if the upstroke time is less than 0.2 s. The
absolute height of the waveform is not important since
the test is qualitative, not quantitative. Diagrammatic

Figure 28–8. Hypothenar Hammer syn-
drome (ulnar artery aneurysm).

Figure 28–9. Segmental pressures and wave-
forms.
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representations of PPG waveforms are shown in Figures
28–11 and 28–12. It is important to remember that there
are occasional patients with very distal digital artery
occlusive disease who will have normal finger pressures
measured since the digital cuff is around the proximal
phalanx.

Cold Challenge Testing

The simplest cold intolerance test is to measure the digital
temperature recovery time after immersion of the hand
in ice water for a short time period. This test is uncom-
fortable and poorly tolerated by patients. Using a ther-
mister probe to measure finger temperatures, the patient’s
hand is immersed in a container of ice water for 30–60
seconds. After the hand is dried, the fingertip pulp tem-
peratures are measured every 5 minutes for 45 minutes,
or until the temperature returns to preimmersion levels.
The preimmersion digital temperature must be above
30°C and therefore hand and body warming may be
required prior to immersion.When cold sensitivity testing
is performed the hands are immersed in ice water. Normal
individuals will have a recovery time to preimmersion
levels of less than 10minutes.This test is very sensitive for

detecting cold-induced vasospasm but is quite nonspe-
cific, with approximately 50% of patients with a positive
test having no clinical symptoms of cold sensitivity.29

A better test for cold sensitivity is the digital hypother-
mic challenge test as described by Nielsen and Lassen30

(Figure 28–13). This test involves placing a finger cuff
around the proximal phalanx on the test finger and per-
fusing the cuff with progressively cooler fluid. The pres-
sure in the test finger is then compared with that in a
reference finger that is not cooled. This test has become
our preferred test for cold-induced vasospasm. The
Nielsen test is interpreted as positive for abnormal cold-
induced vasospasm if the test finger pressure is reduced
by more than 17% compared with the reference finger
(Figure 28–14). Other tests for cold-induced vasospasm
include thermal entrainment, digital laser Doppler
response to cold, thermography, venous occlusion
plethysmography, and digital artery caliber measure-
ment, but these test are not widely accepted or used.31–33

Upper Extremity Duplex Scanning

Duplex scanning of the upper extremity is carried out in
a manner similar to arterial examination elsewhere in the
body.The arteries are relatively superficial and fairly con-
stant in location. Even digital arteries can be visualized in
some patients by careful examination. Digital arterial
lesions may be associated with more proximal disease,
and therefore all arteries from the subclavian artery to 
the digital and palmar arteries should be imaged, even if

Figure 28–10. Digital artery waveforms/pressures.

NORMAL DIGITAL PPG OBSTRUCTIVE DIGITAL PPG VASOSPASTIC DIGITAL
PPG - PEAKED PULSE

Figure 28–11. Diagrammatic representation of normal, ob-
structive, and vasospastic digital PPG waveforms.

Figure 28–12. PPG waveforms in unilateral disease.
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the suspected lesion is at one extreme of the upper extrem-
ity.

For examination of the origin of the subclavian artery
a 3- or 5-MHz probe generally gives the best images
(Figure 28–15). The remaining upper extremity arteries
are superficial and are best scanned with a higher-
frequency probe such as a 7.5- or 10-MHz probe. Either
a sector or linear scan head may be used, but in either
case a standoff or mound of acoustical gel is helpful to
visualize the vessel clearly and to assess the flow pattern
within it. Color duplex scanners facilitate identification of
the vessels (Figure 28–16), and tortuosity of the upper

Figure 28–13. Digital hypothermic challenge test.

Figure 28–14. Diagrammatic representation of the digital
hypothermic challenge test, showing an abnormal (left column)
and normal examination (right column). During the abnormal
examination the digital blood pressure in the test finger, which
is normal at rest, drops to approximately 50% of the pressure
in the reference finger at 10°C. In the normal examination there
is a minimal pressure drop in the test finger with local cooling.

Figure 28–15. Duplex image of the origin of the right sub-
clavian artery demonstrating a normal color flow image.

Figure 28–16. Duplex image of a patent origin of a left axillary
brachial vein graft.
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extremity arteries may be more easily seen with color-
flow imaging.Table 28–3 summarizes the techniques used
to visualize each upper extremity artery by duplex 
scanning.

The interpretation of duplex findings in the upper
extremity is similar to the interpretation of B-mode
images and Doppler signals gathered in other arterial
systems.34 Stenoses will result in high-velocity jets, post-
stenotic turbulence, and dampened distal waveforms. At
present there are no specific frequency or velocity crite-
ria with which to gauge the severity of stenoses in the
upper extremity, as there are for carotid or lower extrem-
ity arteries.

Normal waveforms in the upper extremity arteries are
usually triphasic. With cooling of the limb, the amplitude
of the velocity waveform decreases dramatically, but the
triphasic pattern persists. Heating of the limb results in
decreased hemodynamic resistance and monophasic
signal with flow throughout diastole. The diagnosis of
arterial occlusion is made by imaging the artery and using
the Doppler to show that there is no flow within the
lumen. Although the use of color may aid in the per-
formance of the examination, the important diagnostic
information resides in the Doppler spectra.

Diagnosis

The evaluation of the patient presenting with upper
extremity ischemia begins with a detailed history and
physical examination. In addition to the standard ques-
tions regarding the onset, severity, and timing of symp-
toms, the patient should be questioned specifically for
symptoms of connective tissue disease including arthral-
gias, dysphagia, skin tightening, xerophthalmia, or xeros-
tomia. An occupational history determining exposure to
toxic substances is important. Historical information
should be sought regarding exposure to trauma or frost-
bite, drug history, and a history of malignancy. Symptoms

in the lower extremity should also be sought. Patients,
especially those who present with sudden onset of digi-
tal ischemia, should be questioned about coagulation
abnormalities and a history of previous thromboembolic
episodes.

On physical examination, the digits should be carefully
inspected for the presence of ulcers and hyperkeratotic
areas suggesting healed ulcers. The hands and fingers
should also be examined for telangectasias, skin thinning,
tightening, or sclerodactyly, which may suggest an associ-
ated autoimmune disease. Signs and symptoms of nerve
compression syndrome should also be sought since carpal
tunnel syndrome is seen in about 15% of Raynaud’s
patients.1 A thorough pulse examination of all extremi-
ties should be performed with attention to the strength
and quality of pulses as well as the presence of aneurysms
or bruits. Four limb blood pressures should be obtained
and carefully charted. It should be noted that the physi-
cal examination is frequently completely normal in
patients with Raynaud’s syndrome.

The extent of laboratory evaluation will vary some-
what depending on the findings of the history and phys-
ical examination. Our current basic evaluation includes a
complete blood count, erythrocyte sedimentation rate,
chemistry panel, rheumatoid factor, antinuclear antibody
to aid in the diagnosis of any associated autoimmune
disease, and hand radiographs for calcinosis or tuft
resorption in patients with suspected systemic disease.
Additional information such as serum protein elec-
trophoresis and antibodies to a variety of nuclear anti-
gens may subsequently be obtained as indicated. An
upper extremity nerve conduction test should be consid-
ered if there is any clinical suspicion of carpal tunnel 
syndrome. We further evaluate patients with sudden
onset of hand ischemia and no evidence of autoimmune
disease for hypercoagulable states. Our current hyperco-
agulable screen consists of prothrombin time/partial
thromboplastin time (PT/PTT), antithrombin III, protein
C, protein S, lipoprotein (a) levels, homocysteine levels,
as well as screening for antiphospholipid antibodies, anti-
cardiolipin antibodies, hereditary resistance to activated
protein C (Factor V Leiden), prothrombin gene mutation
(G20210A), and dilute viper venom test (DVVT).

Vascular laboratory testing consists initially of seg-
mental arm pressures, finger pressures and PPG wave-
forms, and cold challenge testing. Segmental pressures
are carried out at the wrist, below the elbow, and 
above the elbow. There is normally no change in blood
pressure at each level, and the pressures should be 
equal to systemic pressure. Abnormal waveforms and
decreased pressures at the above-elbow cuff site indicate
axillary, subclavian, or brachiocephalic arterial occlusive
disease. Similarly, abnormalities at the below-elbow and
above-wrist sites indicate brachial and proximal ulnar/
radial arterial occlusive disease, respectively.

Table 28–3. Techniques for visualizing upper extremity
arteries.

Acoustical
Artery Probe Approaches standoff

Subclavian 2–5MHz Supraclavicular No
Infraclavicular
Sternal notch

Axillary 7–10MHz Anterior Occasionally
Axillary helpful

Brachial 7–10MHz Anterior Yes
Radial 7–10MHz Anterior Yes
Ulnar 7–10MHz Anterior Yes
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Digital blood pressures and waveforms are obtained.
It is very important to ensure that the hands are not cold
when measuring finger pressures and waveforms to avoid
false-positive results. Normal digital artery pressure is
within 20–30mm Hg of brachial pressure with a finger-
brachial ratio of >0.80.A normal digital PPG artery wave-
form will have a rapid upstroke (less than 0.2 s) and may
or may not have a dicrotic notch. It is important to
remember that finger PPG waveforms are not quantita-
tive, as the height of the waveform is dependent on the
gain setting, not blood flow. Patients with vasospasm will
often have an abnormally shaped waveform termed a
“peaked pulse,” which is thought to represent abnormal
elasticity and rebound of the palmar and digital vessels.
Obstructive waveforms have a slow upstroke (greater
than 0.2 s) and generally a more rounded peak (Figure
28–11). We have found that PPG is as accurate as arteri-
ography in assessing patients with hand ischemia.35

To confirm the diagnosis of vasospasm in response to
cold exposure we prefer to use the digital hypothermic
challenge (Nielsen) test, as the ice water immersion test
is not well tolerated. Patients with vasospastic and
obstructive Raynaud’s syndrome will have digital pres-
sure drops of greater than 17% with cooling compared
with a test finger, which is not cooled.

The combination of upper extremity pulses, digital
pressures, and waveforms will allow the differentiation of
large artery disease from small artery disease. Dampened
digital waveforms with diminished digital pressures will
lead to a diagnosis of occlusive small vessel disease when
the proximal arm pressures are normal. Normal digital
waveforms and a positive digital hypothermic challenge
test will clearly distinguish vasospastic from obstructive
disease. Raynaud’s syndrome can be confidently diag-
nosed from the history and these studies. Other diseases
such as scleroderma, Buerger’s disease, hypersensitivity
angiitis, and hypercoagulable states can also be differen-
tiated and diagnosed with this approach in association
with judicious laboratory blood testing.

Patients with abnormal arterial pressures at the wrist
and above can be considered to have large artery disease
and require further evaluation. Duplex scanning is
proving useful in evaluating patients in whom there is no
evidence of a systemic disease process that may be
responsible for the obstructive ischemic symptoms. For
those patients with unilateral symptoms who may have a
surgically correctable lesion such as a subclavian artery
aneurysm or stenosis, duplex scanning has been the most
useful.36 The duplex evaluation of aneurysms is based
upon the B-mode image appearance, with the most
important feature being the size of the enlarged artery.
Presence or absence of flow within the aneurysm can be
determined by the Doppler component. Duplex scanning
may be of use in patients with suspected embolization to
identify proximal aneurysms, but the evaluation should

also include echocardiography to look for mural thrombi
and valvular lesions. While duplex scanning alone cannot
be used to make the diagnosis of Takayasu’s arteritis, it is
a helpful adjunct in following the progression or regres-
sion of arterial involvement in response to treatment.37

We rarely use arteriography in the upper extremity,
even in patients with tissue loss.We have realized that the
vascular laboratory can provide almost all the diagnostic
information we require. We reserve arteriography for
those patients with significant hand ischemia in whom no
underlying disease process can be detected with nonin-
vasive testing, particularly if the symptoms are unilateral.
When arteriography is performed it is important to study
both upper extremities because the presence of bilateral
small artery occlusive disease is an indication that there
is a systemic process involved. We find that magnified cut
film views of the hands provide greater detail than digital
subtraction techniques. We continue to obtain arteri-
ograms on all patients requiring surgical correction of
arterial lesions.

Treatment and Outcome

The primary treatment of upper extremity ischemia is
cold avoidance. We further recommend cessation of
tobacco use if present, and a reduction of caffeine if
intake is heavy. Since most of the patients we see have
vasospastic Raynaud’s syndrome and are moderately
symptomatic, these therapeutic recommendations are
generally sufficient. Patients with more severe symptoms
are treated with a variety of vasodilators. Our first line
drug is extended-release nifedipine (30mg at bedtime).38

While this causes a reduction in the severity of vasospas-
tic episodes, it is rarely curative and is associated with 
frequent side effects, the most common of which is
headache. Other drugs that appear to be effective include
captopril, losartan, guanethidine, prazosin, and sustained-
release transdermal glyceryl trinitrate patches and slide-
nafil.39–41 Selective serotonin reuptake inhibitors (SSRIs)
have been studied recently as well and may be helpful in
the treatment of Raynaud’s syndrome.42 Behavioral mod-
ification with biofeedback has helped many patients, and
acupuncture has even proved beneficial in one small
study.43,44 We empirically treat patients with digital ulcers
with pentoxifylline until their ulcers have resolved. The
digital ulcers are treated with local care and judicious use
of antibiotics for cellulitis. Distal phalangeal amputation
is occasionally required for either pain control or pro-
truding bone. These amputations heal slowly but there is
often dramatic pain relief.

Patients with no evidence of large or small artery
obstruction and no laboratory abnormalities can be con-
sidered to have idiopathic Raynaud’s syndrome and have
an excellent long-term prognosis with a low probability
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of developing either a connective tissue disease or
ischemic ulcers.15 Patients with positive serologic tests or
other laboratory abnormalities clearly are at increased
risk of having or developing an associated disease
process, which may or may not require further evaluation
and treatment. If these patients have no evidence of
obstructive disease they have an intermediate prognosis
along with those patients who have obstruction but no
evidence of an associated disease. The patients with
obstruction and an associated disease are the group that
fare the worst over the long term and are most likely to
have or develop digital ulcers.15 Approximately 50% of
patients who present with digital ulcers will have recur-
rent ulcers.16,35

In the few patients with large artery disease, surgical
bypass or repair is frequently indicated.28 Unfortunately,
patient recovery may be limited since many large artery
diseases are associated with distal emboli, which cannot
be retrieved at the time of surgical repair. This leaves 
the patient with normal circulation to the wrist but 
with symptoms due to residual small artery occlusive 
disease.

We have not found any improvement in ulcer healing
with sympathectomy as compared with local wound 
care and have not performed upper extremity sympa-
thectomy for upper extremity ischemia in over a decade.
Periarterial digital sympathectomy has been recom-
mended as a more direct approach.45 While we have
several patients who have had satisfactory results from
this procedure, there are no convincing data concerning
its efficacy. We have tried arteriovenous reversal in a
limited number of difficult cases but have not noted any
significant clinical improvement and have abandoned this
procedure.46

Conclusions

Upper extremity ischemia is an unusual clinical entity.
Using a careful history and physical examination,
detailed noninvasive vascular laboratory testing (seg-
mental pressures, PPG, cold challenge test), and serologic
tests, determining the cause is possible in nearly every
patient. Duplex scanning appears to offer some addi-
tional information in selected cases. If the diagnosis
cannot be established by noninvasive testing or if thera-
peutic intervention is planned, arteriography remains 
an important diagnostic test for upper extremity vas-
cular disease. The primary treatment of upper extremity
ischemia remains cold avoidance, with the addition 
of pharmacologic treatment for a limited number of
patients. The long-term outcome for the majority of
patients who present with Raynaud’s syndrome appears
quite good with a low risk of developing a connective
tissue disease or tissue loss.
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Introduction

The objectives of this chapter are to review applications
and describe protocols of duplex ultrasound arterial
mapping (DUAM) of the upper extremities. A literature
search revealed multiple arterial applications of duplex
ultrasound in the upper extremity. Situations in which
ultrasound may replace arteriography or other tech-
niques actually employed are also mentioned. The exam-
ples cited expand the role of the noninvasive vascular
laboratory to many medical specialties, including vas-
cular surgery, vascular medicine, radiology, neurology,
nephrology, orthopedics, plastic surgery, emergency med-
icine, trauma, and physiology.

Applications

Although the incidence of severe ischemia is low in the
upper compared to the lower extremity,1 a variety of
pathological arterial conditions have been investigated
with duplex ultrasound.

Acute and Chronic Obstructions

The large and small arteries feeding the upper extremity
may be imaged with DUAM pending the patient’s body
habitus and availability of high-grade, high- and low-
frequency transducers and ultrasound scanners. Exam-
ples of applications include detection of acute emboliza-
tion of the axillary, subclavian, and/or brachial arteries,
severe stenosis of the innominate artery, occlusion of the
brachial artery (Figure 29–1), and obstruction of digital
arteries.2–4 Ultrasound has high sensitivity for the detec-
tion of occlusive disease at nine different levels of the
arterial circulation.5 It is a common technique to follow
treatment, including endovascular procedures of large
arteries, and digital transplantation.6–8

Subclavian Steal Syndrome

Occlusion or severe stenosis of the subclavian artery is
commonly detected by differences in arm pressure meas-
urements or observation of reverse flow in the vertebral
artery (Figure 29–2). DUAM corroborates the diagnosis
by direct imaging and detection of monophasic or abnor-
mal waveforms distal to the obstruction.

Trauma

Ultrasound can be as effective as arteriography in detect-
ing arterial wall injuries caused by trauma.9 Occlusion,
pseudoaneurysms (Figure 29–3), fistulas, wall injuries, and
intimal flaps can be properly identified in the subclavian,
axillary, brachial, and forearm arteries. Vasospasm
without injury can also be evaluated.

Vasculitis

Inflammation of blood vessels can cause thromboangiitis
obliterans or Buerger’s disease.Arteries of the hands and
feet are particularly affected, becoming constricted or
severely obstructed. The large arteries and the arteries of
the hand and fingers, all the way to the nail level, can be
insonated.10 Takayasu’s arteritis can be recognized by 
the arterial wall characteristics and narrowed lumen as
imaged by B-mode ultrasound (Figure 29–4). Alterations
in shape, as imaged by color flow ultrasound and veloc-
ity waveforms, have been detected in patients with sec-
ondary Raynaud’s phenomenon.11 Drug treatment can be
monitored and controlled by DUAM.12 The ultrasound
evaluation helps define the location and amount of drug
delivered.

Aneurysms of Subclavian/Axillary Arteries

Distal embolization may originate from mural thrombus
located at the proximal arteries (Figure 29–5). Saccular
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Figure 29–1. Color duplex image: Pseudoaneurysm with long
neck and to and fro color in sac.

Figure 29–2. B mode image: Tip of needle in center of
pseudoaneurysm sac. Note thrombus forming in inferior aspect
of sac.

Figure 29–3. Current treatment algorithm for postcatheteriza-
tion pseudoaneurysms.

Figure 29–4. Arterial wall thickening extending to the subcla-
vian artery in a patient diagnosed with Takayasu’s arteritis.
Manual measurements of wall thickness were 1.2mm in the
near wall and 1.3mm in the far wall.

A

B

Figure 29–5. Partially thrombosed aneurysm of the axillary
artery (A) causing thrombosis of the radial artery (B). (Cour-
tesy of Fanilda Barros, M.D., Angiolab Vitoria, ES, Brazil.)
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aneurysms of the subclavian or axillary arteries can be
diagnosed with ultrasound. The treatment can be via
open surgery or endovascular.13 Pending the location and
access of the aneurysm, DUAM could be employed for
guidance for puncture or even implantation during the
endovascular procedure.

Stump of an Occluded Axillofemoral Bypass

The rare, acute embolic consequences of axillofemoral
bypass occlusion were diagnosed with DUAM. The 
ultrasound technique complements arteriography, mag-
netic resonance, and transesophageal echography in
determining the source and consequences of the embolic
episode.2

Thoracic Outlet Syndrome

Thoracic Outlet Syndrome (TOS) affects nerves, veins,
and arteries. Congenital or posttraumatic pseudarthrosis,
hypertrophic callus, arterial restriction by a screw in a
clavicular plate, bone tumors, and Paget’s disease usually
demonstrate arterial lesions that are symptomatic during
postural changes. An embolic stenosis of the subclavian
artery followed by poststenotic dilatation is a common
finding.14

Radial Artery Mapping for Coronary Bypass

Arterial mapping has been increasingly accepted prior to
harvesting the radial artery for coronary bypasses. Radial
artery diameter and reactivity can be assessed.

The radial artery has several favorable features as a
coronary graft, including a caliber similar to that of the
coronary arteries, adequate length for complete coronary
revascularization, and adequate wall thickness and resist-
ance. Presently, several cardiovascular surgeons request
that the vascular laboratories perform preoperative non-
invasive 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 com-
plications to the hand.

Harvesting the radial artery may occasionally lead to
ischemic complications of the hand (particularly the
thumb and the index finger), which could be deprived of
blood flow in patients with anatomical variations that do
not allow adequate collateral flow across the palm. The
incidence of this complication is generally low.15,16 There
are several contraindications to using the radial artery as
a graft conduit, including ischemic symptoms in the upper
extremity, history of arterial trauma, and Raynaud’s syn-
drome.The use of the radial artery in the dominant arm is
generally avoided, but this contraindication seems to be
less important when adequate noninvasive evaluation
confirms that it is appropriate. 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 elim-
inate the possibility of postharvest ischemia of the hand.

The contribution of increased ulnar flow (Figure 29–6)
in the absence of radial artery flow 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.17

Examination of the digits includes the contribution of
other arteries besides the ulnar.

The anatomic feature that permits radial artery har-
vesting 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
significant collateral pathway is the superficial palmar
arch, which typically originates from the ulnar artery and

A

B

Figure 29–6. Increased blood flow velocities through the ulnar
artery during compression of the radial artery. Variations in
velocity with this maneuver, such as the increase in ulnar artery
velocities with radial compression and the corresponding
decrease after release of compression, depend on the degree of
vasodilatation (A) or vasoconstriction (B) of the hand and
digits. Incorporation of testing response to radial compression
in worst-case condition with a constricted hand is suggested.
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provides the majority of arterial supply to the digits. The
dorsal and deep palmar arches usually originate from the
radial artery and are generally smaller than the superfi-
cial palmar arch and its branches. Overall, if the superfi-
cial palmar arch is intact, collateral flow to the radial
aspect of the hand should be adequate, if the radial artery
is harvested. However, there are several anatomic varia-
tions that may lead to hand ischemia with radial artery
harvesting, e.g., incomplete superficial palmar arch, radial
artery dominance of the superficial palmar arch, and
absence or malformation of the ulnar artery. These vari-
ations have been reported to vary from 6% to 34%.18

Several methods were advocated to evaluate the capa-
bility of the ulnar artery to provide adequate perfusion
to the hand in the event of radial artery harvesting.These
include the clinical modified Allen test, digital blood pres-
sure measurement,19 segmental pressure measurement,20

laser Doppler flowmetry,19 pulse oximetry,21 flow meas-
urement with photoplethysmography,21 and modified
Allen test with Doppler ultrasound.15,18,22 In the clinical
modified Allen test, the hand is deprived of perfusion by
clinching the fist 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 unreli-
able with a significant number of false-negative and false-
positive results.23 The measurement of digital systolic
blood pressure is objective, and although a pressure drop
of more than 40mmHg has been proposed as an indica-
tor of hand ischemia, the choice of this value is some-
what arbitrary and needs validation.The measurement of
oxygen saturation in the digits with radial artery 
compression is also objective, but substantial variations
in perfusion do not always result in changes in 
saturation.16,21

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.15,18,22 This examination involves Doppler
interrogation of the radial portion of the superficial
palmar arch before and after radial artery compression,
and assessment for the presence and/or reversal of 
flow as an indicator of an intact arch providing adequate
collateral flow.15,18,22 In three previously reported
studies,15,18,22 using the modified ultrasound Allen test
with continuous-wave Doppler, in the follow-up of
patients who underwent radial artery harvesting, none of
the 113 patients who had negative studies (i.e., intact
palmar arches) had signs of hand ischemia. Zimmerman
et al.24 examined 358 patients who underwent coronary
artery bypass graft replacement, who were evaluated
using modified ultrasound Allen test, and reported 53
radial arteries were harvested with no single case of hand
ischemia. They began their examination with a modified
ultrasound Allen test. If this test indicated that the arch

was not intact, the examination was ended. If collateral
flow 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 (Figure 29–7). The super-
ficial palmar arch of the radial artery can be identified
coursing anteriorly at this location. The approximate
place of this vessel can generally be found by drawing a
line along the longitudinal axis of the center of the index
finger to the point of its intersection with the crease at
the base of the thumb or the thenar eminence. Flow in
this artery is normally directed toward the transducer and
into the superficial palmar arch. The direction of flow in
this artery can be easily determined by using color
Doppler ultrasound. Color Doppler ultrasound is gener-
ally used to locate the artery and spectral imaging to eval-
uate and document the change in flow direction. While
the superficial palmar arch is insonated, the radial artery
is compressed at the wrist, and the ultrasonographer
watches for a reversal of flow, implying that the arch is
complete, or lack of flow, implying that the arch is incom-
plete (Figure 29–8). Reversal of flow implies that the
radial artery may be harvested with safety. Complete lack
of flow in this artery with compression essentially pre-
cludes the use of the ipsilateral radial artery.

Although there are no specific velocity criteria to grade
stenoses in the upper extremity arteries, the application

Figure 29–7. Transducer positioning for insonation of the
superficial palmar branch of the radial artery in the crease at
the base of the thumb. (Reprinted from Zimmerman P, Chin E,
Laifer-Narin S, et al. Radial artery mapping for coronary artery
bypass graft placement. Radiology 2001;220:299–302. With per-
mission from the Radiological Society of North America.)
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of velocity criteria on other vessels may apply. These
include a focal increase in peak systolic velocity, post-
stenotic turbulence, 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 
flap for plastic surgery.25 Preexisting vascular disease as

detected by echography eliminates donor vessels, reduces
the risk of hand ischemia, and reduces failure of free
flaps. Excision of the radial artery during harvesting of
the forearm flap significantly alters the flow patterns of
the distal upper extremity.26 Compensatory increased
flow rates were noted in the anterior and posterior
interosseous and ulnar arteries. Mapping the ulnar artery
alone is, therefore, an insufficient evaluation if the radial
artery is being harvested. The contributions of the
interosseous arteries must be taken into consideration.

Arterial Mapping Prior to Constructing a
Dialysis Fistula

Patients now are less likely to have suitable arteries and
veins for autogenous fistulas in classical locations.27,28

Stenosis of forearm arteries is a common finding altering
fistula configuration. DUAM is usually performed to
determine patency and adequate inflow to the brachial
(Figure 29–1), radial, and ulnar arteries.29 The examina-
tion is particularly recommended if the patient has had
prior revascularization or arterial catheters implanted.
An integrated approach that includes preoperative ultra-
sound improves utilization and outcome of primary
forearm fistulas.30,31 Ultrasound examinations can also
document improvement in arterial and venous diameters
and in flow-mediated dilatation following prefistula exer-
cise training.32

Steal Syndrome

Digital ischemia associated with a dialysis access may be
caused by (1) elevated flow through the fistula, (2) steno-
sis of an inflow artery, and (3) disease of the palmar
arch.33 Measurement of blood flow rate through the
inflow artery, access and outflow vein(s), imaging of
inflow arteries, and evaluation of high-resistance flow in
the ulnar and radial arteries are evaluated to determine
actual causes of the steal syndrome.

Arteriovenous Malformations

DUAM complements diagnosis of high-flow arteriove-
nous malformations,34 could be employed during embolo-
therapy, and helps access the results of treatment.

Hypothenar Hammer Syndrome

This condition reduces blood flow to the fingers and is
caused by workers such as carpenters repeatedly using
the palm of the hand, the hypothenar eminence in par-
ticular, as a hammer to deal with various objects. These
actions damage blood vessels, specially the ulnar artery.
A traumatic aneurysm of the ulnar artery, for example,

A

B

Figure 29–8. Color (inset box) and spectral Doppler ultra-
sound images of the superficial palmar branch of the radial
artery (red area in inset box) in a healthy volunteer demon-
strate blood flow toward the transducer before radial artery
compression (left of arrow.) (A) In one hand, flow reverses after
radial artery compression (right of arrow), indicating a contin-
uous palmar arch. (B) In the contralateral hand, flow does not
reverse after radial artery compression (right of arrow), indi-
cating an incomplete arch. (Reprinted from Zimmerman P,
Chin E, Laifer-Narin S, et al. Radial artery mapping for coro-
nary artery bypass graft placement. Radiology 2001;220:299–
302. With permission from the Radiological Society of North
America.)
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can thrombose and cause digital embolization. DUAM
complements history and clinical diagnosis, and could be
used to monitor thrombolytic therapy.

Microsurgical Operations

Plastic reconstructions of the hand and digits often
require appropriate monitoring of brachial, radial, ulnar,
and digital inflow. Due to vasospasm, blockade of the
brachial plexus may be performed to increase flow.35

Preoperative mapping, evaluation of brachial plexus
blockade, perioperative evaluation, and postoperative
follow-up of plastic reconstruction of the upper extrem-
ity can be accomplished with DUAM. Digital arteries
may be followed all the way to below the nail bed (Figure
29–9).

Sympathetic Activity

Measurements of artery diameter, velocities, and resistive
indices permit objective evaluation of sympathetic tone
and stellate ganglion blockade.36

Tumor Detection

The vascularity and size of digital glomus tumors have
been evaluated preoperatively to facilitate excision.37

Adventitial Cystic Disease

Very few cases of adventitial cystic disease have been
reported.38 Lesions in the popliteal fossa, external iliac,
axillary, distal brachial, radial, and ulnar arteries as well
as in the proximal saphenous vein at the ankle have been
described. Anatomic images of a lobulated arterial wall
and flow disturbances are detected in conjunction with
this pathology.

Brachial Artery Reactivity

Duplex imaging and/or M-mode imaging have been
employed to detect flow-mediated dilatation (FMD) or
brachial artery reactivity in response to postocclusive
reactive hyperemia. Such measurements have been used
to evaluate endothelium function and drug influence on
the arterial walls.39

Carpal Tunnel

Changes in radial and ulnar diameters and respective
blood flow rates have quantitated the effectiveness of
carpal tunnel release.40

Summary

DUAM can be employed for definitive diagnosis, preop-
erative mapping, periprocedural imaging, and patient
follow-up in a variety of medical conditions. Intraopera-
tive ultrasound guidance is a hot topic for development
in the near future.

Protocols

This section briefly describes basic protocols for 
duplex ultrasound imaging of the arteries of the upper
extremities.

Patient Positioning

The examination is usually performed with the patient
supine and the arm alongside the body. In this position,

A

B

C

Figure 29–9. Small arteries detected beneath the nail in the tip
of the finger in transverse (A) and longitudinal (B) imaging
with corresponding blood flow rate waveforms (C).
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the arteries of the forearm and hand can be easily
assessed. The proximal large arteries, the subclavian and
axillary, can also be imaged in this position. Imaging of
the arteries in the arm often requires lateral extension
and rotation to provide space between the body and the
medial aspect of the arm.

Patient positioning is changed to accomplish the objec-
tives of specific tests. For thoracic outlet syndrome, for
example, the head and the arm are rotated and forcefully
moved in an attempt to cause arterial blockage. The
baseball pitcher’s position while preparing to throw the
ball is particularly useful. Positioning, however, should try
to mimic conditions that cause symptoms according to
the patient’s complaints. Patient’s position is also adapted
to examination with immersion of the hand in cold or
warm water. Immersion of a hand in water with ice is con-
traindicated. We recommend that the hand be immersed
in tap water and ice be placed in the water until the
patient cannot tolerate the discomfort any more. A
warning is warranted about changes in pressure caused
by raising or lowering of the hands above or below heart
levels. Pressure in the vessels of the hand decreases or
increases with changes in hydrostatic pressure. Such posi-
tioning must be taken into consideration during pressure
measurements or interpretation of the DUAM results.

Worst-Case Conditions

It is recommended that some examinations be performed
in worst-case conditions also. For example, if the radial
artery is to be excised, the remaining collateral flow must
be enough to feed the hand comfortably in conditions of
severe vasoconstriction. The patient should be tested in a
cold environment, with cold hands and perhaps a colder
than usual central body temperature.This philosophy can
be expanded to other situations such as plastic implanta-
tions, arteriovenous fistulas for dialysis, and evaluation of
bypass grafts. Potential for success or failure can be
demonstrated. Testing in worst-case conditions does not
preclude examination in normal conditions.

Best-Case Conditions

Arterial imaging improves if physiological and technical
parameters are optimized. Arteries dilate and blood flow
rates increase with heat. The patient then should be
mapped while warm, in a warm environment and after
maneuvers to promote vasodilatation 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 flow and duplex Doppler

increases sensitivity.

•Some instruments have special algorithms for detec-
tion of low velocity or low volume.

•Proper steering improves color flow and duplex
Doppler signals.

•Increased persistence augments perception of color
flow.

Large Proximal Arteries

Sector probes with a small footprint are often needed to
image the proximal arteries as we approach the aortic
arch (Figure 29–2). A small footprint, or size of the ultra-
sound probe also facilitates imaging of the arteries
around the clavicle.As patient size and anatomy vary, the
rules for imaging the large arteries change. Forcing the
shoulders forward or backward and head positioning
away from the area of interest may improve imaging.

Brachial Artery

Most brachial arteries are easily imaged with a linear
transducer in the 5–10MHz range. Problems may sur-
face in the presence of anomalous anatomy such as a 
high brachial bifurcation (Figure 29–10), and dilated
interosseous arteries mimicking the radial or ulnar arter-
ies segmentally.

Forearm Arteries

Forearm arteries can be imaged with the same transducer
used to examine the brachial artery. This transducer is
commonly needed to evaluate the interosseous arteries
and to visualize radial and ulnar arteries with meander-
ing superficial and deep tunnels. Otherwise, a transducer
with high frequencies above 10MHz can be used to
improve resolution and visualization of small superficial
arteries.

An expanded field of view of the radial artery facili-
tates transfer of information. It requires training and it
may take time if the artery is diseased or has an irregu-
lar course.

Hand and Digit Arteries

High-frequency high-resolution transducers are recom-
mended for improved imaging. Probes in the 10–20MHz
range are now commonly available for most scanners.
Small probes facilitate the approach to digital arteries.
Large probes improve the overall visualization of the
complex anatomy of the palm arch.

Summary

Two or three ultrasound probes may be needed to 
evaluate the arteries of the upper extremity from the 
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subclavian to the nail bed. Protocols must adapt to the
objectives of the test, using normal, best, or worst-case
conditions and performing examinations before, during,
and after provocative maneuvers.
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Introduction

Surgery for access for hemodialysis (HD) is the most
commonly performed vascular surgical operation in the
United States, predominantly due to a steady rise in the
incidence and prevalence of end-stage renal disease
(ESRD). Despite a concomitant increase in the mean 
age of these patients and more coexisting morbidities,
advances in the management of renal failure and dialysis
have resulted in longer survival among patients on HD.
However, the “Achilles heel” for these patients remains
access, with poor patency rates resulting in multiple inter-
ventions for thrombosis and maintenance, and, in many
patients, the eventual need for life-long catheter place-
ment. Access failure is the second leading cause of hos-
pitalization among patients with ESRD, and the annual
cost of access maintenance is estimated to be $1 billion
in the United States.1

Multiple studies have confirmed the improved patency
rate and lower infection rates for native arteriovenous 
fistulas compared to prosthetic arteriovenous grafts.
Although approximately 60–90% of nonautogenous
grafts are functional at 1 year, the patency falls to 40–60%
at 3 years.2 Despite inferior patency rates, however, pros-
thetic grafts continue to be more common than native fis-
tulas in the United States, accounting for 65% of all
access procedures. In contrast, data from Canada and
Europe demonstrate greater use of autogenous fistulas in
those countries, with prosthetic grafts accounting for less
than 35% in Canada and 10% in Europe.3

In an effort to promote more standardized practice pat-
terns and greater success with autogenous access place-
ment, the National Kidney Foundation produced the
Dialysis Outcome Quality Initiative (DOQI).4 The guide-
lines recommend that more than 50% of all access grafts be
autogenous; furthermore, to decrease thrombosis rates,
guideline 10 (Table 30–1) provides information on sur-
veillance and monitoring of dialysis access. Based on the
current data,routine surveillance of dialysis access appears

warranted, but the best method of surveillance has yet to
be devised. Ultrasound appears to be an attractive tool for
monitoring dialysis access based on its noninvasive nature
and its success with lower extremity bypass surveillance,
but it has not gained popularity as evidenced by its ranking
as the last acceptable method of arteriovenous (AV) access
surveillance in guideline 10 of DOQI.

Non-Ultrasound-Based Methods 
of Surveillance

Physical Examination

The DOQI guidelines recommend weekly physical exam-
ination of dialysis access. This includes palpation of the
access for a thrill over the arterial and venous anasto-
mosis as well as the mid portion of the access.4 The access
site should be auscultated for an audible bruit and
inspected for evidence of hematomas and pseudoa-
neurysms over the length of the access and in relation to
the puncture sites. It should also be monitored for signs
of possible infection along the access.

Venous Pressures

Elevation in the venous pressure on the dialysis machine
can signify a significant stenosis at the venous anastomo-
sis or outflow. Both static venous pressure (SVP) and
dynamic venous pressure (DVP) can be measured. The
SVP is measured with no dialyzer flow and varies among
patients. The DVP is measured when the dialyzer flow
rate is kept constant; pressures greater than 125mmHg
signify venous outflow stenosis.5

Access Recirculation

This refers to already dialyzed blood returned through
the venous needle that reenters the extracorporeal circuit
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via the arterial needle. The blood urea nitrogen (BUN)
concentration ratio between the arterial line, venous line,
and systemic values is used to calculate this parameter.
Normal recirculation is less than 10% with greater values
indicating an outflow stenosis.5

Ultrasound and Dialysis Access
Creation and Surveillance

Preoperative Planning

Ultrasound may be incorporated into preoperative plan-
ning, particularly for autogenous access placement.
Duplex ultrasound (DU) has been used for preoperative
planning in dialysis access, and studies have shown a
proven benefit of ultrasound in predicting success in
patients who have undergone a preoperative ultrasound.6

Robbin et al. noted an increase in autogenous AV access
creation from 32% to 58% after a preoperative DU
program was started.7 With preoperative ultrasono-
graphy, Silva et al. were also able to demonstrate an

increase in autogenous access placement from 14% to
63% and a decrease in failure of the autogenous access
from 38% to 8.3%. In that study, veins greater than 2.5
mm were required for autogenous access placement and
greater than 4mm for nonautogenous placement.8 Using
the criteria of a 2-mm vein at the wrist and greater than
3mm in the upper arm, Ascher et al. reported a similar
increase in autogenous access placement with preopera-
tive DU.9

Most preoperative ultrasound procedures can be per-
formed in an office/vascular laboratory setting. The
forearm venous network is superficial and easily imaged
(Figure 30–1).The superficial veins can be visualized both
longitudinally as well as in cross section. If these veins are
compressible and greater than 2.5mm, then an autoge-
nous access can likely be performed. Mendes et al. studied
the cephalic vein preoperatively with DU to determine
whether a minimal cephalic vein size in the forearm could
predict successful wrist autogenous access. He noted that
patients with a cephalic vein size of 2.0mm or less were
less likely to have a successful wrist autogenous access
than if the cephalic vein was greater than 2.0mm.10 If the
patient’s history suggests previous central venous lines or
arm swelling, the deep veins such as the axillary and distal
subclavian can also be interrogated. The bony clavicle
limits accurate assessment at the mid to proximal sub-
clavian level. Color flow DU may also be used to assess
the arterial inflow. Starting at the wrist the radial artery
can be identified and followed proximally to the brachial
artery. Using color flow in the longitudinal view occlusive
arterial disease can be identified. Unobstructed arterial
inflow of 2.0mm has been used as a predictor of
success.11,12

Ultrasound Monitoring and Surveillance of
Dialysis Access

DU has been studied for monitoring dialysis access and
has been noted to correlate well with the degree of steno-
sis. The accuracy has been reported to be as high as 90%
when confirmed by contrast studies of the accesss.13,14 An
estimation of a greater than 50% diameter reduction in
stenosis is a peak systolic velocity (PSV) of greater than
400cm/s, end-diastolic velocity (EDV) of greater than 250
cm/s, and residual lumen of less than 2mm diameter.5

Additionally, almost all protocols also utilize flow rates
within the access, which are calculated from acquired
measurements of diameter, area, and flow velocity
(Figure 30–2). Doppler ultrasound-derived direct vascu-
lar access blood flow determination is simple and nonin-
vasive, and may be used within a serial surveillance
protocol (see below). In addition, DU can interrogate the
entire length of the access including the anastomosis
(Figure 30–3).

Table 30–1. Guideline 10 from NKF/DOQI.

Definition of terms
Monitoring—This term refers to the examination and evaluation of 

the vascular access by means of physical examination to detect 
physical signs that would suggest the presence of pathology.

Surveillance—This term refers to periodic evaluation of the vascular 
access by means of tests that may involve special 
instrumentation, for which an abnormal test result suggests the 
presence of pathology.

Diagnostic testing—This term refers to testing that is prompted by 
some abnormality or other medical indication and that is 
undertaken to diagnose the presence of pathology.

Monitoring dialysis arteriovenous (AV) grafts
Physical examination of an access graft should be performed weekly 

and should include, but not be limited to, inspection and 
palpation for pulse and thrill at the arterial, mid, and venous 
sections of the graft. (Opinion)

A. Intraaccess flow (Evidence)
B. Static venous dialysis pressure (Evidence)

Acceptable
C. Dynamic venous pressures (Evidence)

Other studies or information that can be useful in detecting AV graft 
stenosis:

D. Measurement of access recirculation using urea concentration 
(Evidence)

E. Measurement of recirculation using dilution techniques 
(nonurea-based) (Evidence)

F. Unexplained decreases in the measured amount of hemodialysis 
delivered (URR, Kt/V) (Evidence)

G. Physical findings of persistent swelling of the arm, clotting of the 
graft, prolonged bleeding after needle withdrawal, or altered 
characteristics of pulse or thrill in a graft (Evidence/Opinion)

H. Elevated negative arterial prepump pressures that prevent 
increasing to acceptable blood flow (Evidence/Opinion)

I. Doppler ultrasound (Evidence/Opinion)
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Figure 30–1. Preoperative ultrasound images of the cephalic vein at the proximal and distal forearm and at the wrist, obtained
prior to planned radiocephalic fistula creation.

Figure 30–2. Duplex images of a well-functioning autogenous
brachial-basilic fistula (basilic vein transposition), with Doppler-
derived flow rates of 1270ml/min.

Figure 30–3. Duplex ultrasound study clearly showing the arte-
riovenous anastomosis of an autogenous access.
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The results of the impact of DU on patency and sec-
ondary interventions vary widely. Sands et al. studied 55
patients with polytetrafluoroethylene (PTFE) grafts and
randomized the patients to DU followed by angioplasty
if a greater than 50% stenosis was identified and a control
group in which no angioplasty was performed. He noted
that in the intervention group the thrombosis rate was 19
per 100 patient-years versus 126 per 100 patient-years in
the control group. There was a clear advantage of the
ultrasound group in regards to complications related to
the dialysis access.15 Detecting stenosis without access
malfunction may not be useful, however, as a prospective
study by Lumsden et al. found that stenosis detection
alone was not predictive of access failure. This group
studied patients with PTFE grafts and used color flow
duplex to detect patients with a greater than 50% diam-
eter reduction. They then randomized these patients to

observation or balloon angioplasty, and noted no signifi-
cant difference in 6-month and 12-month patency rates
among the two groups. They concluded that a “blanket”
approach to angioplasty for all stenoses greater than 
50% does not prolong graft patency and cannot be 
supported.16

Advantages of DU include its noninvasiveness, and,
as opposed to contrast studies, the fact that it can 
render more anatomic information regarding extralumi-
nal pathology such as fluid collections, hematomas, and
pseudoaneuyrsms while still characterizing luminal
stenoses. Indeed, in Europe, DU is the standard of care
for evaluation of AV access dysfunction and some believe
it should be included in an integrated program of vascu-
lar access management.17 On an individual basis, DU
evaluation should be correlated with the clinical exami-
nation of the access to plan treatment (Figure 30–4).

Figure 30–4. The correlation that is necessary between the
clinical evaluation of the access and the findings on Duplex
ultrasound (DU). This recently placed forearm basilic vein
transposition to the radial artery was found to have poor flow
on hemodialysis. Physical examination of the access revealed a
fibrotic segment that was easily palpable; proximal to this
segment the access was pulsatile and distal to it a very faint thrill

was felt. DU study showed a peak systolic velocity (PSV) of 75
cm/s in the pulsatile area and a PSV of 444cm/s and an end dias-
tolic velocity of 314cm/s in the fibrotic area indicating a signif-
icant stenosis. No other abnormality was detected along the
length of the vein or at the anastomosis. This stenosis was easily
repaired with a vein patch angioplasty.
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The main disadvantage of DU relates to operator
dependency. Standardization must be performed in each
laboratory to minimize potential sources of variance such
as cross-sectional areas of the vessels and an adequate
duplex angle, and the skills of an experienced vascular
technologist are integral to its success.18 Another source
of variance is the variability of individual ultrasound
machines. Winker et al. compared five different ultra-
sound machines and noted a wide range of underestima-
tion and overestimation of flow volume, due to different
algorithms used to compute the velocity of access blood
flow.19

Vascular Access Blood Flow

Measurement of access blood flow (Qa) has been shown
to identify access stenosis. A low Qa or a decrease in Qa
from one study to another is associated with an increased
risk of access thrombosis.20 Monitoring of Qa requires
additional technology, expertise, and time. The technique
involves indicator dilution technology, whereby the ultra-
sound velocity through blood is the indicator and dilution
is provided by a bolus of normal saline. The Transonic
Hemodialysis Monitor (HD01; Transonic Systems Inc.)
and dual flow/dilution sensors are used for the process.21

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 circuit flow is fixed and
rapid injection of saline into the venous line dilutes the
red cell mass in blood flowing through the access and
results in alterations of the Doppler-derived waveform
recorded by the arterial line transducer.5 Table 30–2 out-
lines the DOQI recommendations for access blood flow
measurement.4

Several studies have shown that Qa is the surveillance
method of choice to detect stenosis before thrombosis.
Grafts with a Qa < 600ml/min have a higher rate of
thrombosis than grafts with a Qa > 600ml/min.22 Smits

et al. compared static and dynamic venous pressure (SVP
and DVP, respectively) monitoring to Qa alone, Qa plus
DVP, and Qa plus SVP.Venous pressures were performed
weekly and Qa every 8 weeks; it was concluded that SVP
alone, Qa alone, or a combination of Qa and SVP reduced
the thrombosis rate below 0.5 per patient-year.23 Another
study found the addition of Qa to standard surveillance
increases the detection of stenosis as indicated by the
number of angioplasties in their treatment group.
However, there was no difference in time to thrombosis
or overall graft survival.20 Studies have shown that Qa
monitoring accurately detects stenosis but interventions
with “prophylactic” endovascular angioplasty do not
improve graft survival.

The use of access flow rates correlates well with the
presence of significant stenosis, with some series report-
ing greater than 90% positive predictive value. However,
prophylactic intervention (i.e., angioplasty) does not nec-
essarily improve graft survival after detection of these
stenoses by Qa monitoring.24 The NKF/DOQI guideline
suggests that Qa should return to baseline, but there is no
clear recommendation as to when to repeat Qa after an
intervention.

Other Uses of Ultrasound in Dialysis 
Access Surveillance

Other uses of ultrasound in dialysis access monitoring
include the potential use of intravascular ultrasound
(IVUS). Arbab-Zadeh et al. investigated the assessment
of dialysis access with IVUS and compared it to angiog-
raphy of the access. They noted that IVUS detected 
more lesions than conventional angiography.25 Further
studies will be needed to prove whether these results are
reproducible.

More recently, a new ultrasound instrument using
vector Doppler and embedded machine intelligence has
been developed to measure access flow rates by nonvas-
cular specialists. The advantage of this technique is that it
can be performed with the patient off the dialysis machine.
This new technology has yet to be studied on a large pop-
ulation but is promising in that it can eliminate the need
for a vascular technologist to perform the study.26

Ultrasound Surveillance Protocol

To date, no randomized prospective studies have estab-
lished the optimal surveillance protocol. Bowser and
Bandyk have instituted a surveillance program that
involves preoperative DU to maximize autogenous
access creation. Postoperatively, B-mode ultrasound with
calculation of volume flow rates is performed.Any abnor-
mality noted is corrected. Routine duplex surveillance of
the access is subsequently performed every 3 months.5

Table 30–2. Access flow surveillance from the NKF/DOQI.

Access flow measured by ultrasound dilution, conductance dilution,
thermal dilution, Doppler or other technique should be performed 
monthly

The assessment of flow should be performed during the first 1.5h of 
the treatment to eliminate error caused by decreases in cardiac 
output related to ultrafiltration

The mean value of three separate determinations performed at a 
single treatment should be considered the access flow

Arteriovenous (AV) graft and AV fistula
Access flow less than 600ml/min; the patient should be referred for a 

fistulogram
Access flow less than 1000ml/min that has decreased by more than 

25% over 4 months; the patient should be referred for a 
fistulogram
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Based on extensive experience with infrainguinal
bypass graft surveillance, DU surveillance of access grafts
appears intuitively attractive and would appear to offer
similar advantages of extending patency. However, in
contradistinction to extremity bypass grafts, routine sur-
veillance of dialysis access has not been accepted by the
Center for Medicare and Medicaid services (CMS) as a
reimbursable procedure except in specific circumstances.
Reimbursement is allowed for DU surveillance of the
access when certain abnormalities are noted, carefully
documented in the records, and furnished for reimburse-
ment. Examples of these clinical indications include (1)
elevated DVP over 200mmHg, (2) access recirculation of
12% or higher, (3) an otherwise unexplained urea reduc-
tion ratio of less than 60%, and (4) the presence of an
access water hammer pulse. Even with these indications
CMS would allow reimbursement for either DU or con-
trast study of the access. In rare occasions, when adequate
justification is provided, CMS may allow payment for
both (CMS Program Memo #AB-01–129, September 15,
2001).

In summary, several recent studies have indicated that
Duplex ultrasonography has made the most impact in the
preoperative planning process with consequent increased
numbers of autogenous access creation. These changing
practice patterns, from prosthetic grafts to autogenous fis-
tulas, are consistent with current DOQI guidelines aimed
at prolonging access patency and minimizing short- and
long-term complications of hemodialysis access.27,28 With
further studies, refinements in technology, and changes 
in reimbursement, ultrasonography may play an even
greater role, either primarily or as an adjunct, in pro-
longing the lifespan of dialysis access.
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Introduction

This chapter addresses the application of noninvasive
vascular diagnostic laboratory (VDL) tests in diagnosing
vascular anomalies containing arteriovenous fistulas
(AVFs). These developmental defects can take several
forms, diffuse microfistulas, groups of macrofistulas that
involve major artery distributions, and more mature mat-
urational defects, which tend to involve a single artery.
Together these lesions are categorized by the Hamburg
classification1 as predominantly AVFs, and constitute just
over one-third of all vascular anomalies.2 AVFs can also
be present in more complex mixed anomalies, e.g., in
those that are predominantly venous. The VDL can
provide much useful clinical decision-making informa-
tion regarding peripheral AVFs.The diagnostic methods
described here are all aimed at detecting AVFs and can
even be used, albeit with some differences, in diagnosing
acquired AVFs, those due to iatrogenic and other pene-
trating trauma.

The instrumentation employed is basically the same
used in diagnosing peripheral arterial occlusive disease:
segmental limb pressures and plethysmography, velocity
waveform analysis, and duplex scanning.3 A number of
considerations govern how these diagnostic methods can
be applied in diagnosing AVFs. First, a basic understand-
ing of the hemodynamic characteristics of arteriovenous
fistulas is needed to perform and properly interpret these
tests. Second, the diagnostic capabilities and limitations
of the different tests described must be understood in
applying them. “Physiologic” VDL tests simply gauge the
pressure, volume, or velocity changes associated with
peripheral AVFs but do not visualize the AVFs, as duplex
ultrasound imaging can do. Most of these tests are qual-
itative and not quantitative, and most can be applied only
to peripheral or extremity AVFs and arteriovenous mal-
formations (AVMs).Third, congenital and acquired AVFs
differ from each other significantly in terms of their
anatomic localization. Congenital AVFs are rarely iso-

lated lesions; they more commonly are in clusters within
major arterial distributions, but may be even more diffuse
in location. As a result they can be localized to a partic-
ular limb segment only by so-called physiologic tests and
even visualization by Doppler ultrasonography may not
completely encompass them. Fourth, the diagnostic goals
may vary considerably in different clinical settings and
this significantly affects the application of the tests. The
simplest diagnostic goal may be to determine the pres-
ence or absence of an AVF, but beyond the presence of
an AVF, which may be clinically obvious, it is the relative
magnitude of its peripheral hemodynamic effects that
needs to be gauged, or the overall effect on the periph-
eral circulation, for example, the presence of a distal steal
and the severity of the associated ischemia.

The main focus of this chapter will be on diagnostic
approaches that are 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. Rather
their utility in this setting will be discussed, in terms of
the instrumentation used, the interpretation or analysis
of the test results, and appropriate clinical applications as
well as diagnostic limitations.

Clinical Evaluation

Those utilizing the VDL tests to be described should have
some basic knowledge about clinical diagnosis, by history
and physical examination, for diagnostic testing is an
adjunct superimposed on these. Most clinically significant
AVMs will present well before adult life because a vas-
cular “birthmark,” localized skin color change, overlying
varicose veins or other prominent blood vessels, or occa-
sionally a distinct vascular mass or tumor or enlargement
of the limb (swelling, increase in the length or girth) has
gained the attention of a parent or child. Changes in limb
dimension are unusual in the absence of significant AVFs,
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and minor differences may be overlooked. Characteristi-
cally, these occur as the result of long-standing AVFs
present during the growth period, but they are also
reported to occur with pure venous anomalies, in the
absence of AVFs. Whether or not this relates to failure to
detect occult microfistulous AVFs in venous anomalies
described earlier before noninvasive tests (NITs) were
employed is debatable, but it is true that such fistulas are
often missed by angiography.4

Most “birthmarks” represent either true hemangioma-
tous lesions or cutaneous capillary or superficial venous
malformations, the latter also still being referred to as
“cavernous malformations.” Differentiating between
these is extremely important in early childhood and
usually can be done on clinical grounds given their time
of appearance and their growth or lack of growth with
time. Juvenile hemangiomas are true tumors with a rapid
endothelial turnover, which undergo rapid early growth
then involute, usually between 2 and 8 years of age,
whereas true malformations are present at birth and
maintain the same size relative to the growing child.

Localized warmth and vascular-based color changes,
compressibility of vascular masses, the presence of a thrill
or bruit, and inequalities in the dimensions of the limb
should all be noted, but it must be remembered that true
hemangiomas, during their rapid growth phase, are
hypervascular or high flow lesions and this will be
reflected by their appearance and associated physical
signs. Finally, the triad of birthmark, varicose veins, and
limb enlargement is well known, and usually sought, but
a limb presenting with these may or not may not harbor
major AVFs. The presence of AVFs has been the basis for
the traditional distinction between the Parkes Weber and
Klippel-Trenaunay syndromes, the former being associ-
ated with AVFs and the latter not. Furthermore, these
physical findings are inconsistent even in the presence of
AVFs. In Sziylagyi’s classic study of 82 cases of congeni-
tal AVMs, the classic triad was present in only 57%.4

Diagnostic Studies for Congenital
Arteriovenous Fistulas or Arteriovenous
Malformations

The vascular diagnostic techniques described below can 
be valuable in determining the presence or absence 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 their
location and localization, the same simple physiologic tests
used in diagnosing peripheral arterial occlusive disease 
can be employed in diagnosing AVFs or AVMs, and can 
do it quickly and 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 gives the
clinician a rough impression of their relative magnitude.
Increasingly,the current workhorse of the VDL,the duplex
scan, has found useful application in evaluating AVFs.

Characteristic Hemodynamic 
Changes Associated with Arteriovenous
Fistulas: Diagnostic Implications

AVFs 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 significant enough, they will result in
an arterial pressure drop, a significant diversion of flow
into the venous system rather than through the microcir-
culation, increased pulsatility (a volume change), and an
increase in velocity, often with turbulence.The mean arte-
rial blood pressure distal to an AVF is always reduced to
some degree. This is the result of blood being shunted
away from the distal arterial tree into the low-resistance
pathway offered by the arteriovenous communication.
The reduction in mean pressure is greatest when the
fistula is large and the arterial collaterals are small. On
the other hand, when the fistula is small and the collat-
erals are large, there may be little or no perceptible pres-
sure effects away from the fistula itself. AVMs, being
made up of a number of relatively smaller AVFs, may, in
combination, have the same hemodynamic effects as a
single large AVF. Thus, the magnitude of the pressure
drop across an AVM, or the limb segment containing
them, can provide a fair assessment of its hemodynamic
significance. If the pressure drop and flow diversion are
severe enough, there may be distal ischemia, which can
be measured by standard VDL tests. If overall fistula flow
is great enough, there will be associated venous hyper-
tension. This is not readily measured noninvasively but
increased flow velocity in the major draining vein, com-
pared to its normal contralateral counterpart, can be
assessed. An AVF or AVM can produce significant pres-
sure swings, locally perceived as increased pulsatility,
which are reflected in associated volume changes in 
the involved limb segment, and these can be detected
plethysmographically. Finally AVFs are associated with
significant velocity changes that are greatest closest to the
AVF. To appreciate the basic nature of these velocity
changes, and how best to detect them, it is first necessary
to understand that a pattern of low flow and high resist-
ance characterizes the normal resting extremity circula-
tion.This is in contrast to the high flow and low resistance
pattern associated with exercise. The velocity patterns
associated with peripheral AVFs are similar to those asso-
ciated with exercise, and readily distinguished from those
observed in the normal resting limb by studying arterial
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velocity in the VDL. Thus, by understanding the charac-
teristic underlying hemodynamic changes associated with
AVFs, congenital lesions containing them can be detected
and their severity assessed by studying the arterial pres-
sure, 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
available in most VDLs that can be applied to the diag-
nosis of peripheral AVFs, whether they be single, or 
multiple, as characteristic of AVMs. The noninvasive
“physiologic” tests that are employed are the same as
those used for many decades in the diagnosis of periph-
eral arterial occlusive disease. More recently duplex scan-
ning has greatly supplemented these.The basic diagnostic
methods and the instrumentation behind these tests have
been covered earlier in this book (Chapters 17–19) and
will not be described at length here, but their utility in
this setting will be discussed, as will their interpretation,
appropriate clinical applications, and limitations. It
should be emphasized that while the pressure, flow
volume, and velocity changes associated with AVFs
located in an extremity can be readily assessed in the
VDL, particularly with noninvasive physologic tests, this
requires that the findings be compared to those of the
normal contralateral extremity.

Segmental Limb Pressures

Segmental limb pressure measurements are a standard
technique described in greater detail earlier in this book
(Chapter 19). Noninvasive methods of measuring systolic
blood pressure are reasonably accurate and reproducible
and are painless, rapid, and simple in application. Briefly,
a pneumatic cuff is placed around the limb segment at
the required site and inflated to above systolic pressure.
As the cuff is deflated, the systolic pressure at which
blood flow returns distal to the cuff is noted on an aneroid
or mercury manometer. Return of flow can be detected
with a Doppler flowmeter placed over a distal artery (or
a mercury-in-Silastic strain gauge, or a photoplethysmo-
graph or pulse volume recorder cuff placed distally). In
the upper extremity, pressure measurements can be made
at the upper arm, forearm, wrist, or finger levels; in the
lower extremity, pressure measurements can be made at
the high or low thigh, and the calf, ankle, foot, or toe.
Although ankle pressures are primarily used in studying
occlusive disease, multiple segmental cuffs are used to
detect and localize AVFs, particularly AVMs. Impor-

tantly, cuffs should be applied bilaterally to allow com-
parison with the normal contralateral limb.

A hemodynamically significant AVF will reduce mean
pressure in the limb or at least in the arterial tree close
to the fistula. But it must be remembered that these cuffs
measure systolic pressure, and even though mean pres-
sure is reduced in the arterial tree when approaching an
AVM, the pressure swings between systolic and diastolic
pressure (i.e., the pulse pressure) are increased, so that
systolic pressure is likely to be elevated proximal to a
fistula. The systolic pressure can be detected as being ele-
vated only by comparison with that of the opposite limb
at the same level.5 It will also be elevated if the pressure
cuff has been placed directly over the site of the AVM 
or its afferent branches. Compared to the contralateral
extremity, cuffs at or above a hemodynamically signifi-
cant fistula or group of fistulas (AVM) will usually record
a higher systolic pressure, but those below the fistula will
record a normal or lower systolic pressure, depending on
the magnitude of the fistula, with major fistulas being
associated with a detectable degree of distal steal. Such
pressure differences between equivalent limb segments
or levels, greater than measurement variability, indicate a
significant AVM.

Segmental Plethysmography

Segmental plethysmography is also a standard technol-
ogy described earlier in this text (Chapter 20), in which
cuffs of precise dimensions are applied at various
levels/locations along an extremity, much as for measur-
ing segmental limb pressures.Air-filled cuffs are normally
used. The contour of the resulting tracing is generally
assessed in terms of magnitude and shape. When the
pulse-sensing device is placed over the fistula or just
proximal to it, the pulse volume may actually be
increased.5,6 This is commonly seen in a limb with signif-
icant congenital AVFs, the increased pulsations being
quite diagnostic (Figure 31–1). Although the pulse
contour may be normal (or nearly so) in a limb distal to
an AVF or AVM, it is frequently reduced, particularly in
the presence of a steal (Figure 31–2).7 As in the case of
segmental limb pressure measurements, the reduction 
in pulse volume distally depends on the size of the 
fistula and the adequacy of the collateral vessels.
Therefore, very much as described for segmental limb
pressures above, plethysmography tracings are increased
in magnitude above or at the level of an AVF, or group
of AVFs, and, depending on the degree of distal steal, the
tracings below the fistula will be reduced, or, at best,
normal in magnitude. A study of the tracings compared
with the contralateral extremity will not only detect an
AVF but allow its segmental location or level to the 
identified.
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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 by the velocity readout of a Duplex
scan. However, this is increasingly being done by the
latter technique because it offers other valuable infor-
mation in this setting (see below) and the strip chart
recording of velocity waveforms generated by a Doppler
probe is uncommonly done today as a separate test. Nev-
ertheless, the characteristic findings will be described
here. In evaluating for AVFs, the velocity is recorded over
the major proximal inflow artery, e.g., femoral or axillary.
The reason for selecting this location, rather than directly
over the suspected fistula(s), will become apparent later,
in describing Duplex scan findings. A high-velocity flow
pattern in an artery leading to the area of suspicion is
good evidence that the artery is serving as the inflow for
AVFs.7,8 For many if not most clinical purposes, a quali-
tative estimate of flow velocity and the contour of the
analog velocity tracings or “waveforms” obtained in this
manner with a directional Doppler velocity detector pro-
vides sufficient information for clinical diagnosis, and the
magnitude of the changes provides some indication of the
size of the fistula(s).

To recognize a tracing diagnostic of AVFs, it is neces-
sary to realize that the velocity tracings of a resting
normal extremity is characterized by end-systolic rever-
sal following peak systolic flow, followed by low flow in
early diastole and negligible flow in late diastole. Such a
low-flow, high-resistance pattern is most pronounced in
the lower extremity. In the upper extremity there may be
little end-systolic reversal. In contrast, a high-flow low-
resistance arterial velocity pattern is seen in a number of
high-flow visceral arteries (e.g., the renal, carotid, celiac
arteries), but in the extremities, such high-flow patterns
are seen after exercise and, importantly, in association
with AVFs. In these settings peak systolic velocity may be
quite high but more diagnostic is the continuous flow
throughout diastole and that the dip in the tracing between
systole and diastole does not approach the zero velocity
baseline, let alone show an end-systolic reversal, as it does
in the normal resting extremity. The characteristic arte-
rial pattern associated with AVFs, shown in Figure 31–3,
thus consists of an elimination of end-systolic reversal and
a marked increase in diastolic velocity, which “elevates”
the entire tracing above the zero-velocity baseline. The
degree of elevation in end-diastolic velocity correlates
directly with the flow increase caused by the AVF.5,6 By
using these characteristic Doppler velocity signals as a
guide, it is possible to detect and localize congenital arte-
riovenous communications that otherwise might escape
detection.9,10 Peripheral AVFs constituting 5% of extrem-
ity flow or more can be readily detected by these means.
This test is more sensitive than segmental pressures and
plethysmography.

Although these changes are diagnostic enough that
comparison with the other extremity would not seem nec-
essary, this comparison still holds value, to rule out hyper-
emia and similar velocity signals there. Hyperdynamic
flow is associated with conditions such as beriberi or 
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Figure 31–1. Plethysmographic (PVR) tracings at thigh, calf,
and toe levels in a 4-year-old girl with multiple congenital AV
fistulas involving the entire left leg. [From Rutherford RB (ed).
Vascular Surgery, 5th ed. W.B. Saunders, 2000.]
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Figure 31–2. Toe plethysmographic tracings from a patient
with a congenital AVM involving the left calf. The reduced
PVRs reflect a distal steal from this, but not to critical ischemic
levels for some pulsatility remains. The left ankle pressure was
55mmHg. [From Rutherford RB (ed). Vascular Surgery, 5th ed.
W.B. Saunders, 2000.]
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thyrotoxicosis, but since it is generalized it would affect 
all extremities. False positives can occur unilaterally in
other hyperemic settings, e.g., inflammation associated
with superficial 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 sympa-
thetic blockade can also increase flow velocity and give
this pattern, but none of these should create any signifi-
cant confusion in the usual patient referred to the VDL
for evaluation of congenital AVFs.

Evaluation for Congenital Arteriovenous
Fistulas Using These Three Physiologic 
Tests in Combination

These three tests are usually done in combination for
they reinforce each other, and they share the advantages
that they are inexpensive, quickly applied, and require
only basic operator or interpretive skill. The instrumen-
tation is simple and used on an everyday basis in most
VDLs. On the other hand, these tests give qualitative
rather than quantitative information and can be applied
only to AVFs located in the extremity proper (i.e., at or
below the highest cuff or point of Doppler probe inter-
rogation). It should be noted that in children appropri-
ately smaller cuffs are required. These tests may not
detect diffuse congenital microfistulas or overall fistula

flow constituting less than 5% of total extremity flow.
Single limb studies may not be diagnostic unless com-
pared with a normal contralateral extremity. Neverthe-
less, in combination, these tests can be very useful in
screening for congenital AVFs in the extremities of
patients presenting with suggestive signs (e.g., a vascular
“birthmark,” atypical varicose veins, limb enlargement),
and for detecting, roughly localizing, and assessing the
relative magnitude of such congenital lesions.. With
anatomically localized lesions, these tests, with or without
duplex scanning (see below), suffice for most clinical
decision making.

Duplex Scanning

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 flow and blue represents venous flow
(going in opposite directions). The velocity signal is 
also displayed on the screen as needed for specific 
applications.

Because the duplex scanner provides velocity infor-
mation, it can serve as a means of performing velocity
waveform analysis, as described above, the pattern
serving as a simple yet sensitive means of diagnosing an
AVF. Because of the other additional information obtain-
able from duplex scanning, 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 inflow artery of the
involved extremity, compared with those at the same
location of the contralateral normal extremity, will
confirm the presence of an AVF in that limb. The 
characteristic pattern of the velocity tracing, already
described in detail above, will distinguish this high-
velocity reading from the more focused high-velocity
reading observed in association with an arterial stenosis.

The software of some of today’s duplex scanners also
allows a rough estimation of volume flow, 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
[Flow = 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 significant problem in using the Duplex scan
to obtain accurate velocity or flow measurements directly
over an AVF is the presence of turbulence, multidirec-
tional flows, and aliasing. On the other hand, flashes of
yellow representing turbulent fistula flow will be seen,
and along with higher than normal velocities these are
diagnostic of an AVF. So the diagnosis is readily made,
but quantification is not possible at the fistula site.
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Figure 31–3. 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 a higher peak and mean (dashed line) systolic velocity, and
there is no end systolic reversal. Rather, there is high flow con-
tinuing 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. [From Rutherford RB
(ed). Vascular Surgery, 5th ed. W.B. Saunders, 2000.]
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Congenital AVFs are more complex, but their high-flow
patterns are readily recognized and the nature and extent
of the more localized superficial lesions can be well delin-
eated. 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 flows in these veins will betray an
underlying AVM. The diagnostic dilemma, that these
varicosities may either be part of a venous malformation
or be associated with an underlying arteriovenous mal-
formation, can thus be resolved by this approach. The
problem of not being able to directly measure fistula 
flow can be addressed by comparing velocity readings
obtained proximally over the major inflow 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
fistula flow are desired. Subtracting the contralateral
normal limb flow from that of the involved limb will
provide a fairly reliable estimate of AV shunt flow as long
as the interrogation sites and monitoring 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 applica-
tions, so the necessary instrumentation and the operator
skills are there. The duplex scan is rather versatile in
evaluating AVFs, used to interrogate either 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 provide velocity evidence of
their existence, e.g., high flow in the artery leading to sus-
pected AVFs. On the other hand, in some congenital
anomalies, where multiple AVFs may not be spread out
over a larger area, the duplex scanner may be as useful,
not being able to directly visualize all the fistulas, and 
in larger mass lesions it may not be able to assess the 
full anatomic extent of an AVM. Like the previously
described “physiologic” tests it can be applied to extrem-
ity lesions but not to central lesions, e.g., in the trunk or
pelvis. Much of its application is qualitative not quantita-
tive, although flow estimates are possible using the tech-
nique described. So, it can detect and generally localize
AVMs and guide or monitor thrombotic or embolic
therapy in those congenital lesions that are relatively
superficially located and reasonably well localized.

Competing and Complementary
Diagnostic Studies

Arteriography

Arteriography was the gold standard in the past, before
noninvasive tests and imaging became available. Unfor-

tunately, many if not most primary care physicians pre-
sented with such patients today perpetuate this primary
reliance on angiography due to lack of awareness of the
value of noninvasive tests and imaging. This misguided
“AGA” (always get an angiogram) approach is particu-
larly unfortunate because angiography is required only if
the need for therapeutic intervention for congenital AVFs
has been determined and will be undertaken soon, in
which case it can be obtained at the same time as
embolotherapy. The presence or absence of congenital
AVFs, and their relative severity, can be determined by
noninvasive methods in most cases, allowing management
decisions to be made on the basis of these tests alone,
without angiography.Furthermore,arteriography may fail
to demonstrate the fistula or fistulas either because they
are too small or because the flow is too rapid. In addition,
arteriography is invasive, associated with certain risks
(contrast allergy, idiosyncratic reaction, renal toxicity),
expensive, uncomfortable, and a major consideration in
infants and young children is that it risks injury to their
smaller arteries and requires either general anesthesia or
heavy sedation and analgesia,usually requiring admission.

However, while this addiction to contrast angiography
deserves opposition, there are a number of noninvasive
or miniinvasive imaging approaches that have emerged
in recent years that deserve mention here in that they
offer significant additional perspectives over what can be
achieved by the VDL diagnostic methods described, par-
ticularly in the evaluation of congenital AVFs.These diag-
nostic modalities include radionuclide quantification of
AV shunting, computed tomography (CT) and magnetic
resonance imaging (MRI). Additional discussion of these
is included here to provide the reader with sufficient
knowledge of their capabilities and clinical applications,
as additional diagnostic options that must be considered
in this setting. On the other hand, these new imaging
methods are considerably more expensive and time con-
suming than VDL testing, so that if the additional per-
spective they offer is not required for decision making,
their use may be inappropriate or at least delayed until
later, an advantage in dealing with children.

Radionuclide Arteriovenous 
Shunt Quantification

Radionuclide-labeled albumen microspheres can be used
to diagnose and quantitate arteriovenous shunting. The
basic principle behind the study is simple: radionuclide-
labeled albumen microspheres too large to pass through
capillaries are injected into the inflow artery proximal to
the suspected AVM.Those passing through arteriovenous
communications are trapped in the next vascular bed, in
the lung, and may be quantified by counting the increased
radioactivity of the lungs with a gamma camera, or a dis-
crete sample of it, by maintaining a rectilinear scintilla-
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tion scanner in a fixed position over a limited pulmonary
field.6,11 The fraction of microspheres reaching the lungs
is determined by comparing these counts with the lung
counts following another injection of microspheres intro-
duced into any peripheral vein, 100% of which should
lodge in the lungs. The agent commonly used consists of
a suspension of 35-µm human albumin microspheres
labeled with technetium-99m (similar to that commonly
used in lung scans), but other radionuclide labels have
been used.

The study is minimally invasive, relatively simple to
perform, causes little discomfort, and carries a negligible
risk. It quantifies the degree of AV shunting, something
none of the other tests can do. Because shunt flow can be
quantified, the results have prognostic value.5,6 It is pos-
sible to better estimate the hemodynamic significance of
an AVM and thus be better able to predict the need for
intervention. Serial measurements can also be used to
gauge the success of interventions designed to eliminate
or control AVMs. Radionuclide-labeled microspheres are
most useful for studying patients with suspected congen-
ital AVFs.2,6 In patients with diffuse or extensive congen-
ital vascular malformations presenting with a vascular
“birthmark,” varicose veins, and/or limb overgrowth, it
may be difficult to distinguish clinically between patients
with multiple AVFs (so called Parkes Weber syndrome),
some so small they cannot be visualized arteriographi-
cally, and those with the same triad but with predomi-
nantly venous malformations (e.g., Klippel-Trenaunay
syndrome). The labeled microsphere study solves this
dilemma. Importantly, the success of surgical or endovas-
cular interventions in eliminating or controlling AVMs
can be adequately gauged by pre- and postintervention
studies. Finally, serial measurements will indicate whether
the fistula is following a stable or a progressive course
and whether previously dormant arteriovenous commu-
nications have begun to open up or “grow.”

Although naturally occurring “physiologic” arteriove-
nous shunts are present in normal human extremities, less
than 3% of the total blood flow (and usually much less)
is diverted through these communications, so they nor-
mally do not produce an interpretive error.11 However,
measurements made during anesthesia are not accurate
because anesthesia, both general and regional, signifi-
cantly increases shunting through these naturally occur-
ring arteriovenous communications. The examiner must
also be aware that the percentage of blood shunted
through arteriovenous communications can be quite sig-
nificant, in the range of 20–40%, in the limbs of patients
soon after sympathetic denervation, and in patients 
with cirrhosis, or hypertrophic pulmonary osteopathy.12

Finally, this study shares the limitation of the physiologic
studies previously described in that it does not ordinarily
localize 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 be quantified against a later venous injection, to give
localizing information.

Magnetic Resonance Imaging and 
Computed Tomgraphy Scanning

The previously described VDL studies cannot properly
assess the anatomic extent of large or deep vascular mal-
formations, and even angiographic studies tend to under-
estimate their full anatomic extent. CT will usually
demonstrate the location and extent of the lesion and
even the involvement of specific 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. Three-dimensional reconstruction
of CTA data overcomes some of these limitations, but
subtracting away muscle, skin, and bone, as performed in
most vascular applications, prevents the true anatomic
extent of AVMs from being accurately determined.

MRI possesses a number of distinct advantages over
CT in evaluating vascular malformations.There is no need
for contrast, the anatomic extent is more clearly demon-
strated, longitudinal as well as transverse sections may be
obtained, and the flow patterns in the congenital malfor-
mation can be characterized.As a result, MRI has become
the pivotal diagnostic study in the evaluation of most vas-
cular malformations presenting with mass lesions.

Overall Diagnostic Strategy and 
Clinical Correlation

Although venous malformations are more common than
arteriovenous malformations (roughly one-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 Klippel-Trenaunay
syndrome. The VDL can provide much useful infor-
mation in this regard, using segmental limb pressures 
and plethysmography, velocity wave form analysis, and
duplex scanning, and most vascular malformations con-
taining AVFs can be evaluated adequately enough with
these basic VDL tests for clinical decision making. A
radionuclide-labeled microsphere shunt study can be
added if it is important to quantify the AV shunting, and
MRI is used in mass lesions to determine their anatomic
extent, particularly the involvement of adjacent muscle,
bone, and nerves, which in turn determines resectability
of mass lesions. It also demonstrates the lesion’s flow
characteristics (e.g., distinguishing venous from arteri-
ovenous malformations).
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After utilizing the above diagnostic tests, without the
use of angiography, it should be possible to categorize the
lesion as one of the following: a localized AVF, an exten-
sive malformation with macrofistulous AVFs (an AVM)
fed by specific named vessels, diffusely scattered microfis-
tulous AVFs (which may or may not be associated with
venous malformations), venous angiomas (an extratrun-
cular venous malformation consisting of multiple venous
lakes), a congenital defect of the deep veins, or an arte-
rial anomaly. In most cases duplex scanning will aid in
sorting these out if the noninvasive “physiologic” tests
are not definitive. Angiography is rarely used initially,
being saved to guide interventions once they have been
deemed necessary. The need for intervention is limited to
the more localized AV malformations, which may be
resectable (less than 10%), to larger AVMs composed of
macro-AVFs, which can be controlled best by modern
embolotherapy and some 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 stockings and intermittent
elevation). Thus the noninvasive studies featured in
today’s VDL, and described above, can and should play
a pivotal role in the diagnosis of AVMs, and in deter-
mining whether AVFs are significant components of
other congenital vascular anomalies.
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The rightful place of the vascular laboratory and its
various tools in the evaluation of the patient with periph-
eral vascular disease is ever changing. Our expanding
understanding of the pathophysiology, clinical manifesta-
tions, and natural history of peripheral vascular dis-
orders1–3 must constantly be coupled with an appreciation
of current diagnostic and therapeutic tools (magnetic
resonance angiography, operating room angiography,
radiographic suite angiography, and angioplasty/stent-
ing). This section 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).4 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.5 Post-
exercise 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).

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,
quantitative determinations instead of the subjective 
categories resulting from the physical examination.
Measurements permit reproducibility among different
examiners as well as from one time to another. Both

Doppler ultrasound (continuous-wave) and the pulse
volume recorder (PVR) have proved useful in defining
the severity and the location of arterial occlusive
disease.6–11 However, the application of duplex ultra-
sonography over the past 20 years has been more helpful
in localizing and grading the severity of peripheral vas-
cular disease.12

In the patient presenting with lower extremity pain on
exercise, it is most important to distinguish symptoms due
to neurologic or orthopedic diseases from those pro-
duced by vascular insufficiency. In fact, both entities may
coexist. If a true claudication is present, it is also impor-
tant to accurately determine the patient’s degree of 
disability and to establish a quantitative baseline with 
which the effect of medical or surgical therapy can be
compared.

In the initial evaluation for the presence or absence of
true claudication, the arterial leg Doppler study, using the
segmental pressure determination with the analog wave
tracing or PVRs, should be used, preferably measured
after treadmill exercise. The simplest, most reliable
means of confirming peripheral vascular occlusive
disease of the lower extremity is measurement of the
ankle systolic pressure and the calculation of the ABI.As
described in Chapter 19, the normal resting ABI is gen-
erally 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–
20mmHg, those with even mild occlusive disease usually
show a prolonged pressure decrease in excess of 50mm
Hg. In persons who become symptomatic during tread-
mill exercise, but whose ankle pressure remains normal,
a nonvascular cause for their pain should be evaluated.
Although an abnormal response to exercise confirms the
presence of hemodynamically significant arterial disease,
it does not exclude the possibility of coexistent neu-
rospinal compression. The magnitude of the pressure
drop should parallel the severity and location of the

32
Clinical Implications of the Vascular
Laboratory in the Diagnosis of Peripheral
Arterial Disease
Ali F. AbuRahma

349



350 A.F. AbuRahma

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.8 classified the PVRs into five categories,
which, when combined with pressure data, were helpful
in defining various clinical states of ischemia, e.g., claudi-
cation, rest pain, or foot necrotic lesions.

Anatomic localization of hemodynamically significant
peripheral vascular lesions by noninvasive testing is
another important contribution to patient management.
It is important to note that laboratory findings and phys-
ical findings must be combined to localize a lesion accu-
rately. One parameter (physiologic testing) is generally
not sufficient. The case of combined disease (aortoiliac
and femoropopliteal-tibial) is by far the most challeng-
ing. In 5–10% of patients with combined disease, non-
invasive analysis, while defining 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 criti-
cal importance; e.g., in the patient who has thigh and
buttock pain secondary to a neurospinal compression and
a well-collateralized, asymptomatic superficial 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 functional significance of iliac artery stenosis, some
physiologic measurement of arterial inflow is essential
before a distal bypass is constructed.

As described previously, the combination of the seg-
mental Doppler pressures and the analog wave tracings
could be helpful in the localization of peripheral vascu-
lar occlusive disease. However, determination of seg-
mental pressure has certain limitations in patients with
multilevel occlusive disease. In these patients, the proxi-
mal 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 disease
present between these levels.Also giving a low high-thigh
pressure is the combination of isolated, hemodynamically
significant, superficial femoral and profunda femoral
occlusive lesions. These problems in the interpretation of
the pressure 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 superficial
femoral artery occlusion and severe deep femoral artery
stenosis.

Other physiologic methods, which might help in dif-
ferentiating aortoiliac occlusive disease from disease of
the common femoral artery and/or disease of the super-
ficial femoral artery and deep femoral artery, are the
determination of the pulsatility index (PI) and the
inverse damping factor. These were described in Chapter
19. Hemodynamically significant aortoiliac stenosis is
unlikely if the femoral artery PI is greater than 6.0 at rest,
whereas significant disease is probable if the PI is less
than 5.0. When the value is between 5.0 and 6.0, the aor-
toiliac segment may be normal or abnormal, and further
assessment is required by Doppler recording or direct
pressure measurement after exercise or reactive hyper-
emia. Superficial 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, significant tibial arterial
occlusive disease is present.

Another hemodynamic method of determining the
location 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 amplitude of the calf PVR is constantly
increased relative to that of the thigh when the superfi-
cial femoral artery is patent.This finding is an artifact due
to the relative volumes of the thigh and calf cuffs. Since
the thigh cuff contains five to seven times more air than
the calf cuff, segmental pulse volume changes that occur
with each cardiac cycle result in relatively smaller pres-
sure changes within the thigh cuff and, hence, relatively
smaller thigh PVRs. Despite its basis in cuff artifact, calf
augmentation is a reliable indicator of superficial 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
contour of the waveform, superficial femoral artery
stenosis or a short, well-collateralized occlusion should be
suspected. For augmentation to occur, the superficial
femoral artery must be patent to the origin of the sural
artery in the midpopliteal region. When augmentation is
noticed, but there is a 20mmHg or greater decrease in
the segmental pressure from the thigh to the calf, distal
popliteal or proximal tibial artery occlusions are usually
found.13

Recently, duplex ultrasonography has been used more
frequently for localizing and grading the severity of
peripheral vascular disease with accuracies of greater
than 90%.1,2,12,14 The first step prior to vascular interven-
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tion is segmental pressure determination, which is often
followed by Doppler duplex mapping of the involved
arteries.

If intervention is deferred, identified lesions can be 
followed to detect changes. If surgical intervention is
chosen, an operating room angiogram with or without
magnetic resonance angiography may provide a cost-
effective solution, bypassing the need for formal preop-
eration angiography. 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.14 evaluated the value of duplex scan-
ning in allowing selective use of arteriography in the
management 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 pati-
ents were evaluated (74% of which were for rest pain or
tissue loss). In 97 (78%) of limbs, management was based
on duplex scanning only. It compromised conservative
treatment [number = 33, 0% after intraarterial digital
subtraction angiography (DSA)], PTA (number = 25,
16% intraarterial DSA), femoropopliteal bypass graft
(number = 29, 17% intraarterial DSA), femorotibial
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 
secondary patency and limb salvage rates were 75%,
93%, and 93% after femoropopliteal bypass operations,
respectively.

The 1-year primary and secondary patency and limb
salvage rates were 35%, 73%, and 74%, respectively, after
a femorocrural bypass operation.There was no difference
in patient characteristics, indications for a specific treat-
ment, and immediate and intermediate term outcome
between the study and reference population. They con-
cluded 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 progression of peripheral vascular occlusive
disease.15–19

Wilson et al., in a study of nondiabetic patients with
claudication who were followed for 5 years, reported that

symptomatic 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 pres-
sure) of less than 0.07 underwent a major amputation
within 2 years and 27% died.18 These results indicate that
toe pressures provide important information that can be
helpful in making clinical decisions about the manage-
ment 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 Some of these patients show
objective improvement during the first year after the
onset of symptoms, and then there are no significant
changes in many others over periods of several years.15 It
has also been reported that patients with disease affect-
ing the femoral and popliteal arterial segments showed a
more variable clinical course than did those with local-
ized superficial femoral artery disease,15 and limbs with
poor runoff that eventually required amputation had sig-
nificantly lower ABIs than those with poor runoff that did
not require amputation.15 Serial Doppler pressure meas-
urements often showed deterioration without obvious
clinical changes, suggesting that intervention in such cases
might improve limb salvage.15

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 significantly with various risk factors
of atherosclerosis, e.g., smoking, hyperlipidemia, and
hypertension.21 Several researchers noted that such
measurements could also be used to quantitate the sever-
ity of the arterial sclerotic process and to evaluate the
relationship to the factors that influence its progression.
Ankle pressure measurements were used to estimate
prevalence of peripheral arteriosclerotic disease and
were applied to the study of the prevalence of athero-
sclerosis in patients with diabetes mellitus.22–24

Recently, McLafferty et al.25 reported that the ABI is
relatively insensitive in identifying the progression of
lower extremity arterial occlusive disease as demon-
strated by the use of imaging studies. They studied
patients with prior suprainguinal or infrainguinal lower
extremity revascularization. Progression of lower extrem-
ity 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 occlu-
sive disease was defined as a decrease in the ABI of 0.15
or greater, and progression by imaging studies was
defined 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
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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, clofibrate
resulted in a significant improvement in the response of
ankle pressure to exercise in patients with intermittent
claudication and a high plasma fibrinogen level.27 Quick
and Cotton,28 in a study of patients with intermittent
claudication, noted that cessation of smoking was 
followed by significant improvement in the walking 
distance, resting Doppler ankle pressure, and ankle 
pressures after exercise, whereas patients who continued
to smoke showed no significant changes. Segmental pres-
sure measurements have also been helpful in the man-
agement of patients with arterial obstruction secondary
to ergotism that may regress spontaneously,29 and to
assist in the treatment of severe ischemia with drug-
induced systemic hypertension by monitoring distal sys-
tolic pressure.26

Perioperative Evaluation

Direct examination with the Doppler detector or duplex
imaging has been applied preoperatively to determine
whether there is a flow in the distal vessels, which may
help to plan distal bypass operations in the calf.

Ascher et al. reported previously on the efficacy of
duplex arteriography as the sole imaging technique
(without contrast angiography) in the management of
patients with chronic and acute lower limb ischemia.30,31

A reliable assessment of inflow and outflow arteries
could be made with duplex ultrasonography, even in very
low flow situations.31 Duplex arteriography is also an
effective method for preoperative diagnosis of a throm-
bosed popliteal artery aneurysm and for identifying the
available outflow vessels for urgent revascularization.
Duplex arteriography identifies the inflow, patent distal
runoff vessels, and the presence of a suitable saphenous
vein for revascularization.

Although routine intraoperative arteriography might
detect intraoperative accident or inadequate vascular
reconstruction, it is cumbersome and occasionally may be
misleading since it provides visualization in only one
plane. Noninvasive intraoperative physiologic monitor-
ing provides an immediate, quantitative assessment of 
the success or failure 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 1h after declamping, the 
graft should be systematically checked for technical pro-
blems, and an intraoperative or immediate postoperative
angiogram should be considered.32

Segmental plethysmography or duplex imaging for
intraoperative monitoring might be more practical than
Doppler ultrasound because of the difficulty in prevent-
ing movement of the Doppler probe during operation.
Also, some patients with multilevel disease arrive in the
recovery room after successful aortofemoral bypass so
vasoconstricted that no Doppler signal can be detected
in the lower legs. In the recovery room, serial determina-
tion 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,33 such objec-
tive measurements provide nursing personnel with valu-
able parameters to monitor continued function of the
vascular reconstruction.

Selection of the Arterial 
Reconstructive Procedure

Choice of Treatment Based on 
Duplex Scanning

Based on duplex findings, patients found to have unilat-
eral focal stenosis or short <5cm occlusions of recent
onset (less than 3 months) involving the common iliac 
or superficial femoral arteries should be considered for
PTA (balloon angioplasty/stent with or without catheter-
directed thrombolysis). The arterial lesion should be ver-
ified by angiography and if a category 1 or 2 lesion, based
on the Society of Cardiovascular and Interventional
Radiology guidelines,34 is confirmed, endovascular inter-
vention is performed. Such treatment results in high
(>95%) technical success and can yield clinical results
similar to those following surgical intervention. When
duplex scanning indicates features of category 3 or 4
lesions (>4cm length calcified stenosis, multilevel disease,
5–10cm length chronic occlusions) use of PTA is possi-
ble, but to date endovascular treatment does not yield
long-term patency comparable to bypass grafting, espe-
cially in treatment of arterial occlusion. PTA of these
lesions should be considered only for patients with criti-
cal 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 multi-
level occlusive disease and require additional vascular
imaging studies (contrast arteriography, magnetic reso-
nance angiography) beyond that afforded by duplex
scanning. Duplex scanning can be used to determine
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whether iliac angioplasty is feasible for patients with
combined aortoiliac and infrainguinal disease.35,36 The
surgeon can then decide whether to proceed with a
staged iliac PTA followed by distal bypass or perform 
a simultaneous inflow/outflow revascularization. For
patients with unilateral or contralateral absence of
femoral pulses and long-segment arterial occlusion by
duplex imaging, proceeding with aortofemoral, femoro-
femoral, or axillofemoral bypass grafting without arteri-
ography is appropriate. In treatment of infrainguinal
disease, surgical intervention (endarterectomy, bypass
grafting) without arteriography is possible in selected
patients with single segment occlusive or aneurysmal
disease. Femoral endarterectomy with or without pro-
fundaplasty, femoropopliteal bypass grafting, and repair
of femoral or popliteal aneurysms can be performed
based on duplex scan findings. 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 mul-
tiple tibial artery involvement should undergo preopera-
tive 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.37

However, other authors have noted that the immediate
index was the same or actually lower than the preopera-
tive value in some of their patients with multilevel disease
who subsequently improved significantly over the next
4–6h,38 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.39

This merely reflects 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 0.50.40

Others reported the importance of the pressure meas-
urements 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 eval-
uation of the results.41,42

Profundaplasty

The segmental systolic pressure determination can also
be helpful in determining whether profundaplasty is suc-
cessful or not. When performed for limb salvage, profun-
daplasty as an isolated procedure is effective in 33–86%
of cases.43 For a profundaplasty to be successful, the pro-
funda femoris artery must be severely stenotic, and the

profunda-popliteal collateral bed must be well devel-
oped. If the collateral resistance is too high, profun-
daplasty will reduce the total limb resistance by an
insufficient amount, and the distal portions of the limb
will remain ischemic. To predict the outcome of profun-
daplasty, Boren et al. developed an index of collateral
arterial resistance across the popliteal segment.43 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 suc-
cessful results.

Lumbar Sympathectomy

Sympathectomy does not relieve claudication and is per-
formed only as a means of improving the skin blood flow
in ischemic areas. Although pressure measurement does
not directly indicate the magnitude of the local blood
flow, the level is correlated with the ability of the periph-
eral arteries to dilate.The arterioles tend to be maximally
dilated in ischemic tissues. When the perfusion pressure
is quite low, this dilatation is necessary to maintain ade-
quate tissue nutrition. Sympathectomy might also be
questionable in patients with diabetes mellitus in which
a significant 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
sympathetic activity has a prompt decrease in digital
pulse volume.44 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 inflating a
proximal pneumatic cuff above the systolic pressure) or
by direct warming of the extremity. In normal extremi-
ties, the pulse volume after induced reactive hyperemia
is several times that of the resting pulse, thus reflecting
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,45 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 benefit from
lumbar sympathectomy and required amputation. All
limbs with an ABI greater than 0.35 had a satisfactory
response. More recently, Walker and Johnston46 observed
that sympathectomy was unlikely to be successful in an
ischemic limb with associated neuropathy, regardless of
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the level of the ankle pressure. In the absence of neuro-
pathy, a successful outcome was likely in limbs with rest
pain or digital gangrene, provided that the ankle pressure
exceeded 30mmHg. Their analysis suggested that a
favorable response might be expected in about 50% of
limbs with more severe ischemia (forefoot or heel gan-
grene) when the ankle pressure was greater than 60mm
Hg. Using these criteria, their accuracy in predicting
failure was 78%, and in predicting success was 93%.

Recently, in a prospective study of 85 lumbar sympa-
thectomies for inoperable peripheral vascular disease, we
analyzed the correlation between lumbar sympathec-
tomy, ABI, popliteal-brachial index, and the clinical pres-
entation. These patients were also studied to determine
if predicted clinical criteria, single or combined, could be
defined for selection of patients who might benefit 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 preoperative ABI
≥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 ≥0.7 had a good
outcome vs. 52% if the index was <0.7 (p = 0.199).
Patients with rest pain, simple leg ulcers, and toe gan-
grene had a good outcome if the ABI was ≥0.3 and if the
postoperative ABI increased by ≥0.1. The popliteal-
brachial index and diabetic status had no prognostic
value.47

Tiutiunnik48 studied the microcirculation state in lower
extremities using laser Doppler flowmetry in 37 patients
with obliterating atherosclerosis before and after lumbar
sympathectomy performance. It was established that
laser Doppler flowmetry may be applied for estimation
of the microcirculation bed function state and prognosis
of the lumbar sympathectomy results.48

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 ampu-
tation, thus demonstrating that other factors such as
infection, neuropathy, and patency of the pedal vessels
might adversely affect the outcome.

Postoperative Follow-up

The vascular laboratory has also been helpful in detect-
ing impending graft failure.49,50 Stenoses may develop in
the femoropopliteal or femorotibial graft without pro-
ducing 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 followed closely in the months and years
after operation. Close observation is particularly impor-

tant during the first 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 arterio-
graphic investigation.32 As a rule, operative correction is
easy and the ankle pressure often returns to normal
levels.

Calligaro et al.51 conducted a study of the role of ultra-
sonography in the surveillance of femoropopliteal and
femorotibial arterial prosthetic bypasses. In this study, 89
infrainguinal grafts in 66 patients were entered into a
postoperative prosthetic graft surveillance protocol,
which included clinical evaluation, segmental pressures,
pulse volume recordings, and duplex ultrasounds per-
formed every 3 months. Patients with follow-up of less
than 3 months were excluded, unless the graft throm-
bosed. An abnormal duplex ultrasound considered pre-
dictive of graft failure included (1) peak systolic velocity
(PSV) >300cm/s at inflow or outflow arteries, in the graft
or at an anastomosis (unless an adjunctive arteriovenous
fistula had been performed); (2) adjacent PSV ratio >3.0;
(3) uniform PSVs < 45cm/s; or (4) monophasic signals
throughout the graft. Duplex ultrasound was considered
to have correctly diagnosed a failing graft if a stenosis
>75% of the luminal diameter of the graft, at an anasto-
mosis, or in an inflow/outflow artery was confirmed by
operative or arteriographic findings or if the graft throm-
bosed after an abnormal duplex ultrasound, but before
intervention. Their results support the routine use of
duplex ultrasound as a part of a graft surveillance proto-
col for femorotibial, but not femoropopliteal, prosthetic
grafts.

Over the past decade, duplex ultrasound has been 
frequently used for postoperative graft surveillance,
described in detail in Chapters 22 and 23.

If one waits for a significant change in ABI or seg-
mental pressures, the golden opportunity to correct a
stent or graft while still patent may be lost. Waiting for
thrombosis and then doing a secondary procedure carries
a reduced chance for long-term success.

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.8 suggested
that healing of ischemic ulcers was likely in nondiabetic
patients at an ankle pressure >65mmHg, and in diabetic
patients if the ankle pressure was >90mmHg. Healing
was unlikely if the ankle pressure was <55mmHg in non-
diabetic patients and <80mmHg in diabetic patients.
They also emphasized the importance of the forefoot 
or digital plethysmography, stating that if a pulsatile,
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metatarsal PVR was present, the probability of healing
was 90%. Carter reported that all limbs with ischemic
ulcers required amputation when the ankle pressure was
<55mmHg.52 With pressures >55mmHg, 92% of the
lesions in nondiabetics healed. In diabetics, 33% healed
with an ankle pressure in the 55–70mmHg range. He also
found that foot lesions usually healed if the toe pressure
was >30mmHg in nondiabetics or 55mmHg in diabetics.
Ramsey et al.53 reported that toe pressures had more
prognostic value than ankle pressures. Lesions failed to
heal in 92% of limbs with an ankle pressure <80mmHg,
but they also failed to heal in 45% of limbs with higher
ankle pressures. When the toe pressure was <30mmHg,
the failure rate was 95%; but when the toe pressure was
>30mmHg, only 14% did not heal.

These figures can help the vascular surgeon decide
what therapy to use in patients with ulceration, e.g., revas-
cularization, amputation, or conservative therapy. For
example, continuing to dress and debride an ulcer on the
foot of a patient with diabetes and a toe pressure of 
20mmHg or an ankle pressure of 45mmHg is probably
a futile exercise; but this same regimen is likely to be
valuable when the toe pressure is >30mmHg. These
figures also serve to point out the beneficial effects that
a relatively small increase in ankle pressure can have in
regard to skin healing. If, for example, an iliac recon-
struction or profundaplasty raises the ankle pressure only
20mmHg, from 50 to 70mmHg, or the toe pressure from
20 to 35mmHg, the chance of healing an ischemic lesion
may be greatly enhanced, despite the persistence of
severe femoropopliteal or below-knee lesions.

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 pos-
sible to fit 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, particularly, is very critical when it comes to
a mid-thigh amputation versus a below knee amputation,
which deprives the patient of the opportunity for sub-
sequent ambulation under most circumstances, even
though the amputation might heal without difficulty 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 mortality. A
below knee amputation as opposed to above knee ampu-
tation 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
clinical judgment, or clinical judgment alone, does not
yield information with consistent enough correlation to
amputation healing to serve as a sound basis for clinical
decision making. Robbs and Ray54 retrospectively ana-
lyzed the results of healing in 214 patients who under-
went 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 con-
cluded that skin flap viability could not be predicted by
the extent of the ischemic lesion in relation to the ankle
joint, the popliteal pulse status, or angiographic findings.
van Den Broek et al.55 challenged these findings in recent
reports in which 53 patients undergoing amputations of
the lower limb were evaluated in terms of clinical crite-
ria, PVR, Doppler pressures, photoplethysmographic
skin perfusion pressures, and angiography. They reported
that although not as reliable as photoplethysmographic
skin perfusion pressures, angiographic findings correlated
significantly 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,56–60 xenon-133 skin blood flow
studies,61–63 digital or transmetatarsal photoplethysmo-
graphic pressures,64 transcutaneous oxygen determina-
tion,65–69 skin fluorescence after the intravenous infusion
of fluorescent dye,70–72 laser Doppler skin blood flow,73

skin temperature evaluation,74 pertechnetate skin blood
pressure studies,75,76 and photoelectrically measured skin
color changes.77

Skin temperature, laser Doppler, and xenon-133 skin
clearance were described in a previous chapter (Chapter
18). Transcutaneous oxygen pressure will be described in
detail in a later chapter.

Skin Fluorescence

Skin fluorescence holds significant promise as a mini-
mally invasive test. Initial studies measured skin fluo-
rescence with a Wood’s ultraviolet light after the
intravenous injection of fluorescene. This technique is
somewhat more invasive than the Doppler ankle systolic
pressure measurement or PVR, however, it is less com-
plicated and less invasive than xenon-133 skin blood flow
or pertechnetate skin perfusion measurement. New fluo-
rometers that can provide objective numerical readings
quickly without the need for a Wood lamp have enhanced
the value of this technique. Silverman et al.78 reported on
the use of fiberoptic fluorometry for selecting digital,
transmetatarsal, below knee, and above knee amputation
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levels. In 86 cases with cellulitis at the site of amputation,
preoperative fluorometry clearly distinguished between
healing and nonhealing sites. The amputation healed in
all but one patient whose dye fluorescene index was >42.
This technique maintained its high accuracy even in
patients with diabetes mellitus.These authors pointed out
that dye fluorescene index values between 38 and 42 con-
stitute a transitional zone in which the precision of fluo-
rometric determination is unclear. Fluorometry has an
advantage over other techniques such as laser Doppler
perfusion and transcutaneous oximetry in assessment of
patients with multiple sites on the same limb.

Doppler Systolic Pressure Determinations in
Amputation Sites

Raines et al.8 reported that primary healing of below-
knee amputation was likely if the calf pressure was above
65mmHg or the ankle pressure was above 30mmHg.
Healing was unlikely if the calf pressure was <65mmHg
or the ankle pressure was <30mmHg. Transmetatarsal
amputation will generally heal primarily if any detectable
amplitude is present at the transmetatarsal level. Toe
amputation has a very good prognosis for healing if 
an amplitude is measurable at the digit base. Others
reported that in patients with a calf systolic pressure of
50–75mmHg, primary healing of below-knee amputa-
tions can be expected in 88–100%.79 However, in another
study Barnes et al. concluded that there was no signifi-
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.57

Verta et al.58 reported that there was little chance that
toe amputations would heal if the ankle pressure was 
<35mmHg. However, Nicholas et al.59 noted failure of
60% of forefoot amputations when the ankle pressure
was <75mmHg. 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 calcification and
might not reflect 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 100mmHg.57,80

In general, a calf pressure >40mmHg or an ankle pres-
sure above 30mmHg provides reasonable assurance that
the below-knee amputation will heal, but lower values
should not deter the surgeon from attempting an ampu-
tation at this level if other signs are favorable.

Apelquist et al.56 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 pati-
ents with a toe pressure of >44mmHg, whereas 63% of
patients with toe pressures of <45mmHg experienced
healing without amputation. In contrast, below-knee
amputations with ankle pressures in excess of 80mmHg
were associated with healing, and 20 of 21 of these
patients who underwent amputation had toe pressures 
in excess of 50mmHg. They concluded that different
Doppler pressure levels have to be used to predict
primary healing for diabetic ulcers compared to healing
after minor amputation.

Compression Syndromes

Vascular laboratory testing can be helpful in thoracic
outlet syndrome81–83 and popliteal artery entrapment.84,85

Thoracic Outlet Syndrome

Thoracic outlet syndrome occurs when there is a com-
pression of the neurovascular bundle by shoulder struc-
tures 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 positions can increase the symptoms.81 It
should be noted that around 25% of the population have
asymptomatic compression.

Most authorities believe that the pain associated with
thoracic outlet syndrome is neurogenic, secondary to
nerve compression at the lowest trunk of the brachial
plexus by the first rib or occasionally a cervical rib. The
subclavian artery or vein is occasionally compressed, and
this might be associated with arterial ischemia of the
upper extremity or symptoms and signs of axillary sub-
clavian vein thrombosis.

Various noninvasive techniques can be used in the
diagnosis of thoracic outlet syndrome, which may include
plethysmographic techniques and/or Doppler waveform
analyses to detect vascular changes. The photoplethys-
mograph (PPG) is attached to the index finger, or the
continuous wave Doppler is used to monitor the radial
artery, or a brachial cuff is applied to monitor plethymo-
graphic pulse volume waveforms. Resting waveforms are
obtained, and then the patient’s arm is placed in various
positions as the pulsations are monitored at each posi-
tion. The following technique is applied for the applica-
tion of PVR in patients with thoracic outlet syndrome.

The patient is first asked to sit erect on the side of an
examining table. A PVR monitoring cuff is placed on the
upper arm and is inflated to 65mmHg. 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
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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 monitored arm.

In general, PVR amplitude increases as the arm is ele-
vated. Arterial compression is present if the PVR ampli-
tude goes flat 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.83 studied color Doppler sonographic
findings in five 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. Significant changes, including increased veloc-
ities, preocclusion, and occlusion in the subclavian artery
in varying degrees of abduction, were noted in four of five
cases. Blunted flow in the axillary artery (four patients)
and a rebound increase in velocities on release of abduc-
tion were noted in three patients. These changes sug-
gested that significant narrowing was causing symptoms.
They concluded that color Doppler sonography is a non-
invasive, effective method compared with digital sub-
traction angiography in the diagnosis of thoracic outlet
syndrome.

Gillard et al.82 evaluated the diagnostic usefulness of
provocative tests, Doppler ultrasonography, electrophys-
iological investigations, and helical computed tomogra-
phy (CT) angiography in thoracic outlet syndrome. They
prospectively evaluated 48 patients with clinical suspicion
of thoracic outlet syndrome. Standardized provocative
tests such as an eletromyogram and somatosensory
evoked responses, a Doppler ultrasonogram, and a helical
CT arterial and/or venous angiogram with dynamic
maneuvers were done on each patient. The final diagno-
sis was established by excluding all other causes based on
all available data. The agreement between the results of
each investigation and the final diagnosis was evaluated.
Provocative tests had mean sensitivity and specificity
values of 72% and 53%, respectively, with better values
for the Adson test [positive predictive value (PPV),
85%], the hyperabduction test (PPV, 92%), and the
Wright test. Using several tests in combination improved
specificity. Doppler ultrasonography visualized vascular
parietal abnormalities and confirmed the diagnosis in
patients with at least five positive provocative tests. Elec-
trophysiologic studies were useful mainly for the differ-

ential diagnosis in detecting concomitant abnormalities.
It was concluded that although helical CT angiography
provided accurate information on the locations and
mechanism of vascular compression, the usefulness of
this investigation for establishing the diagnosis of tho-
racic outlet syndrome and for obtaining pretherapeutic
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.84 In such cases, the popliteal artery passes medial
to or through the fibers of the medial head of the gas-
trocnemius muscle, which may have an anomalous origin
on the femur either cephalad or lateral to its normal posi-
tion on the posterior surface of the medial femoral
condyle. This will cause episodic and functional occlusion
of the popliteal artery that occurs with each active plantar
flexion. The syndrome may be characterized by a history
of unilateral intermittent claudication in young men and
the laboratory findings of diminution of ankle PVRs 
with sustained plantar flexion and/or passive dorsiflexion
of the foot or abnormal Doppler pulse waves with
decreased ankle systolic pressure.84 The demonstration of
the medial deviation of the popliteal artery on arteri-
ogram will confirm it. Popliteal artery entrapment syn-
drome 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 syndrome.85

Penile Circulation

Impotence can be psychogenic, neuorogenic, hormonal,
vascular, or drug related. Diabetes mellitus is often a
factor in both neurogenic and vasculogenic impotence.
Doppler penile pressure studies are helpful in identifying
a possible vascular cause.86 Similarly,plethysmography has
been used effectively to quantitate penile blood flow.87

A pneumatic cuff measuring 2.5cm in width (2.5 ×
12.5cm or 2.5 × 9cm) is applied to the base of the penis.
A return of blood flow when the cuff is deflated can be
detected by a mercury strain-gauge plethysmograph, a
photoplethysmograph applied to the anterolateral aspect
of the shaft, or a Doppler flow probe (Figure 32–1).
Although some investigators have positioned the probe
over the dorsal penile arteries, others have emphasized
the importance of detecting flow 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.88 In normal individuals under 40 years
of age, the penile-brachial index (penile pressure divided
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by the brachial systolic pressure) was found to be 
0.99 ± 1.15.86

Patients over the age of 40 years without symptoms of
impotence tend to have lower indices. Penile-brachial
indices >0.75–0.8 are considered compatible with normal
erectile function; an index of <0.60 is diagnostic of vas-
culogenic impotence.86,89

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 aor-
toiliac segment. Maintenance of blood flow to the inter-
nal iliac artery will preserve potency and restoration of
flow to this artery and will often improve penile pressure
and erectile function.

Imaging Techniques for Penile Circulation

Duplex imagings can be used to assess penile circulation
as follows. The cavernous arteries are measured bilater-
ally in an A/P transverse orientation. Color Doppler
imaging is also a sensitive means of detecting cavernous
artery blood flow, thus permitting more rapid identifica-
tion of these vessels (Figures 32–2 and 32–3).90 The exam-
iner measures the PSVs in the dorsal and cavernous
arteries bilaterally (Figures 32–4 and 32–5). This is fol-
lowed by injections of specific medications, e.g., papaver-
ine and/or prostaglandin by the urologist utilizing the
lateral aspect of the proximal shaft of the penis (Figure
32–6). Repeat velocity measurements are obtained
postinjection. These can be measured at 1 or 2min after
injection; multiple measurements may be obtained at
various increments for up to 6min after the injection.
PSV and end-diastolic velocity measurements are
obtained from the proximal cavernous arteries before full
erection is achieved. This may require taking several
measurements to obtain the highest velocity recording.
The deep dorsal vein flow velocity is also measured from

Figure 32–1. Method for measuring the penile Doppler pres-
sures using a Doppler flow probe on the dorsal penile artery.

Figure 32–2. Position of the scan head (duplex ultrasound) for
examination of the cavernous artery. Note the scan head is posi-
tioned on the ventral aspect of the penis.

Figure 32–3. Position of the scan head to show the dorsal
penile artery. Note the position of the scan head on the dorsal
aspect of the penis.

Figure 32–4. A color duplex image of the cavernous artery.
Note the color flow as indicated by the arrow.
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a dorsal approach, with light probe pressure. The dimen-
sions of the cavernous arteries are also measured in the
A/P and transverse views during systole. The examiner
should observe the time elapsed since injection and doc-
ument when velocities are recorded.

It has been noted that PSVs generally increase after
injection: a normal velocity is equal to or greater than 
30cm/s, 25–29cm/s is a marginal value, and <25cm/s is
considered an abnormal velocity. To be noted, since the
time when the highest PSV is reached after injection
varies among individuals, it is imperative to obtain serial
measurements. These velocities may occur 5, 10, 15, or 
20min after injection, with a nearly equal distribution.
Postinjection, the deep dorsal venous flow velocity should
not increase with the following criteria to be followed:
normal—<3cm/s, moderate increase—10 to 20cm/s, and

markedly increased—>20cm/s. It has been suggested that
an increase to >4cm/s may indicate a venous leak, which
could contribute to the erectile dysfunction. The diame-
ter 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.90–92

Several other studies recently reported on the value of
color duplex ultrasonography in the diagnosis of vascu-
logenic erectile dysfunction.93–96

Roy et al.95 conducted a study to evaluate the role of
duplex sonography for flaccid penis and the potential role
in the evaluation of impotence. Their goal was to assess
the potential value of PSV measurements on the flaccid
penis in the diagnosis of arteriogenic impotence. Forty-
four men underwent duplex Doppler sonography with
peak systolic measurements before and after intracav-
ernous injection of prostaglandin E(1). Three different
cutoff values for lowest normal PSV before injection—5,
10, and 15cm/s—were tested. Thirteen patients had arte-
riogenic insufficiency based on postintracavernous injec-
tion duplex sonography and clinical response. Results for
different cutoff PSV values of 5, 10, and 15cm/s in diag-
nosing arteriogenic impotence were, respectively: sensi-
tivity 29%, 96%, and 100%; specificity 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%. In the flaccid state,
there was a significant difference in mean PSV between
the “normal” group (12.6 ± 0.9cm/s) and the arteriogenic
impotence group (7.7 ± 1.1cm/s). Twenty-nine patients
with a bilateral PSV of 10cm/s or less before intracav-
ernous injection had a normal clinical response. They

A

B

Figure 32–5. (A) A color duplex image of the cavernous artery
(see arrow). The Doppler flow velocity spectrum with a peak
systolic velocity of approximately 40cm/s is shown at the
bottom of the figure. (B) A color duplex image of the cavernous
artery (see arrow). The Doppler flow velocity spectrum with a
peak systolic velocity of approximately 15cm/s is shown at the
bottom of the figure.

Figure 32–6. An illustration of the structure of the penis with
the position of the needle used for injection of vasodilators.
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concluded that a cutoff PSV value of 10cm/s in the flaccid
state had the best accuracy in predicting arterial insuffi-
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.

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
flow 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 localizing the obstructing lesion.
Doppler ultrasound can accurately 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
moderately and recovers rapidly.

Sumner and Strandness97 described the characteristic
peaked pulse seen in the digit volume pulse contours of
patients with cold sensitivity secondary to collagen vas-
cular disease or other forms of intrinsic digital artery
disease. This is in contrast to patients with pure
vasospasm where the contour is normal in configuration,
but of decreased amplitude. Figure 32–7 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 downs-
lope 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 nor-
mally 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 3min, or

as long as tolerated. Serial digital PVRs are measured as
rewarming occurs. If they fail to return to baseline levels
within 5min, a pathologic degree of vasospasm is likely.
Measuring digit or toe pressure might also be helpful in
distinguishing between primary 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 disease 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 finger 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 pressure
in a normal individual will drop very slightly, but will
return to normal very rapidly. In patients with primary
vasospastic disease, the digital pressure will drop more
significantly 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 0mmHg)
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 fistulas can 
be congenital or acquired (e.g., traumatic). They consist
of an abnormal connection between a high-pressure 
arterial system 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 resistance it offers. If the fistula is proximal in
its location (close to the heart), the potential for cardiac
complications, primarily cardiac failure, increases. This is
in contrast to peripheral fistulas, which are less likely to
cause congestive heart failure, but more likely to cause
limb ischemia. Generally, flow in the artery proximal to
the fistula is greatly increased, especially during diastole,
because the fistula markedly reduces resistance, and this
is in contrast to what is seen in a normal artery. The prox-
imal venous flow is also increased and becomes more pul-
satile in character. The blood pressure distal to the fistula
is somewhat reduced. The direction of the blood flow, on
the other hand, is normal if the fistula resistance exceeds

Figure 32–7. Digit pulse contours. From left to right: normal
contour, obstructive contour, peaked contour.
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that of the distal vascular bed. If the fistula is chronic and
large, arterial blood flow may be retrograde. A long-
standing chronic fistula tends to elevate venous pressure,
and blood flow is retrograde in the distal vein, which is
associated with an incompetent valve.

Diagnosis of AVM may be evident on physical exami-
nation by (1) the presence of a characteristic bruit, (2) the
presence of secondary varicosities and cutaneous changes
of chronic venous insufficiency, (3) the obliteration of the
thrill producing bradycardiac response, or (4) the associ-
ation of a birthmark and limb overgrowth in patients with
congenital AVM. However, such combinations are often
lacking. Szilagyin et al.98 reported in one of the largest
series of AVMs that the classic triad of birthmark, vari-
cosities, 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 finding. Various noninvasive diagnostic
tests have been used for the diagnosis of extremity 
AV fistula including (1) Doppler segmental limb systolic
pressure determination, (2) segmental limb plethysmog-
raphy 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.99 Accordingly, proximal
to the malformation, 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
flow, when they may be decreased. The decreased periph-
eral resistance eliminates the reverse flow, which is seen
in the normal Doppler analog wave tracing and increases
the forward flow, particularly during diastole. Conse-
quently, the end-diastolic velocity waveforms are ele-
vated 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 vasodila-
tor drugs, in warming of the extremity, in inflammation,
and after sympathectomy. In the absence of these condi-
tions, it is diagnostic of AVM.

The PVR can also be helpful in the diagnosis of these
malformations. The AVM increases the segmental limb
volume changes normally produced by pulsatile arterial
flow and can be detected with the PVR. The PVRs prox-
imal to the fistula are uniformly increased. The anacrotic
slope and peak are sharper with loss of the dicrotic wave.
Distal to the fistula, 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 flow of an extremity.The percentage of total
extremity flow that passes through AVMs may be meas-

ured by comparing the relative levels of pulmonary
radioactivity following an arterial, and then a peripheral
venous injection of a radionuclide-labeled human
albumin microsphere.99 These methods may be used to
confirm or exclude the diagnosis of AVM, particularly if
the results of the noninvasive vascular tests are equivo-
cal. They also provide a quantitative estimate of the AV
shunt flow, which may be helpful in determining its prog-
nosis and the need for any therapeutic interventions.

Patients with congenital AVM may also present prima-
rily as venous pathology,e.g., varicose veins.Some of these
may harbor AVM and have secondary venous insuffi-
ciency, whereas others may have a venous anomoly, but 
no AVM (e.g., Klippel-Trenaunay or Parks-Weber 
syndrome). These can be investigated by various venous
noninvasive studies that will be described later. Various
venous abnormalities can be detected, including deep
venous valvular insufficiency, 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 sufficient
information on which to base major clinical decisions.
Magnetic resonance imaging, which is preferable to con-
trasted enhanced CT, might be necessary in evaluating
congenital vascular malformation.100 Magnetic resonance
imaging gives a better definition of the anatomic extent
and the feasibility of surgical resection than CT and
allows multiplanar views (Figure 32–8). This subject is
described in more detail in Chapter 31.

Figure 32–8. Magnetic resonance imaging of the lower extrem-
ity showing a vascular mass with high flow changes in the ante-
rior medial compartment of the thigh region (involving the
vastus medialis muscle) as noted in the upper portion of this
transverse view.
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Hemodialysis Access Graft Imaging

Duplex scanning of hemodialysis access grafts documents
abnormalities and abnormal velocity or volume flow
measurements commonly associated with a graft mal-
function. Imaging of these grafts is indicated in the fol-
lowing circumstances: elevated venous pressure, difficult
needle placement, loss of graft thrill, swelling around the
graft site, perigraft mass, recirculation, abnormal labora-
tory values, and underdeveloped Cimino fistula.

Technique

No specific preparation is required prior to the examina-
tion. The patient may sit or lie in the supine position and
clothing may need to be removed, depending on the loca-
tion of the access graft. The extremity is inspected for
raised or flattened areas of edema, or discoloration of the
hand or digits. The presence of a pulse is abnormal and
the presence of a palpable thrill is a normal finding.
Brachial pressures should be obtained and should be
equal bilaterally. A five to ten MHz linear transducer can
be used and the graft should be examined in both trans-
verse and longitudinal scan planes. Both the inflow artery,
the entire length of the graft, and the outflow veins should
be imaged.Velocities or volume flow measurements must
be done at the anastomotic sites, mid-graft, puncture sites,
and sites of obvious lumen reduction. If color flow
imaging is available, observe the image for frequency
increases, turbulence, and flow channel changes. The fol-
lowing can be some of the limitations of this technique:
excessive swelling, infection, anatomic variations, unco-
operative patients, and visualization of the graft less than
48h after placement. The technician or examiner should
be familiar with the type of hemodialysis access graft to

facilitate mapping. Figure 32–9 is an example of these
grafts.

Interpretations

As indicated earlier, the following should be identified
and documented as to location, extent, and type: aneurys-
mal changes (including pseudoaneurysms), puncture sites
for hematomas or leaks, thrombus, and perigraft fluid 
collection.

PSVs vary according to the graft type and normally can
be quite elevated. Presently, there are no standardized
velocity criteria for hemodialysis access grafts. It is gen-
erally recommended to have follow-up studies, which will
provide specific comparisons to previous studies. A low
PSV obtained throughout the graft could suggest an arte-
rial inflow dysfunction. It is generally believed that the
venous anastomosis and outflow 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 hyperplasia. Occasionally,
steal syndrome can be observed whereby the distal arte-
rial blood flow is reversed into the venous circulation 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 32–1 summarizes a generally agreed upon inter-
pretation criteria that is adapted from an Advanced Tech-
nology Laboratory manual.

Volume Flow Criteria

Low blood flow volume through a hemodialysis graft can
be predictive of graft failure. A noninvasively derived

Synthetic

Autogenous

Radial artery: Cephalic vein commonly
known as Brescia-Cimino fistula

Gore-Tex : 6–8 mm diameter
– straight graft forearm or upper arm
– forearm loop

Figure 32–9. Illustration showing various AV grafts. As noted
in this figure, these grafts can be autogenous (radial artery to
cephalic vein) or synthetic (Gore-Tex graft between the

brachial artery and the antecubital vein or between the brachial
artery and the distal axillary or proximal brachial veins).
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value of <450ml/min has been associated with graft
stenosis or dysfunction and impending failure, and some
investigators use this finding as additional diagnostic cri-
teria. However, it is to be noted that determination of the
flow volume through a graft can produce variable results
due to variations in technique 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.101,102 This subject will be
covered in more depth in a later chapter.

Arterial Aneurysms

An arterial aneurysm is generally defined 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 is defined as a
dilatation of all layers of the arterial wall, differentiating
it from a pseudoaneurysm, 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 pseudoaneurysm is usually
secondary to an injury that produces a hole in the arte-
rial wall that permits the blood to escape under pressure,
generating a false aneurysm. Once the hematoma is
formed, and if confined by the surrounding structures and
if there is continuous blood flowing from the artery to this
region, a false aneurysm is created that is covered by a
fibrous capsule. These are usually secondary to arterial
catheterization as seen after a cardiac catheterization or
peripheral arterial 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 flow through this lumen as well as through the orig-
inal true lumen to supply branch arteries. This condition
is usually secondary to weakening of the media of the

Table 32–1. Dialysis access graft imaging: interpretation criteria.

Classification Velocity (cm/s) Image characteristics

Normal Mid graft Anastomotic sites No visible narrowing
>150cm/s >300cm/s Distended outflow veins

Aneurysms, puncture sites,
perigraft fluid may be visible

Moderate stenosis Mid graft Anastomotic sites Decrease in lumen diameter
100–150cm/s >300cm/s at stenosis Echogenic narrowing

Wall abnormalities
Severe stenosis Mid graft Intraluminal echogenicity

<100cm/s <2mm lumen
>50% diameter reduction
Marked velocity acceleration
Marked reduction in lumen

diameter with color Doppler
Inflow stenosis Inflow anastomosis site Mid graft Intraluminal echogenicity.

>300cm/s with turbulence <100cm/s <2mm lumen at velocity
acceleration

Monophasic spectra with No velocity acceleration at outflow 
graft compression anastomosis

Outflow stenosis Inflow anastomosis site Focal velocity acceleration (could be mild, Intraluminal echogenicity
<300cm/s (decreases as distal outflow, or distal vein) <2mm lumen velocity 

stenosis progresses) acceleration
>300cm/s Prominent collateral veins

around outflow
Mid graft
<100cm/s

Occlusion No Doppler signal Intraluminal echogenicity
Graft walls appear collapsed
Occluded vein may not be

visible
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artery and the development of an intimal tear through
which the blood then leaks into the media. Arterial dis-
section 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 (Figure 32–10), but they can
occur in nearly any artery of the body. Peripheral arterial
aneurysms are commonly seen in the femoral and
popliteal artery regions. These peripheral aneurysms can
be bilateral (over 50%), as seen in Figures 32–11 and
32–12.

The causes of aneurysms are unknown, but may in-
clude atherosclerosis, poor arterial nutrition, congenital
defects, infection, and iatrogenic injury. Aneurysms are
usually fusiform, i.e., diffuse circumferential dilatation of
the arterial segment, but can be sacular. The major com-
plications of arterial aneurysms include rupture and

A

B

Figure 32–10. (A) A duplex ultrasound image of an abdominal
aortic aneurysm measuring 8.8cm in AP diameter and 8.16cm in
transverse diameter.Note 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

Figure 32–11. (A) A color duplex ultrasound image showing a
right common femoral artery aneurysm in transverse view that
measures around 4.51cm in transverse diameter and 3.51cm in
AP diameter. Note 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 ultra-
sound image showing the same patient as in (A) with meas-
urement of the inside lumen (3cm in transverse diameter and
3cm in AP diameter). Note the thrombus between the inside
lumen and the outside wall (arrows). (C) A color duplex ultra-
sound image showing the same patient as in (A) with an
aneurysm measuring 5.6cm in length and 4.01cm in AP diam-
eter (longitudinal view).
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distal embolizations. As noted in Figures 32–10, 32–11,
and 32–12, these aneurysms have the propensity to form
thrombotic material at the walls.

Abdominal aortic aneurysms are usually discovered
incidentally 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 remain-
ing 25% of patients present with rupture with the classi-
cal triad of abdominal 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 embolization. The diagnosis is usually
confirmed by B-mode ultrasonography or duplex ultra-
sound (Figures 32–10, 32–11, and 32–12). Other modali-
ties used to confirm aneurysms include CT scanning and
magnetic resonance imaging. This subject will be covered
in more depth in a later chapter.

Endothelial Dysfunction

Long before atherosclerosis becomes clinically manifest,
endothelial dysfunction is evident and can be demon-
strated by changes in brachial artery size during reactive
hyperemia. The fact that brachial artery dysfunction cor-
relates with coronary artery dysfunction is an important
discovery.103
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Section V
Noninvasive Diagnosis of Venous Disorders of

the Extremities



Anatomy

The term venous disorders implies that normal function-
ing is deranged. To understand the various venous dis-
orders, it is necessary to start with an understanding 
of the normal anatomy (Table 33–1). The venous system
of the lower extremities can be divided, for purposes of
understanding, into three systems: the deep venous
system, the superficial venous system, and the connecting
veins, which are called perforating veins. The principal
return of blood flow from the lower extremities is
through the deep veins. In the calf, the deep veins are
paired and named for the accompanying arteries. There-
fore, 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.1 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 superficial venous system of
the lower extremities consists of two axial veins, the great
and small saphenous veins, and many interconnecting
tributaries, the communicating veins. The great saphe-
nous vein begins on the dorsum of the foot and it ascends
anterior to the medial malleolus at the ankle and antero-
medial to the tibia. At the knee, the great saphenous vein
is found in the medial aspect of the popliteal space. It
then ascends in the anteromedial thigh to join the
common femoral vein just below the inguinal ligament.

In 2001, an International Interdisciplinary Committee
was designated by the Presidents of the International
Union of Phlebology (IUP) and the International Feder-
ation of Anatomical Associations to update the official
Terminologia Anatomica.2 The Committee with the par-
ticipation of Members of the Federative International
Committee for Anatomical Nomenclature (FICAT) out-
lined a Consensus Document at a meeting held in Rome

on the occasion of the 14th World Congress of the IUP.
Terminological recommendations of the Committee were
published3 and these new, possibly unfamiliar terms are
used throughout this chapter.

Throughout its course, the great saphenous vein is deep
to the superficial fascia and superficial to the deep, mus-
cular fascia. This enclosure is called the saphenous con-
partment.4 It receives many tributaries, nearly all of
which are superficial, to the superficial fascia. The small
saphenous vein originates laterally from the dorsal
venous arch of the foot and travels subcutaneously
behind the lateral malleolus at the ankle. As it ascends in
the calf, it enters deep to the deep fascia and ascends
between the heads of the gastrocnemius muscle to join
the popliteal vein behind the knee. There are many vari-
ations of the small saphenous vein connections to the
popliteal vein in the popliteal fossa.

The third system of veins in the lower extremity is the
perforating vein system. This connects the superficial to
the deep venous system. 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 for an English surgeon, Frank Cockett. The
Cockett I perforating vein is approximately 6cm, meas-
ured from the floor in the standing patient. The Cockett
II perforating vein clusters at about 12cm, and the
Cockett III is at 18cm. These, and the 24cm perforating
vein, may need to be identified as tibial perforating veins
in limbs with severe chronic venous insufficiency as they
become targets for the surgeon. These perforating veins
connect 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 for John Hunter (Figure 33–1).
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Venous Disorders

Terms used to describe the various manifestations of
venous disorders lend confusion to the general topic.
Some of these terms, such as phlegmasia cerulea dolens
and superficial thrombophlebitis, are descriptive. Others
memorialize largely dead physicians such as May-
Thurner and Paget-von Schröetter. Order can be made
out of apparent chaos by dividing venous disorders that
are acute from those that are chronic.The acute disorders
are largely thrombotic and may produce relatively severe
manifestations (Table 33–2). For purposes of orientation,
prognostication, and therapy, these can be divided into
superficial and deep venous thrombosis. It is in the

chronic disorders, dominated by venous reflux through
failed check valves, that disorientation reigns.

Primary Venous Insufficiency

The manifestations of simple primary venous insuffi-
ciency appear to be different from one another. However,
reticular varicosities, telangiectasias, and major varicose
veins are all elongated, dilated veins with incompetent
valves. They respond to the same physical forces and
acquired influences that cause the abnormality. Dilation
and elongation are responses to abnormal forces. These
responses are influenced by a hereditary predisposition,
the effect of progesterone, which prevents smooth muscle
contraction, weakness in the venous wall, and valvular
abnormalities.Very little can be done to change either the

Table 33–1. Important changes in nomenclature of lower
extremity veins.

Old terminology New terminology

Femoral vein Common femoral vein
Superficial 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
Gastrocnemius point Intergemellar perforator

Saphenofemoral
junction

Superficial iliac
circumflex vein
Anterior lateral
tributary
Femoral vein

Deep femoral
vein

Pudendal vein

Posterior
medial
tributary

Greater
saphenous
vein

Posterior
arch vein

Dorsal venous arch

Hunterian
perforating
vein

Dodd
perforating
vein

Boyd
perforating
vein

Cockett
perforating
vein
(I,II,III)

Inframalleolar
perforating vein

Figure 33–1. The main superficial veins and per-
forating 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 pos-
teromedial tributaries, either of which may simu-
late a duplication of the saphenous circulation.

Table 33–2. Venous disorders.

Acute
Superficial
Deep
Chronic
Primary venous insufficiency

Telangiectasias
Reticular veins
Varicose veins

Secondary (Postthrombotic)
Venous obstruction
Venous reflux

Chronic venous insufficiency (CVI) (hyperpigmentation, edema,
lipodermatosclerosis, cutaneous ulceration)
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hereditary predisposition or the effect of progesterone on
veins. However, investigations into venous wall abnor-
malities and valvular damage may eventually lead to an
understanding of the problem, and, therefore, a solution
by surgery or pharmacotherapy.

Scanning electron microscopy has shown varying
degrees of thinning of the varicose venous wall. These
areas of thinning coincide with areas of varicose dilation,
and replacement of smooth muscle by collagen is also a
characteristic of varicose veins.5

Our approach to this has been to assume that both the
venous valve and the venous wall are affected by the ele-
ments that cause varicose veins. We and others have
observed that in limbs with varicose veins, an absence of
the subterminal valve at the saphenofemoral junction is
common.6 Further, perforation, splitting, and atrophy of
saphenous venous valves have been seen both by
angioscopy and by direct examination of surgical speci-
mens.7 Supporting the theory of weakness of the venous
wall leading to valvular insufficiency is the observation
that there is an increase in the vein wall space between
the valve leaflets. This is the first and most commonly
observed abnormality associated with valve reflux.8,9

Realizing these facts, our investigations have led us to
explore the possible role of leukocyte infiltration of
venous valves and the venous wall as part of the cause of
varicose veins. In our investigations of surgical specimens,
leukocytes in great number have been observed in the
venous valves and wall and monoclonal antibody 
staining has revealed their precise identification as 
monocytes.10

Chronic Venous Insufficiency

The discussion above refers to primary venous insuffi-
ciency. The clinical manifestations of severe chronic
venous insufficiency (CVI) are somewhat different. Some
time ago these were all classified as secondary or post-
thrombotic venous insufficiency. Later, it was realized
that many limbs with severe skin changes had never expe-
rienced venous thrombosis—hence, the term chronic
venous insufficiency. Among the earliest findings in CVI
is hyperpigmentation. This has been found to be caused
by red cell extravasation and hemosiderin deposition.
This appears wherever inflammation has been manifest
in the skin. That is, inflammation causes hyperpigmenta-
tion.The second manifestation of CVI is induration of the
epidermis, dermis, and subcutaneous tissues. The term
lipodermatosclerosis has been applied to this. This serves
not only as a definition but as a description of the process.
Investigations by histologic techniques and capillary
microscopy have shown an apparent capillary prolifera-
tion. This is actually best explained by elongation of a
single capillary loop rather than an increase in the
number of capillaries. Such elongation does increase 

the surface area of endothelium. Immunohistochemical
investigations have revealed a pericapillary cuff that con-
tains collagen IV, laminin, fibronectin, and tenascin in
addition to fibrin. The endothelium of these capillaries
expresses an increased amount of factor VIII-related
antigen and adhesion molecules.11 In particular, the 
intercellular adhesion molecule-I (ICAM-I) has been
found. Endothelium expressing such adhesion molecules
becomes a target for leukocytes, and a profound intersti-
tial leukocyte infiltration has been identified in limbs of
patients with venous ulcer.12 These cells are further iden-
tified as macrophages and T-lymphocytes. Thus this can
be thought of as a severe chronic inflammatory state
(Figure 33–2).9 Secondary venous insufficiency, or the
true postphlebitic state, is caused by damage or destruc-
tion of venous conduits and their contained valves. The
pathogenesis of the postthrombotic state is dominated by
the phenomenon of reflux. Reflux in the postphlebitic
limb is most important in the deep system. However, the
superficial venous system is almost always involved and
contributes by reflux to venous hypertension. Perforating
veins that demonstrate outward flow, inward flow, or both
inward and outward flow may transmit muscular com-
partment pressure outward or overload the deep venous
system by directing refluxing blood inward into deep
veins. In secondary venous insufficiency, a small fraction
of the pathologic process is caused by residual venous
occlusion. Venous occlusion is largely well compensated
and not pathophysiologic. However, when it is of 

White Cell Trapping Hypothesis

Neutrophil activation

Proteolytic enzymes Free radicals

Figure 33–2. The causes of skin changes in chronic venous
insufficiency are linked to white cell trapping. White cell
endothelial interactions occur on the extended endothelial
surface caused by precapillary venular elongation and dilation.
White cells adhere under the influence of adhesion molecules
and release proteolytic enzymes and free radicals as illustrated
here. These, in turn, cause the tissue destruction that is mani-
fested as the physical findings of chronic venous insufficiency.
(Courtesy of Philip Coleridge Smith and the Middlesex Vascu-
lar Laboratory.)
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importance physiologically, there is treatment available
that can correct the observed abnormalities.

Acute Venous Disorders

As indicated above, acute venous disorders are entirely
thrombotic. The differences in their manifestations are
dictated by the venous bed that is affected. These cause
syndromes to appear. Examples are superficial throm-
bophlebitis, acute deep venous thrombosis of the lower
extremities, axillary subclavian venous thrombosis, and
acute thrombosis of the portal venous system.

Superficial Thrombophlebitis

Superficial thrombophlebitis is a very commonly encoun-
tered pathologic entity. It may occur in nearly every
patient who is hospitalized and certainly is dominant in
patients receiving intravenous therapy. Its diagnosis is lit-
erally underneath the fingers of the examining hand as
the cardinal signs of inflammation are nearly always
present. These are calor, rubor, dolor, and tumor, which
describe a linear, painful, erythematous swelling along
the course of a superficial vein. The area is warm early on
and cooler later. Similarly, it is tender early on and
resolves into a cord-like structure later. The visible
inflammation is usually aseptic, although it may occa-
sionally be suppurative. The pathologic process does not
require treatment by anticoagulation, corticosteroids, or
antibiotics. It is best treated by limb elevation and elastic
support, although some clinicians will advocate cooling
with ice or warming with hotpacks. When the superficial
thrombophlebitis is suppurative, it becomes a serious,
potentially lethal complication that demands rapid 
intervention for removal of the affected vein. The most
common pathogens are Staphylococcus epidermidis,
Staphylococcus aureus, and Pseudomonas. Specialized
forms of superficial thrombophlebitis include throm-
bophlebitis of varicose veins, migratory thrombophlebitis
found in association with malignant tumor, and migratory
thrombophlebitis associated with coagulopathies and/or
Buerger disease. It is important to know that up to 20%
of cases of superficial thrombophlebitis of the lower
extremities are associated with deep venous thrombosis.

Acute Deep Venous Thrombosis

Risk factors in deep venous thrombosis are listed in Table
33–3. When thrombi develop in the deep venous system,
the findings may include acute inflammation or an
entirely bland pathologic process. While the thrombus
does produce venous occlusion, such blockage may be
partial or so well compensated that distal limb swelling
does not occur. Therefore, diagnosis remains elusive
except by imaging techniques. The findings of deep

venous thrombosis will vary with the location of the
thrombus as well as whether it occurs in isolated fashion
or in multiple venous segments. It is the proximal
iliofemoral veins that present the greatest risk for fatal
pulmonary embolization, and it is the thrombi in distal or
calf veins that present the least risk. In the past, it was
thought that deep venous thrombosis inevitably caused
chronic edema, hyperpigmentation, and other changes of
CVI. Now it is well known that approximately one-third
of thrombi will lyse quickly. In vein segments that expe-
rience total lysis within 3–5 days, valvular function is
often maintained. Because of the risk for pulmonary
embolization, urgent diagnosis is made by imaging 
techniques and treatment is given by immediate 
anticoagulation. Acute anticoagulation is achieved with
heparin and chronic anticoagulation with warfarin.
Thrombolytic therapy may be used in special clinical sit-
uations. Venous thrombectomy, long practiced on the
European continent, has not found a sympathetic audi-
ence in North America and what little status it had has
been largely replaced with aggressive catheter-directed
thrombolysis.

Overview of Venous Disorders

Paget—von Schroetter Syndrome

While axillary subclavian venous thrombosis represents
a small fraction of all cases of deep venous thrombosis,
in fact it is an important clinical entity (Figure 33–3). In
the past, it was thought to be benign and self-limiting, and
conservative measures were advocated. More recently, it
has been recognized that a considerable morbidity may
occur and aggressive management is dominant in today’s
medical milieu. Similarly, in the past, spontaneous axillary
subclavian venous thrombosis was referred to effort
thrombosis and was associated with a variety of physical
activities. Now, because of central lines and pacemaker
wires, a more frequent cause is traumatic and iatrogenic.
In fact, this element of axillary subclavian venous throm-
bosis is so common that it is believed that between one-
third and two-thirds of patients with subclavian lines or

Table 33–3. Risk factors for venous thromboembolism.

Age > 40 years
Obesity
Pelvic or multiple extremity trauma
Major abdominal surgery
Stroke/paraplegia
Congestive heart failure
Acute myocardial infarction
Malignancy
Oral contraceptives
Inflammatory bowel disease
Pregnancy
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catheters develop deep venous thrombosis. Symptomatic
patients with axillary subclavian venous thrombosis
present with a swollen forearm, upper arm, and shoulder.
A visible pattern of venous distention is present across
the anterior aspect of the shoulder and chest wall. There
may be venous distention of the antecubital veins as well
as those in the hand. If a tender, palpable cord is present
in the neck and/or axilla, this is due to a superficial throm-
bophlebitis accompanying the deep venous thrombosis.
A bluish or cyanotic discoloration is commonly present
in the hand and fingers, and an aching pain in the forearm
exacerbated by exercise is also a common complaint.
Some patients with upper extremity venous thrombosis
will have abnormal clotting factors. The most important
of these are listed in Table 33–4. While diagnosis of lower
extremity deep venous thrombosis is dominated by
imaging techniques and ultrasound, in fact, diagnosis of
upper extremity venous thrombosis is dominated by
catheter-directed phlebography because this can be fol-
lowed by immediate infusion of lytic agents. This is done

to decrease the late sequelae of the venous occlusion.
In the past, venous thrombectomy was done rarely, but
now lytic therapy is applied frequently to spontaneous
venous thrombosis. Secondary or catheter/pacemaker
wire-induced venous thrombosis is allowed to undergo a
normal developmental course.

Treatment after the acute event or after thrombolysis
will vary from total thoracic outlet decompression by first
rib resection and intraluminal stent placement to simple
anticoagulation without intervention. Exact treatment
will be prescribed according to the findings in each indi-
vidual patient.

Thrombosis in the Portal Venous System

If thrombosis of the portal venous system is not recog-
nized, the condition can be extremely serious and even
fatal. However, modern methods of imaging have led to
earlier diagnosis and therapy with anticoagulation, thus
limiting the extent and seriousness of the condition. The
symptoms are generally nonspecific but are entirely
abdominal. They often follow a flu-like illness and the
progression is slow with low-grade symptoms lasting
more than 48h in many cases. The most common symp-
toms are diffuse, nonspecific abdominal pain associated
with a clinical appearance like a bowel obstruction with
abdominal distention. The condition is primary when
there are no associated conditions, but portal venous
thrombosis also occurs in hypercoagulable states,
cirrhosis, splenomegaly, abdominal malignancy, intraab-
dominal infection, pancreatitis, or even colon diverticular
disease. Computed tomography (CT) scanning with 
contrast will reveal a portal vein with a hyperlucent wall
and thrombus in the superior mesenteric vein. Bowel 
wall thickening, pneumatosis, or streaky mesentery 
may be present and are often late signs. Anticoagulation
may halt the process but bowel necrosis will require
resection.

Conclusions

This overview of venous disorders suggests dividing
venous conditions into those that are acute and those that
are chronic. The acute conditions are dominated by
venous thrombosis, and these, in turn are classified
according to the particular venous bed that is affected.
Chronic venous disorders are dominated by venous
reflux and can be divided into those that are primary and
those that are secondary to thrombosis. In both instances,
reflux is the dominating pathologic process, but specific
individual chronic obstructive situations do arise and 
may call for direct venous reconstruction or venous 
intervention.

Figure 33–3. The pattern of occlusion in subclavian venous
thrombosis. Note the profuse collateral circulation that has
developed around the thrombus. The occlusion itself lies deep
to the clavicular head just distal to the confluence of jugular and
subclavian veins. Note the configuration of the valves in the axil-
lary vein.

Table 33–4. Abnormal clotting factors.

Antithrombin III deficiency
Protein C deficiency
Protein S deficiency
Activated protein C resistance
Factor V Leiden
Abnormal factor V cofactor activity
Dysfibrinogenemia
Hypoplasminoginemia
Hyperhomocysteinemia
Anticardiolipin antibody
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Color-flow duplex scanning of the deep and superficial
veins has largely replaced most other diagnostic testing.
However, prior to the introduction of duplex scanning,
plethysmography was the most widely used noninvasive
method for the objective diagnosis of deep venous
thrombosis (DVT). No other technique has been so 
thoroughly examined by so many distinguished investi-
gators in the field. Its accuracy has been rigorously
defined and documented by many carefully performed
studies. Much valuable information concerning the
prevalence, natural history, and clinical presentation of
venous thrombosis has been acquired through the use of
plethysmography.1,2

Nevertheless, plethysmography has a number of well-
recognized limitations. It is insensitive to thrombi con-
fined to the below-knee veins, profunda femoris vein, or
internal iliac veins; may fail to detect nonocclusive
thrombi, small clots, or clots in paired veins; provides
little information concerning the distribution and extent
of clots; and is limited in its ability to detect progression
of disease or clot lysis.3 These drawbacks were largely
overcome by duplex imaging, which has now replaced
plethysmography as the preferred method for detecting
DVT in most vascular laboratories. Nonetheless, no text
on noninvasive vascular diagnosis would be complete
without a description of plethysmographic techniques for
detecting DVT and venous reflux, if for no other reason
than its historical importance. Furthermore, air plethys-
mography is now being used by some investigators to
evaluate patients with chronic venous insufficiency (CVI)
prior to intervention and for follow-up after surgical 
procedures. 4–6

Plethysmographs

Plethysmography is a term derived from Greek and means
to record (graph = write) an increase (plethysmos =
increase). All plethysmographs measure the same thing,

volume change. In the limbs, transient changes in volume
are attributable to an increase or decrease in blood
volume. Other tissues, bone, muscle, adipose tissue, and
skin, have a relatively constant volume. Several of the
various types of plethysmographs are adaptable to venous
diagnostic studies. Air plethysmographs employ an air-
filled cuff, which is proportional to the increase in limb
volume.Mercury strain gauges use a fine Silastic tube filled
with mercury or an indium-gallium alloy and are wrapped
around the limb.3 Changes in limb circumference produce
a comparable change in the electrical resistance, which is
proportional to relative volume change. Impedance
plethysmographs consist of electrodes wrapped around
the leg.An increase in blood volume decreases impedance
and is amplified to reflect volume change. Thus, all
methods measure changes in blood volume more or less
indirectly.

Theory

Thrombi in the deep venous system increase venous
outflow resistance and decrease venous compliance.
These are the parameters that plethysmography meas-
ures as a means of detecting DVT.The increase in outflow
resistance depends on whether the thrombi are totally 
or only partially occlusive, their length, the number of
venous segments involved, and the location and extent of
collateral development.3 Clots located at bifurcation
points or where collaterals originate or reenter the main
venous tree are more likely to increase resistance than
those in the midpoint of a long venous segment. Also
clots in the profunda femoris or internal iliac veins, which
are not part of the axial venous tree, have less effect on
outflow resistance. Venous pressure distal to the site of
thrombosis is elevated depending on the increase in
outflow resistance. Since the volume of blood leaving the
leg is ordinarily unchanged in the presence of a throm-
bus, the same volume of blood traversing an elevated

34
Overview: Plethysmographic Techniques in the
Diagnosis of Venous Disease
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resistance will result in an increase in venous pressure. If,
however, clots are very extensive, involving both the deep
and superficial systems, there may be a decrease in blood
flow. This occurs in the condition known as phlegmasia
cerulea dolens.

Thrombi may reduce apparent venous compliance in
several ways. First, when venous pressure is already ele-
vated, the volume of blood in veins peripheral to an
obstruction is already increased, and further rise in
venous pressure will result in less additional filling (Figure
34–1).7 Second, venous walls become stiffer as they are
distended by increased pressure.The third way is actually
a reflection of the method used for measuring 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 filled with thrombus, the degree to which they can
expand by increasing their volume is limited since the
residual capacity is limited. This might occur even when
the venous elastic properties are unchanged. Since the
potential for expansion is limited, the decreased volume
change divided by the baseline volume makes the veins
seem less compliant. Finally, another possible explanation
for decreased compliance is that thrombi actually alter
the elastic properties of venous walls, making them stiffer.

Venous Outflow Plethysmography

The volume sensor (air cuff, mercury strain gauge, or
impedance electrodes) is placed around the calf or leg.
An “occluding cuff” consisting of an air-filled bladder is
wrapped around the thigh (Figures 34–2 and 34–3).When

this cuff is suddenly inflated to a pressure exceeding that
in the underlying veins (usually about 50mm Hg), venous
outflow is prevented by the collapse of the veins.8 Pres-
sures of this level, which are well below diastolic arterial
pressure, have little effect on the diameter of the under-
lying arteries. Since arterial inflow is not affected by cuff
inflation, 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 outflow resumes. When the veins are first
occluded, the volume of blood in the calf rises in pro-
portion to the rate of arterial inflow, gradually decreas-
ing as the calf veins fill 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 (Figures 34–2 and
34–3).9 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 suddenly
deflated, allowing the underlying thigh veins to expand.
The blood trapped in the calf then rushes out, initially
propelled by a pressure gradient equivalent to the 50mm
Hg developed during the time of occlusion. The initial
rate of outflow, as reflected by the initial slope of the
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Figure 34–1. 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′). Inflating the thigh cuff to 
50mm Hg increases the volume of the normal limb by almost 3%
(A to B); however, in the abnormal limb, the volume increase is
less than 1% (A′ to B). [From Sumner DS: Diagnosis of deep
vein thrombosis by strain-gauge plethysmography. In: Bernstein
EF (ed). Vascular Diagnosis. St. Louis, MO: C.V. Mosby, 1993.]
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Figure 34–2. Venous outflow plethysmography. Above: correct
positioning of the leg, cuff, and electrodes. Below: Typical
normal tracing. [From Wheeler HB, Anderson FA Jr: Imped-
ance plethysmography. In: Kempczinski RF, Yao JST (eds).
Practical Noninvasive Vascular Diagnosis. Chicago: Year Book
Medical Publishers, 1987. Permission requested.]
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outflow curve, is inversely proportional to venous resist-
ance.As blood leaves the calf, distal venous pressure falls,
thus decreasing the pressure gradient and the rate of
outflow. The outflow curve is, therefore, curvilinear, with
the convexity facing the baseline (Figures 34–2 and 34–3).
When the venous pressure again returns to the baseline
level, the volume curve also returns to baseline.

Impedance Plethysmography

Technique

Examinations are performed with the patient supine.The
leg being examined is elevated 20–30° to optimize venous
drainage. This is accomplished by placing a pillow under
the calf and heel (Figure 34–4).To ensure that the patient
is relaxed and comfortable, the leg is allowed to rotate
externally at the hip. The knee is flexed 10–20° to prevent
compression of the popliteal vein. An 8-inch-wide pneu-
matic cuff is placed around the thigh and a set of two elec-
trodes is wrapped around the calf. After the instrument
has been electrically balanced and a stable baseline has
been obtained, the thigh cuff is inflated to the manufac-
turer’s specifications (about 50–70cm H2O). Pressure is

maintained until the tracing reaches a stable plateau; then
the cuff is rapidly deflated and the tracing is allowed to
return to baseline levels.3

The “rise” of the tracing from the baseline to the
plateau measures venous capacitance, and the “fall” of
the tracing from the peak value over a 3-s period meas-
ures venous outflow.10 These measurements are plotted
on a graph with the vertical axis representing the “fall”
and the horizontal axis representing the “rise” (Figure
34–5).When the point described by these two parameters
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Figure 34–3. Venous outflow plethysmography. Typical abnor-
mal tracings. The 3-s outflow is markedly reduced with recent
deep venous thrombosis. [From Wheeler HB, Anderson FA Jr:
Diagnosis of DVT by impedance plethysmography. In:
Bernstein EF (ed). Vascular Diagnosis. St. Louis, MO: C.V.
Mosby, 1993. Permission requested.]

Figure 34–4. Impedance plethysmography (IPG): patient 
position.

Figure 34–5. Impedance plethysmography (IPG) interpreta-
tion using the discriminant line method. Venographic findings:
filled circles, no thrombus; open circles, proximal vein thrombus.

Impedance plethysmography results as a graph of 3-s venous
outflow plotted as a function of venous capacitance (rise vs.
fall). A diagonal line divides patients with normal venograms
from those with recent proximal deep venous thrombosis.
(Reproduced with permission from the American Heart Asso-
ciation. From: Hull R, van Aken WG, Hirsch J, et al. Impedance
plethysmography: Using the occlusive cuff technique in the
diagnosis of venous thrombosis. Circulation 1976; 53:696.)
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lies above an experimentally determined discriminant
line, the test is considered to be negative for DVT. Points
below the line are indicative of DVT, provided they
remain below the line after repeated testing. In other
words, points above the line correspond to a high capac-
itance and high venous outflow, while points below the
line represent an abnormally low compliance and venous
outflow. To improve the accuracy of impedance plethys-
mography (IPG), a five-test sequence with occlusion
times of 45, 45, 120, 45, 120s, respectively, has been rec-
ommended by Hull et al.11

Sources of Error

In some patients with a previous DVT, venous collaterals
are well developed. Therefore, occlusions in major deep
veins may not be detected. Clots in tributary veins, such
as the profunda femoris or internal iliac veins, do not
impede venous outflow. Partially occluding clots or DVT
in one of the paired crural veins may easily be missed.
Contractions of the leg muscles in anxious patients who
are unable to relax interferes with venous outflow. Also,
false-positive results may be seen in patients with extrin-
sic compression from popliteal cysts or tumors, and in
patients with an elevated central venous pressure, as in
congestive heart failure.3 Any other systemic conditions
interfering with normal arterial inflow or venous outflow
will lead to erroneous readings.

Limitations

To perform IPG, the patient must be able to cooperate.
Anxiety, excessive muscle twitches, inability to lie flat
because of respiratory problems, and severe edema are
all conditions in which IPG cannot be performed. Also
patients with leg bandages, casts, or skeletal traction
cannot be studied because the electrodes and cuffs may
not be applied. Some of these limitations do not interfere
with the performance of duplex ultrasonography.

Accuracy

Venography is considered the “gold standard” for the
diagnosis of DVT, although many would argue that color-
flow scanning is superior to venography, particularly in
the thigh and calf. In the early studies, IPG was compared
to venography, but after the emergence of real time
imaging modalities, it was compared to compression
ultrasonography. Numerous investigators have examined
the accuracy and fallibility of IPG and many refinements
were proposed to improve its accuracy.1,2,12,13 Despite
these efforts, several investigators noted that the sensi-
tivity of IPG was decreasing over time. In one report, this
was explained by the fact that the patients being referred
for testing had less severe symptoms and the patterns 
of DVT were changing.14 Cogo et al. reviewed the

venograms performed in two different time periods sep-
arated by 8 years and found a change in the patient refer-
ral patterns and types of DVT.15 They noted that patients
were referred earlier after onset of symptoms, and that
the prevalence of nonocclusive thrombi was higher and
iliac DVT lower.

To improve the overall accuracy of IPG, the clinical
probability of disease must be strongly considered. Wells
et al. found that by multiple regression analysis, there
were 9 variables from the patient’s history and physical
examination that improved the accuracy of IPG.12 The
identification of certain clinical conditions by history,
such as cancer and paralysis, and by physical examina-
tion, such as local tenderness and swelling, improved the
sensitivity of IPG. On the other hand, the use of IPG as
a screening tool to detect DVT in asymptomatic patients
proved unreliable in several studies.1,2,16,17

Direct comparison of serial IPG and serial compression
ultrasonography has been performed.18,19 Overall, duplex
ultrasound had a higher sensitivity and specificity than
IPG.1 Both tests failed to detect discrete thrombi in
asymptomatic patients, but IPG was worse than duplex
ultrasound. IPG was especially unreliable in detecting calf
thrombi and proximal DVT in asymptomatic patients.
Repeated testing after a short interval (1–2 weeks) uncov-
ered a small number of missed DVT. In one study, the con-
version from a normal to abnormal IPG was 5.3%
compared to a conversion rate of 1.4% for ultrasound.13

It is generally acknowledged that if there is a reason for
a high clinical suspicion of DVT in the face of negative
IPG and duplex, a venogram should be obtained.1–3

Strain-Gauge Plethysmography

Technique

Strain-gauge plethysmography (SGP) involves the meas-
urement of calf volume expansion in response to a stan-
dardized venous congesting pressure and the rate at
which blood flows out of the leg after the pressure has
been released. Mercury or indium-gallium strain-gauge
instruments are highly accurate and sensitive in detecting
volume changes in the calf. Patient positioning is identi-
cal to that in IPG. A rapidly deflating cuff measuring 22
× 71cm is wrapped on the thigh.20 Changes in calf volume
are measured with a mercury-in-silicone strain gauge
wrapped around the calf at its widest point (Figure 34–6).
The length of the unstretched gauge should be 90% of
the calf circumference. The gauge should be placed
around the calf so as to ensure good contact but not with
excessive pressure that might occlude the superficial
veins. The cuff is inflated to 50–80mm Hg for 2min or
until a stable plateau is reached when venous outflow
equals the arterial inflow.3
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Calf volume expansion (also called venous volume or
venous capacitance) is determined by comparing the rise
of the curve from baseline with a 1% electrical calibra-
tion signal and is reported in terms of percent volume
increase or as milliliters per 100ml of calf volume. Calf
volume expansion averages around 2–3% in normal
limbs and is less than 2% in limbs with acute DVT
(Figure 34–7).21

Measurement of maximum venous outflow (MVO)
improves the sensitivity of SGP. To calculate the MVO, a
tangent is drawn through the steepest part of the outflow
curve after pressure in the cuff is released. MVO is
expressed in milliliters per 100ml of calf volume (Figure
34–8).20 Cramer and colleagues devised a graph for plot-
ting venous capacitance (VC) against venous outflow
(VO) with a discriminant line specific for strain-gauge
studies.22 In a group of 45 patients, they found that the

VO/VC ratio was 100% sensitive and 92% specific in
detecting DVT (Figure 34–9).

Sources of Error

There are several potential sources of error associated
with measuring calf expansion.When the veins of the calf
are not completely empty before the cuff is inflated, the
response to a given congesting pressure will be reduced.
This can be avoided by proper patient positioning ensur-
ing complete emptying and collapse of the veins prior to
cuff inflation. Also, if the veins have not undergone pre-
liminary stretching, calf expansion may show incremen-
tal volumes with successive congesting pressures. To
avoid this problem, two or three 45-s preparatory cuff
inflations are done before the definitive measurements
are taken. This will stretch the calf veins and reduce the
effects of venous tone.7 Finally, failure to use a standard
congesting pressure or failure to adhere to the specifica-
tions of the thigh cuff will result in inconsistent meas-
urements.3,7,21 The thigh cuff must be of the recommended
size and the pressure tubing must be at least 1cm in inter-
nal diameter to allow rapid inflation and deflation.

Figure 34–6. Strain-gauge plethysmography (SGP): patient
position.
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Figure 34–7. Strain-gauge plethysmography (SGP) diagram
for the calculation of the venous outflow/venous capacitance
(VO/VC) ratio. Note the response of the calf volume and
venous pressure to inflation of a pneumatic cuff placed around
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Acute venous thrombosis cannot be distinguished from
other causes of increased venous resistance when the
venous outflow method is used. Functional venous
outflow obstruction, such as in a postphlebitic limb,
extrinsic pressure from masses, tumors, or large
hematomas will also give a false-positive result. Small
nonocclusive thrombi will also escape detection.7

Limitations

SGP is subject to the same limitations previously
described with IPG. An immobilized limb in a cast or
bandage cannot be tested. Patients who are unable to
cooperate also cannot be tested.The instruments must be
calibrated and the correct cuffs and tubing must always
be used.7

Accuracy

Barnes et al. and then AbuRahma and Osborne demon-
strated that acute DVT can be detected with a high sen-
sitivity, 91% and 96%, respectively, using the maximum

venous outflow method. They reported a specificity of
88% and 99%, respectively.23,24 Warwick et al. used com-
puterized SPG and reported a 100% sensitivity for detec-
tion of DVT above the popliteal confluence.25

Air Plethysmography

Technique

Raines et al. designed the air-filled plethysmograph,
which is also known as the “pulse volume recorder.”26 It
is used in much the same way as the strain-gauge plethys-
mograph. A single pneumatic cuff placed around the calf
and inflated with 10cm3 of air serves as the volume
sensor. An occlusion cuff is placed around the thigh and
inflated to 50mm Hg, then venous capacitance and MVO
are measured (Figure 34–10). A venous score is calcu-
lated based on the 1-s outflow, the venous capacitance, a
ratio of the venous capacitances of the two legs, the pres-
ence or absence of respiratory variations in limb volume,
and Doppler ultrasonographic findings. A venous score
of 4 or less excludes DVT, 5 to 7 is uncertain, and a score
greater than 8 implies venous obstruction.3,27,28 There has
been wide variability in the accuracy of this technique in
DVT detection and there have been no comparison
studies with other noninvasive modalities in the same
patients. Overall, it appears that APG is less accurate
than either IPG or duplex ultrasonography in DVT
detection.

Air plethysmography (APG) was found to be more
useful in the evaluation of patients with CVI.4–6 For this
type of test, the air-filled cuff, usually 30–40cm long, is
placed on the leg.The patient initially lies supine with the
leg elevated and the heel supported. The cuff is then
inflated to a pressure of 6mm Hg and a baseline volume
is obtained with the patient supine and resting. The
patient is then asked to stand using a rail or a walker, for
support and balance, without transmitting weight to the
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limb being tested. The volume tracing shows a gradual
increase until a plateau is reached. Then the patient per-
forms one tip toe maneuver followed by rest, then a series
of 10 consecutive tip toes. From the graph generated by
these maneuvers, the venous volume (VV), venous filling
index (VFI), ejection fraction (EF), and residual volume
fraction (RVF) can be calculated (Figure 34–11: from
Marston). A VFI < 2ml/s is observed in normal limbs.
Christopoulos et al. found that an increasing VFI corre-
lated well with worsening clinical symptoms in patients
with CVI.29 Criado et al. also found that an elevated VFI
correlated well with increasing clinical severity of CVI.5

More importantly, successful surgical intervention in
patients with CVI lowered the VFI to a normal level.6

Phleborheography

Technique

Phleborheography (PRG) is another plethysmographic
test, however, it is based on a different concept than
venous occlusion plethysmography.3 The test is designed
to detect the effects of respiration and augmentation on
venous outflow.

The patient is studied in the supine position with the
bed tilted 10° with the foot down. Pneumatic cuffs
designed to sense volume changes are placed around the
thorax, the mid-thigh, the upper, middle, and lower calf,
and the foot. The cuffs that are placed at the foot and
lower calf also serve as compression devices. When the
cuffs are used for sensing, they are inflated to 10mm Hg.
There are three operational modes. In the first mode, all
cuffs on the thigh and leg serve as volume sensors while
the foot cuff is inflated three times in rapid sequence up
to 100mm Hg. In the second, the mid-calf cuff is inflated
three times to 50mm Hg and the remaining cuffs are used
to record volume changes. In the last mode, the ankle
level cuff is inflated three times to 50mm Hg while the
remaining cuffs record volume changes. The study is read
as normal if there are well-defined respiratory waves and
no rise in the baseline of thigh, leg, and calf tracings
during compression of the lower calf or foot (Figure
34–12). An abnormal study shows no respiratory waves
and a rise in baseline of the limb tracings in response to
foot and calf compression (Figure 34–13).3,30,31

Limitations

More than the other plethysmographic techniques, PRG
is highly dependent on the skill of the technicians per-
forming the test.The test cannot be performed in patients
who have casts or bandages on the leg. Patients with
abnormal breathing patterns, such as Cheyne-Stokes 
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Figure 34–11. Diagrammatic representation of typical record-
ing 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); 10 tiptoe
movements (D); same as in (B)/(E). VV, functional venous
volume; VFT, venous filling time; VFI, venous filling index; EV,
ejected volume; RV, residual volume; EF, ejection fraction; RVF,
residual volume fraction. [Reprinted from Marston WA4 and
Christopoulos DG, et al: Air plethysmography and the effect of
elastic compression on venous hemodynamics of the leg. J Vasc
Surg 1987;5:148–159. Copyright © 1987 with permission from
The Society of Vascular Surgery.]
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Figure 34–12. Phleborheography (PRG): normal tracing. Left:
run A; center: respiratory mode; right: run B. Run A (foot com-
pression) shows good respiratory waves; baseline remains level.
Respiratory mode shows good waves after arterial pulses are
filtered out. Run B (calf compression) shows good respiratory
waves; baseline remains level.
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respiration, or patients on ventilators cannot be properly
studied.3,30,31

Accuracy

PRG may fail to detect calf DVT for the same reasons
that other plethysmographic techniques do. In a group of
60 patients with DVT confined to the calf, Cranley and
Flanagan found a 25% false-negative rate. The overall
accuracy in their hands was 94%, a rate slightly higher
than in other reports.30,31

Photoplethysmography

Technique
Photoplethysmography (PPG) is an indirect method of
measuring volume change occurring in the cutaneous

capillary network using a light (photo) source. PPG is
mainly used to detect the presence of venous reflux
(venous valvular incompetence).The test is performed by
placing an infrared light source on the leg with an adja-
cent photoreceptor (sensor) to receive the backscattered
light. This allows for the continuous recording on a strip
chart of the signal intensity reflected from the cutaneous
capillary network.

The patient is seated and the legs are allowed to hang
freely (Figure 34–14). A baseline recording is obtained,
then the patient performs five successive plantar
flexion/extension maneuvers. The venous refill time with
PPG measures the time it takes capillaries to empty and
is dependent on the arterial inflow and efficiency of the
venous outflow (Figure 34–15).32,33 When reflux is identi-
fied by PPG, the placement of a tourniquet (or narrow
occluding cuff inflated to 50mm HG) alternately above
and below the knee may help the investigator in localiz-
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Mid Calf

Lower Calf

Foot

Figure 34–13. Phleborheography (PRG): acute popliteal
thrombosis. Note the normal respiratory waves and level base-
line in the thigh. In the calf, respiratory waves are absent and
the baseline rises on foot and calf compressions, indicating deep
vein obstruction at the popliteal level.

Figure 34–14. Photoplethysmography (PPG): patient 
positioning.
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Figure 34–15. Venous reflux measured by photoplethysmo-
graphy (PPG). Incompetent valves result in venous refilling
time of less than 20s (below).
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ing the site of reflux (Figure 34–16).33 Color-flow scanning
can identify the sites of reflux more precisely and is cur-
rently the preferred method to evaluate patients with
valvular incompetence and CVI.34

Limitations

There may be considerable variability in the measure-
ments obtained from the same patient. Transducer posi-
tion may also cause variations in measurements. PPG can
detect reflux only in the superficial veins.32

Application of Plethysmography in the
Modern Noninvasive Laboratory

Color-flow duplex scanning (CFS) has replaced plethys-
mographic testing in the modern noninvasive laboratory.
However, in certain circumstances, IPG can play an
important role, particularly in busy noninvasive labora-
tories with limited resources.35 If cost cutting is a primary

concern, color-flow scanners can be used more efficiently
to answer specific questions in patients with known or
proven reflux, e.g., in the identification of incompetent
perforators in a patient with recurrent venous stasis
ulceration. On the other hand, the evaluation of a patient
with leg swelling can be initiated with a less costly and
relatively less time-consuming test such as IPG. Sympto-
matic patients with an abnormal IPG can be treated
without any further diagnostic studies. In the past, symp-
tomatic patients with a normal IPG were retested after
3–7 days. Wells et al. suggested a new algorithm based on
the patient’s clinical probability of having a DVT.12 If the
patient has a low pretest probability of harboring a DVT
and a normal IPG, no further testing is required. On the
other hand, patients with moderate or high pretest prob-
ability of having DVT and a normal IPG should be
referred for a color-flow scan or venography. They felt
that this algorithm was both cost efficient and safe, and
in their hands would miss only six patients with isolated
calf DVT from a total of 529 patients.12
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Duplex ultrasonography has dominated the clinical land-
scape for the diagnosis of acute deep venous thrombosis
(DVT) since the early 1990s with utilization increasing in
both the outpatient and inpatient milieu. Although this
modality was initially flawed by high cost, cumbersome
size, and low resolution, advancing technology has elimi-
nated many of the early objections to the point where
ultrasound has become the diagnostic test of choice. The
recent advent of low cost, compact color duplex machines
now enables even small laboratories and physician offices
to play a larger clinical role in the diagnosis of and treat-
ment for DVT.

Unfortunately, technological advances have not been
matched by sufficient numbers of trained technologists
with expertise in this clinical application and protocols
vary among laboratories. Skilled ultrasonographers
remain a requirement to achieve reproducible results of
comparable accuracy but are not ubiquitous,1 setting the
need for standards of training and laboratory registry
that could improve vascular laboratory findings.

We will review those factors that have shaped the diag-
nostic role that ultrasound plays in the diagnosis of DVT
and discuss issues in protocol that influenced the percep-
tions from outside and within the vascular community.

Incidence and Risks of Deep 
Venous Thrombosis

DVT is a major U.S. health problem that affects 2.5
million people a year2 and produces a lifetime risk for
symptomatic DVT in one of every 20 persons.3 While the
risk to inpatients, postoperative patients, late trimester
pregnancy females, and cancer patients is well known, the
risk to outpatients is gaining recognition in previously
healthy individuals, such as coach class thrombosis in
airline passenger flights lasting longer than 12h.4

Greater recognition leads to greater utilization and the
availability of Duplex ultrasound has been associated with

an increase in diagnosis for DVT. A survey of short-stay
hospital discharges with a diagnosis of DVT documented
a clinical practice trend over a 21-year period, from 1979
to 1999.5 Discharges within the first decade of that period
(1979–1989) remained relatively stable and then increased
linearly from 1989 to 1999. The first decade also showed
an increase in venography utilization that decreased
sharply in the second decade from 1989 to 1996, to a low
and stable baseline. Over the latter period, duplex ultra-
sound showed an inverse shift in utilization; it surpassed
venography in 1989 and then supplanted it as the primary
diagnostic modality for DVT.The large increase in duplex
ultrasound utilization was also associated with the
increase in DVT discharges, demonstrating the impact of
ultrasound testing in changing clinical practice.

Although an increase in utilization may lead to over-
utilization, the increase in diagnosis has had a significant
impact on patient care. Some form of symptomatic or
asymptomatic pulmonary embolism (PE) is said to occur
in the majority of patients with proximal DVT. The clini-
cal consequence for an untreated DVT can be profound
for the femoral, iliac, or caval DVT with a 42–51% inci-
dence of PE.6 Approximately 25% of patients with PE die
and another 25% experience nonfatal recurrent DVT.7

Propagation and Resolution

Most DVT is said to arise from calf veins, where it can
propagate into the proximal veins, resolve spontaneously,
or produce residual defects.8 Anticoagulation does not
fully preclude propagation, which can be found in 19%
of patients an average of 28 days after initial diagnosis.9

Calf vein propagation to proximal DVT is estimated at
10–20%.10–12 Complete resolution occurs in less than 40%
of cases: 23% of patients in 11 months9 or 38% within 6
months by venography.13 The risk of recurrence has been
estimated at 3% per year, but the risk increases above
10% per year with malignancy and a hypercoagulable
state.8
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Testing

Indications for lower extremity venous ultrasound testing
in the diagnosis of DVT are quite varied and tend to be
largely clinician dependent. The primary problem lies in
the lack of adequate clinical signs and symptoms for
DVT.8,14 Because the clinical consequences of a missed
DVT are extreme, clinicians will in many instances
request testing even in the face of a low clinical suspicion.
A clinical algorithm for predicting the probability for
DVT proposed by Wells et al.15 has gained popularity. By
separating patients into high, moderate, and low pretest
probability, based upon signs and symptoms, risk factors,
and potential alternative diagnosis, the investigators were
able to provide better patient stratification for duplex
ultrasound testing. Meta-analysis demonstrated that the
Wells clinical scoring was more predictable than individ-
ual clinical features but was not as valuable for the
elderly and patients with a history of DVT or distal
DVT.14

Equipment

Testing relies upon duplex ultrasound, since B-mode
(brightness mode) ultrasound units are not sufficient for
peripheral venous study. Along with duplex ultrasound,
color-flow imaging aids the spectral Doppler flow assess-
ment to determine vessel patency. A linear transducer,
5MHz or greater, is used for the principal scanning. If the
linear transducer does not provide the necessary imaging
depth, a lower frequency sector transducer will often sup-
plement the study.

Procedure

The protocol used in our laboratories is adapted from the
one published by Talbot and Oliver.16 We have found
some modification necessary to fit our current application
and the interpretation of results.

Patient Positioning

Patients are examined supine with the stretcher in a 45°
reverse Trendelenburg position or semi-Fowler position
for patient comfort. The patient’s weight is shifted to the
side of the examination with the hip externally rotated
and the knee slightly flexed.

For popliteal and calf veins, the patient is examined in
the same supine position as for the femoral vein segment:
rolled into a lateral decubitus position, toward the exam-
ined leg, with the contralateral leg over and in front of
the examined leg, in a prone position with knees flexed
and ankles crossed, or laterally with the examined limb
brought over and across the contralateral limb for visu-

alization of the popliteal vein and potentially better per-
oneal vein visualization.

Protocol

The study starts with an assessment of the common
femoral vein (CFV) proximal to the saphenofemoral
junction (SFJ) and then continues through tibioperoneal
vein confluence to the posterior tibial, peroneal, gastroc-
nemius, and soleal veins within the deep system The study
continues into the superficial system in the above-knee
greater saphenous vein to the SFJ. The typical examina-
tion includes an evaluation of the contralateral limb as a
bilateral study. At each stage, landmarks and the rela-
tionship of the vein(s) to the accompanying arteries are
used to recognize the venous anatomy (Figure 35–1).

Figure 35–1. Normal cross-sectional appearance of the lower
extremity veins. (A) The right common femoral vein (CFV) at
the saphenofemoral junction (SFJ) lies medial to the superficial
femoral artery (SFA) and profunda femoris artery (PFA). (B)
Superficial femoral vein (SFV) is located deep to the superfi-
cial femoral artery (SFA). (C) Popliteal veins (PV) are found
superficial to the popliteal artery (PA).The gastrocnemius veins
(GV) project toward the PV in typical vein–artery–vein forma-
tion. (D) Peroneal veins (PerV) are imaged superficial to the
fibula (Fib). The posterior tibial veins (PTV) approach the per-
oneal veins in the proximal calf.
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Testing is based upon the application of short, light
excursion pressures that are just sufficient to cause full
coaptation of the vein walls. Full wall apposition is con-
sistent with vein patency. Intraluminal thrombus will
prevent full vein closure (Figure 35–2) and light com-
pressions should be applied to decrease the chance of
thrombus embolization.

Spectral Doppler interrogation of the CFV is then used
to demonstrate venous flow. The sample is taken with the
vein imaged longitudinally. If phasic flow is not evident,
the probe is steered to maximize the Doppler shift.
Manual compressions are applied to demonstrate the
characteristics of flow augmentation that can be elicited.
Compression is applied at the abdominal, mid-thigh,
and/or mid-calf levels. Flow characteristics are docu-
mented qualitatively, and no velocity calculations or
velocity angle corrections are made.

Once flow is documented, the B-mode scan is contin-
ued on the medial aspect of the thigh through the length
of the superficial femoral vein (SFV). Dual or duplicated
SFV systems are documented when present along with
the compressibility of each SFV limb. Manual vein com-
pressions are applied every 3–4cm. Examination of the
SFV and above knee popliteal vein (PV) ends from this
approach when the knee is reached. Better visualization
and vein apposition in the distal thigh often requires
placing the contralateral hand under the limb to manu-
ally compress the thigh upward toward the probe.

The probe is then moved to the popliteal space to scan
the PV from the posterior knee. The PV is imaged super-
ficial to the popliteal artery, which is identified by its pul-
sation. Light serial compressions are applied to scan the
above knee PV until the examined vessel overlaps the
earlier examination of the SFV. Doppler flow is then 
documented in the above knee PV, with the vessel 
in long view to document spontaneity, phasicity, and
augmentation.

The scan of the posterior calf to the confluence of the
tibioperoneal trunk is made in B-mode with serial 
compressions. The gastrocnemius veins are evaluated to

their confluence with the PV and the soleal sinusoids are
imaged to their confluence with the tibioperoneal veins.
The scan continues through the posterior calf to visual-
ize the confluence of the posterior tibial vein (PTV) and
peroneal veins as distally as possible when visualization
is adequate.

The completion scan for the rest of the lower leg com-
mences with the probe positioned at the medial aspect of
the ankle. The PTVs are located between the medial
malleolus and Achilles tendon. The probe is placed
between the two, transverse to the vessel axis. Pulsations
from the posterior tibial artery are used to identify the
location of the vessels, while releasing compression
allows two or three PTVs to expand around the artery. A
series of light probe compressions is made from the ankle
through the proximal calf, until an eventual overlap with
the previous scan of the posterior calf. The scan track is
repeated a second time to image the peroneal veins. The
peroneal veins are first located in the distal calf, posi-
tioned several centimeters below the PTVs and just
superficial to the fibula shadow. The peroneal veins may
be larger than the PTVs but are less easily imaged. Fre-
quently they can be completely evaluated by the same
series of probe compressions.

Inclusion of the superficial veins varies by laboratory.
Our laboratory typically evaluates the greater saphenous
vein (GSV) trunk from the SFJ to the knee. The lesser
saphenous vein (LSV) is evaluated as it approaches the
PV as a standard part of the examination but is not nor-
mally evaluated along its superficial course unless symp-
toms suggest a superficial thrombophlebitis. Both the
GSV and LSV are located between the deep and super-
ficial fascial sheaths in the deep subcutaneous layer.

The anterior tibial veins (ATV) are not normally
assessed unless signs or symptoms are focal to the parat-
ibial location. When evaluated, the ATVs can be imaged
with the leg rotated medially. The scan commences at the
malleolar level at the flexure of the ankle. Light com-
pressions with the probe are used to demonstrate the pul-
sation of the anterior tibial/dorsalis pedis artery. The

Figure 35–2. Compression of the
left common femoral vein (CFV)
thrombus in serial images. Apply-
ing light pressure, the greater
saphenous vein (GSV) com-
presses with minimal compression
of the superficial femoral (SFA)
and profunda femoris (PFA)
arteries. Edema may blur the
appearance of the deep vessels,
while compression often increases
visibility of veins and thrombus.
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ATVs become visible on either side of the artery when
compression is released. Scanning toward the knee, the
ATVs are found cradled by the interosseous membrane,
which connects tibia to fibula. Pulsations of the anterior
tibial artery continually verify the location of the ATVs.
Approaching the tibial plateau, vessels penetrate the
interosseous fossa on their way toward the PV. Patency
is confirmed by color flow imaging.

Venous Flow Characteristics

Doppler venous flow is used to extend the study beyond
the directly imaged segments to provide indirect evi-
dence of iliocaval vein patency from the CFV and SFV
patency from the PV. Venous flow in the lower extremi-
ties is normally in phase with breathing (Figure 35–3).
Obstruction in a more proximal vein (Figure 35–4) is
expected to extinguish obviously phasic venous flow and
possibly replace it with a continuous flow pattern.

The flow augmentation response with distal limb com-
pression is used to support the findings of phasicity.
Phasic venous flow should be accompanied by a good
augmentation, which is an immediate acceleration of
venous flow in response to compression that produces a
high-velocity bolus ejection early in the compression. A
period of quiescence follows once the venous reserve has
been expressed (Figure 35–3). Poor augmentation is a
sluggish flow response.Acceleration and deceleration are
proportionate to the applied pressure, with low velocity
amplitude. Augmentation maneuvers are ill-advised
when a DVT has already been determined.

Doppler flow characteristics do not necessarily rule out
a DVT. Phasic flow and qualitatively good augmentation
can sometimes be observed upstream to an obstructed
segment. On the other hand, continuous or absent venous
flow is highly suggestive of a proximal thrombosis or
extrinsic compression, or poor recanalization in post-
thrombotic disease, particularly when it is associated with
poor augmentation. When flow anomalies are encoun-

Figure 35–3. Normal lower extremity venous flow is strongly
influenced by intraabdominal pressure, increasing during ex-
piration and decreasing during inspiration (A). Secondary 
pulsations timed with right ventricular contraction may be
present (B). Flow becomes pulsatile as central venous pressure
increases and intraabdominal pressure becomes less influential
(C). Congestive heart failure produces pulsatile venous flow
(D), which may be observed in all insonated vessels. Venous
valve closure in response to ventricular contraction occurs reg-
ularly as Dopplerable blips of flow reversals. Augmentation
(AUG) in response to the manual compression of the distal
limb is normally seen as the rapid ejection of a blood bolus from
the limb segment. This should be followed by a quiescent phase
that occurs after the venous reserve has been expressed.

�
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tered at the CFV, the iliocaval segments should be
imaged, particularly if a filter has been placed and the
signs are bilateral (Figure 35–5).

Acute Versus Chronic

Thrombus causes a vein to become noncompressible.
Fresh thrombus produces a dilated, “spongily” compress-
ible vein that softly deforms to light probe compression.
It may be completely anechoic. Additional B-mode gain
or dynamic range adjustments may demonstrate a throm-
botic core composed of a hypoechoic homogeneous or
laminating matrix that fills the vein lumen (Figure 35–2).
Light compression of the tip of the thrombus may

demonstrate a soft, loosely attached tail that “floats”
within the surrounding venous flow. Fresh thrombus
makes a soft, sticky contact with the vein wall when com-
pressed. A partially compressible vein segment with a
smooth surface that is poorly echogenic is typically con-
sidered to contain an acute non-occlusive thrombus.

Chronic, postthrombotic disease causes veins to
become partially compressible. The remnants of the pre-
vious DVT, adherent to the wall, typically decrease the
vein caliber. The wall becomes demonstrably irregular
and often echogenic. The amount of residual material
varies from patient to patient. In the extreme, post-
thrombotic disease may fully occlude a vein, causing it to
become atrophic with a highly echogenic core. The well-
aged, postthrombotic process, whether occlusive or par-
tially occlusive, can often be recognized as chronic.

Between the extremes of the fresh thrombus and the
echogenic postthrombotic disease, the age and risk of an
intermediate thrombotic process are not simple to assess.
A nonocclusive postthrombotic process is usually con-
sidered chronic, with patency verified by color flow.
However, noncompressible anechoic and occlusive seg-
ments combined with irregular, partially compressible
segments are difficult to assess, since they may be a
mixture of acute thrombus overlying a chronic process.
In other instances, the laboratory may consider a vein to
contain a thrombotic process but will not attempt to char-
acterize the acuteness of the disease, which may be best
left to correlation with clinical findings and the duration
of presenting symptoms.

Interpretive and Performance Issues of
the Duplex Scan

Accuracy

Accuracy of venous ultrasonography has been well doc-
umented. In general, ultrasound has a sensitivity and

Figure 35–4. Near occlusive thrombosis of the common
femoral vein revealed with color flow imaging. Serial images
demonstrate the pulsation of the common femoral artery
through one cardiac cycle. Continuous flow surrounds the

Figure 35–5. Ultrasound imaging of inferior vena caval (IVC)
filter. Patent filter (A) is documented by color flow (C). Throm-
bosis produces IVC distention evident when compared to the
aorta (Ao). Suprarenal involvement may be associated with
continuous flow in the renal vein (D).

thrombus throughout the cycle. Obstruction at this level is asso-
ciated with the loss of venous flow phasicity in the distal limb.
Continuous flow should be evident at the popliteal vein.
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specificity in excess of 95% in the proximal deep veins
for DVT when multiple vein segments are involved.18 The
utility of ultrasound is less definitive in other situations.
Accuracy is known to decrease when thrombus is more
localized, located in the calf, or associated with recurrent
thrombosis.18,19 While a greater than 90% sensitivity and
specificity for isolated calf vein thrombosis has been pub-
lished,20–22 Wells et al.15 found an 89% sensitivity for prox-
imal DVT and 78% for all DVT, while the specificity for
both proximal and all DVT was much higher (98%). The
excellent diagnostic result has been associated with
symptomatic limbs. In asymptomatic limbs, ultrasound
has been noted to have a 54% sensitivity, 91% specificity,
83% positive predictive value, and 69% negative predic-
tive value.23 The lower sensitivity and high specificity are
in line with how a duplex ultrasound examination is per-
formed. Sonographers may miss a short segmental throm-
bus, a calf vein, iliac vein, or recurrent thrombus but when
they identify a thrombus, the thrombus is most likely
present.

The current situation has generated recommendations
by other referring specialties that may not reflect current
opinions within the vascular community. The American
College of Emergency Physicians (ACEP)19 in a clinical
policy statement considered ultrasound to be unreliable
for detecting calf vein, pelvic vein, or vena cava DVT and
unable to distinguish acute from chronic DVT. Venogra-
phy is considered essential for calf, recurrent DVT, and
high-risk patients with negative ultrasound study. The
ACEP considers the diagnostic utility of duplex ultra-
sound to decrease as the signs and symptoms for DVT
become vague. The American College of Chest Physi-
cians (ACCP) Consensus Guidelines recommend the
treatment for calf DVT or, if anticoagulation is con-
traindicated, to monitor it with impedance plethysmog-
raphy or duplex ultrasound serially.17 The ACCP does
consider a negative study by ultrasound to be associated
with a low risk of clinically important PE.

The recognized deficiencies in these areas could be
attributed to limitations in equipment, technical difficul-
ties encountered by technologist inexperience, variability
among laboratories in their inclusion of calf vein scan-
ning, and the lack of standards. Ultrasound instrumenta-
tion once provided poor visualization of the small venous
segments in the calf but advances in technology have
dramatically improved and now allow more detailed visu-
alization of iliac and calf veins. Statistical estimates of
accuracy from 5 or more years ago are probably poor
reflectors of today’s technological climate.

While technology has improved, the ultrasonographer
guides the study by what is gauged as normal or abnor-
mal. Recognizing the role of lymph nodes (Figure 35–6),
the appearance of Baker’s cysts (Figure 35–7) and edema
(Figure 35–8) will extend the examination to a more com-
plete interpretation. In addition, identifying difficulties in

the protocol described previously, such as poor visibility
due to edema or inadequate vein compressions, may
explain examination inaccuracies.

Technical difficulties are many. As noted above, sensi-
tivity and specificity are greatest when multiple veins are
incorporated in thrombus. Duplex scans become prob-
lematic when short segment or isolated distal thrombosis
is involved. Within the protocol noted above, the more
difficult areas encountered, which could affect accuracy,
include the following:

1. Common femoral vein. Technologists do not always
scan proximal to the SFJ. Isolated valve cusp or SFJ
thrombus would not be imaged.

2. Deep femoral vein thrombosis, at the confluence with
the CFV, may be missed. In some patients the deep
femoral vein is a large vein that is almost continuous
with the PV.

3. SFV assessment at the adductor canal is often difficult.
Short cuts taken may allow inadequate vein compres-
sions or a nonevaluated segment.

4. Edema caused by DVT may reduce visibility.
5. Venous flow assessments may be rushed to augmenta-

tion and spontaneous flow characteristics in phasicity
not adequately examined.

6. The tibioperoneal trunk is often poorly visualized 
as the posterior calf projects away from the vessel.

Figure 35–6. Inguinal lymph nodes are not normally visible
when scanning the groin. Enlarged lymph nodes typically
contain an echogenic core surrounded by a hypoechoic cortex.
Found superficial to the common femoral artery and vein, they
may be associated with the symptoms of tenderness and
swelling that precipitated the request for a venous study.
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Adequate assessment is possible by applying slightly
greater pressure to the scan.

7. PTV and peroneal confluence with the tibioperoneal
trunk is similarly difficult to assess in patients with calf
swelling.

8. Compression of the peroneal vein in its deep course
may be difficult to assess, when the vein is surrounded
by hypoechoic tissue.

9. Distinguishing chronic postthrombotic disease from
acute thrombosis requires considerable experience.

Even with experience, cases will be encountered that
are poorly distinguishable.

These and other limitations to test accuracy can be cor-
rected in individual laboratories with good quality assur-
ance programs. Improving quality on a national scale
requires greater standardization of laboratory practices,
which are not currently uniform.24 Two controversial
examples of interlaboratory nonuniformity are the role
of calf vein imaging and the use of unilaterial instead of
bilateral testing.

Calf Vein Imaging and Thrombosis

When a laboratory discovers an isolated calf vein throm-
bosis (Figure 35–9), patient outcome is seldom pre-
dictable. The clinical significance of below-knee
thrombosis has long been the focus of considerable dis-
cussion. Clinicians vary in their concern for thrombi in
the PTV, peroneal, gastrocnemius, and soleal veins.25

Although reports in the literature have documented the
potential for pulmonary embolus from calf thrombi, rec-
ommendations for clinical management have frequently
been conservative, avoiding hospitalization and systemic
heparinization. Most physicians (70%) would not treat
symptomatic isolated calf vein thrombosis. Of those not
treating, only 42% would use serial duplex scans to
monitor propagation.26 Yet, an isolated calf vein throm-
bosis is not inconsequential if most DVTs arise from calf
veins and extend into the proximal veins at a 10–20%
propagation rate.8–12,27 The recommendation of the ACCP
to treat or monitor calf vein DVT is increasingly being
expressed.27

Figure 35–7. Baker’s cysts, when pre-
sent, are located superficial to the popli-
teal vessels. Cysts contain an anechoic
fluid-filled core and a brightly echogenic
regular border. They are most often not
completely spherical and may contain
segments of irregular attachments.
Color flow imaging will demonstrate
Baker’s cysts as avascular structures.

Figure 35–8. Edema, visible as irregular fractures in the sub-
cutaneous interstitial space, is associated with a backup of lym-
phatic fluid. When present, it can be used to demarcate the
region of swelling.
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The American College of Emergency Physicians19 in a
clinical policy statement considered ultrasound to be
unreliable for detecting calf vein thrombosis. While this
may reflect the accuracy statistics of a decade ago, the
sensitivity and specificity for calf vein DVT should be
continually improving with the advances in ultrasound
technology. Those laboratories that still do not include
calf vein imaging in their DVT protocol not only decrease
test accuracies and compromise patient safety, but tech-
nologists in these laboratories are probably less capa-
ble of recognizing venous thrombosis outside the
femoropopliteal segment.

Bilateral or Unilateral Testing

Medicare will reimburse bilateral or unilateral testing.
Bilateral examinations have been standard since imped-
ance plethysmographic testing was the noninvasive test
modality of choice in the 1980s. Conversion to duplex
ultrasound continued the tradition and is suggested by
Intersocietal Commission for the Accreditation of Vas-
cular Laboratories (ICAVL) accreditation. Many labora-
tories (75%) are now performing unilateral studies on
patients who present with unilateral symptoms.28 Unilat-
eral testing recommendations do not, however, extend to
inpatients29 and probably should exclude patients with
pregnancy, cancer, and recent discharge.

Some caution should be raised on the appropriateness
of proceeding to unilateral scanning since this appears
not to be accompanied by the development of clinical
guidelines in the laboratories that perform unilateral
testing.28,30 Our laboratory routinely performs studies
bilaterally. Both extremities may be fully evaluated but,
at the very least, the asymptomatic limb will be evaluated
from the CFV to the tibioperoneal trunk confluence. Our
decision to perform bilateral testing is consistent with the
logic of bilateral extracranial cerebrovascular testing in
symptomatic patients, in a uniform belief that we better
serve our patient population when we evaluate both
extremities.

Summary

The role of duplex ultrasonography as the preferred 
test for the diagnosis of DVT is well established,
and the ready availability of duplex ultrasound equip-
ment has made it the preferred diagnostic examination
for acute DVT in most healthcare facilities. Its low equip-
ment cost, portability, and low complication rates due 
to its noninvasive approach make this technique 
particularly applicable for testing in either the am-
bulatory outpatient or the critically ill, intensive care 
patient.

Unfortunately the technical ease of its clinical applica-
tion has not been so widely applied. Protocols vary
among laboratories, and are in need of greater stan-
darization. In addition, the availability of skilled ultra-
sonographers is important to achieving reproducible
results, but the resource is far from ubiquitous.1 As a
result, limitations in uniformity and technical expertise
have impacted the published accuracy data and the per-
ceptions of the referring specialists.

Still, the acknowledged accuracy of ultrasound in the
diagnosis of above-knee thrombi will allow it to maintain
its premier role, as alternative imaging modalities gain
presence. The results of prospective studies, including an
evaluation of the technique’s cost effectiveness, taking
into account the decreasing expense of basic ultrasono-
graphic equipment, will influence future application of
duplex ultrasonography in clinical practice.
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Introduction

Surgical textbooks devote a great deal of space to clini-
cal examination of the patient with varicose veins. Many
of the clinical tests were described 100 years ago and
carry the names of famous individuals interested in
venous pathophysiology. Among these are the Trende-
lenburg test, the Schwartz test, the Perthes test, and the
Mahorner and Ochsner modification of the Trendelen-
burg test.1

Evaluation of clinical findings with duplex ultrasound
validation has shown that the above named clinical tests
used in the examination of patients with primary varicose
veins are inaccurate.2 A comparison of preoperative
evaluations using physical signs alone, physical findings
combined with hand-held Doppler examination, and
physical findings combined with duplex ultrasound vali-
dation has revealed that a traditional clinical examination
alone can be improved by the use of hand-held Doppler
ultrasonography. However, preoperative planning is best
performed by incorporation of duplex ultrasound tech-
nology into the examination.3

Continuous-wave Doppler is certainly adequate for
evaluation of greater saphenous vein incompetence but
lesser saphenous incompetence must be validated by
duplex ultrasonography as popliteal fossa anatomy is
complex and requires high-resolution B-mode imaging
for proper identification of pathologic processes.4

Although phlebography has fallen into disuse, there is
one study in which color-coded duplex sonography was
compared to phlebography supplemented by varico-
graphy.5 It was concluded that ascending venography was
slightly superior to color-coded duplex sonography in
detection of postphlebitic changes but there was good
agreement between color-coded duplex sonography and
descending phlebography in the grading of superficial
and deep venous reflux. Similarly, there was agreement in
evaluating greater and lesser saphenous vein reflux when
phlebography and duplex scanning were compared. More

incompetent perforating veins were detected by ascend-
ing phlebography and varicography than by color-coded
duplex sonography.5

Although duplex evaluation of varicose veins was first
reported in 1986, routine use of duplex scanning prior to
varicose vein surgery has not become an established
practice.6 In the mid-1990s, it was found that in the United
States, 18% of noninvasive vascular laboratories did not
use duplex ultrasound for vein mapping and another 37%
did so only occasionally.7 Citing lack of facilities and
expense, some investigators have advocated using color-
coded duplex sonography only for investigation of the
popliteal fossa.8,9 One group having adopted the proce-
dure of routine stripping of the long saphenous vein in
the thigh believes that this practice obviates the require-
ment for duplex scanning of the greater saphenous vein
in such patients.5,10

We believe that duplex scanning for venous insuffi-
ciency is simple and cost effective. Color imaging facili-
tates the examination and evolved ultrasound methods
have made standardization of the examination possible.11

Duplex ultrasound precisely defines individual patient
anatomy, and information is obtained that supplements
the clinical impression. Measuring venous diameters
allows for proper choice between radiofrequency or laser
ablation and conventional stripping.9

Equipment

Precise information about venous reflux in the lower
extremities can be obtained only by the use of proper
equipment. The ability to detect blood flow rates as low
as 6cm/s is essential.12,13 This is facilitated by a high-
resolution duplex scanner that provides pulsed wave
Doppler. Color Doppler is not absolutely necessary for
evaluation of the deep and superficial venous systems.
However, it is highly recommended for determining
reflux in perforating veins and identifying small calf veins.
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Transducers ranging from 5MHz to 7.5MHz are ade-
quate regardless of body habitus. Additional materials
needed for a complete examination include acoustic gel,
towels, a walker, and a data collection sheet.

Clinical Examination

Subjective data regarding patient symptoms, clinical find-
ings, previous venous history, and vascular procedures
should be documented.These should be organized so that
each limb studied can be classified according to the
revised CEAP classification.14 Clinical (C) class will be
determined by the presence or absence of telangiectasias,
dilated intradermal venules measuring 1mm or less 
in size; reticular veins, nonpalpable, dilated subdermal
venules less than 3mm in diameter; varicose veins, pal-
pable, dilated subcutaneous veins greater than 3mm in
diameter; edema; and severe skin changes including
venous ulceration. Edema is usually observed in the
lower calf and ankle area (gaiter area).14,15 Also, hyper-
pigmentation, scars of previous ulceration or white cuta-
neous scars at the ankle area, termed atrophie blanche,
may be encountered during physical examination. Atro-
phie blanche scars have a white porcelain appearance.
These are thought by some to be a result of infarcted skin
lesions.15 Open ulceration, eczematoid dermatitis, and
lipodermatosclerosis should be recorded and used to
define the clinical class. These are all important physical
findings that not only allow the clinical class to be pin-
pointed but also to assist in determining the extent of the
reflux examination.

A history of previous deep venous thrombosis or 
pulmonary embolus will provide information for the 
etiology portion (E) of the CEAP classification.14 A
history of congenital arteriovenous malformation is also
noteworthy. Lower extremity ulceration represents an
advanced stage of chronic venous insufficiency.15 While
leg ulceration can also be arterial in origin, 75–95% are
of venous etiology.15 Arteriopathic ulcers are usually
quite painful and have a punched-out, granulating base,
whereas venous ulcers are less commonly painful and
have a variable appearance. These ulcers are frequently
accompanied by clear, yellow, or purulent exudate.15

Important elements to document in addition to ulcer
location are size, duration, number of recurrences, and
previous treatment.

Ultrasound Examination

The protocol includes interrogation of specific points as
listed in Table 36–1.The patient is examined in an upright
position free of lower extremity clothing from the waist
down except for nonconstricting underwear. The stand-

ing position is important in that it allows hydrostatic pres-
sure from the column of venous blood to be applied to
the valves. It also amplifies dilation of the venous system,
which improves ultrasound imaging and enhances venous
reflux detection.16 Of particular importance is instruction
to the patient to inform the ultrasonographer of any faint
feelings, dizziness, or nausea. These symptoms seem to be
associated with the overall atmosphere of the room and
the presence of Doppler velocity signals. If a tendency to
fainting because of vagovagal reflux is encountered, the
examination may need to be modified with the patient in
a semiupright but lying position.17

The full length of the axial venous system from ankle
to groin is examined. The extremity is scanned with the
probe in a transverse position which allows identification
of specific named veins and their relationship to other
limb structures. The veins are scanned by moving the
probe up and down along their course. Double segments,
sites of tributary confluence, and large perforating veins
as well as their deep venous connections are identified.
Varicose veins are often arranged in multiple parallel
channels. It is a waste of time to follow reflux into all of
the varicose clusters because these are obvious to the
treating physician.

The miniaturized ultrasound unit (SonoSite Inc.,
Bothell, WA) has greatly enhanced the ease of scanning
as the instrumentation is lightweight and easily movable.
It is positioned close to the sonographer and the best res-
olution is obtained using the soft tissue setting. This
setting gives the best edge definition to the vessels and
soft tissues being scanned. Augmentation of flow (distal
compression) should be done sharply, quickly, and
aggressively and pressure applied to the calf to activate
the gastrocnemius and soleus pump. The probe should be
angled to provide a 60° or less insonation angle when
using color or pulsed-wave Doppler.11

Examination should include both lower extremities ini-
tially. Posttreatment examinations may be targeted to a

Table 36–1. Interrogation points in the venous reflux 
examination.

Common femoral vein
Femoral vein

Upper third
Distal third

Popliteal vein
Gastrocnemius (sural) veins
Saphenofemoral junctiona

Saphenous vein, above the knee
Saphenous vein, below the knee
Saphenopopliteal junctionb

Mode of termination, lesser saphenous vein
Perforating veins, if indicated

aDiameter of the refluxing greater saphenous vein 2.5cm distal to the
junction.
bDistance from floor.
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single extremity or a single area of an extremity. The
search for perforating veins should be done in cases of
severe chronic venous insufficiency with hyperpigmenta-
tion, lipodermatosclerosis, and healed or open ulcer, but
the search for perforators in patients with venous insuf-
ficiency without skin changes at the ankle should be left
up to the surgeon.

Terms in common use in addition to the greater saphe-
nous vein and lesser saphenous vein are Cockett I, II, III
perforating veins, 24-cm perforating vein, Boyd perforat-
ing vein, and intersaphenous communicating veins. There
is a tendency not to use eponyms now and to follow the
standard nomenclature as published in 2002.18 Other
veins can be referred to as unnamed. Perforating veins
are defined as those veins that course from the subcuta-
neous tissue through deep fascia to anastomose with one
of the named deep venous structures. Communicating
veins are those that anastomose with one another within
a single anatomic plane.

For the anterior examination, the patient faces the
ultrasonographer with weight borne on the nonexamined
lower extremity. The non-weight-bearing extremity is
examined. The common femoral vein, saphenofemoral
junction, and tributaries to the saphenofemoral junction
can be examined with the Valsalva maneuver and with
distal augmentation and release. The common femoral
vein is examined first and then the greater saphenous vein
junction. If reflux is present the diameter of the refluxing
greater saphenous vein is noted for use in selecting the
proper endovenous catheter during saphenous ablation.
Tributaries to be searched for include the superficial epi-
gastric, the circumflex iliac, the pudendal, the anterolat-
eral tributary, as well as the posteromedial tributary. If
reflux is present in any of these tributary veins, the reflux
is followed peripherally and the extent noted.

The greater saphenous vein is identified by its rela-
tionship to the deep and superficial fascia that ensheathe
it, anchoring it to the deep fascia and forming the saphe-
nous compartment. This was first described by Thomson
in 1979.19 High-resolution B-mode ultrasound imaging of
the superficial fascia in the transverse plane has shown
this to be strongly ultrasound reflective, giving a charac-
teristic image of the saphenous vein called the “saphe-
nous eye.”20 The saphenous eye is a constant marker,
clearly demonstrable in transverse sections of the medial
aspect of the thigh.This differentiates the saphenous vein
from varicose tributaries and other superficial veins
(Figure 36–1). Casual examination of the thigh will often
reveal an elongated, dilated vein that is considered to be
the long saphenous vein. This is usually identified as an
accessory saphenous vein by ultrasound scanning using
the anatomic markers of the saphenous eye.21,22

Venous reflux can be elicited manually by squeezing
calf muscles, by the Valsalva maneuver, or by pneumatic
tourniquet release (Figure 36–2). In the study by Szendro

et al., standing subjects were examined and manual com-
pression of calf muscles followed by sudden release was
used to assess reflux.23 Normal healthy limbs had a dura-
tion of reflux of less than 0.5 s. Sarin’s group, using manual
calf compression in the standing position, showed dura-
tion of reflux in limbs with significant venous insufficiency
to exceed 0.5 s in both the deep and the superficial veins.24

The study by van Bemmelen et al. found similar duration
of reflux in 95% of the limbs examined16 and the study
by Araki et al. found that there was no difference
between pneumatic tourniquet release and manual com-
pression and release.25 As pneumatic tourniquet release
is cumbersome and requires two vascular sonographers,

Figure 36–1. High-resolution B-mode ultrasound imaging of
the superficial fascia in the transverse plane has shown this to
be strongly ultrasound reflective, giving a characteristic image
of the saphenous vein called the “saphenous eye.”

Figure 36–2. Doppler sample of the greater saphenous vein
above the knee demonstrates venous reflux reflected by rever-
sal of flow longer than 0.5 s. Arrow indicates rapid deflation.
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the manual compression and release method has become
very attractive. If saphenofemoral reflux exceeding 0.5 s
in duration is present, the diameter of the saphenous vein
is recorded 2.5cm distal to the saphenofemoral junction.
Present saphenous ablation technology with radiofre-
quency or laser energy is sometimes limited to saphenous
veins <1.2cm in diameter.

The examination continues distally along the greater
saphenous vein, checking for reflux with distal augmen-
tation. Reflux frequently ends in the region of the knee.
The point at which reflux stops is noted in centimeters
measured up from the floor. The femoral vein, formerly
termed the superficial femoral vein, is checked for reflux
and vein wall irregularities at the mid-thigh level.

The posterior examination is also done on the non-
weight-bearing lower extremity and the examination
begins at the saphenopopliteal junction with special
attention being paid to reflux in the popliteal vein, the
saphenopopliteal junction, and the gastrocnemius (sural)
veins. Valsalva may be used to stimulate reflux as well as
distal augmentation and release. Valsalva-induced reflux
is halted by competent proximal valves. The lesser saphe-
nous vein is followed from its retromalleolar position 
on the lateral aspect of the ankle proximally to the
saphenopopliteal junction and augmentation maneuvers
are used every few centimeters.

The termination of the lesser saphenous vein is noted
and if the vein terminates proximally in the vein of Gia-
comini, the femoral vein, or otherwise, a specific check is
made for a connection to the popliteal vein. If the lesser
saphenous vein has pathologic reflux, measurement of
the distance of the saphenopopliteal junction from the
floor is recorded as this junction may be well above or
below the skin crease in the popliteal fossa.

The search for incompetent perforating veins is done
only in limbs with chronic venous insufficiency mani-
fested by hyperpigmentation, atrophie blanche, woody
edema, scars from healed ulceration, or open venous
ulceration. Incompetent perforating veins in limbs
without severe skin changes are associated with varicose
veins and can be controlled by varicose phlebectomy.26

Identification of perforating veins in the lower extremity
can be difficult even for the experienced sonographer.
However, a thorough understanding of surface anatomic
landmarks can make this task less cumbersome.

In the calf, there are major groups of medial and lateral
perforating veins. Five clusters of medial perforating
veins are consistent in their location. These connect the
posterior arch vein system with the posterior tibial veins.
Using the heel pad as a reference point, these perforat-
ing veins are typically clustered 6, 12, 18, 24, and 28–32
cm above this reference point. The first three are still
referred to as the Cockett I, II, and III perforating veins
even though eponyms are discouraged.18,27 The 24-cm
perforator carries no special name but the highest antero-

medial perforating vein is called the Boyd perforator.27

Localization of these medial perforators is important
because they are responsible for nearly 40% of incom-
petent perforating veins.28

Lateral calf perforating veins are much more difficult
to visualize with duplex ultrasound. In contrast to medial
perforating veins, these perforating veins tend to vary in
location.27,28 In the proximal lateral aspect of the calf,
there are two perforating veins that connect the lesser
saphenous vein to the soleal or gastrocnemius vein(s).27,28

In the distal lateral aspect of the calf there exist two 
perforating veins approximately 5 and 12cm above 
the os calcis.27,28 In the thigh the most commonly seen 
perforating vein connects the femoral vein to the greater
saphenous vein at mid-thigh level.27–29 This mid-thigh 
perforating vein is often referred to as the Hunterian 
perforator.There may also be perforators above or below
this level. Therefore, careful scanning is essential.

Once a perforating vein is identified, manual compres-
sion can be used to determine reflux.17,30 Manual com-
pression is to be applied above and below the
transducer.17,29 The relationship of the pressure to the per-
forator will determine whether there is superficial-to-
deep venous blood flow that is physiologically normal.
Venous blood flow during pressure from above suggests
perforator outflow and there should be an appropriate
color change due to blood flow toward the transducer
(Figures 36–3 and 36–4).

Figure 36–3. Color Doppler image demonstrating normal
superficial to deep venous flow (away from transducer) of a
medial perforating calf vein.
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Conclusions

Despite minor variations in imaging protocols, duplex
ultrasonography provides accurate information about
reflux in the superficial, deep, and perforating venous
systems. These anatomic data are then used to plan
therapy for patients with chronic venous insufficiency.
Most authors agree that reversal of flow 0.5 s or longer
coincides with significant venous reflux.13,17,29,31,32 In light
of this definition, it is important for the sonographer not
to confuse “transient” normal physiologic reflux with true
venous reflux. In our experience, the standing patient
position produces reversal of flow much longer than 
0.5 s when there is pathologic reflux. Shorter durations 
of reflux are considered to be normal.

Patients with telangiectasias/reticular varicosities and
no superficial venous reflux are excellent candidates for
sclerotherapy. Endovenous or sclerofoam ablation of
greater or lesser saphenous vein reflux is appropriate in
patients with superficial venous reflux and symptomatic
varicose veins. Identification of perforating veins is indi-
cated in those limbs with severe skin changes and evi-
dence of healed or active ulceration. In this group,
adjunctive perforator vein endovenous or sclerofoam
ablation can frequently accelerate wound healing.33
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Introduction

Venous thromboembolic disease and subsequent pul-
monary embolism are significant causes of morbidity and
mortality in the United States affecting nearly 400,000
patients and causing approximately 200,000 deaths per
year.1–3 Anticoagulation has remained a standard of
therapy for patients diagnosed with venous thromboem-
bolism and pulmonary embolism. Vena cava interruption
has emerged as an acceptable means of treating patients
in whom anticoagulation is contraindicated or who fail
anticoagulation with recurrent pulmonary embolism.
Since its introduction in 1973, the Greenfield vena cava
filter has become the filter to which all others are com-
pared.4 Due to a low complication rate, improved lower
profile delivery systems, and the high degree of protec-
tion from pulmonary embolism, the indications for vena
cava filters are being reevaluated.5–7 This combined with
more standardized methods of reporting and follow-up
has resulted in a rapid growth in the number of filters
placed in the past decade.8,9

Vena cava filters are now being routinely used in the
trauma population where immobility, multiple long-bone
fractures, traumatic brain injury, and spinal cord injury
preclude the use of routine thromboembolic protective
measures.10–17 Additionally, the introduction of retriev-
able temporary filters has raised the question of their pro-
phylactic use in perioperative patients who are morbidly
obese or have other hypercoagulable conditions.18

Traditionally vena cava filters have been placed under
fluoroscopic guidance with the aid of a contrast cava-
gram.This subjects the patient to ionizing radiation, intra-
venous contrast, and the inherent risk of transportation
to the fluoroscopy suite. Some reports have shown intra-
hospital transport-related complication rates ranging
from 5.9% to 15.5%.19,20 With an increasing number of
critically ill patients being evaluated for potential filter
placement, placement at the bedside without transfer out
of the intensive care unit (ICU) setting has become more

desirable. Duplex-directed placement of a vena cava filter
at the patient’s bedside has been shown to be safe, cost-
effective, and convenient.10,17,21,22 Additionally, it avoids
transfer of these critically ill patients from the ICU
setting.

Indications

The absolute indications for vena cava filter placement
have not changed for some time. They include a con-
traindication to anticoagulation, recurrent pulmonary
emboli despite adequate anticoagulation, a significant
complication developing while on anticoagulation, and
an inability to undergo successful anticoagulation despite
patient compliance.23 The relative indications for filter
placement have become somewhat of a moving target,
and it is the expansion of this category that has led to the
large increase in the number of vena cava filters being
placed. With the improving safety profile of filter devices
and the addition of removable filters, the use of filters for
prophylaxis has grown considerably. It is outside the
scope of this chapter to attempt to qualify this changing
patient population.

Diagnostic Considerations

Patients in whom venous thromboembolism is suspected
should undergo appropriate diagnostic tests as described
elsewhere in this text. Patients with documented venous
thromboembolism as well as those undergoing filter
placements for prophylaxis should undergo a focused
history and physical examination. Potential underlying
hypercoagulable conditions should be elicited to avoid
filter placement in patients with conditions such that the
caval filter could serve as a nidus for clot propagation.
Conversely, patients with an underlying bleeding diathe-
sis deserve special attention as they are at increased risk
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for bleeding at the site of percutaneous insertion. A per-
tinent history of prior iliofemoral venous thromboem-
bolism as well as operations involving any venous
tributaries should be elicited. The physical examination
should be aimed at identifying factors that will adversely
affect filter placement. Bulky external fixators used to
treat lower extremity and pelvic fractures can make
access difficult but rarely impossible. Hematoma sur-
rounding the site of planned percutaneous insertion can
likewise make access difficult. Complex abdominal
wounds, dressings, and orthotics overlying the right side
of the abdomen can impair visualization with surface
ultrasound.

Antecedent studies should be reviewed prior to pro-
ceeding. Many patients have undergone imaging of the
abdomen and/or pelvis for other reasons during their
hospitalization. Review of these images can often elicit
important information regarding inferior vena cava
diameter, renal vein location, the presence of venous
anomalies, and the presence of iliac or caval thrombus.
While these studies are not required prior to proceeding
with bedside duplex-directed filter placement, they
should certainly be reviewed if present. Additionally, it is
ideal to withhold enteral nutrition for 6h prior to the
planned filter placement to help decrease obstructing
bowel gas. While this is more of a convenience than a
requirement, it does help decrease the incidence of failed
ultrasound surface evaluation.

Technique

Positioning

Patients in the ICU setting provide ample space for posi-
tioning and locating the ultrasound machine. Smaller
private patient rooms may require repositioning of the
bed to allow adequate room for the physician and ultra-
sound. We have found it most convenient to position the
ultrasound high on the patient’s right side at shoulder
level. The vascular technologist is then able to stand
cephalad to the physician for a standard right femoral
insertion. It is not necessary to shave the insertion site.
The insertion field is prepped with betadiene or chlorhex-
idene. We have found it easiest to drape the insertion site
with three sterile towels followed by a sterile drape for
the lower half of the body. This leaves the abdomen free
from obstruction for the vascular technologist (Figure
37–1).

Surface Ultrasound

Surface-directed ultrasound guidance (Ultramark
9/HDI, HDI 3000, and HDI 5000, Advanced Technology
Laboratories, Bothell, WA) is performed by a registered

vascular technologist to verify visualization of the renal
vein–inferior vena cava (IVC) junction (Figure 37–2).
This is commonly obtained via an anterolateral trans-
ducer placement, but occasionally a more direct lateral
transducer placement between the ribs will elicit better
imaging when obstructing bowel gas is present. Identifi-
cation of the right renal vein is crucial as this usually rep-
resents the lowest renal vein. Diameter measurements of
the IVC are obtained in two dimensions. Additionally,
patency of the proposed femoral cannulation site is 
evaluated as is the iliocaval junction. If the caval mea-
surements exceed 28mm in diameter (exclusion 
from Greenfield filter use), a Bird’s Nest filter (Cook

Figure 37–1. Typical patient and equipment positioning. Right
groin prepped with betadiene and draped with three sterile
towels and a sterile half sheet leaving the abdomen clear for
ultrasound.

Figure 37–2. Suface ultrasound demonstrating the junction of
the right renal vein (curved arrow) and the IVC (straight
arrow). The right kidney (RK) is also seen.
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Incorporated, Bloomington, IN) versus bilateral common
iliac filter placement can be considered. If right ili-
ofemoral vein thrombosis is identified or suspected,
ultrasound evaluation of the left iliofemoral system is
performed. Bilateral iliofemoral thrombosis or thrombus
extending to the IVC bifurcation, large orthopedic exter-
nal pelvic stabilization devices, or proximal injuries in 
the groins make femoral access difficult on occasion 
but rarely impossible. In the event of no femoral access,
a transjugular route can be used. This often requires
reversing the bed in smaller patient rooms, but it is 
feasible.

Filter Placement

The Medi-tech Stainless Steel Greenfield Vena Cava
Filter (Boston Scientific Corporation, Watertown, MA)
has been used most commonly. Percutaneous access is
obtained using local anesthesia. A 0.035-inch superstiff
guidewire is passed into the IVC with ultrasound 
scan guidance (Figure 37–3). After serial dilations over
the guidewire, the 15 French introducer sheath for the
Greenfield filter is inserted, which allows passage of 

the 12 French preloaded filter introducer catheter. The
positioning of the introducer catheter to the desired 
location is accomplished with visualization from surface
ultrasound after removal of the guidewire (Figure 37–4).
Removal of the guidewire improves visualization of the
filter tip and simplifies accurate placement. The right
renal vein–IVC junction is used as the anatomic land-

A

Figure 37–3. Surface ultrasound demonstrating guidewire
(arrow) placement within the IVC in both transverse (A) and
longitudinal (B) views.

Figure 37–4. Surface ultrasound demonstrating placement of
the introducer sheath (arrow) in the longitudinal view.

B
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mark for the identification of the proper location for filter
placement. The right renal artery is also a useful land-
mark given its close association with the right renal vein
and is best viewed in the longitudinal view (Figure 37–5).
The filter and sheath are slowly withdrawn as a single unit
while observing the renal vein–IVC confluence in the
transverse view. The filter and sheath are withdrawn until
the filter disappears from view. The sheath and filter are
moved back and forth while observing with ultrasound to
confirm placement. Once the filter tip is confirmed at the
level of the right renal vein, deployment with duplex
ultrasound guidance is accomplished. Postdeployment
position is verified by surface ultrasound (Figure 37–6).
Gentle manual pressure is used for hemostasis after the
removal of the delivery apparatus. Postprocedure plain
abdominal radiographs can be obtained for the confir-
mation of filter position (Figure 37–7).

Additional Considerations

The majority of patients in our series have received Medi-
tech Greenfield Filters due to ease of visualization and
encouraging long-term data. More recently the Günther
Tulip Filter (Cook Incorporated, Bloomington, IN) 
has shown excellent ultrasound visualization should a
removable filter be desired.With a slightly different deliv-
ery system, the Günther Tulip Filter can be placed with
only minor alterations in the techniques described 
above.

Intravascular Ultrasound

In our initial series of patients, those with inadequate
surface ultrasound underwent fluoroscopic filter place-
ment, but more recently intravascular ultrasound (IVUS)
placement has been used. It has now become exceedingly
rare for any patient to require transport to the fluo-
roscopy suite for vena cava filter placement. The small
numbers of patients who have inadequate surface ultra-
sound are now treated at the bedside using IVUS for suc-
cessful visualization and placement with technical success
in almost all patients. The use of IVUS is discussed in

Figure 37–5. Duplex ultrasound in the longitudinal view
demonstrating the right renal artery (arrow) passing behind the
IVC.

Figure 37–6. Surface ultrasound demonstrating the deployed
IVC filter in the longitudinal view (arrow). The right renal
artery can be seen cephalid to the filter tip.

Figure 37–7. An abdominal radiograph following vena cava
filter placement. The vena cava filter (arrows) is clearly seen
with a vertical alignment and the tip located at the L1–L2 disc
space.
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greater depth elsewhere in this text. Additionally, tech-
niques for IVUS-directed vena cava filter placement have
been well described.16,24–26

Outcomes

From 1995 to 2003, we placed 486 bedside vena cava
filters. Of these filters, 435 were placed using transab-
dominal duplex guidance and 51 were placed using IVUS.
For all patients evaluated for duplex-directed vena cava
filter placement, 13% of patients were found to be unsuit-
able for transabdominal duplex-directed filter placement.
Of these patients 11% were felt to be unsuitable because
of poor visualization usually due to obstructing bowel gas
or body habitus. Less than 1% were judged to have vena
cava diameters too large, and less than 1% had inferior
vena cava thrombus precluding a transfemoral route of
access. Complications occurred in fewer than 3% of
patients. The complication most commonly encountered
was filter misplacement in 2.4% of patients. This was

treated with either additional filter placement or filter
repositioning.There were no procedure-related deaths or
septic complications.

Since the introduction of IVUS, our department has
continued to gain experience with IVUS-directed filter
placement. As a result, the majority of patients who have
poor visualization with transabdominal surface ultra-
sound are still treated at the bedside using IVUS. Like-
wise, as our vascular technologists have gained expertise
in vena cava visualization, the number of patients with
poor visualization by surface ultrasound has decreased
drastically. Improved experience with surface ultrasound
combined with the introduction of IVUS has made trips
to the interventional suite exceedingly rare thereby
avoiding transport of nearly all critically ill patients
undergoing vena cava filter placement. Including our
early experience, the number of patients requiring 
fluoroscopic placement of IVC filters continues to fall
and is currently 2.6% cumulative. A representative 
algorithm for vena cava filter placement is shown in
Figure 37–8.

Request for IVC filter

Brief history and physical, 
review of pertinent imaging

Contraindication to filter placement?

Abort, re-evaluate 
as necessarySurface Ultrasound, 

Good Visualization?

Proceed with percutaneous 
placement of vena cava filter, 

Successful?

Percutaneous placement 
of vena cava filter using 

bedside IVUS, 
Successful?

Yes

Yes

No

No

No

Post-procedure
abdominal x-ray to 
verify placement 

Yes Yes

Fluoroscopic placement of vena cava 
filter with assistance of cavagram 

No

Figure 37–8. A proposed treatment algorithm for vena cava
filter placement.
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Venoplasty and stenting of the iliac vein now constitute
the “method of choice” in the treatment of iliocaval
chronic venous obstruction.1–8 The importance of venous
outflow obstruction in the pathophysiology of chronic
venous disorders has been increasingly recognized, and it
is apparent that reflux alone cannot explain the symp-
toms and signs in many patients. Although it is well
known that the combination of reflux and obstruction
creates the worst scenario, iliofemoral outflow obstruc-
tion alone may play a larger role in the pathophysiology
of chronic venous disorders than previously thought. The
iliac vein is the common outflow 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 prox-
imal lesions. Therefore, the iliocaval venous segment has
become the most important target area for balloon dila-
tion and stenting.

Since it is not known at what degree of obstruction the
venous flow is restricted, no tests are presently available
for the accurate diagnosis of hemodynamically significant
venous outflow blockage.9 Commonly used routine non-
invasive tests such as outflow air or strain-gauge plethys-
mographic tests and duplex Doppler ultrasound may
indicate an outflow obstruction, but a normal test does
not exclude significant iliocaval blockage. Even invasive
pressure tests, e.g., femoral exercise pressures, arm–foot
venous pressure differential, and hyperemia-induced
pressure increase, are not sufficiently accurate. Ulti-
mately, the diagnosis of outflow obstruction must be
made by morphologic investigations.

A single-plane transfemoral antegrade venogram is the
routine morphologic investigation of the iliocaval
outflow. This type of venogram in the anteroposterior
plane is inferior to multiple oblique imaging, especially in
the presence of iliac compression from external struc-
tures. These lesions compress the vein in different body
planes and may therefore be visualized only in certain

projections. Using arteriographic techniques including
subtraction and power injection of contrast dye further
increases the sensitivity (Figure 38–1). However, even
multiplane venograms may underestimate the severity
and extent of the obstructive lesion as compared to direct
imaging by intravascular ultrasound (IVUS). This is cur-
rently superior to every other imaging technique in
showing iliocaval venous outflow. Development of new
magnetic resonance (MR) venography and spiral com-
puted tomography (CT) techniques may replace invasive
morphologic studies in the future. Although definition of
a hemodynamically significant venous stenosis is lacking,
a morphologic obstruction of more than 50% stenosis has
arbitrarily been chosen to be significant and the treat-
ment of choice is balloon venoplasty and stenting.

Venous outflow blockage will be found in patients with
chronic venous disorders only if the treating physician is
aware of its potential importance and suspects its pres-
ence. It is common to restrict venous work-up to duplex
Doppler ultrasound of the lower extremity below the
inguinal ligament for detection of reflux. This is insuffi-
cient to detect iliocaval outflow obstruction. A more
aggressive approach toward diagnosis is warranted in
selected patients. Ultrasound investigation should be
complemented by morphologic studies such as multi-
plane transfemoral venograms or, preferably, IVUS. In
our practice, IVUS is used generously in symptomatic
patients with venographic findings of stenosis or visuali-
zation of collaterals as these can be considered as indi-
cators of obstruction. Also, when plethysmographic or
pressure tests are positive for obstruction, IVUS should
be employed. Symptoms may range from painful swelling
to severe lipodermatosclerosis or ulcer. Patients of
special interest are those with symptoms (especially pain)
out of proportion to detectable pathology or those with
typical symptoms but no detectable lesions on standard
tests, those with no improvement of symptoms after stan-
dard treatment, and those with previous deep vein throm-
bosis. The use of IVUS in these patients has the dual
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purpose of accurately diagnosing the degree and nature
of obstruction and aiding in appropriate treatment by
placement of a stent.

The Intravascular Ultrasound 
Catheter Technique

IVUS was initially used to aid arterial endovascular inter-
ventions and was shown to be beneficial for complex 
procedures and diagnostic dilemmas.10 Later IVUS was
introduced to assist venous endovascular procedures.The
IVUS catheters are disposable and designed in two con-
figurations: 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 filled with saline, taking care not to
avoid introduction of air bubbles. The signal travels from
the rotating mirror through the fluid-filled chamber to the
transducer, producing a 360° cross-sectional image. An
example of this design is the Sonicath Ultra imaging
catheter used with the Galaxy imaging system (Boston
Scientific Corporation, Natick, MA). The multiarray
IVUS design incorporates an integrated circuit in the tip

of the catheter, has no movable parts and no chamber, and
thus does not require any fluid injection. An example of
this configuration is the Visions PV imaging catheter con-
nected to the EndoSonics In-Vision Gold Imaging System
(Volcano Therapeutics Inc., Rancho Cordova, CA).

Each individual catheter comes with a preset fre-
quency. The depth of penetration is greater with lower
frequency, while the resolution is greater with higher fre-
quencies. For appropriate coverage of the entire lumen
in the iliocaval system, a catheter of approximately 
12.5MHz will penetrate to a depth of 30mm.The catheter
does not always track in the center of the vessel at all
vessel sites and obtain optimal visualization because of
the curvature of the vessel. Often the catheter runs along
the wall in an eccentric position. The resulting cross-cut
lumen area is therefore not necessarily perpendicular to
the longitudinal axis of the vessel (Figure 38–2). The
oblique cross-cut area may be oblong and may not reflect
the true lumen area. In the off-center position the ultra-
sound must penetrate the entire diameter of large venous
capacitance vessels and with outside compression and
oblique projection the longest diameter may even exceed
30mm.

The IVUS catheter is always placed in the vein 
percutaneously. Ultrasound-guided cannulation of the
femoral or popliteal vein is performed well below the 

Figure 38–1. Transfemoral veno-
gram in anteroposterior (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 cross-
ing is better appreciated on IVUS.
The black circle within the vein is
the IVUS catheter (right).
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suspected obstruction.A guidewire (usually 0.038 inch) is
inserted and manipulated through the obstruction. A
sheath (usually 9F) is placed percutaneously to facilitate
repeated access. The IVUS catheter is threaded over the
guidewire 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 1–2cm of the tip.The coaxial
placement of the guidewire improves tracking and pre-
vents 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 encoun-
tered. Advancing the catheter and the guidewire 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 allows a smooth and continuous image
acquisition not always possible during 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 (Figure 38–2). This catheter allows
digital subtraction of ringdown artifact, but in so doing
limits the visualization close to the catheter. This maneu-
ver is not necessary with the rotating mirror catheter.The
guidewire in the monorail system often creates an
acoustic shadow, hiding a wedge of the cross-cut area.
This error is not seen with coaxial guidewires. By rotat-
ing the IVUS catheter the “shadowed” areas can be visu-
alized (Figure 38–2).

The anatomic orientation of the visualized structures is
often not accurate. The image is variably rotated. The
only way to correctly orient the field during iliocaval
imaging is to relate the image to the position of constant
anatomic landmarks. The right renal artery most com-
monly crosses posterior to the IVC; the left common iliac
artery crosses above the right common iliac vein, which
is anterior to the dense bone; and the iliac artery is
usually lateral and anterior to the iliac vein (Figure 38–3).
The anatomic orientation, however, is not a major issue
in diagnosis of venous obstruction or venous stenting.

Figure 38–2. The bright echoes close to a multiarray 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 cross-cut area. An eccentric posi-
tion of the IVUS may exaggerate the lumen (bottom).
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Using the IVUS result as the standard, the venogram 
had a poor sensitivity (45%) and a negative predictive
value of 49% in detecting an obstruction of greater than
70%.11

The lack of correlation of the extent of venous lesion
on venography and findings on IVUS is striking. More
often than not, the extent of stenosis both in thrombotic
and nonthrombotic obstruction is greater on IVUS. This
is of great importance for placement of stents. The true
extent and severity of in-stent restenosis can be assessed
only by IVUS.

Finer intraluminal lesions are difficult 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 (Figure 38–5).14

Despite the high resolution of IVUS, it is inferior to
angioscopy in identifying the thin valve leaflets. IVUS
failed to detect 76% of valve stations identified by
angioscopy.13

Diagnostic Venous 
Intravascular Ultrasound
Using the built-in software program, the actual cross-cut
lumen area can be calculated by planimetry and the
length of different diameters measured (Figure 38–4).
Regardless of its shape and varying diameters in differ-
ent projections, the true stenosis can be delineated and
compared to the nonobstructed proximal or distal vein
lumen. Several studies have shown that IVUS is superior
in detection of the extent and morphologic degree of
stenosis as compared to single-plane venography.1,11–13 On
average the transfemoral venogram significantly under-
estimates the degree of stenosis by 30%. The venogram
has been actually considered “normal” in 25% of limbs
despite the fact that IVUS showed >50% obstruction.2 In
a similar population of limbs, the stenosis was less than
50% in 42% of venograms but in only 10% of the IVUS.
On the other hand, the venous stenosis was greater than
70% in 32% of venograms, but twice as often with IVUS.

A B

C

Figure 38–3. (A) Constant anatomic landmarks allow a correct
rotation of the IVUS catheter. The right renal artery usually
transverses posterior to the IVC (left). The aorta along the
normal below-renal IVC is not seen with this magnification
(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 antero-
lateral 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 posi-
tion to the vein (right). The black circle within the vein is the
IVUS catheter.
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Figure 38–5. Images obtained by venous intravascular ultra-
sound (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.

The IVUS can detect varying degrees of echogenicity
in intraluminal masses, the vessel wall, and the surround-
ing tissue. Increased echogenicity of the vessel wall may
indicate increased fibrosis and wall thickness often seen
in postthrombotic veins. Varying echogenicity of intralu-
minal thrombi may correlate with the age of the throm-
bus. Fresh thrombus appears more transluscent than old
and is surrounded by inflammatory edema (Figure 38–6).
This may allow age determination of different parts of an
extensive deep vein thrombus. Compliance of the venous
wall is reflected by phasic movement during respiration.
Lack of respiratory variations of the vein wall indicates
less compliance with a stiffer wall. None of these obser-
vations is possible with venography. In contrast, collateral
formation is poorly shown by IVUS. Only axial collateral
formation in close proximity to the native vein can be
detected by IVUS. Venograms may occasionally fail to
distinguish these from the main vein.14

Figure 38–4. Measurement of the cross-cut area before (top)
and after (below) venous stenting. The measurements are dis-
played at the right aspect of the screen.The area increased from
24.9mm2 to 148.9mm2 with the dilation. The longest and short-
est 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.

Figure 38–6. (A) Relatively acute DVT with partial obstruc-
tion of the lumen and surrounding inflammatory edema; (B) an
older, well-defined thrombus adherent to the vessel wall, which
is fibrosed 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.

Arterial obstruction is usually due to thickening of 
the wall with plaque formation. Only rarely does out-
side compression play a major role. In the venous 
system, outside compression mainly by arterial structures
appears to play a major role even in limbs with post-
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thrombotic obstruction.The relationship between the left
iliac vein compression by the right iliac artery and deep
venous thrombosis (DVT) of the left lower extremity is
well known.15 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 forma-
tion (Figure 38–7).16 Approximately 30% of the limbs
with compression disease, however, have been shown to
have stenosis beyond the common iliac vein.2 Although
this lesion is classically described as occurring in the left
iliac vein in younger females, it is not an uncommon
finding in males, in elderly patients, and in the outflow of
the right limb.17 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 normal appearance of the
iliofemoral vein (Figure 38–8). With IVUS the com-

pressed vein can be clearly delineated between the over-
riding artery and the posterior bone structure.8,18 This
compression results in an hourglass deformity of the vein
of varying degrees with frequently observed secondary
intraluminal lesions such as web formation. IVUS inves-
tigation in 16 limbs with iliac compression syndrome
showed that the iliac vein compression extended distally,
involving the external iliac or common femoral veins in
68% (11/16). A filling defect representing thrombi was
identified in 25% (4/16) and synechia in the compressed
vein lumen was seen in 44% (7/16).These additional find-
ings on IVUS led to modification of the intervention in
50% of limbs.12

Intravascular Ultrasound Assistance
during Stenting

As indicated above, the IVUS is an invaluable diagnostic
tool, but it is also vital for correct placement of stents.11,12

First, the appropriate diameter of the stent is determined
by using IVUS. The lumen dimensions below and above
an obstruction can be defined. In stenosis close to the
IVC, the prestenotic dimensions of the vein are usually
used. The intrinsic software of the ultrasound machine
calculates the greatest and least diameters. It also calcu-
lates a diameter as though the lumen area was circular.
It is important to oversize the average stent diameter by
at least 2–3mm. Excessive oversizing is rarely a problem
in venous obstruction as compared to arterial obstruc-
tion. The risk of rupture with hemorrhage is minimal in
the low-pressure venous system. In our experience of
more than 1000 venous stent procedures no clinical
rupture has occurred although completely occluded veins
have been dilated to 12–16mm diameter. Dissection of
the vascular wall does not develop in the vein because of
a wall structure and disease process different from those
found in the artery. The venous wall is more homoge-
neous with postinflammatory fibrosis as compared to the
arteriosclerotic wall with heterogeneous plaque forma-
tion and with varying calcification. On the other hand,
undersizing a venous stent is often a problem. Insertion
of a stent with too small a diameter will not allow satis-
factory fixation to the venous wall and may result in an
immediate proximal migration. This will necessitate per-
cutaneous stent recovery from the IVC or right atrium,
which may be a laborious undertaking.

After determining the stent diameter, the proximal and
distal disease-free endpoints of the area to be stented are
determined by IVUS. When treating a stenosis close to
the confluence of the iliac veins and the IVC with a Wall-
stent, it is important to place the top of the stent well into
the inferior vena cava (IVC). The braided nature of that
stent may otherwise allow retrograde migration (squeez-
ing) of the stent when the proximal end is placed too near

Figure 38–7. IVUS images and corresponding transfemoral
venogram show a complex nonthrombotic obstruction due to
an iliac compression syndrome. The common iliac vein is com-
pressed in the frontal plane with a formation of septum clearly
shown by IVUS. The external iliac vein is compressed in the
sagittal 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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the stenosis.1 The diseased vein segment is frequently
more extensive in reality than appreciated by venogra-
phy.Therefore, the accurate extent of the diseased venous
segment is determined by measuring the length of with-
drawal of the IVUS catheter from proximal to distal
landing points. IVUS is essential in recanalization of
occluded iliofemoral veins. The recoil is frequently com-
plete and short of performing a contralateral trans-
femoral 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 sufficient venous
inflow 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 (Figure 38–8). The degree of
recoil and the apposition to the venous wall can be visu-
alized and repeat dilation or additional stenting can be
performed as necessary.

The use of IVUS decreases considerably the use of
contrast during the stenting procedure. If there are
absolute or relative contraindications to the use of con-
trast dye, the procedure can be performed completely
without venography, using only IVUS in combination
with fluoroscopy.

The IVUS is a valuable adjuvant to surgical thrombec-
tomy or thrombolysis of iliofemoral DVT. Remaining
thrombus attached to the wall, the age of the thrombus,
postlytic edema of the venous wall, and possible external
compression may be identified (Figure 38–6). This may

assist in determining the duration of lytic treatment and
any adjuvant stent placement.

The role of IVUS in the diagnosis of morphologic
venous outflow obstruction may in the future be replaced
by noninvasive studies such as MR venography or spiral
CT of later generations. However, the additional infor-
mation obtained by using IVUS as an adjuvant tool at 
the stenting procedure (accurate degree and extent of
obstruction and finding of previously nonrevealed
lesions) is most valuable and will be difficult to replace.
Presently, the IVUS is vital for adequate stenting of
venous obstruction. The future aim is to develop appro-
priate, preferably noninvasive, hemodynamic tests to
assess outflow obstruction.At that time only patients with
known hemodynamically significant obstruction will
undergo IVUS-assisted venous stenting.
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Introduction

Duplex ultrasound sonography (US) represents the best
choice in the evaluation of venous reflux in lower limbs.1

This test is noninvasive, generally acceptable to the
patient, and inexpensive.2 It provides direct imaging,
localization, and extent of venous reflux with a surpris-
ingly high sensitivity (95%) and specificity (100%).3

Duplex US findings have also been confirmed with angio-
scopic observations of incompetent vein valves in
advanced chronic venous insufficiency (CVI).4 As demon-
strated by Yamaki, high peak reflux velocities (>30cm/s),
reflux duration greater than 3 s, and an enlarged valve
annulus measured by duplex US at the saphenofemoral
junction (SFJ) are closely related to angioscopically
deformed and incompetent terminal valves (Type III and
Type IV valves of Hoshino).4

Preoperative Assessment

The examination should always begin with a complete
medical history. Data concerning family and personal
venous history, symptoms, clinical findings, and previous
venous treatments are collected. Comorbidities, allergies,
and pharmacologic history must be documented.2 The
body mass index (BMI) is calculated from the patient’s
height and weight and should be recorded.

The patient should be examined in a standing position
to demonstrate patterns of telangiectasias and reticular
and varicose veins.5 Cold light transillumination of the
skin (vein light) may be used to identify reticular veins,
while a hand-held Doppler device can verify the presence
of reflux in some superficial veins as a screening exami-
nation.5 Thus the three levels of pathologic veins are eval-
uated. Telangiectasias in the skin are visually inspected,
reticular veins are transilluminated with the vein 
light, and varicosities and the saphenous veins with US.

Clinical data should be integrated into the CEAP 
classification.6,7

Equipment

The US duplex scanner should be able to detect blood
flow rates as low as 6cm/s.2 This can be done by dedicated
high-resolution vascular scanners with color and/or
power-Doppler functions as well as the pulsed-wave
Doppler. Linear transducers in the range of 4–7MHz are
used.5,8 The inferior vena cava, pelvic veins, and deep
veins of the limbs in obese patients may be imaged with
3-MHz transducers.1 Linear hockey-stick transducers in
the range of 5–12MHz can provide detailed imaging of
smaller veins and perforating veins.

With the advances in technology, duplex scanners have
become smaller, more transportable, and more operator
friendly.5 Miniaturized devices feature transducers
designed with advanced architecture that allow a single
probe to image across a greater range of depths within
an application and across applications.5 The transducer
for peripheral vascular examinations operates from 10 to
5MHz and provides resolution from the skin surface to
7cm in depth.5 The technology incorporates power
Doppler sonography, tissue harmonic imaging, and direct
connectivity to a personal computer.5 Their overall per-
formance is comparable to the more traditional and much
larger US equipment.5

Venous Reflux Examination and
Venous Mapping

A detailed duplex US study of the normal and pathologic
venous anatomy (reflux) is essential. A clear graphic
notation (mapping) of significant vein diameters, anom-
alous anatomy, superficial venous aneurysms, perforating
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veins, and the presence and extent of reflux should always
be recorded during the examination (Figure 39–1).2,5

The US examination is conducted with the patient
standing.9 This position has been found to maximally
dilate leg veins and challenge vein valves. Sensitivity and
specificity in detecting reflux are increased in examina-
tions performed with the patient standing rather than
when the patient is supine.8,9 Supine examinations for
reflux are unacceptable.

The veins are scanned by moving the probe vertically
up and down along their course. Duplicated segments,
sites of tributary confluence, and large perforating veins,
and their deep venous connections are identified. Their
location measured in centimeters from the floor provides
a therapeutic guide. Measurements from the medial
malleolus are not as precise. Transverse, in addition to
longitudinal scans combined with continuous scanning
are performed in order to provide a clear mapping of the
venous system. Patency is usually assessed by compres-
sion of the vein with the transducer.8 Reflux is detected
by flow augmentation maneuvers such as distal compres-
sion and release of the thigh and calf or the Valsalva
maneuver for only the SFJ.8 Automated rapid infla-
tion/deflation cuffs are cumbersome but may be used for
this purpose and offer the advantage of a standardized
stimulus.10–12 Reflux greater than 500ms is considered
pathologic.9,13

The diameters of the SFJ and femoral vein are
recorded for use in judgment for radiofrequency (RF)
VNUS closure and endovenous laser treatments
(EVLT).14–16 Important information is also offered by the
diameters of the great saphenous vein (GSV) at mid
thigh and distal thigh. RF ablation is commonly applied
to treat veins from 2 to 12mm in diameter.16 The supra-
genicular, infragenicular, or immediate subgenicular
GSV is often the access point for its laser or RF abla-
tion.16,17 Therefore the depth of the GSV in these regions
provides additional data to be recorded.

Accessory veins by definition run parallel to the GSV
in the thigh18 (Figure 39–1). It is imperative to map their
course accurately and to note their eventual communica-
tion with the GSV (Figure 39–1).They are easily confused
with the GSV, especially during continuous longitudinal
scanning when the saphenous vein appears to leave the
saphenous compartment.18

The GSV is then scanned in the leg and the thigh so that
tributaries to the GSV should be noted (Figure 39–1).

The diameter of the popliteal vein and the small saphe-
nous vein (SSV) is recorded as well as diameters of the
SSV along its course in the leg. Intersaphenous veins
should also be identified and the variability in SSV ter-
mination carefully recorded.

The venous reflux examination also includes the
mapping of exit and reentry perforating veins (PV).19 PV

Figure 39–1. This data entry form out-
lines the saphenous veins and the rele-
vant deep veins. Refluxing veins are
added in heavy black lines. Location of
perforating veins and aneurysms can be
added and distance from the floor indi-
cated. Diameters of perforating veins at
the fascial level should also be noted.
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reflux is detected as outward flow duration greater than
350ms on the release phase of a flow augmentation
maneuver (distal compression has higher sensitivity in
detecting PVs reflux).1 PVs should be accurately located
in their different locations in the leg. Their position
should be measured as distance (centimeters) from the
floor in the extended limb.18,20

Ultrasound Monitoring during 
Endovenous Laser Treatments and
VNUS Closure of the Great Saphenous
Vein and Small Saphenous Vein

A thermic coagulation is caused by the application of
electromagnetic energy to the endothelial surface of tar-
geted veins.16,21,22 It has been suggested that the coagula-
tion process is related to the intravascular vaporization
of blood (steam) with intimal denudation and collagen
fiber contraction. Vein wall thickening and rapid reor-
ganization of the vessel to form a fibrotic cord follow.21,22

Occlusion is usually visualized within 10–20s from the
laser or RF energy application.22 These techniques have
been proven to be safe and effective.23 Percutaneous
introduction of the laser or RF catheter has made for-
merly extremely invasive therapy (SFJ ligation and GSV
stripping) more acceptable to the patient in terms of post-
treatment pain, number of cutaneous incisions, and post-
procedural disability.15,16

Before the procedure, it is always necessary to rescan
the patient for better identification of the venous segment
to cannulate. In this preparatory phase some anatomic
landmarks have to be clearly recognizable:

1. Femoral vein
2. SFJ
3. Saphenous compartment
4. GSV
5. Small saphenous junctional anatomy.

Introduction of the introducer sheath is performed
percutaneously using the Seldinger technique. The supra-
genicular saphenous vein is usually the access point of
choice (Figure 39–2).17 The intraluminal position of the
sheath is ascertained by aspiration of nonpulsatile venous
blood. The sheathed laser fiber or a 6 or 8F VNUS
catheter is advanced to a point just distal to the entrance
of the epigastric vein.17 The position of the laser fiber is
confirmed by direct visualization of the red aiming beam
and that of the VNUS catheter by ultrasound16 (Figures
39–3 and 39–4).

The catheter or sheath appears as a hyperechoic line
in the GSV lumen.14,15 Its placement must be precisely at
the SFJ 1cm distal to the epigastric vein (Figure 39–4).16

Administration of the tumescent anesthesia into the
saphenous compartment is monitored by US.17 The vein
is seen as “floating” in an anechogenic sea of the anes-
thetic solution (Figure 39–5). It is always wise to recheck
the catheter position at the SFJ prior to the application
of the energy (Figure 39–6).22

Figure 39–2. The great saphenous vein (GSV) is cannulated
using the Seldinger technique. The puncturing needle is
echogenic and can be easily visualized. (Adapted from Pichot
O. Atlas of Ultrasound Images. Copyright VNUS Closure.)

Figure 39–3. The laser catheter is advanced proximally toward
the SFJ. The position of the laser fiber is confirmed by direct
visualization of the red aiming beam through the skin. [Adapted
from Navarro L, Min RJ, Bone C. Endovenous laser: A new
minimally invasive method of treatment for varicose veins: Pre-
liminary observations using an 810 nm diode laser. Dermatol
Surg 2001;27(2):117.]
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Figure 39–5. (A, B) Administration of the tumescent anesthe-
sia into the saphenous compartment is monitored by ultra-
sound. SFJ, saphenofemoral junction;TA, tumescent anesthesia.

Figure 39–6. The ablation starts at the SFJ and proceeds in a
distal direction.

It is always wise to recheck the catheter position at the SFJ
prior to the application of the energy. (Adapted from Pichot O.
Atlas of Ultrasound Images. Copyright VNUS Closure.)

Figure 39–4. Position of the guidewire and radiofrequency
catheter is monitored by ultrasound visualization. GSV, great
saphenous vein. (Adapted from Pichot O. Atlas of Ultrasound
Images. Copyright VNUS Closure.)

(Adapted from Pichot O. Atlas of Ultrasound Images. Copyright
VNUS Closure.)
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The ablation starts at the SFJ and proceeds in a distal
direction.16 Successful obliteration is confirmed by con-
traction of the saphenous vein to a residual diameter of
<2mm.16 Patency of the common femoral artery and vein
is confirmed by US (Figure 39–7). A thrombus may be
seen as a hyperechogenic core in the vessel (Figure
39–7B).15,24

Figure 39–8. Early posttreatment duplex scanning should be
performed. Evidence of a protruding thrombus from the saphe-
nous vein into the femoral vein should be looked for. GSV, great
saphenous vein; SFJ, saphenofemoral junction. (Adapted 
from Pichot O. Atlas of Ultrasound Images. Copyright VNUS
Closure.)

Figure 39–9. Evidence of a noncompressible GSV with thick-
ened walls and absence of flow on color ultrasound analysis are
signs of successful obliteration. (Adapted from Pichot O. Atlas
of Ultrasound Images. Copyright VNUS Closure.)

Figure 39–7. Duplex examinations (longitudinal views) of the
great saphenous vein (GSV) at the saphenofemoral junction
(SFJ). (A) Pretreatment scan demonstrated an incompetent SFJ
after augmentation. (B) Intraoperative color duplex interroga-
tion showed successful occlusion of the GSV with a patent,3-mm

proximal stump (arrow 1) and absence of flow within the treated
segment (arrow 2). [Adapted from Puggioni A, Kalra M, Carmo
M, Mozes G, Gloviczki P. Endovenous laser therapy and
radiofrequency ablation of the great saphenous vein:Analysis of
early efficacy and complications. J Vasc Surg 2005;42(3):488–93.]

Early posttreatment duplex scanning should be per-
formed. Evidence of a protruding thrombus from the
saphenous vein into the femoral vein should be looked
for (Figure 39–8).24 Evidence of a noncompressible GSV
with thickened walls and absence of flow on color US
analysis are signs of successful obliteration (Figure
39–9).9
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Ultrasound Monitoring during
Sclerofoam Ablation of 
Varicose Veins

Advent of foam sclerotherapy has added a new tool 
for the treatment of CVI. Sclerosant agents provoke
endothelial damage by several mechanisms.25 They
change either the surface tension of the plasma mem-
brane (detergents) and/ or the intravascular pH and
osmolarity. The final result is a chemical fibrosis of the
treated vessel.25

Sclerosing foams (SF) are mixtures of gas with a liquid
solution with surfactant properties. In 1993, Cabrera pro-
posed the use of SF, made of sodium tetradecylsulfate or
polidocanol, in the treatment of varicose veins.26 One of
the intrinsic limits of liquid sclerosants in the treatment
of varicose veins is dilution by the bloodstream with
reduction of their efficacy.27 Also, they are rapidly cleared
by the moving bloodstream. Sclerosing foams do not mix
with blood and instead remain in the vessel continuing to
strip the endothelium.27 This persistence of the agent in
the vessel causes increased contact time with the intimal
surface. Foam preparation is remarkably simple.27 The
Tessari’s three-way stopcock method is the most com-
monly used.27,28

As in electromagnetic ablation, the treatment starts
with clear US mapping.Varicose veins can be accessed by
the placement of a 25-gauge butterfly needle or the GSV
or the SSV can be directly cannulated with an angiocath,
an echogenic Cook needle, or a 25-gauge butterfly.27,29,30

Most descriptions of the technique explain direct US-
guided access to the saphenous vein.27,31 In contrast, we
achieve a satisfactory and rapid obliteration of the 
GSV and SSV by cannulating a peripheral varicosity.30

Although the saphenous vein cannot be cannulated with
a catheter by way of a varicosity because of its angle of
connection, there is no such obstacle to the flow of foam.

Foam functions as an efficient US contrast medium
because of its air content. Its injection can be easily mon-
itored. Its US appearance is that of a solid hypere-
chogenic core with an acoustic shadow projected in the
tissue below (Figure 39–10).

Foam is introduced into a varix or the saphenous vein
with the patient supine. As the foam reaches the SFJ 
as monitored by US, compression of the SFJ or the
saphenopopliteal junction (SPJ) is effected in order to
reduce flowing of foam into the systemic circulation.

Vasoconstriction and vasospasm can be induced by
intermittent compression of the vein by the US trans-
ducer and by elevating the limb.This minimizes the blood
content of the saphenous vein and its connected varices.
Foam will be seen by US to flow distally in the elevated
limb. It flows selectively through incompetent valves and
is effectively blocked by competent valves. These maneu-

vers have the effect of prolonging the action of the
foamed sclerosant on the intima, improving the efficacy
of the entire treatment. The femoral, popliteal, and deep
veins of the leg are scanned throughout the entire pro-
cedure. Foam particles are washed out of deep veins such
as the gastrocnemius or tibial veins by flexion–extension
maneuvers of the foot. Quick movements of dorsiflexion
of the foot completely clear the deep veins. Despite much
concern about the problem, major thrombotic events 
in the femoral and popliteal veins have rarely been
described with use of sclerofoam. In a study of over 1200
sclerotherapy sessions over half of which involved foam
only a single femoral vein thrombus was encountered.32

Thromboses of the gastrocnemius, tibial, and peroneal
veins have been reported only occasionally.30,33 Intraarte-
rial injections can also occur in monitoring the foam
treatment of severe CVI (CEAP 4, 5, and 6).30,33 US has
confirmed the presence of a tangled network of varicose
veins of small caliber, reticular varices, and incompetent
perforating veins under lipodermatosclerotic plaques and
under venous ulcers (Figure 39–11).30 US monitoring is
used to confirm the fact that these vessels are filled with
foam during the therapeutic maneuvers. US guidance is
also used in the treatment of incompetent perforating
veins by direct cannulation and controlled injection of
the SF under direct visual control.27 More often superfi-
cial peripheral veins can be directly injected with oblit-
eration of the inciting perforator and the network of the
incompetent veins.

Figure 39–10. Foam functions as an efficient ultrasound con-
trast medium because of its air content. Its injection can be
easily monitored. Its US appearance is that of a solid hypere-
chogenic core with an acoustic shadow projected in the tissue
below. GSV, great saphenous vein.
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Conclusion

Duplex US is essential in every phase of CVI patient
care. Experience, critical thinking, uniform testing, and
insight in the pathology are necessary to achieve satis-
factory results.
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Introduction

After nearly 50 years of rapid advances in vascular
surgery and after 25 years of progress in developing 
noninvasive vascu1ar investigations the venous system
remains enigmatic. Its pathophysiology is a fruitful area
of clinical investigation because the component elements
of venous dysfunction are incompletely understood.
Investigations into venous dysfunction are continuing
and research studies and individual patient examina-
tions are being refined. Prospective, randomized studies
are appearing in print and meta-analyses are being 
published.

Clinical examination of the dysfunctional venous
system in the vascular laboratory has experienced a tran-
sition from indirect examinations such as photoplethys-
mography and impedance plethysmography to direct
imaging and interrogation by means of duplex ultrasound
imaging.

As indicated in Chapter 33, the overview of venous dis-
orders, it is wise to separate those conditions that afflict
patients into the two categories of acute and chronic.
Acute problems deal with venous thrombosis. This may
occur in the deep venous system and be quite serious, or
in the superficial venous system and remain trivial (Table
40–1). A number of acute syndromes relate to particular
venous beds that are afflicted by thrombosis.

Chronic venous disorders may range from trivial
telangiectasias to serious and disabling intractable lower
extremity venous ulceration. Nearly all these conditions
have to do with venous reflux. The application of venous
testing to these conditions is the subject of this chapter.

Obstruction

Venous obstruction is almost always the result of venous
thrombosis. Less frequently, extrinsic compression may
lead to total obstruction, such as on the subclavian vein

or left common iliac vein. Patients with one or more ele-
ments of the Virchow triad (stasis, hypercoagulability, or
vein wall abnormalities) are susceptible to thrombosis.1

The clinical presentation can be totally asymptomatic or
may progress to flagrant phlegmasia cerulea dolens and
venous gangrene. The magnitude of symptoms and find-
ings depends to some extent on the location and number
of venous segments affected by thrombus.

Superficial Thrombophlebitis

Phlebitis in a superficial vein is readily diagnosed clini-
cally. Varicose veins in the lower extremity and intra-
venous therapy in the upper extremity predispose a
patient to phlebitis. Physical diagnosis of superficial
thrombophlebitis can be made by detecting an erythe-
matous streaking in the distribution of superficial veins.
Tenderness is present and the extent of thrombosis is
identified by a palpable cord. Thus, the diagnosis can be
made by physical examination, but accurate estimation of
the proximal extent of the disease process or deep venous
penetration depends upon objective testing in the vascu-
lar laboratory.

Duplex ultrasonography is a reliable technique for
evaluation of superficial venous thrombosis just as it is
for deep venous thrombosis (DVT). The examination
provides objective evidence of the diagnosis and a clear
definition of its extent. This is particularly important in
thrombosis of the great saphenous vein because surgeons
believe that intervention is necessary to treat ascending
thrombophlebitis of the saphenous vein in the upper
third of the thigh.2 Surgical treatment has fallen into
disuse. Instead, low-molecular-weight heparin and other
anticoagulants are given in situations in which it is
believed that superficial thrombophlebitis is becoming
dangerous.

Although the initial diagnosis can be made clinically, it
is now known that approximately 20% of patients with
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superficial phlebitis will also have an associated occult
DVT (Table 40–2).3–7 Further, in approximately one-third
of those with only initial superficial phlebitis the throm-
bus will eventually extend to the deep system via the
saphenofemoral junction or perforating veins. Phlebitis
of the great saphenous vein above the knee is particularly
susceptible to progression to DVT. Therefore, it is
prudent to perform a duplex examination for DVT8 and,
in selected cases, a follow-up examination in patients with
suspected or proven ascending superficial phlebitis.

Evaluation of the lower extremity venous system for
DVT has revealed thrombosis of the great saphenous
vein in approximately 1% of limbs.9 Thus, examination of
the saphenofemoral junction should be a part of the
examination of the lower extremity venous system when
DVT is suspected.

Varicose Phlebitis

A special case of superficial thrombophlebitis is found in
patients with lower extremity varicose veins. Before the
advent of duplex testing, it was thought that superficial
thrombophlebitis in varicose veins was isolated and not

associated with DVT. However, recent experience sug-
gests that superficial thrombophlebitis in varicose veins
is not a benign condition. Clinical experience has identi-
fied particular factors that influence superficial throm-
bophlebitis in varicose veins. External trauma, a tight
stocking band at the proximal calf, and an insect bite all
can initiate varicose phlebitis. Sclerotherapy is another
risk factor. Treatment of large varicose veins by injection
is frequently followed by venous inflammation, but it is
believed that this inflammation does not progress to
thrombosis and that DVT and pulmonary embolism are
rare. Guex observed three DVT patients in over 1200
patients treated by him. With his careful studies even
Guex states that the overall incidence is unknown.10

Surgical procedures can be followed by spontaneous
thrombosis in varicose veins and specific surgical proce-
dures used in treatment of varicose veins may be fol-
lowed by DVT in 0.2–0.4% of patients.

Diagnostic testing may be associated with superficial
thrombophlebitis affecting varicose veins. Phlebography
is particularly risky, but duplex scanning is not a risk
factor. Because superficial thrombophlebitis may be asso-
ciated with DVT, it is suggested that scanning of the deep
and superficial veins of both limbs should be done in
patients with superficial thrombophlebitis affecting vari-
cose veins.

Deep Venous Thrombosis

DVT of the lower limbs is very common. An estimated 5
million cases occur in the United States yearly11. In addi-
tion to the acute problem, DVT can lead to death from
pulmonary embolism or significant morbidity from the
postphlebitic syndrome. Unlike superficial phlebitis,
where the diagnosis is literally under the examining
finger, the accuracy of clinical diagnosis of DVT is unre-
liable (Table 40–3). Clinical diagnosis of DVT has demon-
strated accuracy only ranging from 50% to 70% in both
retrospective and prospective studies.12 Thus, if DVT is
part of a differential diagnosis, an objective test must be
done to confirm or refute the diagnosis. In addition,

Table 40–1. Venous disorders.

Acute venous thrombosis
Deep venous thrombosis

Proximal—iliofemeral
Distal—popliteal, calf vein

Subclavian-axillary
Jugular
Cavernous sinus
Sagittal sinus
Mesenteric

Chronic venous dysfunction
Telangiectasias
Reticular varicosities
Varicose veins
Chronic obstruction and reflux
Deep venous reflux
Perforating vein dysfunction

Table 40–2. Incidence of occult deep venous thrombosis asso-
ciated with superficial thrombophlebitis.

Year Reference Method Incidence

1993 Jorgensen et al.3 Duplex scanning 23%
1991 Prountjos et al.4 Venogram 20%
1991 Lutter et al.5 Duplex scanning 28%
1990 Skillman et al.6 IPGa and venogram 12%
1986 Bergqvist et al.7 Venogram 44%,b 3%c

aIPG, impedance plethysmography.
bPatients without varicose veins.
cPatients with varicose veins.

Table 40–3. Sensitivity and specificity of clinical findings of
deep venous thrombosis.a

Finding Sensitivity Specificity

Calf pain 60–85% 15–22%
Calf tenderness 50–75% 25–50%
Ankle edema 30–40% 15–25%
Leg/ankle swelling 35–50% 10–70%
Redness 5–15% 80–90%
Superficial vein dilation 25–30% 30–80%
Homan sign 15–40% 50–80%

aModified from leClerc JR. Venus Thromboembolic Disease. London:
Lea & Febiger, 1991, Table 13.2.
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because up to two-thirds of DVTs are clinically silent,
screening of high-risk patients may be justified even
though it may not be cost effective.14–17 Duplex scan-
ning is now used to diagnose lower extremity DVT in
most vascular laboratories and ultrasound departments.
Perhaps it is redundant to state that duplex ultrasound
with compression is now the standard test for DVT.
However, a number of techniques have been used in the
past but are seldom employed in clinical medicine today.
Among these are contrast phlebography, isotope phle-
bography, and impedance plethysmography. Diagnostic
modalities in use in vascular laboratories can be assessed
in three ways. The first is determination of the sensitivity
and specificity of the test versus an accepted gold stan-
dard; another is observation of clinical outcome analysis
after a positive or negative test; and third there is deter-
mination of reproducibility.

When duplex ultrasound was compared with contrast
phlebography, it was admitted that contrast phlebogra-
phy might not detect all DVT but, as a valid test, it did
exclude clinically significant DVT. This was proven by
outcome analyses. However, interobserver variation of
approximately 10% in interpretation of contrast phlebo-
grams has been documented. This tends to invalidate the
examination.

Radionuclide scans are used in the diagnosis of a pul-
monary embolism. Therefore, there has been interest in
imaging of the veins with isotopes. Difficulties with study
methodology have led to questions about the accuracy
and utility of radionuclide phlebography.18

Because no technique is as widely acceptable as ultra-
sound, this has become entirely dominant and it is
accepted now that sensitivities of 83–100% and specifici-
ties of 86–100% are accurate descriptions of the method.
Even in the late 1990s there remained some controversy
about the place of impedance plethysmography. The late
Professor Kenneth Moser stated that “we believe that the
optimal diagnostic approach to a patient with suspected
venous thrombosis is impedance plethysmography, fol-
lowed by the selective use of compression ultrasono-
graphy, venography, or both.” However, there has been
gradual change toward early referral of patients with sus-
pected venous thrombosis to the diagnostic laboratory.
Therefore, there is a higher likelihood of nonocclusive
proximal thrombi.While these can be imaged with duplex
ultrasonography, impedance plethysmography is much
less sensitive.

Ultrasonography is preferable to impedance plethys-
mography and has been compared in a direct, random-
ized comparison. 19 Up to 15–30% of limbs with venous
thrombosis have persistent abnormal results on imped-
ance plethysmography for up to 6 months. This presents
difficulties when symptoms recur. Compression ultra-
sonography can be used in such patients with recurrent
symptoms and can quantify the new thrombus mass.

Venous Disorders of the Extremities

Although physiologic testing [mercury in silastic strain
gauge plethysmography (MSG) and impedance plethys-
mography (IPG)] dominated older methods of diagnosis
of DVT in the past, imaging studies have emerged and
are now dominant. Duplex ultrasound is only one such
method of deep venous imaging. Contrast phlebography
is another. It is available in most clinics and is highly sen-
sitive and specific. It produces a direct image of the
thrombus and its extent. It is invasive, objectionable to
patients, and not portable. Ultrasonography removes
those objections, is relatively inexpensive, but is highly
operator dependent. It is less sensitive in calf vein throm-
bosis and differentiation of acute from chronic changes
with duplex ultrasonography can be difficult. Magnetic
resonance imaging may be useful in specific circum-
stances. It images pelvic veins as well as calf veins but it
is an expensive technique, somewhat operator depend-
ent, and may not be available in all clinics.20

Traditional teaching, largely derived from autopsy
studies, holds that most lower extremity venous throm-
bosis begins in soleal sinuses or calf veins. However,
duplex scanning has cast doubt on the universality of this
concept. Primary iliac venous thrombosis (described
below) is an important exception to the old dogma.
Although two-thirds of DVT in the calf will lyse sponta-
neously, the remainder may propagate into the popliteal
vein or embolize directly to the lungs. Such emboli are
small and often silent. There is controversy over how to
manage patients with isolated below-knee DVT. Some
disagreement comes from the fact that a single small
thrombus in one paired vein is different from multiple
tibial venous occlusions or total obliteration of all crural
veins. Some experts recommend anticoagulation at the
time of diagnosis just as for above-knee DVT.21,22 Others
advocate careful follow-up examinations until the DVT
lyses or extends to the popliteal vein.23 Some vascular lab-
oratories completely eliminate examination of the calf
veins. Despite the management controversy, such
thrombi should be looked for and, if found, should not be
ignored. Unfortunately, accuracy of a duplex study 
for below-knee DVT is inferior to that for above-knee
occlusion.

Iliac Vein Thrombosis

Isolated iliac vein thrombosis is said to be rare. One
report using phlebography found none in 164 consecutive
patients.24 Another study using duplex scanning in 833
patients found only one isolated iliac (common iliac)
thrombosis in 209 patients with DVT,25 while another
study of 237 patients found DVT in 56 and isolated iliac
DVT in three.26 These studies included all patients
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referred to a vascular laboratory with suspicion of DVT
and those referred for postoperative surveillance after
orthopedic surgery. However, it is known that pregnancy
and pelvic abnormalities such as cancer, trauma, and
recent surgery can also predispose to iliac thrombosis.27

The true incidence of isolated pelvic DVT in these sub-
groups is not known as duplex diagnosis of iliac throm-
bosis is often difficult and accuracy has not been
established.

The noninvasive laboratory has been particularly
useful in defining the natural history of DVT. Serial
studies have shown that at 3 months and 6 months of
follow-up following DVT, between 55% and 75% of ini-
tially occlusive thrombi were recanalized. 28,29 Thrombus
resolution occurs faster and more completely in situa-
tions of popliteal or calf thrombi. Long-term observations
have suggested a very low incidence of postthrombotic
syndrome sequelae (hyperpigmentation, lipoder-
matosclerosis, venous ulcer) in patients in whom anti-
coagulants and compression therapy have been used.
Follow-up studies have indicated a high mortality (14%)
and rate of recurrence (24%) in patients with DVT.

Subclavian Axillary Venous Thrombosis

Another special circumstance in the general category of
DVT is subclavian axillary vein thrombosis. The descrip-
tive terms primary, spontaneous, idiopathic, effort, and
traumatic have all been used to describe this condition
(Figure 40–1). It is recognized that strenuous upper body

activity as well as resting arm position are predisposing
factors, as are anatomic abnormalities that produce
venous compression in the thoracic outlet (Figure 40–2).
Local intravascular conditions, including chemical irrita-
tion from intravenous fluids or traumatic catheterization
as well as pacemaker wires, all induce occlusion of the
subclavian axillary axis.

In contrast to the lower extremity, in which duplex
Doppler ultrasonography is dominant, invasive phlebog-
raphy is widely used in subclavian axillary venous throm-
bosis. Nevertheless, duplex ultrasonography remains
useful. It is safe, reliable, and may be repeated. Unfortu-
nately, duplex ultrasonography has its limitations because
of acoustic shadowing from the clavicle. This reveals a
blind spot exactly in the area that may be the nidus for
thrombosis. Furthermore, the presence of large collateral
vessels can make interpretation of the scan difficult. It is
generally accepted that a positive Doppler ultrasound
scan is definitive but a negative scan may call for manda-
tory phlebography.30

While radiologic catheterization of the thrombosed
axillary subclavian vein is traumatic and invasive, the
technique does allow fragmentation of the thrombus and
installation of local lytic agents. Lytic agent treatment of
spontaneous axillary subclavian venous thrombosis has
been shown to be more efficient and efficacious than anti-
coagulant treatment31,32 and, while it is expensive, its pre-
vention of disability is believed to be worth the additional
cost.

Figure 40–1. Axillary phlebogram with the arm in a provoca-
tive hyperabducted position. Note the apparent occlusion of the
axillary vein beneath the clavicle and also the profuse network
of collateral veins that has developed to counteract the physio-
logic effects of the subclavian venous obstruction.Also note the
competent valves in veins in the axilla that prevent retrograde
flow of contrast medium.

Figure 40–2. The structures that will be visualized in imaging
the thoracic outlet. Note that the subclavian vein lies anterior
to the scalenus anticus muscle and that muscle separates the
subclavian vein from the subclavian artery. The cephalic vein is
seen entering the subclavian vein and the brachial and basilica
veins are illustrated.
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Duplex examination of the upper extremity is done by
the vascular technologist to visualize the veins and deter-
mine their function. Commonly, patients are referred
because of arm pain, swelling, and inflammation. Occa-
sionally, the indication for the upper extremity study is a
pulmonary embolus.

While there are no contraindications to the procedure,
it may be difficult to perform if the patient is confused or
uncooperative. Other limitations of the procedure are
grossly obese patients or those with massively swollen
upper extremities.

The investigation is done with ultrasound technology
with pulsed Doppler capability. A generous supply of
aquasonic gel and towels is necessary. The examination
can be done on the examining table or at the bedside but
a VHS, professional-grade videotape should also be on
hand. A history should be obtained from the patient or
family members and this should focus on the acute
problem. The procedure should be explained to the
patient and there should be time for the patient to ask
questions. Best images are obtained with a 5–7.5MHz
phased-array probe. The patient should be placed in a
comfortable position with the head up and the arm posi-
tioned outward to prevent costoclavicular occlusion of
the subclavian vein.

The best images should be obtained by adjusting the
grayscale and samples should be obtained at a 60° angle
to the vein. The volume control should be adjusted to
make the sound comfortable. Testing should include a
longitudinal as well as a transverse view of the structures.
The examination should start with the subclavian vein
located just beneath the clavicle. The vein should be
examined both above and below the clavicle and then the
examination should proceed distally along the axillary
vein followed by examination of the brachial vein. The
cephalic vein should be located and followed along the
medial aspect of the upper forearm. The basilic vein
should be located in the upper portion of the arm medial
to the cephalic vein. In all of the named veins, it is nec-
essary to obtain a Doppler signal and augment flow
looking for signs of distention of the vessel walls.

Primary Venous Insufficiency

An enormous variety of testing modalities have been
employed in the evaluation of patients and limbs with
primary venous insufficiency. As a result of this, it is nec-
essary to make some broad generalizations about their
use in present-day vascular laboratories.

Primary venous insufficiency includes telangiectasias
or spider web veins, reticular flat blue-green varicosities,
and varicose veins as a single entity. However, the use of
diagnostic testing is different for each of these entities.
Clinical examination is always used in evaluating limbs

with primary venous insufficiency and each clinician is
quite confident of his or her diagnostic abilities. Yet,
objective testing of the clinician against the vascular lab-
oratory shows that the vascular laboratory is much more
accurate.33 An attempt has been made to classify condi-
tions of venous dysfunction (Table 40–4). Using this clas-
sification in reporting may clarify the condition that is
being studied.

Most clinicians believe that patients with primary vari-
cose veins can be adequately assessed by clinical exami-
nation aided by hand-held Doppler ultrasound. Most
would agree that patients with only telangiectasias can be
assessed clinically without recourse to other noninvasive
methods. However, when ultrasound is added to the clin-
ical examination for telangiectasias, a number of reflux
sites and perforating veins can be identified that would
otherwise be invisible.

Varicose veins require use of Doppler testing before
planning therapy. Axial reflux in saphenous veins will
dictate the need for surgical intervention. Absence of
such reflux allows treatment by sclerotherapy.

A generalization can be made about physiologic
testing.The majority of these techniques, including strain-
gauge plethysmography, photoplethysmography, foot vol-
umetry, and isotope plethysmography, provide an overall
function of the calf muscle pump. This is similar to the
direct measurement of foot vein pressure and there is a
close correlation between venous pressure and venous
volume testing. Many investigators add the obstruction 
of superficial veins by a vein-occluding tourniquet as a
routine part of the investigation. However, others have
challenged this concept and have shown that the appli-
cation of a tourniquet is notoriously inaccurate. It should
be added that the vascular laboratory can help immea-
surably in determining whether visible varicose veins are
the cause of a patient’s symptoms.

Interested physicians have come to rely on standing
duplex scanning in the assessment of venous reflux.34

Gradually, in institutions interested in treating venous
disorders, such reflux testing has become routine. Expe-
rienced clinicians believe that the duplex examination
adds to their assessment of the patient and frequently

Talbe 40–4. New clinical classification of venous disease.a

Class 0 No visible or palpable signs of venous disease
Class 1 Telangiectasias or reticular veins
Class 2 Varicose veins
Class 3 Edema
Class 4 Skin changes (pigmentation, eczema, lipodermatosclerosis)
Class 5 Skin changes with healed ulcer
Class 6 Skin changes with active ulceration

aModified from Porter JM, Moneta GI. International Consensus Com-
mittee on Chronic Venous Disease. Reporting standards in venous
disease: An update. J Vasc Surg 1995;21:635–645.
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refutes their clinical impressions. Of particular impor-
tance is the detection of the nonsaphenous origin of
reflux in the femoral area. In such situations, the saphe-
nous vein may be spared during surgical removal of
refluxing veins.

While the territory of the greater saphenous vein is
responsible for varicose veins in the vast majority of
patients with primary venous insufficiency, in fact, the
saphenofemoral junction is found to be competent in
30% of limbs.35 When this is true, attention can be
directed to the varicosities themselves and not to the
junction; thus portions of the saphenous vein are 
preserved.

Doubt has been raised about the actual involvement of
the saphenous vein in varicosities and, because of specific
findings on ultrasound evaluation,36 the answer is not yet
final. Involvement of the lesser saphenous vein in vari-
cose vein disease occurs in 15–20% of limbs.

Of particular importance to the vascular laboratory is
the evaluation of limbs with recurrent varicose veins.
Studies have shown that duplex scanning is an important
adjunct to management of recurrent varicose veins.37 It
defines the pathways of incompetence and shows that 
the saphenofemoral junction and retained long saphe-
nous vein are the key to the treatment of recurrent 
varicosities.38,39

Chronic Venous Insufficiency

DVT may permanently damage the affected vein seg-
ment. The thrombotic obstruction may recanalize and
restore normal flow or the recanalization may produce an
irregular surface that impedes flow. This leads to the
opening of venous collaterals around the obstruction.
Such collaterals are usually so extensive that physiologic
tests of venous function are unable to detect the anatomic
obstruction. Furthermore, intrinsic damage by thrombus
to the venous valves produces shortening, thickening, and
scarring that absolutely preclude normal functioning.
Thus, the postthrombotic venous segment can be
expected to reflux and may also obstruct. In addition to
reflux through the damaged venous valves, the collateral
vessels formed around the obstruction will dilate, their
valves will fail, and this adds to the reflux.

Reflux, or flow away from the heart, does not occur in
every venous segment subjected to thrombosis. Never-
theless, a sufficient number will be affected. The inter-
ested physician expects venous dysfunction after every
episode of DVT.

In severe chronic venous insufficiency, lower extremity
skin changes of hyperpigmentation, induration, and
ulceration occur. The induration is commonly referred to
as lipodermatosclerosis. In the past, such skin changes
were referred to as postthrombotic, and the limb con-

taining these changes was referred to as the postthrom-
botic or postphlebitic limb. Gradually, it became known
that the stigmata of the postthrombotic limb also appears
in limbs without any episode of previous DVT. Now, the
terms postphlebitic and postthrombotic are relatively
obsolete and have been replaced by the term chronic
venous insufficiency (CVI). This is important because the
terms postphlebitic and postthrombotic have a con-
notation of hopelessness or inevitability.Very little can be
done with a partially obstructed, valveless venous
segment. In contrast, the term CVI connotes the possi-
bility of surgical repair. If the refluxing segments can be
removed or repaired, the severe condition of CVI may be
ameliorated. It is testing in the noninvasive laboratory
that will identify the venous segments that are dysfunc-
tioning and will define for the clinician the procedures
that will benefit the patient. Thus, the noninvasive evalu-
ation of a limb with venous dysfunction will allow proper
prescription of treatment. Examinations relevant to this
are those that identify reflux, those that indicate obstruc-
tion, and those that localize perforating vein outflow.

Reflux

While most acute venous problems are concerned 
with obstruction by thrombosis, most chronic venous
problems are caused by reflux. Reflux is defined as the ret-
rograde flow of blood in veins of the lower extremity
caused by absent or incompetent valves. The result is
venous hypertension, which is attributable to one of three
possible mechanisms: (1) The column of blood is not inter-
rupted by functioning valves between the right atrium and
the veins of the lower extremities. This allows full pres-
sure of gravitational, hydrostatic forces to be exerted on
the vein walls. (2) The calf muscle pump mechanism
becomes ineffective. Ejection of blood from the limb by
muscular compression of deep veins is inadequate and
residual venous volume is increased. (3) Perforating veins,
including calf perforators and the saphenofemoral or
saphenopopliteal junctions, fail to function, allowing
venous blood to flow outward and distally rather than
inward and proximally. This failure of check valves in calf
perforating veins allows high pressures (up to 250mm Hg)
generated by muscular contraction to be transmitted
directly to the unsupported superficial veins. The result-
ant venous hypertension causes symptoms of heaviness,
aching, and fatigue as well as findings of edema and
dilated veins (varicosities and telangiectasias). In some
limbs, venous hypertension is associated with skin pig-
mentation, lipodermatosclerosis, and/or ulceration. In
such situations, axial and/or perforating vein reflux is
common and is associated with the cutaneous changes.

Uncomplicated venous reflux is common. By age 20
years, 20% of the population may have some reflux,
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Perforating Veins and Chronic Venous
Insufficiency

Because of increased emphasis on bidirectional flow in
perforating veins and the relationship of perforating veins
to the severe changes of CVI, the vascular laboratory has
been increasingly employed to detect these vessels. Con-
ventional wisdom holds that deep venous insufficiency is
an important part of severe CVI and that outflow through
perforating veins may be related to the skin changes.44

Duplex imaging of perforating veins appears to be more
effective than phlebography in detecting outward flow
through the perforators.45 However, both positive and
negative findings have occurred when duplex evaluation
was compared with direct surgical assessment.46 Surgeons
interested in treating severe CVI agree that a duplex
examination is of value and that if a perforating vein is
found on duplex, it probably will be found at surgery.
However, surgeons will acknowledge that approximately
20% of existing perforating veins found at surgery are not
seen by duplex examination. Other methods of detecting
perforating veins include fluorescein testing as well as
radionuclide scanning.47,48 Thermography is another
method that has been attempted.49

Duplex reflux study is recommended for all limbs with
severe CVI. A search for perforating veins on the medial
and lateral aspects of the limb should always be added to
this examination. Even though limbs with severe CVI
have a large component of superficial reflux as a cause of
the cutaneous stigmata, the perforating veins are usually
associated with the areas of lipodermatosclerosis or
ulceration. These may be the target of surgical interven-
tion. Therefore, perforating veins should be identified,
located, and measured from the sole of the heel to guide
surgeons and aid their discovery at the time of operation.
Today, most operations for severe CVI consist of correc-
tion of all the superficial venous reflux as well as inter-
ruption of the perforating veins.

Pulmonary Embolism

About 90% of pulmonary emboli arise from DVT of the
lower extremities and pelvis; the rest originate from the
upper extremities, heart, or pulmonary arteries. While in
most patients with established pulmonary embolism,
diagnosis of DVT may be confirmed by noninvasive
testing or venography, only about 30% will present with
clinical manifestations of venous thrombosis. In the
appropriate clinical setting, suspicion usually is aroused
by the sudden onset of chest pain, dyspnea, hemoptysis,
and low PO2. These findings, however, have almost no
predictive value. Tachycardia, tachypnea, and low PCO2

are perhaps slightly more indicative of pulmonary

although they may not have varicosities.40 The valves of
varicose veins are always incompetent. Following DVT,
valve damage is common and reflux can be detected in
approximately half the veins that were thrombosed.41

Although it is easy to define reflux and appreciate 
its importance, as yet there is no universally accepted
standard of diagnosis. Various tests may be invasive or
noninvasive. Of the invasive tests, ambulatory venous
pressure was an historic “gold standard.” However, this
test is a global measure of limb reflux. Pressures obtained
in various categories of severity of venous stasis may be
identical.

Pressures obtained do not aid in planning therapy nor
do they correlate closely with stages of venous insuffi-
ciency. Descending phlebography is often used clinically
to confirm and grade venous reflux, but this is occasion-
ally inaccurate because of seepage of relatively high-
density radiographic contrast media through competent
valves.

The vascular laboratory has made a monumental con-
tribution to the understanding of CVI.41 Because of the
influence of the noninvasive laboratory, it is known that
the severe skin changes of CVI are not always due to post-
thrombotic deep venous reflux. Recent studies show that
extensive deep venous reflux is actually not dominant in
CVI and superficial venous reflux is frequently present in
limbs with the complications of severe CVI. In particular,
the finding of a high prevalence of superficial venous
incompetence in such limbs leads to more aggressive sur-
gical management and even cure of the condition.42

While surgeons have been encouraged to correct
superficial reflux in treatment of severe CVI, others are
influenced by teaching that excision of secondary vari-
cosities following DVT is contraindicated. It has been
feared that stripping of the saphenous vein and its varices
in the presence of deep venous obstruction would lead to
worsening of the obstructive condition. This might even
cause catastrophic venous congestion, jeopardizing the
viability of the entire limb. Many surgeons, even today,
believe that confirmation of deep venous patency is
essential to the preoperative investigation before strip-
ping of the saphenous vein. This is the basis for per-
forming phlebography or duplex ultrasonography to
determine patency prior to saphenectomy. However,
more recent studies have shown that even in conditions
of severe venous obstruction, the results of saphenectomy
are very good in limbs with severe CVI.43 Saphenectomy
may, in fact, be strongly indicated in patients with true
postthrombotic syndrome who still have a mixture of
venous obstruction and venous reflux. The procedure of
saphenectomy is well tolerated and is without adverse
sequelae in the true postthrombotic limb. Removing the
reflux parameters improves limb functioning and cuta-
neous abnormalities without jeopardizing the limb in 
any way.43
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19. Heijboer H, Büller HR, Lensing AWA, Turpie AGG,
Colly LP, Wouter ten Cate J. A comparison of real-
time compression ultrasonography with impedance
plethysmography for the diagnosis of deep vein thrombo-
sis in symptomatic outpatients. N Engl J Med 1993;329:
l365–1369.

20. Barloon TJ, Bergus GR, Seabold JE. Diagnostic imaging of
lower limb deep venous thrombosis. Am Family Physician
1997;56:791–801.

21. Rotert EM, Basarich JR, Nashelsky J. Treatment of calf
deep venous thrombosis. Am Fam Physician 2005;71:
2157–2158.

22. Lohr JM, James Ky, Deshmukh RM, Hasselfeld KA. Calf
vein thrombi are not a benign finding. Am J Surg 1995;170:
86–90.

embolism. Electrocardiographic tracings may be sugges-
tive, but are not diagnostic; their main value is in ruling
out myocardial infarction. Unfortunately, there are no
reliable typical chest film findings that are diagnostic of
pulmonary embolism. The information provided by the
chest film, electrocardiogram (ECG), and blood gases is
nevertheless helpful in the differential diagnosis, in
assessing the general condition of the patient, and in
determining the extent of pathophysiologic changes sec-
ondary to embolism. With the availability of pulmonary
perfusion and ventilation scanning as well as pulmonary
angiography, it is possible to diagnose pulmonary em-
bolism with great accuracy.

The patient thought to have pulmonary embolism
should have a preliminary chest film, an ECG, blood gas
determinations, and noninvasive venous testing of the
lower extremities (duplex ultrasound). These tests are to
be followed by perfusion and ventilation lung scanning.
If the clinical setting is appropriate, the patient may be
started on heparin sodium while these tests are being
done. If the scan is normal, pulmonary embolism may be
safely excluded, heparinization discontinued, and the
search for other pathologic changes made. If the perfu-
sion scan shows defects and the ventilation scan is
normal, or if both scans are abnormal and mismatched,
pulmonary embolism is a highly probably diagnosis, and
the patient should be treated for it. If both scans are
abnormal and the defects are matched, the findings are
suggestive, but not diagnostic of pulmonary embolism.
However, if, in addition to these findings, the noninvasive
venous testing of the lower extremities is positive for
DVT, the diagnosis of pulmonary embolism is highly
probable, and the patient should be treated for it. If non-
invasive studies of the lower extremities are negative for
DVT, it is necessary to proceed with pulmonary angiog-
raphy, which, if positive, confirms the diagnosis of pul-
monary embolism. If the pulmonary angiogram is
negative, however, then pulmonary embolism is ruled
out.
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Section VI
Deep Abdominal Doppler



Introduction

The widespread availability of duplex Doppler instru-
ments that combine high-quality ultrasound imaging with
spectral and color pulsed Doppler at ultrasonic frequen-
cies suitable for abdominal scanning has brought several
exciting new areas of clinical diagnosis into view. These
include the assessment of blood flow in the vasculature
of the liver and splanchnic veins in a variety of pathologic
conditions. It has become apparent that there are numer-
ous circumstances in which the addition of information
related to blood flow can complement the role of con-
ventional abdominal ultrasound imaging.1,2 The Doppler
sonographer of the abdomen must therefore be capable
of interpreting the Doppler spectrum under a relatively
wide range of hemodynamic circumstances: it is perhaps
because of the varied objectives of the Doppler tech-
nique in the abdomen that there are so few firm guide-
lines for its use. A critical appreciation of the basic
principles and limitations of the Doppler method applied
to the splanchnic circulation is an essential prerequisite
for its successful clinical use.

Instrumentation

The basic instrument for the deep Doppler examination
is the duplex scanner.3 As in peripheral vascular work, the
ultrasound image serves as a guide for the location of 
the Doppler sample volume. In contrast to peripheral
vascular applications, however, Doppler signals in the
abdomen are frequently elicited from vessels that are tor-
tuous, far from the transducer, and difficult to visualize
throughout their entire course with grayscale sonogra-
phy. The image must be relied upon to demonstrate the
appropriate anatomic area for the positioning of the
Doppler sample volume or the color region of interest.
High-quality, real-time ultrasound imaging is therefore

essential and this is usually achieved by means of dynam-
ically focused arrays. Among these, the annular array
(mechanically steered) sector scanner and the phased
array (electronically steered) sector scanner are two of
the most popular configurations for abdominal duplex
scanning, although only the latter offers color Doppler
(Figure 41–1). In patients in whom a larger acoustic
window is available, curvilinear or even linear arrays can
be used. In spite of the popularity of such systems that
combine abdominal imaging and Doppler in a single
probe, the optimum conditions for imaging and Doppler
rarely coincide, forcing compromise in scanner and probe
design. One example is the choice of transducer fre-
quency. The intensity of the echo scattered by red blood
cells moving in a vessel increases with the fourth power
of the ultrasound frequency.Thus, doubling the ultrasonic
frequency results in an echo from blood that is 16 times
stronger. This is responsible for a dramatic difference in
performance between Doppler instruments detecting
blood flow using different ultrasonic frequencies. Of
course, attenuation in soft tissue also rises with frequency
and so offsets the advantage of the increased efficiency
of scattering at higher frequencies. The optimum ultra-
sonic frequency with which to perform a Doppler exam-
ination is an inevitable compromise based on the strength
of the echo from blood and the depth of the structure of
interest. This tends to force down the optimum Doppler
frequency for an abdominal scan to below that at which
the best images are obtained. In general, livers that will
be imaged at between 3 and 5MHz will need Doppler fre-
quencies of between 2 and 3MHz. Although most
modern arrays are capable of operating at a range of 
frequencies (indeed this is necessary to produce a good
image), such a bandwidth is inevitably at the expense of
Doppler sensitivity, a key determinant of Doppler per-
formance in deep organs.4 Many advances have been
made in recent years in transducer array design and fab-
rication, but many consider that the best pulsed Doppler
performance is still to be found using single element
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transducers, which, for the most part, do not produce sat-
isfactory images. The user must therefore be prepared to
change transducers between the imaging and Doppler
portion of a duplex examination.

Most duplex instruments that employ mechanically
moved beams permit selection of the Doppler site only
after the real-time image has been frozen and stored 
on the screen. Electronically steered systems, such as 
the phased sector, linear or curvilinear arrays, however,
employ beams that are sufficiently agile to allow image
scan lines to be acquired in rapid alternation with the
Doppler data.The result is the simultaneous presentation
of the Doppler spectrum and the real-time image. This
time-sharing (sometimes called “true duplex” scanning)
is the result of some compromise, in which either the
frame rate of the real-time image, the pulse-repetition
frequency of the Doppler system is reduced, or some
interpolation of the Doppler data is implemented during
spectral analysis. Though clearly useful in pinpointing a
particular vessel in a moving abdomen, the operator
should be aware that a price is being paid in performance
for the provision of simultaneous Doppler and imaging.
The “triplex” mode in which color Doppler and imaging
modes are shared with spectral Doppler is usually too
slow and noisy for use in the liver.

Color Doppler performance in the abdomen has
enjoyed dramatic enhancement in recent years. It should
be noted that the color Doppler method is inherently less

sensitive to the weaker echoes scattered from low
volumes of blood, so that it is possible that small quanti-
ties of flowing blood will be detected on duplex scanning
but not with color. In addition, the difficulty of rejecting
Doppler shifts from moving solid tissue within an image
usually forces a higher minimum detectable Doppler shift
frequency in a color system. As a result, slow flow—of
which there is much in the splanchnic circulation—is
detected less easily with a color system than with a duplex
scanner. For these reasons, the role of color may be as a
real-time tool with which to survey the image for flow,
and that of the spectral Doppler to obtain the final
Doppler signal for clinical interpretation, including
identification of the vessel and its flow characteristics.

Technique

The Doppler examination of deep-lying vessels can be
technically demanding. Like all Doppler procedures, sat-
isfactory results rely to a great extent on the coordina-
tion of hand, eye, and ear, and the experience of the
operator. The nature of Doppler examination in the
abdomen involves some considerations that may be new
to the peripheral vascular sonographer.The vessels exam-
ined are deep and tortuous and often partly hidden by
bowel gas, and flow within them is often of low velocity.
These characteristics necessitate sensitive instruments,
low transducer frequency, and low wall filters and pulse
repetition frequency. If duplex scanning is being used to
estimate flow velocity, the beam–vessel angle must be less
than 60° and it must be measured. Doppler access to
abdominal vessels is then confined to those scan planes
that contain the vessel axis, a restriction that can cause
problems, where, for example, the vessel is tortuous or
there is overlying gas. Knowledge of vascular anatomy
and flow physiology is essential.

Many of the problems associated with abdominal
Doppler examinations have their origin in the relatively
poor signal-to-noise ratio of the Doppler signals. The
backscattered echo from moving blood is weak, and its
detection is confounded by the simultaneous presence of
clutter from the moving solid structures of the abdomen.
Clutter comprises high-amplitude, low Doppler shift
intrusions in the signal that have their origin in moving
solid tissue within the sample volume.5 Such tissue might
be the wall of the vessel or surrounding structures expe-
riencing transmitted cardiac or respiratory motion.As the
echoes, and hence the Doppler signal, from these struc-
tures are many times stronger than those from moving
blood, the Doppler detector can be overwhelmed by their
presence in the signal. In spectral mode, a low-frequency
“thump,” heard at the beginning of systole, followed by
distortion of the Doppler spectrum, is a common sign of
clutter of cardiac origin. As the frequency of the Doppler

A B
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Figure 41–1. Four common configurations of duplex color
systems for use in the liver. The duplex sample volume and the
color region of interest (where applicable) are shown. (A) The
mechanical sector scanner. (B) The electronically steered sector
scanner. (C) The linear array with electronically steered
Doppler beam. (D) The curvilinear (or convex) array.
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shifts produced by these motions is quite low, clutter can
be eliminated by use of the high-pass filter. However,
caution should be exercised when small vessels are being
interrogated or when it is necessary to demonstrate or
exclude diastolic flow velocities, as these may be obliter-
ated by too high a filter setting. In color mode, a flash
from solid tissue obliterates the color associated with vas-
cular flow, forcing the operator to raise the filter, the
pulse-repetition frequency, or to engage tissue-motion
suppression software that can itself be responsible for
additional artifacts.6

Shorter ultrasound path lengths to deep organs and
vessels mean not only that there is less attenuation, but
higher frequencies can be used. This has the simultane-
ous effect of increasing the backscatter cross section of
blood, giving a stronger echo, and increasing the Doppler
shift frequencies, so lowering the threshold velocity for
the detection of slow flow. The advent of Doppler
endosonography has made the largest contribution to the
effort to gain closer access to the abdominal and pelvic
structures. Although transesophageal, transrectal, trans-
vaginal, endovascular, and endoluminal Doppler are in
their infancy, color and duplex systems are already
becoming available and it is reasonable to expect that the
improved acoustic access they afford to deep structures
will continue to be exploited for Doppler studies.

Interpreting the Doppler Spectrum

Spectral Content

A comparison of normal Doppler signals obtained from
the major vessels associated with the liver (Figure 41–2)
reveals a variety of waveform and spectral patterns. Each
of these features has its origin in the hemodynamic con-
ditions pertaining to that vessel. In interpreting this “flow
signature” of a specific vessel’s signal it is important to
appreciate the major factors that influence its form. Thus,
while the waveform shape (that is, the variation of the
maximum Doppler shift frequency over the cardiac cycle)
can yield information about the vascular impedance
distal to the point of measurement, the content of the
spectrum reflects aspects of the local flow characteristics,
for example, whether the flow is laminar or disturbed, and
whether the velocity profile is flat, blunted, or parabolic.
Deviations from these appearances are seen to occur with
stenosis, as they do in the large peripheral vessels.
However, because the normal, laminar flow signal from
vessels such as the hepatic artery contains a range of
velocities, spectral broadening of itself cannot be taken
as a sign of stenosis in smaller, deep-lying vessels. The
diagnosis of stenosis in the abdominal arteries therefore
relies on the detection of abnormally high velocities,
rather than of spectral broadening.

Presence of Flow

Determining whether flow is present is one of the sim-
plest but perhaps most useful applications of Doppler. It
may be used to exclude occlusion by thrombosis, or to
determine the point of occlusion of a limb vessel during
a pressure measurement. It can also be used to differen-
tiate vessels from nonvascular structures that have a
similar appearance on the image. An example is the 
differentiation of suspected biliary tract dilation from 
an enlarged hepatic artery or from portal venous 
radicals. The recognition of splenic or hepatic arterial
aneurysms and their differentiation from cysts is another 
application.

Confirming the absence of flow is, by its nature, a little
more difficult. It is necessary to be certain that the lack
of Doppler signal is a consequence of lack of flow,
rather than the acoustic or receiver performance param-
eters of the system. It is prudent to check that normal
flow signals can be detected with the same machine set-
tings from comparable structures at comparable depths
before concluding that flow is absent at a particular 
location.

Direction of Flow

The direction of flow is usually of diagnostic value when
an occlusion has produced collateral channels whose flow
direction is unusual. This is particularly useful in the

A B

C D

E F

Figure 41–2. Time–velocity spectra in (A) right hepatic vein;
(B) parenchymal signal; (C) inferior vena cava; (D) proper
hepatic artery; (E) portal vein; (f) hepatic artery. (Reproduced
with permission from Taylor K, et al. Blood flow in deep abdom-
inal and pelvic vessels: Ultrasonic pulsed Doppler analysis.
Radiology 1985;154:487–493.)



434 P.N. Burns et al.

investigation of patients with suspected portal venous
hypertension. The directional resolution of the Doppler
system is best when the beam–vessel angle is relatively
small and the signal lies in the middle of the dynamic
range of the receiver. If a mirror image of the signal is
seen in the reverse-flow sideband of the display, care
should be taken with the adjustment of angle and
receiver gain so as to obtain a trace showing an unam-
biguous direction.

Identification of Characteristic Flow

It is apparent that normal flow in various parts of the
splanchnic circulation shows distinct characteristics
according to location. Those characteristics of waveform
shape and spectral distribution are often consequences of
hemodynamic factors unique to each vessel. These allow
the identification of the origin of a flow signal from the
spectral display (and the aural quality of the sound) alone
and are particularly useful in circumstances where the
image may be ambivalent. Examples are the Doppler
“signatures” of the hepatic arterial, portal venous, and
hepatic venous structures, which are quite distinct from
each other and from that of the biliary tree.

The Role of Doppler in the Study of
the Liver

Although angiography is still the gold standard for the
investigation of the splanchnic venous system, the roles
of computed tomography (CT) and magnetic resonance
imaging (MRI) are expanding. The Doppler method
coupled with real-time imaging is a relatively new non-
invasive method of investigating the liver vasculature and
the splanchnic veins. Doppler technology is also evolving
rapidly and with it the anatomic and physiologic infor-
mation that can be gleaned from a vessel and the blood
flowing within it. The sensitivity of Doppler machines to
the detection of slow flow and flow in vessels far removed
from the transducer is improving. Because Doppler
sonography is cheaper, faster, and more readily available
than CT, MRI, and angiography, it is rapidly becoming the
imaging method of choice for screening patients with
liver disease or portal hypertension.

Doppler ultrasound is an excellent complement to
splanchnic angiography: it can answer queries left by an
examination that is necessarily dependent on injection of
contrast medium, with or without pharmaceutic manipu-
lation. There sometimes are uncertainties about the
direction of flow or about whether a vessel is obstructed
or simply inaccessible to the contrast medium (such as in
the case of reversed flow in the portal vein). The Doppler
findings are a reliable indicator of the direction of flow

and assesses the splanchnic system in its physiologic state,
without the presence of contrast agent. Hepatic veins are
easily identified by ultrasound and their flow pattern and
direction by Doppler.They usually are not seen with arte-
rioportography, which outlines the major splanchnic
vessels, such as the splenic, mesenteric, and portal veins,
but leaves tiny vessels relatively unexplored. This is par-
ticularly true of the branches of the left portal vein, which
are seldom opacified. Arteriography has therefore added
relatively little to our understanding of the intrahepatic
portal circulation in health and disease. In contrast, each
segmental branch of the portal vein is usually accessible
to Doppler interrogation. Regional flow patterns and the
result of compression, obstruction, or reversal of flow, or
arteriovenous fistulas can be assessed. With angiography,
to-and-fro or bidirectional flow in a splanchnic vein is
difficult to perceive, whereas the Doppler examination
yields clear signals of to-and-fro flow motion both on
spectral display (a signal above and then below the base-
line) and with color (alternating red and blue regions). If
there is any doubt about the details of the examination
or if the patient’s condition changes, the Doppler exam-
ination can be repeated without danger.

These advantages are counterbalanced by certain
weaknesses, most of which follow those of real-time
sonography. The examination is operator dependent and
requires some training, not only in sonography but also
in the physics of the Doppler effect and in the normal
anatomy and physiology of the liver and splanchnic cir-
culation, both in health and in the presence of pathologic
conditions. Doppler sonography is subject to the same
physical laws as is real-time ultrasound, and it is wishful
thinking to expect a good Doppler examination in a
patient in whom a poor real-time sonogram has just been
obtained.7 The alcoholic patient with cirrhosis is often
obese, with abundant intestinal gas, ascites, or both. The
liver may be enlarged, with increased sound attenuation
caused by the cirrhosis. To penetrate all this tissue with a
real-time or Doppler beam may be a challenge to present
instrumentation.

In comparison with the more superficial peripheral
vessels, the splanchnic veins are at present more difficult
to examine with color Doppler. Although most portosys-
temic collateral veins are more readily traced with color
Doppler, the crux of the examination of the patient with
portal hypertension is still the domain of pulsed Doppler
with spectral display. The latter is more sensitive to the
low flow velocities in deep veins, especially when these
vessels are small. In addition, the influences of cardiac
and respiratory motion on flow direction are more easily
detected and understood. Most abdominal vessels have a
characteristic Doppler flow signature and the experi-
enced examiner can distinguish a splanchnic from a sys-
temic vein and can identify individual abdominal arteries
from their spectral display.
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The absence of a Doppler signal in a vessel can be a
dilemma: is it attributable to technical factors, poor sen-
sitivity of the machine, stagnant flow, or a thrombus?
When using a reliable machine with a Doppler beam–
vessel angle of less than 60° and low wall filter and pulse
repetition frequency, the absence of a Doppler signal
implies absence of flow or extremely slow flow. Even so,
the possibility always remains that flow is present but
remains undetected for technical reasons. The diagnosis
of the absence of flow should come, whenever possible,
from a positive sign, such as the detection of thrombus or
collaterals.

Quantitative analysis of splanchnic blood flow with
Doppler instrumentation is a fascinating possibility, as
physiologic flow as well as portal hypertension and the
response to various drugs could be studied more inten-
sively. However, because the technique depends critically
on exact measurements of vessel–beam angle and vessel
diameter, the technique is at present fraught with unac-
ceptable inaccuracies.8,9 Perhaps the arrival of Doppler
instrumentation capable of estimating flow volume
without measures of vessel–beam angle and vessel diam-
eter will solve these problems.

In the present state of the art, in spite of the above-
mentioned weaknesses, the Doppler examination of the
splanchnic circulation is valuable. If a noninvasive test
can answer questions such as whether the patient has
portal hypertension, where the obstruction to blood flow
is, and whether there are esophageal varices, it will indeed
prove a useful clinical tool.

Clinical Method

The aim of the Doppler examination of a patient with
liver disease is to assess the presence and direction of
flow in the splanchnic veins, the main portal vein and its
segmental intrahepatic branches, the hepatic veins, and
the inferior vena cava.10–12 In addition, the presence of
flow in the main hepatic artery and its intrahepatic
branches is determined (Figure 41–3). When the clinical
or basic Doppler examination raises the suspicion of
portal hypertension, a systematic search for portosys-
temic collateral veins follows. The usual sites for sponta-
neous portosystemic shunts are outlined in Figure 41–4.13

The lesser omentum14 (from the splenomesenteric junc-
tion to the esophagus); the renal, splenic, and hepatic hila;
as well as the pelvis are screened for the presence of
dilated, tortuous veins. Hepatofugal (reversed) flow in a
splanchnic vein can be followed to trace the vein to the
recipient systemic vessel.

The patient is usually examined after a 6- to 12-h fast.
Whenever possible, breathing is stopped during the
Doppler examination of a vessel so as to minimize its
movement. The usual Doppler frequency is 2 or 3MHz

even though the appropriate real-time frequency for the
examination may range from 3 to 7.5MHz.

Direction of flow in one or several veins comprising the
portal venous system may change in portal hypertension,
and it is essential to record the flow direction accurately.
It is therefore useful to check that orientation of the spec-
tral or color display is not inverted before starting the
examination. The Doppler sample volume should be
placed in the center of the vessel lumen. The angle
between the Doppler beam and the vessel should be kept
low whenever possible. If the direction of flow within a
vessel is difficult to ascertain, a nearby vessel with known
flow direction can be used as a reference, e.g., the splenic
or hepatic artery for their adjacent veins. When there is
disagreement between the flow direction discerned by
the Doppler examination and that seen by angiography,
it must be recalled that angiography is not a physiologic
examination and may in itself lead to local circulatory
changes. During the Doppler recording, a simultaneous
electrocardiogram (ECG) tracing may be useful for the
comprehension of certain flow fluctuations or pulsations
within the system.

The main portal vein and its right hepatic branches are
best studied through a right intercostal approach. Some-
times the superior mesenteric vein is also well seen from
this position. The left portal vein and three of its four
branches (the portal branch to the caudate lobe is rarely
seen) and the hepatic veins are best seen through an
oblique subcostal approach. The splenic vein is explored
through a transverse, and the superior mesenteric vein
through a sagittal anterior abdominal approach. The left
gastric vein usually ends near the splenoportal junction
and is best seen through a medioanterior abdominal
infrapancreatic approach. The inferior mesenteric vein
may be traced through an anterior, transverse, and longi-
tudinal approach, following the aorta downward from the
superior mesenteric artery origin.The inferior mesenteric
artery can be seen leaving the anterior surface of the
aorta and then lying to the left of the aorta. With a little
care, the inferior mesenteric artery can be identified and
Doppler flow patterns ascertained in over 90% of
persons.

Anatomy

The systematic examination of the liver and the determi-
nation of the precise location of a liver lesion presuppose
an imaging technique and a good knowledge of liver
anatomy.

Before discussing the Doppler examination of the
hepatic artery and portal vein and their intrahepatic
branches, a brief review of the segmental anatomy of the
liver is useful. Sonography has allowed us to explore the
liver in many places and trace the intrahepatic vessels and
their individual variations with a clarity not possible with
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Figure 41–3. Diagram of splanchnic veins (A) with correspon-
ding duplex scans (b, c). Lettered points on the diagram cor-
respond to areas examined during a routine Doppler
examination. The extrahepatic portal vein (A) is examined
through a right anterolateral intercostal approach: blood flows
toward the transducer (into the liver). Note the small angle
between the vessel axis and Doppler beam. The intrahepatic
portal vein signal (B, C) is found through a longitudinal para-
median subcostal approach. Flow fluctuates slightly with the
cardiac cycle. The right branch of the portal vein (D) is seen
from an oblique subcostal view, with normal flow toward the
transducer. The splenic vein can be seen in a transverse view
with the Doppler sample volume situated to the left (E) or right
(F) of the midline in the vessel’s retropancreatic portion. Gently

�

undulating flow is seen toward the liver. A dilated, tortuous left
gastric vein (G) is shown in a child with cirrhosis. The vein is
seen behind the left lobe of the liver (sagittal left paramedian
image). The Doppler sample volume within its lumen shows
venous flow directed anteriorly and superiorly toward the
esophagus. The superior mesenteric vein (H) is approached
from a right paramedian sagittal view. Flow modulation is syn-
chronous with wall pulsations from the adjacent superior
mesenteric artery. Flow is directed toward the Doppler sample
volume, superiorly into the liver. Tracing from a hepatic vein (I)
shows flow modulated by pulsations of the nearby right atrium.
(Reproduced with permission from Patriquin H, et al. Duplex
Doppler examination in portal hypertension: Technique and
anatomy. AJR 1987;149;71–76.)

Figure 41–4. Diagram of common portosystemic collateral
routes in portal hypertension. (Arrows indicate the direction of
hepatofugal flow in splanchnic veins and in systemic veins that
communicate with them.) Notation of vessels: SVC, superior
vena cava; IVC, inferior vena cava; SMV, superior mesenteric
vein; IMV, inferior mesenteric vein; HV, hemorrhoidal vein;
LGV, left gonadal vein. Notation of routes: 1, esophageal
varices: left and short gastric veins communicate with inferior
esophageal and azygos veins; 2, caput medusae: paraumbilical
veins join veins of the anterior abdominal (or thoracic) wall; 3,
splenorenal shunt; 4, IMV: hemorrhoidal vein anastomoses; 5,
splenoretroperitoneal shunts: both SMV and IMV may form
shunts in the retroperitoneum or pelvis and anastomose with
gonadal or retroperitoneal veins.

CT or MRI. Despite these possibilities, the anatomy of
the liver remains poorly understood by many sonogra-
phers; in addition, the nomenclature and definition of
segments differ between Europe and North America.

The following simple sonographic approach to the seg-
mental anatomy of the liver is based upon the nomen-
clature of the French surgeon, Claude Couinaud.4 It is
predicated on the distribution of the portal and hepatic
veins. Each segment has a branch (or a group of

branches) of the portal vein at its center and a hepatic
vein at its periphery. Each lobe of the liver contains four
segments. The segments are numbered counterclockwise:
1–4 in the left lobe and 5–8 in the right. Segment 1 is the
caudate or Spigel lobe. The right and left lobes are sepa-
rated by the main hepatic fissure, a line connecting the
gallbladder and the left side of the inferior vena cava
(IVC) (Figure 41–5).5 The segmental branches of the
portal vein (each one of which leads into a segment) can
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be outlined in the form of two “H”s turned sideways, one
for the left lobe (segments 1–4) and one for the right lobe
(segments 5–8) (Figure 41–5).

Portal Veins

Left Lobe

The “H” for the left lobe is visualized with an oblique,
upwardly tilted subxiphoid view. The “H” is formed by
the left portal vein, the branch entering segment 2, the
umbilical portion of the left portal vein, and the branches
to segments 3 and 4 (Figure 41–5).To this recumbent “H”
are attached two ligaments: the ligamentum venosum
(also called the lesser omentum or the hepatogastric lig-
ament) and the falciform ligament. The ligamentum
venosum separates segment 1 from segment 2. The falci-
form ligament is seen between the umbilical portion of
the left portal vein4 and the outer surface of the liver; it
separates segment 3 from segment 4.

Segment 1 (the caudate lobe) is bordered posteriorly
by the IVC, laterally by the ligamentum venosum, and
anteriorly by the left portal vein (Figure 41–5). Unlike the
other segments of the liver, it may receive branches of the
left and right portal veins. The portal veins to segment 1
are usually small and rarely seen sonographically. The
caudate lobe has one or more hepatic veins that drain
directly into the IVC, separately from the three main
hepatic veins.6,7 This special vascularization is a distinc-
tive characteristic of segment 1. The portal vein leading
to segment 2 is a linear continuation of the left portal
vein, completing the lower horizontal limb of the “H.”
Segmental branches to segments 3 and 4 form the other
horizontal limb. Segments 2 and 3 are thus located to the
left of the umbilical portion of the left portal vein, the lig-
amentum venosum, and the falciform ligament. Segment

4 (the quadrate lobe) is situated around the right ante-
rior limb of the portal venous “H,” to the right of the
umbilical portion of the left portal vein and the falciform
ligament. Segment 4 is separated from segments 5 and 8
by the middle hepatic vein and by the main fissure (a line
between the neck of the gallbladder and the right portal
vein).8 It is separated from segment 1 by the left portal
vein.

Right Lobe

The right portal vein and its branches are best seen with a
sagittal or oblique midaxillary intercostal approach. In
some subjects, a subcostal approach is also useful. The
right portal vein follows an oblique or vertical course,
directed anteriorly. The branches leading to the segments
of the right lobe of the liver are also distributed in the
shape of a sideways “H.” The right portal vein forms the
crossbar of the “H.”The branches to segments 5 and 8 form
the upper limb of the “H,” while the branches to segments
6 and 7 form its lower portion. The branches of segments
6 and 7 are more obliquely oriented, and the transducer
should be rotated slightly upward for segment 7 and down-
ward in the direction of the right kidney for segment 6.

The middle hepatic vein separates segments 5 and 8
from segment 4.The right hepatic vein separates the ante-
riorly situated segments 5 and 8 from the more posteri-
orly situated segments 6 and 7. Segment 5 is bordered
medially by the gallbladder and the middle hepatic vein,
and inferiorly by the right hepatic vein. The right portal
vein separates segment 5 from segment 8 (Figure 41–5).
Segment 8 is separated from segment 7 by the right
hepatic vein, from segment 5 by the main right portal
vein, and from segment 4 by the middle hepatic vein. Seg-
ments 6 and 7 are separated from segments 5 and 8 by
the right hepatic vein. Segment 6 is the part of the liver
closest to the kidney; its lateral border is the ribcage.
Segment 7 is separated from segment 8 by the right
hepatic vein and is bordered laterally and cephalad by the
rib cage and the dome of the diaphragm.

Hepatic Veins

When seen with an oblique coronal subxiphoid view, the
three hepatic veins form a “W,” with its base on the IVC.
The left and middle hepatic veins join the left anterior
part of the IVC (Figure 41–5). The hepatic veins separate
the following segments: the left hepatic vein separates
segment 2 from segment 3; the middle hepatic vein sep-
arates segment 4 from segments 5 and 8; and the right
hepatic vein separates segments 5 and 8 from segments 6
and 7.With the oblique coronal subxiphoid view, the right
portal vein is seen en face, which helps to separate the
superficial segment 5 from the more deeply situated
segment 8.

Figure 41–5. Segmental anatomy of the liver. Relationship of
portal and hepatic veins to the segments.
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Hepatic Artery

The various possible origins of the hepatic artery are
sometimes difficult to recognize; we usually look for the
artery at its usual origin from the celiac axis and also as
it passes between the portal vein and the main bile duct.
When the left hepatic artery arises from the left gastric
artery, it passes through the ligamentum venosum. The
intrahepatic arterial branches accompany branches of the
portal vein and can be detected with a slightly enlarged
Doppler sample volume placed over a portal venous
branch, even if the arterial branch cannot be seen with
real-time ultrasound (Figure 41–3). Flow in the arteries
to the right lobe of the liver (especially segments 5, 7, and
8) and to the left portal vein (umbilical portion, coursing
toward the round ligament) is usually easily identified in
this manner.

Normal Doppler Patterns

Figures 41–2 and 41–3 show normal spectral waveforms
from the liver. The portal vein and its intrahepatic
branches, the superior mesenteric and splenic veins, have
a similar, rather steady flow directed toward the liver
(Figure 41–3E).10 There are small pulsations that mirror
the cardiac cycle. After a meal, flow increases. The portal
vein and hepatic artery appear to act in consort to nourish
the liver. Changes in flow volumes in one affect the other.
After a meal, portal venous flow increases in response to
intestinal vasodilations and hepatic arterial flow dimin-
ishes, probably by vasoconstriction. Diastolic flow is
decreased and systolic peaks are lower, when measured at
the same sites in the same person.15–17 Arterial signals
within the liver may be difficult to find after a meal. This
can be particularly disturbing in the posttransplant period
where a false diagnosis of thrombosis may be made. The
hepatic veins and IVC usually show three phases of flow:
the first two, toward the heart,are reflections of right atrial
and ventricular diastole. The third, a short spurt of
reversed blood flow, accompanies atrial systole (the p-
wave of the ECG) (Figure 41–2a). During expiration, flow
velocity in the IVC generally increases. The normal
hepatic artery is in a low-resistance system similar to the
renal arteries: there is continuous flow throughout dias-
tole (Figure 41–2f). Velocity decreases at the end of
systole, but it never reaches zero or flow reversal.

Abnormal Flow Patterns Within the
Portal System

Absent Doppler Signal

Proof of the absence of a Doppler signal is much more
difficult to establish than its presence.When the examiner

fails to obtain a Doppler signal from a given vessel, the
usual response is to doubt the sensitivity of the machine
and thus to test other nearby vessels. Failure to obtain a
Doppler signal from a portal vein examined at an angle of
less than 60° with a 3-MHz transducer, full Doppler gain,
low pulse repetition frequency, and a 50-Hz wall filter
means that blood is flowing at a velocity of less than 2.5
cm/s.This is extremely slow.Thus the absence of a Doppler
signal in this situation generally means the absence of flow
or a prethrombotic state.A portal venous thrombus,unless
very fresh, is usually more echogenic than the blood.When
acute, it usually distends the vessel. These sonographic
findings are a simple adjunct to the Doppler examination
and should be sought using appropriate technical factors
to optimize contrast within the vessel.

Arterialized Flow

The normal gently undulating flow within a portal vein is
replaced by systolic peaks and high diastolic Doppler
shifts in arterialized flow. This pattern may signal the
presence of an arterioportal fistula18 or hyperdynamic
flow in certain patients with advanced cirrhosis.

Reversed Flow or To-and-Fro Flow

Reversed flow in a splanchnic or intrahepatic portal vein
is the most reliable Doppler sign of portal hypertension.
To-and-fro flow, another sign of portal hypertension, is
best seen during active breathing. Inspiration draws
blood toward the liver (hepatopetal flow), whereas expi-
ration reverses it (hepatofugal flow). Care should be
taken that the Doppler sample volume remains in the
same part of the portal vein during this maneuver, as to-
and-fro flow may be stimulated by the taking of Doppler
samples in adjacent loops of the vessel. To-and-fro flow
in the portal vein may also be seen in right-sided heart
failure. The Doppler spectrum alternates from above the
display reference line in inspiration to below the line in
expiration or changes color (e.g., blue to red) during a
color Doppler examination.

Abnormal Hepatic Arterial 
Doppler Patterns

Absence of a Doppler signal suggests arterial throm-
bosis or reduced flow in prethrombotic states.19 Locally
increased systolic Doppler shifts may be the result of
stenosis of the hepatic artery, as at any other arterial site.
Because the artery and its branches have a variable, often
tortuous course and are not always seen with ultrasound
imaging, the diagnosis of the localized stenosis is difficult
to make. A sudden change in the course of the vessel
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associated with a much reduced beam–vessel angle will
also result in a sudden increase in systolic Doppler shifts.
Tumor vessels may likewise show high systolic (and
sometimes diastolic) Doppler shifts, ranging from 4 to 
10kHz.20

Ease of Detection of Hepatic Arterial
Signals Throughout the Liver

Blood flow variations in the portal vein and hepatic
artery are intimately related: usually, when portal venous
flow is low, such as in the fasting state, arterial flow is high,
and vice versa. It is surprisingly easy to detect arterial
signals throughout the liver in cirrhotic patients (mainly
in alcoholic and biliary cirrhosis). Systolic Doppler shifts
are higher and are detected more easily both centrally
and peripherally near the portal vein branches than in
normal persons. This probably reflects diminishing intra-
hepatic portal venous flow and a subsequent increase in
flow in an enlarged hepatic artery.21

Cirrhosis and Portal Hypertension

Morphologic signs that suggest portal hypertension 
are easily detected sonographically: tortuous collateral
vessels, splenomegaly, a thickened lesser omentum in 
children, changes in liver architecture, and ascites.13,22–28

The Doppler technique adds another dimension to the 
standard ultrasound examination—the detection of the
presence and direction of blood flow within each of 
the veins comprising the portal system and its potential
portosystemic collaterals. Together, the ultrasound and
Doppler examinations achieve a kind of ultrasonographic
angiogram that can answer the clinical questions: Is there
portal hypertension? What is the direction of flow? Where
is the level of obstruction (e.g.,portal vein or hepatic vein)?

There are many potential routes for portosystemic der-
ivations of blood flow in portal hypertension. Clinically,
the most important route is through the left gastric and
paraesophageal veins. The diameter of the left gastric
vein is directly related to the size of esophageal varices
and probably to the risk of bleeding.29 In adults, a left
gastric venous diameter of greater than 5mm suggests the
presence of portal hypertension. In normal children, this
vein is rarely seen; a diameter exceeding 3mm is sug-
gestive of portal hypertension (Figure 41–3G).30 The
Doppler examination helps to identify the vein as it
courses from the esophagus through the lesser omentum
to the splenic or portal vein and distinguishes it from a
tortuous left gastric artery (Figure 41–6). Flow direction
is easily ascertained: hepatofugal flow is proof of portal
hypertension. The paraumbilical vein is another common
portosystemic route (Figure 41–7),31 usually with
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Figure 41–6. Coronary (left gastric) vein. Sagittal left parame-
dian sonograms of the upper abdomen show behind the left
lobe of the liver. (A) The color Doppler box shows normal flow
toward the splenic vein, which receives the left gastric vein. (B)
Flow is reversed away from the splenic vein and toward the
esophagus. (C) Schema. LLL, left lobe of liver; SV, splenic vein;
LGV, left gastric vein; AA, aorta.
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hepatofugal flow from the left portal vein to the perium-
bilical venous plexus (Cruveilhier Baumgarten syn-
drome). Should flow in this vein be toward the liver,
thrombosis of the portal vein has probably occurred, and
the dilated paraumbilical vein has become a new route of
blood flow into the liver.

Whatever the collateral vein discovered during the
ultrasound and Doppler examination, the vessel should
be traced to its recipient systemic vein (Figure 41–4). The
flow pattern of the collateral vein usually changes as it
approaches the systemic vein. The latter is usually dilated
where it receives blood from the collateral vein. If such
a shunt is large, hepatic encephalopathy may ensue.32,33

The Doppler examination, being “physiologic,” at times
reveals unusual portosystemic collateral routes difficult
to demonstrate with arterioportographic studies: locally
inverted flow in intrahepatic portal venous branches, new
veins leading from portal veins to the abdominal wall, or
hepatofugal flow in the splenic vein.

Portal Vein Thrombosis

With high-resolution grayscale sonography, most thrombi
are visible as hyperechoic masses distending the lumen
of the vein. Thrombi formed within hours of the exami-
nation may be isoechoic with blood.34–36 The Doppler
examination complements the standard sonogram by
demonstrating the presence or absence of, or flow
around, a clot within the portal vein. Portal venous
obstruction may be followed by the formation of a ver-
miform system of collateral veins at the hepatic hilum,
given the descriptive name “cavernoma.”37 Determining
the presence and direction of flow in a cavernoma can be
difficult. The intrahepatic branches of the portal vein
usually become cord-like, without a visible lumen. Tortu-
ous periportal collaterals may develop.A careful Doppler
search around the portal branches is nonetheless useful,
because flow may be detected even if no vessel lumen is
visible (Figure 41–2B).

Budd-Chiari Syndrome

Obstruction of the hepatic veins is often a surgical emer-
gency and difficult to diagnose clinically. Ascites, an
enlarged caudate lobe, and hepatic venous thrombi are
sonographic signs of the syndrome.38,39 It should be
recalled that Doppler signals should always be distin-
guishable in patent hepatic veins, even if the vessel
lumina are sonographically invisible. We studied eight
patients who had Budd-Chiari syndrome and could
discern no Doppler signals arising from their hepatic
veins. In one patient, a short segment of one hepatic vein
gave rise to high Doppler shifts, indicative of stenosis.
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Figure 41–7. Recanalized paraumbilical vein in a patient with
portal hypertension and ascites. (A) Coronal subcostal view of
the left lobe of the liver. Red Doppler signals are seen in two
veins. One is the paraumbilical vein and the other is a new vein
originating from the portal vein branch of segment 4. (B)
Paraumbilical collateral route; composite color Doppler images
from the anterior thoracoabdominal wall. Blood flow in a vessel
(directed toward the transducer) leaves the liver and flows
toward the lower abdomen. Another branch (C) leads beneath
the ribs toward the upper thorax.



442 P.N. Burns et al.

Similar high Doppler shifts may arise from hepatic veins
compressed by regeneration nodules in cirrhotic patients.
The observation that the remainder of the hepatic veins
are patent distinguishes cirrhosis from hepatic venous
thrombosis.There is an increased incidence of portal vein
thrombosis (20%)40 in patients with Budd-Chiari syn-
drome. A Doppler examination of the main portal vein
and its intrahepatic branches is therefore indicated to
assess patency. Treatment consists of portocaval shunt-
ing,41–43 if possible with a transjugular intrahepatic por-
tosystemic shunt (TIPS).A mesenteroatrial shunt may be
necessary if the portal vein is thrombosed.

Surgical Portosystemic Shunts

The Doppler examination is most reliable in establishing
the patency of surgical portosystemic shunts. Arterio-
phlebographic studies thus are rarely indicated for diag-
nostic purposes.

Several types of surgical portosystemic shunts have been
devised. Their common aim is to divert high-pressure
splanchnic blood flow into the low-pressure systemic
venous system to prevent recurrent gastroesophageal
hemorrhage in patients with portal hypertension.

The Doppler examination of portosystemic shunts
includes study of the shunt site and the splanchnic and
hepatic venous system. The site of a shunt may differ
according to the surgical technique: if the veins used for
a standard shunt are not suitable, the surgeon may use
the nearest available vein (e.g., the mesentericocaval
shunt). If the shunt is patent, it is often visible sono-
graphically,44–49 and Doppler signals are usually easily dis-
cerned at the site itself (see Figure 41–7). Blood flow
often accelerates at and near the site of a patent shunt
and there may be some turbulence. Flow direction is
hepatofugal (toward the systemic vein). Severe turbu-
lence and sudden high Doppler shifts at the shunt site are
signs of stenosis. Should angioplasty be considered, direct
imaging of the shunt by phlebography is necessary.50

In our experience, a Doppler study of the intrahepatic
portal veins is invaluable in the assessment of portocaval
shunt patency. In the majority of patent shunts, flow in the
intrahepatic portal veins is hepatofugal and easily
detected with the Doppler examination. It is easy to
understand why this should be so in laterolateral porto-
caval shunts, where high-pressure intrahepatic venous
blood flows through the shunt into the low-pressure vena
cava. It is more difficult to explain hepatofugal flow in the
intrahepatic portal veins in patients with an end-to-side
portocaval shunt, as the hepatic end of the portal vein has
been ligated and cut. Blood may leave the liver through a
system of collateral veins between intrahepatic branches
of the portal vein and low-pressure systemic veins. This
phenomenon has been demonstrated angiographically.51,52

Signs of shunt obstruction are predictable: the shunt
site is difficult or impossible to see sonographically, there
are no Doppler flow signals, blood in the splanchnic vein
feeding the shunt no longer flows toward the shunt, the
direction of intrahepatic portal flow returns to normal,
and spontaneous portosystemic shunts (e.g., esophageal
varices) and other signs of portal hypertension reappear.

Transjugular Intrahepatic Portosystemic
Shunt Surveillance

The TIPS is a new nonsurgical treatment for complica-
tions of portal hypertension, variceal bleeding, and
refractory ascites.53–55 In this procedure, a stent is placed
between a portal vein (usually the main right portal vein)
and a hepatic vein (most often the right, rarely the middle
hepatic vein). This creates a direct portosystemic shunt
within the liver, whose main function is to decrease portal
hypertension. Duplex Doppler ultrasound is ideal for its
examination (Figure 41–8).

TIPS is now known to carry its share of complications,56

primarily recurrent variceal bleeding and ascites. Steno-
sis and obstruction of the shunt can be depicted by
Doppler, hopefully before clinical complications occur.

Doppler signs of TIPS dysfunction are multiple: (1) a
localized increase in velocity at the site of a stent steno-
sis,57 (2) a decrease of 20% or more of blood flow in the
stent, and (3) reversal of flow in intrahepatic portal vein
branches or in extrahepatic collaterals in comparison
with previous examinations.58 Our experience showed a
frequent occurrence of stent changes over time (27% of
patients).A close follow-up examination with Doppler of
patients with TIPS should help to discriminate those who
need shunt correction.

Doppler Sonography in the Patient
Receiving a Liver Transplant

Before transplantation can be considered, the caliber 
and patency of the main portal vein and IVC must be
assessed. This can usually be done with Doppler sono-
graphy. If the portal vein diameter is less than 4mm (as
it may be in advanced cirrhosis) or if Doppler flow studies
are equivocal, MRI or angiography may be performed.
Children with biliary atresia sometimes have an associ-
ated polysplenia syndrome, which includes intestinal mal-
rotation, bilaterally symmetrical patterns of the major
bronchi, abnormal location of the portal vein anterior to
the duodenum, and interruption of the IVC. Liver trans-
plantation may be very difficult in these children. It is
essential that the surgeon be aware of the anatomic
abnormality before transplantation.
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In addition, portacaval or mesenteric-caval shunts,
whether created surgically or occurring naturally, change
both the flow pattern and the caliber of the main portal
vein and thus alter the surgical approach to transplanta-
tion. The anatomic variants of the hepatic artery are not
always demonstrated sonographically, but angiography 
is rarely performed for the purpose of outlining the
anatomy of the hepatic artery. (The radiographic exami-
nation of the patient before transplantation includes

several organs outside the liver: the kidneys, lungs, heart,
and intestinal tract.)28,31

Preoperative investigation of the donor (when possi-
ble) includes a search for liver masses, stenosis, and pos-
sible thrombosis of the portal vein. Most liver transplants
are cadaver organs from unrelated donors. The entire
liver or segments 2–3 or 5 may be used. Segments 2–3 are
used if an adult liver is transplanted into a small child.An
adult liver may be divided and used for two recipients.

The common complication in the immediate postoper-
ative period is hepatic artery thrombosis. Although col-
lateral vessels may form in the child and shunt arterial
blood into the liver, bile duct necrosis usually occurs, fol-
lowed by the formation of bile lakes and recurrent infec-
tion. Retransplantation is almost invariably necessary.

We usually perform an initial Doppler examination at the
patient’s bedside soon after the operation and daily for 5
days thereafter to confirm the patency of the anastomosed
vessels, before clinical or biochemical liver examinations
become abnormal. The hepatic arterial anastomosis is
usually difficult to see, and therefore the intrahepatic arte-
rial branches are examined, adjacent to intrahepatic portal
veins, where they may be difficult to see with grayscale
sonography: however, flow is readily discerned with
Doppler techniques.We have found that the following sites
are optimal for the detection of hepatic arterial Doppler
signals: adjacent to the umbilical branch of the left portal
vein and to the branch to segments 3 and 4 (Figure 41–5),
and alongside the right portal vein and branches to seg-
ments 6 and 7.The presence of arterial signals at these sites
usually establishes patency of the hepatic artery.

In patients who are well enough to eat or receive nour-
ishment via a gastric tube, it must be remembered that
hepatic arterial Doppler shifts are difficult to detect fol-
lowing a meal. A repeat, fasting examination may show
much stronger signals.17 Failure to detect intrahepatic
arterial Doppler shifts signals absent flow in thrombosis
or a prethrombotic state. We perform arteriography in
doubtful situations. Although hepatic artery interroga-
tion is the most important part of the examination, the
Doppler study is also helpful in assessing the patency of
the portal and hepatic veins of the graft. Portal venous
thrombosis at the anastomosis may occur but is less 
frequent than arterial occlusion. Turbulence may be
expected at the anastomotic site of the portal vein. Steno-
sis or compression of the portal vein is accompanied by
locally increased Doppler shifts. Portal hypertension may
follow. Poststenotic dilation of the portal vein may occur
without serious sequelae.

Graft rejection does not result in predictable flow alter-
ations of the hepatic artery. Flat, unmodulated Doppler
tracings from hepatic veins have been reported as a sign
of rejection, but we have not been able to confirm this
finding. The Doppler examination is as yet unsatisfactory
in assessing the possibility of liver graft rejection.

B
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Figure 41–8. TIPS (transjugular intrahepatic portosystemic
shunt). Color Doppler of a properly functioning shunt.
(A) Sagittal right paramedian sonogram shows the right lobe 
of the liver, the inferior vena cava, and the stent with flow
signals directed cranially. Blue is from a nearby portal vein
showing flow leaving the liver toward the stent. The mosaic 
red is from aliased arterial signals. (B) Blue flow from segmen-
tal portal veins of the right lobe shows hepatofugal flow 
(toward the stent). Red mosaic signals originate from nearby
arteries.
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Malignant Tumors

Malignant tumors depend on a rich, rapidly proliferating
network of vessels for their nourishment and growth.
These tumor vessels are of two types: large tortuous
arteries and veins readily visible angiographically and,
more peripherally, microscopic vessels with many arteri-
ovenous fistulas. The microscopic arteriovenous shunts
are not visible angiographically,59 but give rise to very
high frequency (up to 10kHz) systolic Doppler shifts.
We have found this tumor Doppler pattern in 5 of 13
hepatomas and in 4 of 5 hepatoblastomas. Because these
vessels are not visible sonographically, the Doppler
search for them at the periphery of a tumor requires
repeated Doppler sampling and is time consuming. Color
Doppler may localize these lesions more quickly, because
of their high Doppler shift. Spectral analysis can then 
be performed to recognize the typical Doppler tumor
pattern.

Hepatomas typically invade portal veins. The tumor
thrombus may be visible sonographically within the
venous lumen as an echogenic mass. Residual flow
around the clot may be detected with the Doppler exam-
ination. The latter may be reversed because of numerous
arteriovenous fistulas within the tumor.

Arterioportal Fistula

Arterioportal fistulas are rare lesions that occur within
hepatomas or are the result of penetrating trauma (knife
wounds, biopsies, liver transplantation). The last three
arterioportal fistulas we studied were the result of needle
biopsies of the liver performed during portosystemic
shunt surgery. Sonographically, large intrahepatic vessels
are visible, leading to a network of collateral vessels. At
the site of the fistula the Doppler examination shows tur-
bulent, rapid, bidirectional flow.18 Flow in the recipient
portal vein may be “arterialized” (pulsatile flow with sys-
tolic peaks and high diastolic Doppler shifts).

Air in the Portal Vein

Usually a grave prognostic sign, air in the portal vein can
be difficult to diagnose. Sonographically, air bubbles may
be visible in the lumen.60 The Doppler examination
confirms its presence: air mixed with blood produces a
high acoustic impedance that results in a mirror-image
Doppler tracing with artificial vertical streaks on both
sides of the reference line. Air may thus be detected
before it is visible on plain radiographs: CT may be used
to confirm its presence. Recently, Chezmar et al.61 have
seen portal venous air in transplant recipients. This had
no serious prognostic significance.

Monitoring Hepatic Interventional
Procedures with Doppler Ultrasound

Prior to needle puncture or drainage of an abdominal
“abscess” or fluid-containing structure, it is wise to
conduct an examination to determine the presence or
absence of blood flow within the lesion. This is especially
so at the liver hilum, where aneurysms are particularly
frequent. Even if the lesion itself is avascular, knowledge
of the anatomy of nearby vessels is essential. These tasks
are readily performed with the Doppler examination.
During percutaneous interventions, the Doppler mode
provides an additional “vascular” perspective to sono-
graphic needle guidance:62 puncture sites and needle
paths can be chosen avoiding major vessels. Examples
include cannulating dilated bile ducts and sparing nearby
portal venous or arterial branches and locating the ideal
injection site during neurolysis of the celiac plexus, again
avoiding the hepatic artery. In addition, both the possi-
bility and the success of endovascular interventions can
be monitored with the Doppler examination, during or
after the procedure. Reduction of flow in an arteriopor-
tal fistula or in an artery feeding a hepatoma can be ascer-
tained easily after embolization.

New Methods

Volume Flow Measurement

Noninvasive measurement of volume flow rates in the
adult splanchnic system has been the goal of much effort
since early invasive measurements. Doppler methods
began in 1979 and have since been pursued in a number
of directions, to measure arterial inflow as well as portal
venous flux.63 All methods in current clinical use have as
a basis measurements of the spatial mean velocity (v) and
the cross-sectional area (A) of the vessel. The product of
these two quantities is integrated over time to obtain the
volume flow rate (Q).

Some of the more commonly used implementations
include the following.

Velocity Profile Method

In the velocity profile method the velocity profile is meas-
ured at successive intervals throughout the cardiac cycle
and integrated to give a volume flow rate. A pulsed
Doppler system with a sample volume much smaller than
the vessel lumen cross section is required. The sample
volume is moved slowly across the vessel lumen and the
velocity is calculated using a beam–vessel angle derived
from the two-dimensional image. Assuming circular sym-
metry of the profile, each velocity is multiplied by the cor-
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responding semiannular area, and the resulting flow com-
ponents are summed. Multigate or “infinite” gate systems
that are capable of interrogating an entire vessel at one
time have the advantage that they can acquire the nec-
essary data in a single heartbeat and are therefore less
prone to problems of beat-to-beat variation. For transcu-
taneous applications of conventional duplex scanners the
method seems to be suitable at present only for large and
accessible vessels such as the adult aorta and common
carotid arteries. With the newer broad bandwidth color
systems (see below) the velocity profile method can be
used in vessels of the abdomen with an estimated preci-
sion of 10%.64 At present, clinical validation is awaited.

The Even Insonation Method

The principle of the even insonation method is shown in
Figure 41–9. The entire volume of blood whose flow rate
is to be assessed is exposed to a uniform ultrasonic beam.
The mean Doppler shift corresponding to the mean
velocity in the sample volume is then calculated. This
velocity is multiplied by the cross-sectional area of the
vessels or orifice to give an instantaneous flow value. This
product is then integrated into the cardiac cycle yielding
the time average rate. For arterial flow the cross-sectional
area will change with time, so that ideally the product of
the instantaneous mean velocity and the cross-sectional
area would be formed at the same moment in time. In
practice the goal of simultaneous diameter and flow
velocity measurement is not attainable. The optimum
ultrasonic approach for the former is perpendicular to
the vessel or orifice, whereas for the latter an acute angle
of approach to the direction of flow is best. As it is
difficult to arrange for two noninterfering beams to be
used at the same time, it is usual to measure the mean

velocity and mean area separately and take their product
after, rather than before, temporal integration. The error
thus introduced depends on the rate of change of both
the cross-sectional area and the flow velocity over the
cardiac cycle. For example, a 4-mm hepatic artery may
vary 20% in diameter (that is 40% in cross-sectional
area) between systole and diastole.

A common method for the estimation of the cross-
sectional area of the vessel orifice is to measure its diam-
eter and assume circular symmetry. Because of the square
dependence of area on diameter, the percentage error in
diameter measurement will cause an error of approxi-
mately double that figure in the flow estimate. For
example, a 1mm uncertainty in the measurement of an 
8-mm vessel will produce a 25% variation in the flow 
circulation.To minimize such errors careful measurement
should be made using a consistent technique, preferably
with an M-mode beam intersecting the precise location
of the Doppler sampler volume. Further errors result if
the vessel (for example, the portal vein) is not circular in
cross section. Here real-time imaging could be used, but
there remains the difficulty of ensuring that the image
plane is perpendicular to the flow axis. These considera-
tions alone limit the present usefulness of such measure-
ments in small vessels when when there is no recourse to
specially designed equipment.65

Assumed Velocity Profile Method

Because of difficulties in achieving insonation of an entire
vessel, or of computing the mean Doppler shift frequency,
some workers have made measurements at one point in
the vessel and assumed a given velocity profile to exist
over the vessel lumen.66 The maximum frequency is then
multiplied by a numerical factor that is supposed then
gives the mean Doppler shift frequency. Some produce
this factor from empirical studies using an animal model:
for these studies the factor is really a calibration constant
for their particular experiment, and it is necessary to ask
whether the physical conditions of the experiment corre-
spond to those of the clinical study. Others dispense with
the calculation of the mean frequency and estimate its
position from the subjective appearance of the spectral
display. This is, however, a rather precarious procedure.
The grayscale in a display bears a nonlinear relation
(usually square-root or logarithmic) to the spectral power
and can therefore mislead the operator. In some cases the
assumption may be made that “plug” flow (that is, a per-
fectly flat velocity profile) exists. This simplifies matters
considerably: the spatial mean flow velocity is simply
equal to the maximum velocity near the center of the
vessel—an easy quantity to measure. The assumptions of
this method probably verge on acceptability for the case
of the aortic root in the normal adult. Elsewhere its inac-
curacies are unacceptable.9

Ultrasound
Beam

Sample
Volume

Blood
Vessel

A
V

Q = V.A

Figure 41–9. The principle of the even insonation method for
the estimation of volume flow rate Q. The instantaneous mean
velocity n is calculated from the mean Doppler shift frequency
and multiplied by the cross-sectional area A of the vessel.
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Attenuation-Compensated Method

One novel and appealing Doppler method for the 
measurement of volume flow rate eliminates the need 
to measure either the beam Doppler angle or the cross-
sectional area of the vessel yet makes no severe as-
sumptions about the velocity profile. In the “attenuation-
compensated” flowmeter, two ultrasonic beams are used,
the first with a uniform sample volume large enough to
embrace the entire vessel and the second with a narrower
beam along the same path. In principle,67 volume flow
may be measured with knowledge of neither the vessel
area nor the angle of insonation. The method was pro-
posed and results of in vitro trials were reported in 1979,
but further application has had to await practical real-
ization of the required beam geometries.These are begin-
ning to become available, and clinical results (from flow
measurements in large vessels such as the adult ascend-
ing aorta) are beginning to confirm the validity of the
method.

Doppler Instrument Performance

Generally speaking, the sensitivity of color flow imaging
instruments to low Doppler signal intensities (associated
with the lower number of scatterers in small vessels) and
slow Doppler shifts (from the slower moving blood in
small vessels) is a major limiting factor in their current
use in the abdomen and peripheral circulation. In addi-
tion, the spatial resolution of color instruments limits the
definition of velocity detail within a large vessel or the
ability to localize low-flow structures. At present, color
flow imaging sensitivity, especially of flow in deep struc-
tures, can be achieved only at the expense of spatial res-
olution and frame rate, and is generally inferior to that of
current duplex scanners. Likewise, color spatial resolu-
tion is inferior to that of the grayscale image. Technolog-
ical developments, however, are likely to narrow these
gaps. One of the more promising of these is the use of the
so-called time-domain, speckle-tracking methods for the
production of color images.68 These methods do not rely
directly on the Doppler shift for the detection of motion;
instead they track the movement of structure in the ultra-
sound image.The principle is quite simple.The echo from
blood is the combined result of many small echoes from
the individual scatterers, which are the red blood cells
themselves. These account for a grainy speckle-like struc-
ture within the blood that we would be able to see on the
image if the echo from the blood were stronger, much as
we see speckle within the parenchyma of the liver, for
example. With flow, this pattern moves at the same speed
as the blood. By comparing the pattern of the ultrasound
echo (usually at the radiofrequency level of the receiver)
at a particular location in the beam at one time with that

obtained a moment later at the same location, the dis-
tance the speckle has moved can be measured and the
blood velocity inferred. Note that this method, like
Doppler, yields only the component of velocity along the
ultrasound beam, and that to measure true velocity, the
beam-flow angle must be known, just as for a Doppler
image. This method seems to be particularly suited to the
production of high-resolution color images: the cross-cor-
relation method used here works best with the short
pulses that give high axial resolution It is possible,
however, that the current price for these advantages
might be a lower sensitivity to low flow states. Exciting
possibilities for the future of the correlation method
include two-dimensional Doppler images (albeit with
much reduced lateral velocity resolution) and quantita-
tive (volumetric flow)69 color imaging.Already, promising
results have been reported using this method.64

In the future, an important role in the detection of low
volumes of blood will be played by ultrasound contrast
agents, an intravenous injection of a small quantity of
which is capable of increasing the echo from deep arte-
rial vessels by a factor of 100 or more.70 This is one
method to raise the received echo intensity of ultrasound
scattered from small quantities of blood deep in the body
to levels detectable at the skin surface. When this is
attained, color flow imaging can be turned to the issue of
blood velocity and blood flow imaging itself at the
parenchymal level. Success so far in the use of contrast
agents has been accompanied by the advent of new
imaging techniques such as harmonic and pulse inversion
imaging.71 Quantitative and deep color Doppler is in its
infancy at present, with many technical problems remain-
ing to be overcome before specific clinical applications
are in sight. However, these and other developments of
Doppler technology are likely to ensure that the current
proliferation of clinical problems that ultrasonographers
have addressed using the Doppler method will be sus-
tained in the foreseeable future.
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Introduction

Hypertension is estimated to affect approximately 50
million people in the United States with 1–6% of them
having underlying renal disease as the cause of their ele-
vated blood pressure.1,2 The true prevalence of renovas-
cular hypertension is unknown and varies with the
population studied. In selected patient groups, such as
those with severe diastolic hypertension, the prevalence
of renal artery stenosis is up to 40% and progression 
of stenosis occurs in 31–49% of patients depending on 
the severity of their initial artery stenosis.3–5 Renal
artery stenosis is more likely to be found in adults 
with abrupt onset or exacerbation of chronic hyperten-
sion, angiotensin-converting enzyme inhibitor-induced
azotemia, otherwise unexplained renal insufficiency, or
pulmonary edema, and in hypertensive children.6

Although the long-term prognosis for patients with ren-
ovascular hypertension is worse than that of patients who
do not have identifiable lesions, successful treatment of
such lesions is possible and is associated with cure or
improvement of the hypertension in the majority of
patients.7 Identification of renal artery stenosis is impor-
tant because treatment may control or cure renovascular
hypertension, prevent loss of renal mass, or stabilize renal
function in chronic renal failure.8

Since renal artery disease, due to either arterial steno-
sis or another pathology, is correctable, identification of
affected patients is clinically important. Historically, con-
trast arteriography has been the diagnostic test of choice
for renovascular disease. This procedure, however, offers
mostly anatomic information without correlative hemo-
dynamic data or causal linkage between identified
disease and hypertension or renal dysfunction. In addi-
tion, its invasive nature and associated 3–5% complica-
tion rates, especially in the setting of associated renal
functional impairment, effectively precludes its use as a
screening test for renal artery stenosis and, in the major-
ity of cases, even as a confirmatory diagnostic procedure.

For most clinicians, arteriography is performed as a final
step in association with planned therapeutic intervention.
Other less invasive diagnostic procedures include mag-
netic resonance angiography (MRA) and computed
tomographic angiography (CTA). Both of these modali-
ties, however, are relatively expensive and include the
need for intravenous contrast, which, in the case of CTA,
can be nephrotoxic. The published sensitivity and speci-
ficity of MRA in the diagnosis of renal artery stenosis is
greater than 90%, although it has a tendency to overes-
timate the degree of stenosis and its accuracy in real-life
situations is less than that reported from academic
centers of excellence.9 In a similar manner, three-
dimensional volume CTA has a reported sensitivity and
specificity of 89% and 99%, respectively, in the diagnosis
of renal artery stenosis.10 However, this accuracy is most
likely not reflective of community practice results and the
procedure requires larger volumes of contrast than used
in standard arterial angiography. Because the cost of both
MRA and CTA further precludes their use as the initial
diagnostic modality, they are most useful as secondary
confirmatory studies. Duplex ultrasonography offers the
benefits of low cost and absence of ionizing radiation or
routine need for intravenous contrast, and is a noninva-
sive, painless procedure. Technological advances in the
past decade with improved low-frequency transducers,
Doppler resolution, and digital imaging have made vas-
cular ultrasound 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 define its hemodynamic significance
with an overall accuracy of 80–90%.11

Etiology of Renal Artery Disease

Atherosclerosis is the cause of 90% of cases of renal
artery stenosis.8,12 It most frequently involves the ostium
and proximal third of the renal artery while more distal
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lesions are seen in 15–20% of patients.13 Hemodynami-
cally significant lesions may be accompanied by post-
stenotic dilation.3,13 Risk factors for the development of
atherosclerotic renal artery stenosis include increasing
age, hypertension, 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.14 In con-
trast, although fibromuscular dysplasia is the second most
common cause of renal artery stenosis, it is far less fre-
quent. It usually occurs in females aged 25–50 years old
and involves the middle and distal portion of the main
renal artery with extension into the first-order branches
in 25% of patients. It occurs bilaterally more than 50%
of the time although, when involving just one side, the
right side is most frequently affected.15 Angiographically,
the renal arteries have a beaded appearance with alter-
nating stenoses and aneurysmal dilations.16,17 The etiology
of fibromuscular dysplasia is unknown. Other less
common causes of renal dysfunction include aortic 
dissections involving the renal vessels, spontaneous or
traumatic isolated renal artery dissections or disrup-
tions, renal artery aneurysms, atheroembolization to 
the renal arteries, progressive atherosclerotic stenosis
leading to complete occlusion, arteriovenous fistulas,
mid-abdominal aortic coarctation, developmental con-
genital stenoses, arteritis, and extrinsic compression by
tumors or other masses.13,17

Renal Duplex Ultrasonography

Greene et al. were the first to use renal duplex ultra-
sonography to characterize blood flow patterns in the
normal and diseased renal artery.18 Using B-mode
imaging and Doppler velocity waveforms, they described
renal artery anatomy, blood flow rates, and velocity pat-
terns. Other investigators subsequently developed and
validated protocols for the evaluation and classification
of normal and pathologic renal artery flow.11,19–22

In 1985, Rittgers, Norris, and Barnes created graded
renal artery stenoses in a canine model.23 They demon-
strated that disturbances in the Doppler velocity wave-
form occur before significant reductions in blood flow.
Significant stenoses were associated with marked flow
disturbance exemplified 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 poststenotic turbulence.

Early studies by Avasthi, Voyles, and Greene proposed
criteria for the identification of renal artery lesions in
humans: a peak systolic renal artery velocity greater than
100cm/s, spectral broadening due to turbulence, and loss
of the diastolic flow component for hemodynamically sig-
nificant stenoses while the absence of any detectable flow

identified an occlusion of the renal artery.24 Subsequent
studies found that a peak systolic renal artery velocity of
100cm/s is too low to yield acceptable sensitivities for
detection of flow-reducing stenoses and that the loss of
the diastolic flow component will often be reflective of
intrinsic parenchymal dysfunction rather than arterial
stenosis.19,20,22 Additionally, flow is commonly detected
within the kidney even when the renal artery is occluded
because of flow through ureteral and adrenal collateral
branches.

The current classification of renal artery stenosis relies
on the Doppler-derived systolic velocity, a comparison
with the systolic velocity recorded in the proximal
abdominal aorta, and flow patterns along the length of
the renal artery. Duplex diagnosis of a flow-limiting lesion
is dependent on the demonstration of a focal increase in
systolic velocity. Hoffman et al. demonstrated a sensitiv-
ity of 95% and a specificity of 91% for identification of a
significant flow-reducing stenosis, defined as a >60%
diameter reduction, using a peak systolic renal artery
velocity of >180cm/s.25 Absolute velocity measurements
may potentially be affected by systemic factors, such as
blood pressure and cardiac output, and thus a compari-
son with aortic peak systolic velocity is routinely used.
Kohler et al. 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.19 The usefulness of this ratio has
been validated in multiple centers.11,20–22 Although the
velocity in the abdominal aorta, as well as renal artery
velocity, decreases with age, flow velocities have fortu-
nately been shown to be independent of body surface
area.18,19

Examination of the spectral flow patterns within the
renal artery is also helpful in diagnosing stenoses. The
presence of poststenotic turbulence is confirmatory of a
hemodynamically significant lesion. Doppler spectral
broadening has not been useful as a diagnostic parame-
ter because the Doppler sample volume size is large in
relation to the diameter of the small-caliber renal artery.

Renal artery stenosis is classified into four diagnostic
categories based on duplex ultrasound criteria: normal,
less than 60% stenosis, greater than 60% stenosis, and
occlusion (Table 42–1). Lesions that represent less than
60% diameter-reducing stenosis are distinguished by an
elevated systolic velocity but a renal-to-aortic ratio of less
than 3.5 and no poststenotic turbulence. Clinically, it is
still important to diagnose these lesions in order to iden-
tify patients who may benefit from continued monitoring
for progression of disease. Confirmation of renal artery
occlusion is dependent on the B-mode image of the renal
artery to confirm proper location for Doppler insonation
and demonstration of absence of flow in the renal artery.
False-negative studies may result from insonation of
nearby collateral vessels.
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ing as reperfusion of the ischemic kidney is not likely to
reverse parenchymal changes.32–34 On the other hand,
studies suggest that improved renal function may be
expected when intervention is performed prior to pro-
gression of the lesion to critical levels of renal impair-
ment33 or in cases where renal function has acutely
deteriorated.35,36 However, measurement of renal length
alone is not a sensitive enough indicator to detect signif-
icant renal artery stenosis and progression to arterial
occlusion.31 Therefore, measurement of kidney length is
useful to assist in the proper selection of patients for
revascularization but inadequate by itself in defining the
presence of a hemodynamically significant renal artery
stenosis.

Duplex Ultrasound Evaluation of the
Renal Arteries

Technique

Patient Preparation and Positioning

Although patients are required to fast for 6–8h prior to
the ultrasound examination to reduce excessive abdomi-
nal gas that would make visualization of the renal arter-
ies and veins more difficult, we have not found it
necessary to use cathartics. 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 deve-
lopment of hypoglycemia while awaiting their study.
Because of this concern, diabetic patients are also the first
ones scheduled in the morning. It is recommended 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 finding
acceptable acoustic windows. With the patient in this
position, the aorta and the mesenteric and proximal-to-
mid segments of the renal arteries are visualized. For
examination of the distal renal arteries, renal veins, and
the kidneys themselves, patients are 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 occa-
sionally 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.

Renal size, as reflected 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 significantly in the presence
of severe renal artery stenosis.26–30 Caps and colleagues
reported that kidneys with a renal artery peak systolic
velocity greater than 400cm/s, and cortical end-diastolic
velocities less than or equal to 5cm/s, were at high risk
for progression to renal atrophy (Figure 42–1).31 An
atrophic kidney, usually defined as less than 8cm in
length, is unlikely to benefit from revascularization pro-
cedures. Although some investigators have been aggres-
sive in such circumstances, the results with either surgical
or endovascular revascularization have been disappoint-

Table 42–1. Duplex criteria for classification of renal artery
stenosis.a

Classification 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

aRAR, renal-aortic velocity ratio; PSV, peak systolic velocity; PST, post-
stenotic turbulence; N/A, not applicable.
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Figure 42–1. Cumulative index of renal atrophy stratified
according to baseline renal artery peak systolic velocity
(RAPSV, in cm/s). Standard error is <10% through 24 months
for all plots. (Reproduced with permission from Caps MT,
Zierler RE, Polissar NL, et al. The risk of atrophy in kidneys
with atherosclerotic renal artery stenosis. Kidney Int
1998;53:735–742).
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Equipment

A high-resolution ultrasound system with pulsed
Doppler transducers ranging in frequency from 2.25MHz
to 5.0MHz is required to allow adequate penetration to
the depths of the aorta and distal renal arteries.Although
color flow and power Doppler imaging are not absolutely
required for successful renal vascular examination, these
technologies will greatly facilitate visualization of the
vessels, identification of regions of flow disturbance, and
confirmation of arterial and/or venous occlusion. The
sonographer must optimize the B-mode, color, and spec-
tral Doppler information throughout the examination
because velocities may vary over focal regions of the
renal arterial and venous systems due to tortuosity and
short-segment lesions, dissections, or webs.

Examination of the Aorta and 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 presence of atherosclerotic plaque, aneurysmal dila-
tion, or dissection. The evaluation is complemented with
color flow imaging to highlight any regions of disturbed
flow. 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 utilization in calculation of the
renal to aortic velocity ratios.

Branches of the celiac and superior mesenteric arter-
ies may course in close proximity and may be mistaken
for accessory or main renal arteries. To help prevent such
confusion, Doppler spectral waveforms may be recorded
from both the celiac and superior mesenteric arteries
with the primary purpose being recognition of the mesen-
teric flow patterns. A secondary benefit would be detec-
tion 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 identified
as it crosses anterior to the aorta (Figure 42–2).Although
this vein serves as a useful landmark for locating the renal
arteries, it should be recognized that the vein can be com-
pletely retroaortic in a small number of patients (1–2%)
or may bifurcate with one branch coursing anterior to the
aorta and the second following a retroaortic path. The
vein diameter and flow patterns should be assessed to
rule out thrombosis or extrinsic compression due to over-
lying small bowel or superior mesenteric artery com-
pression 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. The location of accessory renal arteries is even
more unpredictable and therefore easy to miss. Color
flow imaging facilitates the identification of the arteries
and makes it easier to follow their course from the origin
to the mid-segment of the vessel.When neither color flow
nor power Doppler allows satisfactory vessel identifica-
tion, the use of intravenous ultrasound contrast can be
helpful.

To obtain spectral Doppler waveforms, the sample
volume is swept slowly from within the lumen of the
aorta and through the renal artery ostium to rule out ori-
ficial stenotic disease commonly associated with plaque
on the aortic wall. In making the transition from the aorta
into the renal artery, the high-resistance aortic flow
pattern changes to a low-resistance configuration in the
renal artery. Using the smallest sample volume, Doppler
spectral waveforms are recorded continuously through-
out the visualized 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°
(Figure 42–3). If needed, the patient is moved to the right
or left lateral decubitus or prone position for interroga-
tion of the mid-to-distal renal artery and renal parenchy-
mal vessels. Color flow imaging may facilitate appropriate
angle correction and identification of vessel tortuosity.

Evaluation of Renal Parenchymal Blood Flow

Blood flow patterns are documented throughout the
distal renal artery and the interlobar and arcuate arteries
of the renal medulla and cortex. Using a 0° angle of
insonation, spectral waveforms are recorded throughout

Figure 42–2. Cross-sectional color flow image of the left renal
vein (white arrowheads) as it crosses over the abdominal aorta
(red arrow).
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the kidney, noting regions of increased signal amplitude
and disordered or absent flow (Figure 42–4). 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 fluid collec-
tions is noted.

Measurement of Renal Size 

Because renal atrophy would be a contraindication to
revascularization, the pole-to-pole length of each kidney
is documented during each study (Figure 42–5). Normal
renal length is between 9 and 13cm in the greatest lon-
gitudinal plane and there is usually less than a 1cm dif-
ference in renal lengths between the two kidneys. The
length of the organ is measured during maximum inspi-

ration using a flank approach to optimize visualization of
the renal margins on both poles.

Evaluation for Renal Vein Thrombosis

Although most renal studies are performed for examina-
tion of the arterial circulation, renal vein thrombosis can
lead to acute renal failure and referral to the vascular lab-
oratory. Confirmation of renal vein thrombosis can be
technically challenging. The vein may be dilated with
acute thrombus or contracted when it has been chroni-
cally thrombosed. Optimization of the grayscale image is
needed to demonstrate intraluminal echoes that indicate
thrombosis (Figure 42–6). Doppler spectral examination
will document the absence of blood flow within the vein
and a retrograde, blunted diastolic flow component in the

Figure 42–3. Color flow image and Doppler spectral wave-
forms from the proximal right renal artery. A low resistance
spectral pattern is evident, which is characteristic of normal
renal arterial blood flow.

Figure 42–4. Color flow image and Doppler spectral wave-
forms from the arcuate arteries within the renal cortex. Normal
renal parenchymal flow is characterized by constant forward
diastolic flow.

Figure 42–5. The pole-to-pole length of the kidney is measured
to evaluate suitability for revascularization of stenotic lesions.
Normal adult kidney length is greater than 9cm.

Figure 42–6. Transverse abdominal B-mode image of the aorta
and left renal vein demonstrates dilation of the vein and intra-
luminal echoes consistent with thrombus.
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renal arterial signals. In the case of renal cell carcinoma,
extensive tumor involvement in the renal vein is common
with extrusion and propagation into the inferior vena
cava. In patients with a thrombosed inferior vena cava,
possibly associated with prior placement of a vena caval
filter, retrograde thrombosis may extend into the renal
veins.

Contrast-Enhanced Imaging

Duplex imaging of renal artery stenosis can be technically
challenging and is influenced 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.11 Contrast enhancement to
improve imaging and increase diagnostic accuracy is
prevalent in radiologic techniques such as angiography,
computed tomography (CT), and magnetic resonance
imaging (MRI). Ultrasound contrast agents are stabilized
gas microbubbles that enhance ultrasound signals due to
the difference between them and the surrounding blood in
terms of compressibility and density.They reflect transmit-
ted ultrasound waves strongly, enhancing echogenicity at
both fundamental and harmonic frequencies, which pro-
vides improved vascular imaging and tissue differentia-
tion.37,38 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, mesenteric, and peripheral vasculature.39–41

More recently, a prospective study examined the use of
a perflutren contrast agent (Definity, DuPont) to improve
imaging of the renal arteries.42 This agent is composed of
three phospholipids and a perfluoropropane gas that,
when mixed together, form lipid- encapsulated gas-filled
microbubbles.40 Because the microbubbles are less than
5µm in diameter, 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 5min of their infusion. This particular
agent requires mixing for 45s at 4500 oscillations/min in
a specific vial shaker. For this study, a volume of 1.3ml of
agitated contrast solution was injected into a 50ml bag of
0.9% sterile saline solution, which was subsequently
infused intravenously at a rate of 2ml/min via an 18-
gauge needle throughout the duration of the duplex
examination. The results of the ultrasound examination,
with and without contrast enhancement, were compared
with intraarterial angiography. Both duplex alone and
duplex with contrast demonstrated excellent identifica-
tion of the renal arteries (Table 42–2). Overall visualiza-
tion of the renal arteries was 85% for standard duplex
and 94% following contrast. Contrast infusion was par-
ticularly helpful in identifying additional accessory arter-
ies and visualization of hemodynamically significant
stenotic vessels (Figure 42–7). A total of five of seven

Table 42–2. Visualization of renal arteries with intravenous
contrast.a

Renal arteries Duplex alone Duplex ± contrast

All renal arteries48 41 (85%) 45 (94%)
Main43 40 (93%) 42 (98%)
Accessory5 1 (20%) 3 (60%)
Normal/minimal disease32 30 (94%) 31 (97%)
Stenosis >50% 9 (75%) 12 (100%)
Occlusion4 3 (75%) 3 (75%)
Visualized length of artery 3.3 ± 0.3 cm 3.9 ± 0.3 cm

Modified from Blebea et al.42

A

B

Figure 42–7. (A) Transverse abdominal ultrasound image
without intravenous contrast barely demonstrates the right
renal artery (red arrow) as it travels under the inferior vena
cava (blue arrow) at the level of the left renal vein (white arrow-
head). (B) With the addition of contrast, the same renal artery
shows excellent color filling and its takeoff from the aorta (red
arrowhead) is easily visualized and has no turbulent flow to
suggest stenosis. (Reproduced with permission from Blebea J,
Zickler R, Volteas N, Neumyer M, Assadnia S, Anderson K,
Atnip R. Duplex imaging of the renal arteries with contrast
enhancement. Vasc Endovasc Surg 2003;37:429–436.)
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Special Considerations

Accessory and Multiple Renal Arteries

Approximately 20% of the population has multiple renal
arteries. These additional vessels usually arise from the
lateral aortic wall and are directed toward the upper or
lower poles of the kidney rather than the central hilum.
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 supplying
the lower pole of the kidney. In the presence of an acces-
sory vessel, the main renal artery is usually of normal
caliber while the accessory vessels have a smaller diame-
ter. When multiple renal arteries occur, a less commonly
seen circumstance, none of the vessels may be dominant
and it is quite difficult to be certain that velocity meas-
urements have been acquired from all vessels.

Positive identification of all accessory and multiple
renal arteries by B-mode imaging is not generally possi-
ble because of the small diameter of these vessels and
lack of clinical suspicion for their presence. While color
flow imaging may facilitate recognition of accessory renal
arteries, it is important to remember that color encode-
ment of Doppler shifted frequencies from blood flow is
angle dependent and accessory renal arteries may arise
from the aortic wall at angles between 70 and 90° (Figure
42–8). To overcome this problem, power Doppler

Table 42–3. Doppler velocities following contrast 
administration.a

Renal arteries Duplex alone Duplex ± contrast

Normal/minimal disease (cm/s) 112 ± 6 123 ± 7b

Stenosis >50% (cm/s) 173 ± 20c 194 ± 18b,c

All (cm/s) 127 ± 7c 144 ± 8b,c

aModified from Blebea et al.42

bp < 0.001 versus duplex alone.
cp < 0.001 versus normal.

Figure 42–8. Digital subtraction angiogram illustrating three
renal arteries on the left (white arrowheads) with the midrenal
having a 50% stenosis. An adjacent lumbar artery (red arrow)
can be misconstrued as an additional accessory artery if it is not
followed distally to confirm that it does not lead to the kidney.

arteries not visualized by color flow duplex was detected
following the infusion of contrast, resulting in an addi-
tional 10% (5/48) of vessels visualized. In addition, sig-
nificantly longer lengths of the renal arteries were
visualized in continuity when contrast was infused [3.9cm
as compared to 3.3cm (p = 0.001)].

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 con-
trast infusion and no deterioration of renal function as
measured by blood urea nitrogen or serum creatinine
levels, consistent with the experience of other investiga-
tors.40,43 Insonated Doppler velocities, however, were
increased following contrast administration by an
average of 10% in normal or minimally diseased vessels
and 12% in stenotic vessels (Table 42–3). Although these
differences were statistically significant, they did not lead
to a change in the category of stenosis. This artifactual
increase in measured Doppler velocities has been noted.
As contrast agents become more extensively used, sepa-
rate velocity criteria may need to be established. At the
present time, however, the 10–12% increase in peak sys-
tolic velocities does not represent a large enough differ-
ence to require immediate attention but should be kept
in mind for borderline results.

The results from these studies indicate that contrast-
enhanced duplex imaging of the renal arteries is safe 
but not routinely required when an experienced sonogra-
pher performs the study. However, it can increase vessel
visualization and thus allow more specific placement 
of the pulsed Doppler sample volume. This may increase
the overall accuracy of the study in patients with stenoses
and accessory renal arteries or in the approximately 
10% of patients whose vessels are not initially successfully
visualized.No comparative studies have been done among
different contrast agents. Another perflutren-based 
contrast agent (Optison, Amersham Health) is FDA
approved for echocardiography and has the potential
benefit of not requiring a specific vial mixer before 
infusion.
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imaging, which relies on the amplitude of the returned
Doppler signal and is not as angle dependent as color
Doppler imaging, may prove beneficial for detection of
these small vessels. There can be clues that suggest the
presence of multiple renal arteries. It is helpful to
increase the size of the Doppler sample volume and scan
in the paraaortic 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 arterial flow. Lumbar arteries can be confused with
accessory renal arteries but these have a more posterior
origin from the aorta. The use of an intravenous contrast
agent has improved the detection of accessory renal
arteries.41

Occlusion of the Main Renal Artery

Diagnosis of an occluded main renal artery can be diffi-
cult because the sonographer is appropriately concerned
that it has not been possible to adequately visualize flow
within the vessel rather than prematurely concluding that
the vessel is thrombosed. Excessive overlying abdominal
gas that may compromise visualization compounds this
hesitation. After optimizing Doppler spectral and color
flow parameters for detection of very slow flow, and pos-
sibly the use of intravenous contrast, it is possible to look
for secondary indications of renal artery occlusion. With
chronic occlusion and atrophy, kidney length is less than
8cm and there can be a significant >3cm difference in
length as compared with the contralateral kidney. Intra-
parenchymal insonation demonstrates low cortical veloc-
ity of <10cm/s with low amplitude and a delayed systolic
upstroke. The presence of cortical blood flow is a result
of collateral flow to the kidney 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 unified 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
fifth lumbar vertebrae. Horseshoe kidneys are usually
found in patients who present for investigation of a pul-
satile abdominal mass or they may be discovered inci-
dentally during an abdominal ultrasound examination.

Anatomically, the kidney is supplied by multiple renal
arteries and drained by multiple renal veins at unpre-
dictable locations. Multiple arteries may arise from the
iliac arteries or the distal aorta. Their location, posterior
to the body of the kidney, makes it difficult to identify
these arteries and even more challenging to diagnose the
presence of stenoses. In patients with an underlying

abdominal aortic aneurysm, diagnosing renal artery
stenosis is best accomplished with contrast angiography.

Renal Aneurysms

Aneurysmal dilation of the renal artery usually involves
the main segment of the renal artery or its first order
branches. Although aneurysms may also occur intra-
parenchymally, this location is seen in only approximately
10% of cases. Renal aneurysms are most easily identified
with color flow imaging (Figure 42–9). Their large size,
compared to the native vessel, makes identification rela-
tively easy. Intervention is generally recommended for
aneurysms of 2cm 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 monitoring future growth. The specific 
location is less important, although differentiation
between an aneurysm involving the renal artery and an

A

B

Figure 42–9. (A) A left renal artery aneurysm is measured
transversely on an ultrasound image. Color flow evaluation is
difficult due to circumferential calcification in the wall of the
aneurysm. (B) The calcified aneurysm, located just beyond the
bifurcation of the renal artery, is seen on CT scan with intra-
venous contrast.
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intraparenchymal position is helpful in selecting proper
therapy. Rarely, there is an associated arteriovenous
fistula that makes the initial diagnosis more challenging.

Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is a term encompassing
several histologic forms of arterial wall changes of which
medial fibroplasia is the most common. As a group, FMD
is the second most common cause of renal artery steno-
sis and accounts for up to one-third of cases of reno-
vascular hypertension. This nonatherosclerotic disease
process is seen almost exclusively in females and presents
as a “string of beads” angiographic appearance with
weblike stenotic segments alternating with poststenotic
dilations. It involves the mid-to-distal segments of the
renal artery and will frequently extend into branch
vessels with characteristic superimposed high- and low-
velocity signals (Figure 42–10). 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 identification of this
disorder. The less common variants of FMD, perimedial
dysplasia and intimal fibroplasia, are not associated with
poststenotic dilations. Intimal fibroplasias in particular
produce a smooth concentric stenosis. Differentiation
between the types of FMD is neither practical nor nec-
essary during ultrasonographic examination. Because
fibromuscular dysplasia is often found bilaterally, it is
important to search for similar flow patterns in the con-
tralateral renal artery.

Renal Artery Bypass Grafts

Similar to peripheral bypasses, renal artery bypass pro-
cedures are followed postoperatively for the develop-
ment of stenosis to allow intervention before graft
occlusion occurs. When evaluating renal artery bypass
grafts, it is helpful to know specific 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 com-
monly originate from a prosthetic aortic graft, the native
aorta, or the iliac arteries. Other less common inflow
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 commonly occur at the anastomotic sites. If the
conduit is a saphenous vein, attention is given to the pos-
sibility of retained valves or stenosis developing at the

site of valve leaflets. The donor and recipient vessels are
also examined for progression of atherosclerotic disease.
If graft occlusion is suspected, dampening of the veloc-
ity spectral waveform is expected within the renal
parenchyma.

A

B

Figure 42–10. (A) Montage of an arteriogram and Doppler
spectral waveforms from a patient with renal medial fibromus-
cular dysplasia. High-velocity signals are found in the mid-to-
distal segment of the renal artery in association with segmental
circumferential narrowing of the artery. [Reproduced with per-
mission from Thiele BL, Neumyer MM, Healy DA, Schina MJ.
Pitfalls in duplex ultrasonography of the renal arteries. In:
Bernstein EF (ed). Vascular Diagnosis, 4th ed., p. 664. St. Louis,
MO: C.V. Mosby, 1993.) (B) Power Doppler image of fibro-
muscular dysplasia demonstrating the segmental narrowing and
poststenotic dilation associated with this nonatherosclerotic
disease process.
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Renal Artery Stents

The ultrasound 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.45 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 echogenic (Figure 42–11). The aortic wall adja-
cent to the renal artery orifice should be carefully evalu-
ated with high-resolution B-mode, real-time compound
or harmonic imaging, to determine how far the stent pro-
trudes into the lumen of the aorta. Similarly, the length
of the stented segment should be examined to confirm
complete deployment and uniform apposition to the wall
of the renal artery without echogenic thrombus or distal
dissection.

Using color or power Doppler imaging and Doppler
spectral evaluation, the stent is examined throughout its
origin, proximal, mid, and distal segments with the study
extended into the distal native renal artery and the
vessels within the kidney. Marked flow disturbances at
the renal artery orifice may indicate that the stent is pro-
truding too far into the aortic lumen. High-velocity
signals at this location suggest that aortic flow patterns
are severely disrupted and pressure–flow gradients have
developed. Minimal flow disturbance is usually noted in
the proximal stented segment of the artery. A slight ele-
vation in the systolic velocity may be found due to the
rigidity of the stent and consequent decreased vessel wall

compliance. In the absence of flow-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
distally. Placement of a renal stent results in slight dila-
tion of the stented segment of the vessel compared to the
diameter of the native artery distal to the stent. Given
this, a flow gradient may be present at the distal end of
the stent because the blood is flowing from a large diam-
eter vessel to a smaller diameter segment. Even though
the diameter mismatch across the distal end of the stent
is quite small, slightly elevated Doppler velocity signals
and disordered color flow patterns may be encountered.
Careful attention must be given to the flow patterns at
the distal end of the stent to ensure that they are the
result of a stent-diameter to vessel-diameter mismatch
and not due to flow-reducing stenosis distal to or within
the stent. Increased peak and end diastolic velocities with
poststenotic turbulence suggest flow-reducing stenosis
(Figure 42–12).

Interpretation of Doppler Spectral
Waveforms and Images

The Abdominal Aorta

A rapid systolic upstroke and a sharp systolic peak char-
acterize Doppler spectral waveforms recorded from the
abdominal aorta proximal to the renal artery origins.
Because this segment of the aorta carries flow to the low-
resistance vascular beds of the liver, spleen, and kidneys,
the flow pattern is most commonly biphasic with a peak

Figure 42–11. Cross-sectional abdominal B-mode image of the
aorta and the proximal right renal artery demonstrates the
echogenic walls of a renal stent. High- resolution imaging con-
firms uniform apposition of the stent to the walls of the artery
and no evidence of intraluminal echoes that might suggest
thrombosis of the vessel.

Figure 42–12. Color flow image and Doppler spectral wave-
forms from the distal end of a stent in the right renal artery.The
very high velocities noted at peak systole and end diastole
suggest flow-reducing stenosis, which would be confirmed by
documenting poststenotic turbulence.
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systolic velocity range of 60–100cm/s. Distal to the renal
arteries, the velocity may decrease slightly and the wave-
form morphology becomes triphasic, consistent with flow
to the high-resistance lower extremity peripheral arterial
bed.

Flow disturbances may be noted at the renal artery ori-
fices, but high-velocity turbulent signals should not be
found in the absence of aortic wall plaque or orificial
renal artery lesions. Kohler et al.19 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 confirming the absence
of flow-reducing (>60% diameter reduction) renal artery
stenosis. Narrowing of the renal artery will result in ele-
vation of velocity while the aortic velocity remains rela-
tively stable. In cases where the aortic velocity exceeds
100cm/s due to stenotic disease or increased cardiac
output, the renal–aortic velocity ratio will be too low and
will, therefore, underestimate the severity of renal artery
stenosis. For example, if the aortic velocity is 120cm/s and
the renal artery velocity is 240cm/s, the renal aortic ratio
will be 2.0, incorrectly suggesting 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 (<40cm/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 >180cm/s and a poststenotic turbulence will
obviate such potential pitfalls in identifying a hemody-
namically significant renal artery stenosis (Table 42–1).

Normal Renal Artery

A rapid systolic upstroke and peak systolic velocities
ranging from 90 to 120cm/s characterize the normal renal
arterial waveform with the renal–aortic peak systolic
velocity ratio being less than or equal to 3.5 (Table 42–1).
Systole is followed by rapid deceleration to forward dias-
tolic flow with a velocity at least one-third of the systolic
value. Quite often an early systolic, or compliance, peak
may be found on the systolic upstroke. This is thought to
be a reflection of the expansion and recoil of the artery
that occur with each systolic pulse and, indirectly, may
reflect 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 of more than 100ms from
the onset of systole is abnormal.

Flow patterns throughout the normal renal artery are
characterized by constant forward diastolic flow due to
the low resistance of the renal arterial system (Figure
42–13). Decreased diastolic flow to zero, or actual flow

reversal, should not normally be seen because such find-
ings would be characteristic of impedance to arterial
inflow or obstruction to venous outflow from the organ.
The ratio of end-diastolic to systolic flow remains fairly
constant throughout the normal renal arterial tree
although the peak systolic velocity will decrease propor-
tionately from the main renal artery to the level of the
renal cortex. Distal renal artery peak systolic velocity is
normally 70–90cm/s. Systolic velocity in the renal
medullary arteries averages 30–50cm/s, assuming a 0°
angle of insonation, while more distal cortical velocity
averages 10–20cm/s.

Less than 60% Renal Artery Stenosis 

As the severity of renal artery stenosis increases, the peak
systolic velocity will increase to meet downstream flow
demands. Stenotic lesions that reduce the diameter of the
renal artery 30–60% will cause color flow disturbances
and the peak systolic renal artery velocity to exceed 
180cm/s. However, the degree of arterial narrowing is not
yet severe enough to cause poststenotic turbulence and
the renal–aortic peak systolic velocity ratio will remain
less than 3.5.

Hemodynamically Significant Renal 
Artery Stenosis

When reduction of the renal artery diameter exceeds
60%, poststenotic turbulence will become apparent and
the peak systolic renal artery velocity will significantly
exceed 180cm/s (Figure 42–14). It is important in cases

Figure 42–13. The flow pattern in normal renal arteries is char-
acterized by rapid systolic upstroke and constant forward dias-
tolic flow.
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where the aorta is diseased, thus obviating use of the
renal—aortic ratio, to confirm the presence of a post-
stenotic signal, as this signifies a pressure-flow gradient
and differentiates a hemodynamically significant lesion
from a less severe stenosis. Doppler spectral and color
flow parameters must be adjusted throughout the inter-
rogation 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 poststenotic
turbulence that develops downstream. Distal to critical
lesions, >80% diameter reduction, systolic upstroke will
be delayed, the compliance peak may disappear, and the
peak systolic velocity will decrease (Figure 42–15).

Renal Artery Occlusion

Renal artery occlusion is diagnosed by definitively iden-
tifying the main renal artery and documenting lack of
flow in its lumen. Multiple image planes may be required
to ensure the absence of flow 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 useful to move the patient to the lateral decu-
bitus or prone position. From a near decubitus position,
the kidney can be imaged through an intercostal
approach using a coronal scan plane from the flank. With
the patient lying prone and flexed 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 flow in a chronically occluded main renal
artery produces cortical flow of <10cm/s with a low-
amplitude waveform configuration throughout the renal
parenchyma as a result of collateral flow to the kidney
(Figure 42–16). After optimizing color, power, and spec-
tral Doppler sensitivity to exclude the very low flow of a
preocclusive lesion, it is also useful to compare parenchy-
mal 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 renovascu-
lar resistance from patterns associated with intrinsic
parenchymal disorders. Normally, the diastolic velocity 
in the interlobar and arcuate arteries of the renal
parenchyma approximates 40–50% of the systolic veloc-
ity and resistance remains low even in kidneys with flow-
reducing renal artery stenosis. It is thought that the
kidney compensates for the reduction in pressure and

Figure 42–14. Flow-reducing renal artery stenosis (>60%
diameter reduction) is associated with peak systolic velocities
that exceed 180cm/s and poststenotic turbulence.

Figure 42–15. Distal to critical renal artery lesions (>80%
diameter reduction), the systolic upstroke of the Doppler spec-
tral waveform will be delayed, the compliance peak will dis-
appear, and the peak systolic velocity will be decreased.

Figure 42–16. Blood flow to the kidney may continue via
ureteral and adrenal collaterals when the renal artery is chron-
ically occluded. Low-amplitude Doppler spectral waveforms

with velocity <10cm/s may be recorded throughout the
parenchyma of the kidney.
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flow through vasodilation, which in turn lowers vascular
resistance.

When renal function becomes impaired, diastolic flow
decreases, suggesting impedance to arterial inflow to 
the microvasculature of the kidney and increased vas-
cular resistance (Figure 42–17). Although renovascular
resistance tends to increase slightly with aging, a 
marked decrease in diastolic flow can be associated 
with a wide variety of etiologies including acute tubular
necrosis, glomerulonephritis, polycystic disease, diabetic
nephropathy, or severe obstructive hydronephrosis. A
diastolic-to-systolic velocity ratio less than 0.30 is consis-
tent with parenchymal dysfunction, while ratios less than
0.2 will most often be associated with elevated blood urea
nitrogen and serum creatinine levels.

Although it is not uncommon to find low-resistance
waveforms in a kidney with a severe proximal renal
artery stenosis, the same may not be true for the con-
tralateral nondiseased organ that is unprotected from the
hypertensive insult. Therefore, careful sequential moni-
toring of flow patterns in the contralateral organ is rec-
ommended because renovascular resistance will most
likely develop.

Renal Hilar Evaluations

With earlier technology, or for those who do not have the
experience 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 
significant stenosis. A limited evaluation offers the at-
tractiveness of lessening the technical challenge and
decreasing the length 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 specificities for detection of significant renal artery
stenosis using parameters calculated from the hilar

Doppler spectral waveforms (Figure 42–18).46–48 An accel-
eration index, defined 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 specificity
of 93%.46 Martin et al. calculated the acceleration time,
defined as the time interval between the onset of systole
and the initial compliance peak, to predict flow-reducing
proximal renal artery disease.47 In their study, an acceler-
ation time greater than 0.10s was superior to use of an
acceleration index and yielded a sensitivity of 87% and a
specificity of 98%. Stavros and his colleagues have addi-
tionally used the absence of the compliance peak to
suggest significant renal artery stenosis.48

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 trans-
verse image of the kidney, the distal renal artery is inter-
rogated along its axis using a 0° angle of insonation. It is
important to record Doppler velocity waveforms using
the highest transducer frequency possible to obtain ade-
quate signals, a large sample volume, and a sweep speed
of 100ms.

Although the potential for limited, but accurate, diag-
nostic evaluations is suggested by these initial investiga-
tions, sufficient prospective studies have not been done
to validate these criteria. Indeed, in studies from other
institutions, acceleration time, acceleration index, 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-
ficity have been associated only with lesions that exceed
80% diameter reduction by arteriography. Although the
limited hilar examination provides complementary infor-
mation, 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 direct examination of the main renal

Figure 42–17. Doppler spectral waveforms from the interlobar
arteries of a kidney with parenchymal dysfunction (medical
renal disease). AS renovascular resistance increases and dias-
tolic flow decreases.

∆ Velocity

AT

Acceleration
index

t t

Acceleration time

Figure 42–18. Diagram illustrating the method of calculation
of acceleration time (AT) and acceleration index (AI). AT is
the time interval from the onset of flow to the initial (compli-
ance) peak. AI is the slope of the systolic upstroke divided by
the transmitted frequency.
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artery because it yields no information regarding the
anatomic location of a proximal lesion. In addition, a
well-collateralized kidney with a proximal renal artery
occlusion cannot be differentiated from a high-grade
stenosis.47 In patients with concomitant renal parenchy-
mal disease, the acceleration time and index may be nor-
malized and the acceleration time can be influenced by
the peak systolic renal artery velocity.46–48 The effect of
blood flow from multiple renal arteries on hilar Doppler
evaluations has also yet to be adequately determined.
With present high-quality ultrasound systems, and expe-
rienced technologists with certification and adequate
training, a complete examination of the renal artery is
possible in more than 90% of patients.41

Renal Vein Evaluation

When the renal vein is thrombosed or filled 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 properties as flowing 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 an absence of flow in the main trunk
of the vein. There will be a lack of phasic flow proximal
to the obstructed segment and minimal phasicity in the
distal venous segments if the thrombosed segment is
recanalized or if venous collaterals have developed. If
there is extrinsic compression of the vein, disturbed color
flow and high-velocity Doppler signals will be found in
the region of venous narrowing.

Evaluation of Renal Artery Stents

A number of factors need to be considered in the inter-
pretation of Doppler velocity waveforms and images in
vessels with renal artery stents. The number and the loca-
tion of renal stents will influence 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 focal increase in velocity is more likely to be associ-
ated with a diameter mismatch while high-velocity flow
disturbance that is propagated over a longer distance is
commonly found with flow-reducing stenosis. If a signifi-
cant lesion is suspected it is important to confirm the
presence of a poststenotic signal and dampening of the

velocity signal downstream. Comparing velocity data to
data obtained during previous duplex examinations can
yield valuable clues that may help to confirm stenotic
disease. Elevated velocities due to vessel diameter mis-
match should remain stable while increased velocity due
to stenosis may demonstrate a temporal change.

At present, the diagnostic criteria used for the classifi-
cation of disease in the native renal artery are being
applied to interpretation of images and Doppler 
spectral data from renal arteries with stents. Special con-
sideration must be given, however, to the type, location,
and number of stents, reduced arterial compliance in the
stented segment, and the possibility of a slight diameter
mismatch between the stented segment and the native
artery. In the future, it may be necessary to develop stent-
specific diagnostic criteria for follow-up monitoring and
surveillance.

Prediction of Outcome of Interventions
for Renal Artery Stenosis

While success has been attained with both noninvasive
and invasive techniques for identification 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 sur-
gical or percutaneous intervention including severity of
the renal artery stenosis, the procedure used to treat 
the lesion, nephrotoxicity to the angiographic contrast
agents, atheroembolism, and the presence of preexisting
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 flow in the segmental arteries of the
kidney as predictors of favorable outcome to interven-
tion. Radermacher and his colleagues49 calculated a resis-
tive index [(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 angioplasty or
surgical bypass. Creatinine clearance and ambulatory
blood pressures were documented prior to intervention
and at 3, 6, and 12 months and then yearly following the
procedure. The mean follow-up was 32 months. Based on
this study, they concluded that patients with a renal resis-
tive index value of at least 80 were unlikely to experience
significant improvement in blood pressure, renal func-
tion, or organ survival following correction of renal artery
stenosis. Similarly, Tullis et al. recommended a renal
artery end-diastolic ratio from the contralateral kidney 
in patients with unilateral atherosclerotic renal artery
stenosis to predict response to renal revascularization.50
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Conclusions

Duplex ultrasonography of the renal arteries and kidneys
is the diagnostic test of choice in the initial evaluation 
of renovascular hypertension or suspected renal artery
pathology. Beginning with the evaluation of the aorta and
the entire length of the main renal artery, color flow ultra-
sonography is helpful in localizing the vessel, giving a 
preliminary assessment of disturbed flow and possible
underlying stenosis, and allowing accurate placement of
sample volume insonation for Doppler velocity meas-
urement and spectral waveform analysis. Peak Doppler
systolic velocity measurements in the main renal artery
provide the basis for the determination of hemodynami-
cally significant 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 fibromuscular dysplasia,
aneurysms, dissections, parenchymal masses and cysts,
and extrarenal tumors or masses that may induce extrin-
sic compression. Measurement of kidney length is im-
portant in determining the usefulness of therapeutic
interventions and sequential monitoring of renal func-
tion. Parenchymal assessment, with both Doppler veloc-
ity measurements and color and power Doppler flow
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 com-
plement to the complete interrogation of the renal vas-
cular system. Duplex ultrasound is an ideal technology
for natural history studies on renal arterial dysfunction
and follow-up after endovascular or surgical revascular-
ization. It can be a technically demanding study depend-
ent on the experience and capability of the sonographer.
Intravenous contrast agents may be helpful in challeng-
ing cases where the vessels are difficult to image.
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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 arte-
rial 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 emergencies. 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, multivessel disease may ini-
tially produce nonspecific symptoms such as pain after
eating (“abdominal angina”) and weight loss—symptoms
that are often mistaken for more common gastrointesti-
nal disorders such as peptic ulcer, gallstone disease, or an
occult malignancy. Early diagnosis and treatment of
chronic mesenteric ischemia may be of critical impor-
tance since progression to thrombosis with gut infarction
is fatal in over 50% of the cases when it occurs. However,
the nonspecific clinical manifestations of chronic mesen-
teric 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 vessels. As
duplex ultrasound scanning was applied to an increasing
number of peripheral and visceral arterial disorders, it
was evident that this technique could be adapted to
examine the main mesenteric vessels. In this way, mesen-
teric 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 significance of mesenteric occlusive
lesions found by arteriography performed 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 portal
venous system,4–6 is now performed in most vascular lab-
oratories 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 ultrasonog-
raphy remains one of the most challenging applications
of noninvasive testing due to variations in body habitus
and fat distribution, 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 vessels and their branches
running in a spatially unpredictable fashion. The mesen-
teric 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 (Figure 43–1), which
is the most predictable part of the mesenteric anatomy
even when more distal branchings are complex. Most
clinically important lesions will be identified by exami-
nation of the origins of the CA and SMA, and scanning
of the proximal 2–4cm of these vessels. It is generally 
felt that significant clinical symptoms and/or the risk 
of gut infarction exist only when there is severe stenosis
or occlusion of at least two main mesenteric 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 benefit most from arterio-
graphic study. Thus, one clinical use of mesenteric 
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duplex scanning would be the identification 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 arteriography
would determine the subsequent clinical management of
the patient.

Mesenteric Duplex Scanning: Technique

As with all deep abdominal duplex scans, intestinal gas
will compromise the technical success of a mesenteric
examination. An overnight fast is adequate preparation
for most elective cases, but simethicone-containing com-
pounds may be useful in cases where bowel gas remains

a problem. In patients with a more acute problem, the
ileus produced by any intraabdominal inflammatory
processes (e.g., acute mesenteric ischemia, cholecystitis,
pancreatitis, diverticulitis) greatly limits the usefulness of
mesenteric scanning. When a technically adequate exam-
ination can be performed it may be useful in directing
further diagnostic evaluation, but in emergent cases
where mesenteric ischemia is suspected, arteriography
should be performed without delay.

Mesenteric duplex scanning is performed with the
patient supine and the head slightly elevated. Low-
frequency, dedicated abdominal probes are used for
mesenteric, renal, hepatoportal, 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 (Figure 43–2) above the level where the left
renal vein crosses the aorta. Most atherosclerotic occlu-
sive lesions in the CA and SMA are at or near the origins
of the vessels from the aorta, so insonation of the first few
centimeters of each vessel is usually adequate for diag-
nosis. The inferior mesenteric artery (IMA) originates
from the left side of the infrarenal aorta a few centime-
ters above the aortic bifurcation.

Pulsed Doppler examination is performed using a
1.5–2.0mm sample volume. Peak systolic velocity (PSV),
end-diastolic velocity (EDV), waveform configuration,
and direction of flow are recorded. Doppler angles of

Figure 43–1. 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 mesenteric arteries (smaller arrow) near
their origins from the aorta.

Figure 43–2. 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 sampling is performed in the
proximal portions of these vessels where most occlusive disease
occurs. SMA, superior mesenteric artery.
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insonation of 60° must be employed when sweeping
through the vessels. Rizzo et al.7 observed that pulsed-
Doppler arterial flow velocities from the mesenteric
vessels should be measured at angles of insonation less
than 60°or falsely elevated PSVs will be recorded even in
normal vessels. The anatomy of the vessels often pro-
duces sudden changes in vessel direction and it is incum-
bent upon the technologists to be as certain as possible
about the location and angle of the sample.

Accurate examination of the celiac trunk may be 
challenging. The celiac trunk is rarely longer than 1–2cm
and the anatomy of its branches (common hepatic,
splenic, and left gastric) may be extremely variable.
The left gastric artery is rarely identified by duplex 
scan and routine examination includes the celiac, hepatic,
and splenic arteries. While flow 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 flow 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 (Figure 43–3).

Identification and pulsed Doppler spectral analysis 
are easier in the SMA than in the celiac trunk. There are
generally no major branches of the SMA visualized on
routine examination. However, a “replaced right hepatic

artery” may originate 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 col-
lateral patterns that are present in cases of occlusion of
a single main mesenteric artery may be even more con-
fusing. Large gastroduodenal or pancreaticoduodenal
branches may serve as collateral communication between
the CA and SMA and these may be difficult to interpret
by an inexperienced examiner.

The IMA has not been routinely studied but may be
identified by scanning down the infrarenal aorta toward
the bifurcation where it is generally the only vessel orig-
inating 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 identifiable IMA
may suggest significant occlusive disease of the SMA 
with the IMA serving as the collateral (Figure 43–4).
However, many patients with mesenteric arterial disease
have associated aortoiliac occlusions. Here the IMA 
may be occluded, but large lumbar collaterals may be 

Figure 43–3. 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 flow in the celiac branches can
produce falsely elevated flow velocities unless the angle of
insonation is carefully controlled at 60°. A, aorta.

Figure 43–4. Aortogram demonstrating a dramatically en-
larged inferior mesenteric artery (IMA) originating from the
left side of the infrarenal aorta several centimeters above the
aortic bifurcation. Retrograde flow through the “meandering
mesenteric” collateral is demonstrated in this patient with an
SMA occlusion.
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mistaken for the IMA on duplex scanning. Another
potential source of error in an attempt to scan the IMA
is the presence of an accessory lower pole left renal artery
that would also originate from the left side of the
infrarenal aorta. Overall, in most cases it is sufficient to
focus the examination on occlusive lesions at the origins
of the CA and SMA, since this is the area of involvement
in most clinically relevant disease.

Color Doppler scanning allows more rapid identi-
fication of the origins of the CA and SMA from the 
abdominal aorta and will reduce the time required 
for an examination. Color-flow scanning may help visu-
ally identify focal areas of flow disturbance that require
further interrogation, or help in detecting the absence 
of flow in one or both of the major mesenteric vessels
suggesting occlusion. It is important to remember,
however, that color assignment is based almost entirely
upon direction of flow. The anatomic variations discussed
above make it evident that beyond the origins of 
these vessels, sudden changes in flow direction can
produce confusing color-flow patterns even in normal
subjects.

Reliable, broadly accepted diagnostic Doppler fre-
quency, or flow velocity parameters have not been devel-
oped for the mesenteric circulation as they have been in
most other systems (carotid, renal, bypass grafts, etc.).
Most reports of visceral arterial duplex scanning empha-
size the determination of PSV and EDV, and the presence
or absence of early diastolic reversal of flow. Similar to
carotid scanning, significant stenoses are most often iden-
tified by a focal increase in systolic and diastolic veloci-
ties, and occlusions are identified by the absence of flow,
or flow reversal. Unlike renal artery duplex scanning, no
improvement in diagnostic accuracy has been observed by
normalizing visceral arterial velocity measurements to
those in the aorta through the calculation of flow velocity
ratios.8,9 Some investigators have reported quantitative
blood flow (milliliters/minute) measurements using
Doppler-derived velocity information in either the portal
venous system,10,11 or in the mesenteric arterial circula-
tion.12–15 Although there is considerable research interest
in volumetric flow data this estimation is subject to 
significant 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.

Normal Findings

Mesenteric arterial velocity waveforms have certain 
specific characteristics. At rest blood flow in a normal
SMA has a higher resistance Doppler velocity pattern

with early diastolic flow reversal in most cases, and 
late diastolic forward flow (triphasic waveform;
Figure 43–5). Blood flow in the CA, as in the renal 
arteries, has a low- resistance Doppler velocity pattern
with continuous forward flow during the entire cardiac
cycle (Figure 43–6). Spectral waveforms recorded 
from normal IMA are similar to those from the SMA
with a higher resistance pattern with early diastolic 
flow reversal.

Figure 43–5. The normal fasting SMA waveform (right
spectra) is recognizably different from celiac artery (CEL, left).
The triphasic pattern of the normal SMA is reminiscent of that
found in higher resistance peripheral arteries.

Figure 43–6. Velocity spectrum from a normal celiac artery
demonstrating continuous forward flow throughout systole and
diastole.
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Clinical Applications

Physiologic Measurements

Duplex scanning of the mesenteric vessels in normal indi-
viduals has been used successfully to characterize the
physiologic changes that occur in the visceral circulation
after eating. The most reproducible changes occur in the
SMA, where significant increases in PSV are seen up to an
hour after eating.19 Also, the SMA flow waveform shifts to
a low-resistance pattern characterized by forward flow
throughout the cardiac cycle with loss of the early diastolic
flow reversal. The composition of the meal, including
volume, energy content, and nutritional composition, may
influence the observed changes in mesenteric flow veloc-
ities after a meal.1,4,15,20 Fat and carbohydrates appear to be
the nutritional components of the meal that produce the
most significant postprandial increases in measured PSV.15

Duplex scanning has also been used to demonstrate
the effects of drugs on intestinal blood flow. Several
investigators have demonstrated changes in mesenteric
arterial flow following the infusion of splanchnic vaso-
dilators such as glucagon and secretin, and vasoconstric-
tors such as vasopressin.19,21 Lilly et al.19 observed that the
changes in superior mesenteric arterial flow following
glucagon infusion 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

middle colic,30 and pancreaticoduodenal31 arteries has
been reported, but in these cases scanning was often per-
formed due to uncertain gastrointestinal or abdominal
complaints. However, duplex scanning may be useful in
such cases to select patients for a more thorough, focused
vascular examination with computed tomography (CT),
magnetic resonance imaging (MRI), or arteriography.
Color-flow duplex ultrasonography may be useful for dif-
ferentiating saccular false aneurysms of the superior
mesenteric and splenic artery from other more benign,
nonvascular fluid collections in the setting of pancreatitis
or other retroperitoneal inflammatory conditions. How-
ever, 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 flow velocities identified at the origin
of the celiac artery may be due to extrinsic compression

of the CA by the median arcuate ligament of the
diaphragm, particularly when this finding is detected in a
younger individual. Celiac artery compression syndrome
has been reported to produce gastrointestinal symptoms
in some patients, but most clinicians regard this as a
benign condition with little or no risk of intestinal infarc-
tion. In fact, duplex scanning of these lesions is more
likely to be performed to evaluate the finding of the
celiac stenosis on an arteriogram performed for other
reasons (Figure 43–7). This “lesion” is usually associated
with a normal arterial wall and normal aorta with no evi-
dence of atherosclerotic 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 confirms 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 diagno-
sis of mesenteric occlusive disease in the past required
arteriography. Jäger et al.32 first reported abnormal pulsed
Doppler waveforms with increased PSVs and marked
spectral broadening in both the CA and SMA of a patient
with severe atherosclerotic stenosis in both vessels and
symptoms of chronic visceral ischemia. Others33,34 have
used similar criteria of distorted Doppler flow patterns 
or absence of detectable flow to document high-grade
stenosis or occlusion of the intestinal arteries. Moneta 
et al.35 reported ultrasound visualization of an enlarged

Figure 43–7. Characteristic arteriographic appearance of prox-
imal 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 findings
and the arteriogram.
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IMA in several patients with high-grade stenosis or
occlusion of the celiac and superior mesenteric vessels
where that vessel had become the major collateral supply
to the bowel.

Standardized velocity criteria for duplex scan diagno-
sis of hemodynamically significant lesions of the mesen-
teric arteries (similar to those used in the diagnosis of
extracranial carotid artery disease) have not been thor-
oughly refined. Considering the low prevalence of mesen-
teric disease compared to carotid disease and the small
number of arteriograms available for comparison, it
would appear unlikely that such discrete diagnostic cri-
teria would be forthcoming soon. Nevertheless, several
studies can provide general ranges for diagnosis that 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 atherosclerosis.
This group included patients with suspected visceral
ischemia as well as others requiring routine arteriogra-
phy for lower extremity ischemic symptoms. An analysis
of their accumulated data revealed that PSVs above 275
cm/s in the SMA (normal = 125–163cm/s) could predict
a severe SMA stenosis (>70%) with a sensitivity and
specificity of 89% and 92%, respectively. A similar diag-
nostic accuracy was observed by these investigators when
PSVs exceeded 200cm/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 usefulness of a 
“mesenteric:aortic” systolic velocity ratio to predict the
presence of a severe stenosis in the celiac artery or SMA
as has been observed in duplex scanning of the renal
arteries. In a subsequent report36 these investigators
prospectively evaluated these diagnostic criteria in 100
patients having arteriograms and demonstrated that
mesenteric duplex scanning was indeed sufficiently accu-
rate to be clinically useful as a screening examination in
cases with suspected CA or SMA occlusive disease
(Figure 43–8).

The usefulness of mesenteric duplex scanning for the
diagnosis of significant CA and SMA lesions was con-
firmed in the report of Bowersox et al.37 that compared
mesenteric 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 >300cm/s or an EDV
of >45cm/s.They were unable to establish reliable duplex
scan velocity criteria for CA stenosis. They observed that
the anatomy of the CA compromised precise insonation
as noted previously in this chapter. Considering the small
sample size and the fact that most patients were sympto-
matic, it is possible that anatomic and collateral variants
would account for the observed compromise. Further
emphasizing the difficulties encountered in an attempt to

define precise duplex ultrasound diagnostic criteria for
mesenteric occlusive lesions, Healy et al.38 were unable to
identify any definitive velocity criteria for detection of
CA or SMA stenoses.

These observations generally serve to reinforce the
continued need for prospective studies with arterio-
graphic correlation. However, as noted above, cases avail-
able for study are seen infrequently. Nevertheless the
general principles of duplex scan detection of a “critical”
stenosis or occlusion in any arterial system apply in the
mesenteric vessels: (1) a focal marked elevation in PSV,
particularly associated with elevated EDV, (2) post-
stenotic turbulence with reduced flow velocities beyond
the stenosis, and (3) absent flow in an anatomically well-
defined arterial segment, particularly with flow reversal
beyond the lesion (suggestive of occlusion). The key to
success in the mesenteric circulation relies not so much
upon precise velocity criteria, but in accurate anatomic
identification 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 revas-
cularization. Due to the intraabdominal location of the
bypass, early graft failure may not be readily apparent.
Abdominal pain is an unreliable symptom following
laparotomy and if the patient goes on to gut infarction
the outcome is almost uniformly fatal. It is clear then that

Figure 43–8. Duplex scan of the proximal superior mesenteric
artery (SMA) reveals a markedly elevated peak systolic 
velocity >350cm/s. This suggests the presence of a >70% SMA
stenosis.
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intraoperative assessment of the technical conduct of
mesenteric revascularization procedures is an important
clinical component of these procedures. The portability
of modern ultrasound equipment and increasing surgeon
familiarity with these techniques have led to an increase
in the use of duplex ultrasound scanning to assess 
technical success following renal and mesenteric re-
vascularization procedures. Oderich and colleagues 
evaluated the use of intraoperative duplex scanning in 68
patients undergoing operative visceral revasculariza-
tion.39 Patients who were identified as having an abnor-
mal intraoperative mesenteric duplex examination had a
higher incidence of early graft thrombosis, reinterven-
tion, and higher perioperative mortality. It was concluded
that the duplex scan evaluation helped optimize early
technical success of mesenteric revascularization 
procedures.

Postoperative Applications

Revascularization of symptomatic mesenteric arterial
occlusions is optimal management, but in the past the
patency of these reconstructions, like initial diagnosis,
could be determined only by arteriography. Sandager 
et al.40 first reported the use of duplex ultrasonography to
evaluate the patency of visceral arterial reconstructions.
Duplex scanning successfully documented graft function
in six of seven visceral bypass grafts and findings were
correlated with standard arteriography. McMillan et al.41

reported successful duplex scan follow-up of mesenteric
bypass procedures in 30 cases. Duplex scanning can
provide accurate noninvasive documentation of the
patency of visceral revascularization procedures without
requiring arteriography (Figure 43–9). The role of

prospective surveillance of these grafts is unknown at
present. However, increased experience with postopera-
tive duplex scanning of mesenteric bypass grafts will
allow a more accurate 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.

Endovascular Intervention

Endovascular interventions including balloon angio-
plasty and stenting have been performed routinely in the
renal arteries, and these techniques have also proven 
to be effective for treatment of mesenteric arterial oc-
clusive lesions (Figure 43–10). Steinmetz and colleagues
reported their experience in 19 patients with chronic
mesenteric ischemia treated by balloon angioplasty or
stenting.42 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 ultra-
sound 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 available. Three patients devel-
oped symptomatic restenosis and were treated with redo
angioplasty with resolution of pain. Two other patients
were found to have asymptomatic restenosis and were
followed conservatively.42 AbuRahma and colleagues
report on 22 patients with 24 symptomatic mesenteric
arterial lesions treated with balloon angioplasty/stenting
over a 4.5-year period.43 In this series the initial technical
success as defined, per vessel, as residual stenosis <30%

A B

Figure 43–9. 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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and pressure gradient <10mmHg 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 documented by objective duplex examina-
tion, of 30%. Freedom from recurrent symptoms 
was 67%. Four-year survival rate in these patients was 
53%.43

Duplex ultrasound has been used to evaluate patency
following endovascular revascularization of mesenteric
arteries (Figure 43–10). Excellent correlation has been
found between a significant decrease in PSV following
angioplasty/stenting and a favorable clinical response.44

PSV following these endovascular treatments may occa-
sionally remain in the abnormal range (>275cm/s),44

although the PSV will be significantly 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.44

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 identification of dis-
crete mesenteric arterial occlusions in these cases, parti-
cularly since the approach to treatment may be different.
If patients with acute major mesenteric arterial occlu-
sions were examined very early in the clinical course of
these problems, duplex scanning might provide an accu-
rate assessment. However, diagnosis is often delayed in
these patients and the associated ileus that rapidly devel-
ops renders the scan almost useless. Takahashi et al.45

reported dramatically reduced portal venous flow by
duplex ultrasonography in one patient with acute mesen-
teric infarction. Reduced portal vein flow is an indirect
reflection of severely reduced mesenteric arterial blood
flow and its lack of specificity would be of limited 
clinical usefulness in the majority of cases. Prompt 

A C
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Figure 43–10. (A) Aortogram depicting high-grade stenosis in
the proximal SMA. (B) Corresponding duplex image demon-
strating significantly elevated peak systolic velocities of 505cm/s
at the level of the stenosis. (C) Angiogram post-percutaneous

angioplasty and stenting demonstrating resolution of the SMA
stenosis. (D) Corresponding duplex image demonstrating a
patent stent (arrow) and reduction of peak systolic velocities to
normal (120cm/s).
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arteriography 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 difficult 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 reflect transmitted ultrasound waves. Addition-
ally, the contrast agent would be physiologically inert,
small enough to easily pass through capillaries, and
persist in the vasculature long enough to complete the
study. Perflutren (Definity, 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 perflutren in 17 patients to examine
its potential usefulness in evaluating the mesenteric
arteries.46 They concluded that the contrast material
appeared to be safe, but that it is not routinely required
and did not significantly improve the accuracy of stan-
dard duplex imaging. However, the use of contrast mate-
rial may be helpful when visualization is difficult with
standard techniques due to patient obesity or excessive
abdominal gas.

Population Screening

Although duplex ultrasonography has gained acceptance
as a first-line screening test for patients with suspected
chronic intestinal ischemia,47 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.48 Using criteria of celiac PSV >200cm/s and
SMA PSV >270cm/s, or occlusion of either vessel, it was
determined that 17.5% of the individuals studied had
either a significant celiac or SMA stenosis or occlusion.
The majority (10.5%) has isolated celiac stenosis: 1.3%
had combined SMA and celiac stenosis, 0.9% had iso-
lated SMA stenosis, and 0.4% had celiac occlusion.When
all patients with mesenteric arterial stenosis were con-
sidered, there was no association with symptoms of
weight loss. It was noted, however, that the combination
of celiac occlusion and SMA stenosis was significantly

associated with weight loss and concurrent renal artery
disease.

Conclusions

Mesenteric duplex scanning can become a routine non-
invasive diagnostic testing modality for the evaluation of
patients with suspected visceral ischemia since earlier
diagnosis and treatment will significantly 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 refinement
of the duplex instrumentation makes these examinations
exciting areas of clinical advancement since there have
previously been no other reliable noninvasive techniques
for assessment of major intraabdominal vessels. Like
other duplex scan applications, mesenteric duplex scan-
ning can be used to ensure the technical efficacy of
mesenteric revascularization procedures, whether surgi-
cal or endovascular. Mesenteric duplex scanning can then
provide a means of late follow-up assessment of these
procedures to document their durability or to prevent
late procedural failure.
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Although ultrasound is an inexpensive, effective diag-
nostic tool in abdominal vascular diagnosis in general, its
use in abdominal aortic aneurysm (AAA) diagnosis and
endograft follow-up has been the subject of controversy
and contradictory reports.1–4 Endograft replacement for
abdominal aortic aneurysms has been used for over 10
years in the United States, but controversy still remains
as to the role of ultrasound in postimplant surveillance.5,6

The notable effect of regional variability in the use of
ultrasound7 and the marked differences in expertise from
center to center have led to the inconsistent application
of ultrasound to both general AAA diagnosis as well as
to surveillance after endograft treatment. As a result,
many divergent opinions exist as to the ultimate role of
color duplex ultrasound in aortic aneurysmal disease.

Clearly ultrasound is a cost-effective tool compared to
other modalities used for aortic diagnosis.8–10 Nonethe-
less, its perceived subjectivity raises concerns about its
reproducibility and reliability. Since ultrasound is gener-
ally agreed to be operator dependent, the lack of consis-
tent technical expertise from center to center may mean
that results from one institution may not be acceptable at
another. This lack of reliability from center to center
mandates that each institution maintain a correlation of
ultrasound with other vascular imaging modalities to
provide an accurate assessment of its local diagnostic
value.

When ultrasound is used for vascular diagnosis of the
abdominal aorta, the results can be consistent and effec-
tive as has been demonstrated in a recent large trial, the
UK Small Aneurysm Trial.11–13 In spite of such trials, com-
puted tomography (CT) scans are the dominant surveil-
lance mode for aneurysmal disease in much of the United
States. Such regional variations have led to wide differ-
ences in the use of ultrasound in AAA from one region
to the next.

History of Aortic Imaging

AAAs for generations have been hidden from diagnosis,
with a high rate of sudden death in those individuals pos-
sessing such aneurysms. In spite of this, the diagnosis of
AAAs has been known for many generations. Until a safe
and effective therapy for AAAs was available, diagnosis
was not particularly beneficial. With the first successful
AAA repair by Dubost in 1951,14 diagnosis became more
important as the natural history of aortic aneurysmal
disease was altered for the better.

Physical findings associated with the AAA have also
been recognized for generations. In the patient whose CT
is seen in Figure 44–1, palpation would be more than ade-
quate due to the size of the aneurysm. Typically, palpa-
tion of the abdominal aorta can reproducibly measure
AAA diameter with an error of 1–2cm. The amount 
of error generated was completely dependent on the
patient’s body habitus and the depth of the aneurysm
from the anterior abdominal wall. Therefore, while
reproducible measurements were possible for an individ-
ual patient, other patients could not be directly compared
based on physical findings alone. In fact, many patients
remained undiagnosed until the aneurysm had ruptured,
usually resulting in the patient’s death. In spite of these
limitations, physical examination is claimed to be accu-
rate in up to 88% of the cases.15

Initially, X-rays were used to define the aneurysm. Cal-
cification in the wall of the artery could be visualized by
plain X-rays and measurements could be performed. By
defining the diameter of the aorta in the area of the
aneurysm, the natural history of aneurysmal growth and
rupture could be defined. Traditionally, a lateral lum-
bosacral spine film was used to measure the anterior to
posterior diameter of the aneurysm. While significant
magnification occurs using plain X-ray techniques,
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correction for this allowed for the first measurements of
the rate of aneurysm growth. Based on these techniques,
Szylagi et al.16 derived much of the early natural history
data available for AAAs. Dr. Szylagi divided aneurysms
at the 6cm anterior to posterior diameter level.
Aneurysms smaller than this were not believed to be at
risk for impending rupture, while aneurysms larger than
this resulting in the patient’s death in at least 50% of the
cases.

Additional early data had been provided by Estes in
the 1950s.17 Estes divided aneurysms at the 5cm thresh-
old. The risk of rupture of aneurysms greater than 5cm
was 20% at 5 years, a point at which surgical repair ulti-
mately proved to be of lower risk than observation alone.
This threshold has been in use ever since, only to be
refined by the UK Small Aneurysm Trial in the 1990s.
Again, Estes used plain X-rays to measure the abdomi-

nal aortic diameter and derive the natural history data
that he published. If calcification was not present in the
anterior aneurysm wall, then measurement could be quite
difficult if not impossible. Today, plain X-ray imaging of
AAAs is of historic interest only. The use of the lateral
lumbosacral spine films for aortic diameter measurement
has disappeared, although plain films of the abdomen are
often the mode of initial diagnosis for many patients with
occult aneurysms. Nonetheless, plain X-rays become
more important in the follow-up of patients after aortic
endografts. The stent portion of the endograft is easily
visible on plain X-ray and can be followed for evidence
of migration or angulation. Therefore plain X-rays have
become a routine adjunct in the assessment of abdomi-
nal aortic endografts in follow-up.18–21

Ultrasound

The use of ultrasound as a diagnostic technique for AAAs
began in the early 1960s and has progressed dramatically
since that time. In 1961 Donald and Brown first demon-
strated an AAA by ultrasound.22 While the initial inter-
rogation was with A-mode ultrasound, which provided
only one-dimensional data, in the early 1970s B-mode
(two-dimensional) ultrasound became the standard and
has remained the standard ever since. This ultrasound
technique provides two-dimensional data that allow accu-
rate representation of the cross-sectional anatomy of the
aorta, providing accurate diameter assessment. Ultra-
sound has proven to be a reliable technique for assessing
aneurysm diameter with measurements reproducible to
less than 3%.23,24 The values are reproducible and con-
sistent, allowing serial surveillance by ultrasound to be
used for monitoring AAA size (Figure 44–2). Compari-
son of abdominal X-rays with ultrasound assessment

Figure 44–1. Large abdominal aortic aneurysm by CT. In this
case palpation easily confirms diagnosis and size. CT scan was
performed for evaluation for rupture.

Figure 44–2. Ultrasound of native aorta, sagittal and transverse.
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demonstrated that there is a high degree of correlation
between ultrasound in surgical measurements, much
more consistent than that seen with plain X-ray films.25

Previous studies have demonstrated that ultrasound
measurements were identical to operative measurements
in 34% of the patients and were within 5mm in 75% of
the comparisons.26 Additionally, the reproducibility of
ultrasound measurements has been well established in the
surveillance of AAAs by serial studies.27

The UK Small Aneurysm Trial reinforced the value of
ultrasound for surveillance of AAAs.11,13,28 In this trial,
ultrasound was used as a primary modality for surveillance
with an intervention strategy randomized to either early
surgery or surveillance until the aneurysm reached 5.5cm
by ultrasound criteria. Using this approach, a benefit to
ultrasound surveillance until the aneurysm reached 5.5cm
was seen over that of early surgical intervention in this
patient population. Based on this trial, ultrasound surveil-
lance is once again the gold standard for aneurysm 
monitoring in the abdominal aorta. While CT, as will be
discussed below, is an important adjunct in operative
aneurysm planning, the routine surveillance of aneurysm
size is less expensively achieved by ultrasound alone.

The limitations in ultrasound assessment primarily
center on the ability to visualize the aneurysm. While the
technique for ultrasound of the abdominal aorta is out-
lined below, one of the most important adjuncts to quality
visualization of the abdominal aorta is performing this
examination when the patient is fasting. An empty gas-
trointestinal (GI) tract and a gasless abdomen are impor-
tant to provide maximum visualization of the deep
abdominal structures such as the abdominal aorta. In
spite of these adjuncts, visualization may be complicated
in these patients and multiple attempts may be necessary
to achieve an optimal examination.

Not to be underestimated in importance relative to
abdominal aortic interrogation is the quality of instru-
mentation employed. Many laboratories rely on older
machines without newer technologies that improve
imaging of the deeper abdominal structures.1 To scan the
abdominal aorta and its branches, newer transducers and
software to improve grayscale imaging are important in
achieving successful imaging. While this is more critical
in the interrogation of abdominal aortic endografts, visu-
alization of the abdominal aorta can occasionally be
problematic and these techniques are beneficial under
these circumstances as well.

Technique of Aortic Ultrasound
Interrogation of the Native Aorta

Endovascular therapy has dramatically changed the role
of the vascular laboratory in many institutions. In addi-
tion to being a diagnostic modality, it is often called upon

to assist in the determination of the type of therapy 
used to treat the patient. The vascular laboratory can
provide information to direct treatment and assist the
physician in determining what type of intervention 
might best suit individual patient needs. Careful duplex
assessment of the aortoiliac artery segments can deter-
mine whether the disease is focal or diffuse, determine
the exact location of any stenoses, estimate the severity
and length of stenoses, and identify aneurysmal disease.
Diameter measurements and residual vessel lumen
assessment can assist in sizing of endovascular stents 
and stent grafts. Armed with detailed physiologic and
imaging data, physicians may choose to forgo formal
angiography in lieu of limited focal angiograms during
the interventional procedure, resulting in less contrast 
to the patient. Many patients today undergo repair of
focal arterial disease (aneurysms, arterial stenosis, graft
stenosis) based entirely or in part on the duplex findings.
The results can also be used as a baseline for postopera-
tive follow-up. This approach to vascular disease man-
agement can be cost effective and can save time, but
requires high-resolution, high-quality ultrasound systems
as well as experienced and qualified examiners and 
interpreters.

Indications for aortoiliac ultrasound would include 
hip or buttock claudication that interferes with the
patient’s occupation or lifestyle, decreased femoral
pulses, physiologic studies indicating inflow disease,
postoperative angioplasty or poststent evaluation,
embolic ischemic digits, and evidence of aneurysmal
disease or abdominal bruit. The majority of aneurysms 
of the abdominal aorta are atherosclerotic and 
infrarenal. Despite the unique nature of the aneurysmal
process, aneurysms can cause the same problems 
encountered with other arterial diseases such as occlu-
sion, embolism, and hemorrhage. Another abnormality
easily recognizable by ultrasound imaging is aortic dis-
section. Acute dissections are usually readily identified
with two channels of flow. More chronic dissections are
less easily identified if the false lumen has thrombosed
and may be confused with stenosis or atherosclerotic
disease.

Contraindications to or limitations on the use of 
ultrasound in aortoiliac segments are mainly technical 
in nature. There is a longer learning curve to obtain 
proficiency in this examination than in peripheral 
arterial studies and the examiner must be comfortable
with abdominal visceral anatomy. Poor patient coopera-
tion or recent abdominal surgery may limit complete
assessment as will obesity, extensive bowel gas, and 
scar tissue. That said, in most instances, these are 
challenges that can be overcome with good technique
and experience.

Patients should be fasted for at least 8 hours prior to
the study of aortoiliac segments. Medicines may be taken
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with water. No gum chewing or smoking is allowed 
the morning of the examination. Patients should be
scheduled in the morning to reduce the amount of air
swallowed during the day.

Duplex Ultrasound Protocol

High-resolution real-time ultrasound equipment with
color flow capability and spectral Doppler are essential
tools for successful aortoiliac ultrasound assessment.
Low-frequency transducers ranging from 2 to 5MHz are
generally used but should be appropriate for the girth of
the patient. Multiple approaches and transducers may be
necessary depending on aortic angulation and bowel gas
or obesity. In patients with large abdominal girth, turning
the patient onto the left side and using the liver as an
acoustic window to image the proximal aorta or turning
the patient onto the right side and using the left kidney
as an acoustic window may be helpful. Doppler angles
ideally should be 45–60° when collecting peak systolic
and end-diastolic waveforms. Both B-mode as well as
color and spectral Doppler should be used throughout
the examination.

The aorta should be evaluated from the diaphragm
throughout the iliac arteries to the level of the femoral
bifurcation. Anteroposterior and transverse dimensions
should be measured and recorded at the site of maximum
widening of the vessel. These measurements are taken
from outer wall to outer wall, taking care to remain in a
true orthogonal 90° angle to the aorta. The examiner
should angle the transducer to be perpendicular to the
center line of the aorta, not necessarily to the long axis
of the body. If thrombus or plaque is present, the diame-
ter of the residual lumen should also be measured. The
transverse measurements should include the following:

1. Below the diaphragm including the celiac axis.
2. Inferior to the superior mesenteric artery (SMA).
3. At the level of the renal arteries.
4. Proximal to the iliac bifurcation.
5. The origin of the iliac arteries.

Measurements should be taken of residual diameters of
aorta and iliac arteries and anterior-to-posterior wall
diameters of iliac (common, external, and internal) and
femoral arteries. Doppler waveforms should be docu-
mented throughout the aorta and iliac arteries.The entire
length of the abdominal aorta in the longitudinal plane
should be evaluated by imaging and recording Doppler
spectral waveforms including the following:

1. Longitudinal proximal aortic images should include
the celiac axis and superior mesenteric artery.

2. Longitudinal mid-aortic assessment taken in the
region of the renal arteries and identifying proximity
of any aneurysm to the renal arteries.

3. Longitudinal distal aorta (measuring the cranial/
caudal extent of any aneurysm).

Scanning Technique

The patient is placed in a supine position with the head
slightly elevated (Figure 44–3). Beginning at the level of
the celiac axis and extending to the femoral bifurcation,
the aorta and iliac arteries should be examined with B-
mode in both transverse and sagittal planes. Color flow is
especially helpful in assessing the iliac arteries. They are
often deep and tortuous as they travel within the pelvis.
These arteries are easiest to follow in a sagittal plane
sampling with spectral Doppler throughout maintaining
an angle of 60° or less. If a hemodynamically significant
stenosis is encountered, a transverse view is used to
measure percent diameter reduction. The length of the
stenosis should also be noted. This can give an approxi-
mate length for possible endovascular intervention. Peak
systolic velocities are obtained throughout the aorta,
common iliac, external iliac, and origins of the internal
iliac (or hypogastric) arteries to detect stenosis elevations
in velocity. The proximal, mid, and distal common iliac
artery, proximal internal iliac artery (hypogastric), and
proximal, mid, and distal external iliac artery as well as
the common femoral artery, proximal profunda, and
proximal superficial femoral artery should be assessed.
Denote any areas not well visualized and clearly com-
municate this to the interpreting physician. Iliac arteries
can have focal occlusions with biphasic flow distal to
them if collateralization is good. If a stenosis is encoun-
tered it is important to document the post-stenotic 
turbulence.

Figure 44–3. Positioning for ultrasound scanning of abdominal
aorta or aortic endograft.
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Computed Tomography Scanning

Body CT scanning became available in the late 1970s 
as the technology for processing cross-sectional X-ray
beams migrated from intracranial evaluation to applica-
tions in other areas of the body. While the initial scans
done by CT required up to eight rems of radiation expo-
sure to achieve imaging of the abdominal structures,
improvements in technology and imaging processing
rapidly decreased the radiation exposure. As imaging
quality improved so did the techniques used for aortic
imaging. While initial scans were performed without
intravenous (IV) contrast, determination of aortic diam-
eter required IV contrast to fully visualize the lumen.The
combination of IV contrast with more rapid CT tech-
niques allowed for dynamic imaging of the abdominal
aorta in ways that were never before possible.

Unfortunately CT scanning requires radiation to
define the abdominal anatomy. The dose of radiation is
much improved now compared to early CT scans, but the
use of radiation is a clear disadvantage when compared
to the nontoxic use of ultrasound. Additionally, IV con-
trast with its associated allergic reactions and nephrotox-
icity is another limitation relative to the use of CT scans
as routine for aneurysm surveillance. Traditionally, CT
scanning has remained more expensive than ultrasound
examination, again limiting its usefulness for the routine
surveillance of AAAs.

Newer techniques of CT reconstruction allow three-
dimensional aortic imaging to be performed based on
two-dimensional data sets derived from conventional 
CT scans. These three-dimensional images allow more
accurate assessment of aortic diameter, angulation, and
anatomy, particularly relative to abdominal aortic endo-
graft placement (Figure 44–4). Recent studies suggest
that the use of three-dimensional CT techniques

improves the planning of abdominal aortic endografts for
aneurysmal disease, almost eliminating the need for arte-
riography prior to abdominal aortic surgery.29–31 While
these newer techniques are not universally employed, the
benefits of three-dimensional reconstruction appear clear
cut relative to endograft placement and surveillance and
should be considered in any patient prior to considera-
tion for abdominal aortic endografts.

The Relationship between Computed
Tomography-Derived Data and
Ultrasound-Derived Data

While both ultrasound and CT have been used for meas-
urement of aortic aneurysm diameter since their devel-
opment, there has been little correlation until recently
between the two modalities. The use of ultrasound for
surveillance in the UK Small Aneurysm Trial suggested
that ultrasound should be the primary surveillance
modality for patients not yet at a size to treat their
aneurysms.32 What about CT scanning? In the United
States, most centers relied on CT rather than ultrasound
for the routine follow-up of aneurysms. Were the values
derived from CT comparable to those derived from color
duplex ultrasound? While equivalence had always been
assumed between the two modalities, no studies were
available to define the areas of correlation or difference.

In 2001 our group attempted to define this relation-
ship.33 Using the core laboratory data from the Guidant
Ancure endograft trial, we evaluated paired ultrasound
and CT data reviewed by the core laboratory as part of
the trial. In all cases the measurements were made by the
core laboratory and were therefore free from observer
bias at the institution implanting the endograft. Ulti-
mately paired measurements were available for compar-
ison in 334 patients at the initial follow-up after endograft
implantation. In this group, 95% of the CT measurements
were larger that those obtained with ultrasound (Figure
44–5) by an average difference of 9.5mm (p < 0.01).Thus,
for the first time the differences between CT diameter and
ultrasound diameter were demonstrated to be significant.
It remained to be defined why this difference occurred.

What are the causes of such a discrepancy in the meas-
urement of aortic diameter? While maximum minor axis
diameter measurements have been proposed as a more
accurate diameter assessment by CT, these measure-
ments did not completely provide the answer as the
measurements were still discrepant using these values.
There were several possible causes for the differences.
First, it is possible that ultrasound fundamentally meas-
ures a different layer of the aortic wall, such as the inner
wall, so that measurements were less by ultrasound.
Second, ultrasound is operator dependent, raising the
question as to whether the operator was manipulating theFigure 44–4. Three-dimensional reconstruction of CT data.
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image acquired by ultrasound in such a way as to mini-
mize diameter, such as compressing the aorta while
imaging. Finally, since the larger diameter aneurysms con-
sistently had larger discrepancies, was there some factor
seen with increasing diameter that may account for the
differences?

We undertook a review with our sonographers of their
technique of aortic aneurysm interrogation. One of the
striking features of the ultrasonographers’ technique of

aortic imaging was the routine effort to obtain a round
cross section for diameter measurements (Figure 44–2).
If the aortic image was oblique, then an oval cross section
was seen; when the image was corrected for aortic angu-
lation the cross section became rounded. It was immedi-
ately apparent that the ultrasonographer was correcting
for aortic angulation on cross-sectional duplex imaging of
the aorta.

From this we undertook a new study to evaluate aortic
angulation and its effect on the differences seen between
ultrasound and CT-derived data.29 To do this, we needed
three- dimensional data providing aortic angulation as
well as CT-derived diameters perpendicular to the center
line of aortic flow. Fortunately, Metrix Media Systems
(MMS, Lebanon, NH) had developed an aortic CT refor-
matting methodology that allowed us to derive these
values and compare axial CT data at the same time. We
therefore undertook a study in our own patients com-
paring axial CT diameters, CT diameters perpendicular
to flow, ultrasound diameters, and the effect of aortic
angulation on all of these measurements. In a group of 38
patients these parameters were assessed and compared
prospectively. Since many of these patients were not yet
operative candidates, the mean diameter was somewhat
smaller than in the previous study, but axial CT diame-
ter was still 4.1mm larger than ultrasound diameter 
(p < 0.05). When compared to maximum CT diameter
perpendicular to the axis of flow, this difference
decreased to 0.9mm, a nonsignificant difference. We then
reviewed the effect of aortic angulation on these differ-
ences (Figure 44–6).When aortic angulation was less than

90

80

70

60

50

40

30

N
um

be
r 

of
 p

at
ie

nt
s

Diameter (nm)

20

10

0
20 30 40 50 60 70 80 90

CT max
us max

Figure 44–5. CT diameter (black line) versus ultrasound diam-
eter (white line) in the same patients. (Adapted from Sprouse
LR 2nd, Meier GH 3rd, Lesar CJ, Demasi RJ, Sood J, Parent
FN, et al. Comparison of abdominal aortic aneurysm diameter
measurements obtained with ultrasound and computed tomo-
graphy: Is there a difference? J Vasc Surg 2003;466–71, with 
permission.)

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

Aortic Angle

D
IF

F
E

R
E

N
C

E
 (

m
m

)

90 100

Axial CT - FDP CT

Axial CT - Ultrasound

FDP CT - Ultrasound

Linear (Axial CT - FDP CT)

Linear (Axial CT - Ultrasound)

Linear (FDPCT - Ultrasound)

Figure 44–6. The effect of aortic angulation on differences
between axial CT, flow-directed perpendicular (FDP) CT,
and ultrasound. [Reproduced from Sprouse LR 2nd, Meier GH
3rd, Paren FN, DeMasi RJ, Glickman MH, Barber GA. Is 

ultrasound more accurate than axial computed tomography 
for determination of maximal abdominal aortic aneurysm 
diameter? Eur J Vasc Endovasc Surg 2004;28(1):28–35, with
permission.]



482 G.H. Meier and K.A. Carter

25° from vertical, there was no significant difference
between the two CT-derived diameters and the ultra-
sound diameter; when the angulation was greater than
25°, the difference between maximum axial CT diame-
ter and the other two diameters became statistically 
significant.

Other investigators have evaluated the same questions
with mixed results.1,2,34,35 Nonetheless, the tacit acceptance
of equivalence between CT and ultrasound-derived data
has to be abandoned and differences are the expected
result when comparing CT AAA diameter to ultrasound
AAA diameter. The larger question centers on the effect
of this discrepancy on natural history data relative to the
growth and rupture risk of aneurysms. Clearly the UK
Small Aneurysm Trial has changed the approach in
Europe as to when these patients receive treatment.
Whether the more widespread use of CT in the United
States for aneurysm surveillance alters the threshold for
intervention compared to those who use ultrasound sur-
veillance remains to be seen.

Post-Intervention Surveillance

Once an aneurysm is treated, either by conventional
surgery or endograft implantation, surveillance becomes
an issue. While the benefits of surveillance after open
repair are controversial, the routine use of surveillance
after endografting is an accepted routine, with many sur-
geons refusing endografts in patients unwilling or unable
to return for routine postimplantation surveillance.
Nonetheless, the theoretical basis for surveillance in these
two clinical scenarios is quite different and the goals of
the surveillance protocol are dissimilar. In both clinical
situations the use of ultrasound is valuable, as long as
certain standards can be guaranteed.

Ultrasound Surveillance After Open
Aneurysm Repair

Once an aortic graft is surgically implanted, the long-term
success of the intervention is quite high, exceeding 90%
at 10 years.36 In spite of these long-term successes, many
advocate surveillance at regular intervals even after con-
ventional surgical repair.37–39 The issues for surveillance
are different with open repair, focusing primarily on 
surveillance for new aneurysm formation, expansion of
residual aneurysm segments, or the development of
stenoses or occlusions. While these issues may be present
early after surgery, in most cases surveillance is warranted
only after a period of time—usually 2 years or more 
after surgical intervention. While advocates of routine
surveillance after open repair suggest definite benefits 

in discovering pathologic features that warrant inter-
vention, others believe that the routine use of surveil-
lance after open aneurysm surgery is unfounded and
unnecessary.40,41

With surgical repair, most abnormal pathology is
treated with graft replacement and exclusion. Nonethe-
less, aneurysmal disease is a field defect disease, and with
time other arterial segments are at risk for aneurysmal
degeneration. Therefore, the focus of postsurgical sur-
veillance is on monitoring for aneurysmal degeneration
in arterial segments adjacent to the grafted segments as
well as in remote segments at risk for aneurysm. These
segments include the proximal aortic segment, the iliac
arteries, and other vessels as appropriate. The more seg-
ments with aneurysmal degeneration, the greater the risk
for further aneurysm formation.

Other areas for surveillance relate to the complications
of surgical intervention. The development of stenoses in
the reconstruction may represent areas for intervention
to prevent occlusive complications. Ultrasound can effec-
tively diagnose and follow areas of stenoses for possible
intervention. Conventional arterial velocity and grayscale
criteria for stenosis are appropriate for this form of 
surveillance.

Ultrasound Surveillance 
After Endovascular 
Aneurysm Repair

While the best method and interval of follow-up after
endovascular aneurysm repair remain controversial,
there is generally consensus that some form of surveil-
lance after endograft repair is crucial to the success of this
therapy. As a result, many centers have developed inde-
pendently programs of surveillance that include both CT
and ultrasound. As with many imaging techniques the
best protocol is likely related to what is available at a
given institution. Both CT and ultrasound provide inde-
pendent information that is valuable in follow-up for the
physician implanting endografts for abdominal aortic
aneurysms.

CT scans provide standardized information that is
reproducible and objective. Ultrasound data are often
influenced by the ability of the technologist as well as the
quality of the equipment available. Therefore the results
obtained with ultrasound are much harder to reproduce
from center to center, while CT can be easily standard-
ized using a reproducible protocol for obtaining the scan.
Unfortunately, interrogation of aortic endografts by
either methodology can be challenging, with many sub-
tleties to the images obtained. As a result, the best
methodology for surveillance may not be one or the
other, but a combination of the two. The unique ability of
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ultrasound to look at flow allows interrogation of the
residual aneurysm sac around the endograft in ways that
are likely not possible using conventional CT scans.

Typically, CT scans are performed using a spiral tech-
nique with image acquisition at a 2mm slice thickness.
Baseline scans through the aneurysm and endograft are
performed without contrast to better evaluate endograft
structure and the presence of structural features within
the abdominal aortic aneurysm. IV contrast is adminis-
tered as a bolus via a peripheral vein, timed to provide
maximum enhancement of flow within the aneurysm sac.
Importantly, delayed imaging of the aneurysm sac must
be performed to allow for late filling of endoleaks within
the aneurysm sac. With these techniques endoleaks can
be detected in many patients.

Ultrasound, on the other hand, is not nearly as simple.
The subjective nature of the images obtained requires
that a standardized approach be undertaken to maximize
objectivity. The elements of this protocol are described
below, but it should be remembered that this is only 
a guideline. As newer technology becomes available
changes in the protocol may be necessary to improve 
our ability to define endoleak. A good example of this is
the use of harmonic imaging and ultrasound contrast
(Figure 44–7). These adjuncts will be discussed further in
a later section in this chapter.

Endoleak Ultrasound 
Surveillance Protocol

The purpose of duplex ultrasound evaluation of endo-
vascular aortic stent grafts following device place-
ment is to identify the presence of possible perigraft
leaks, enlarging aneurysmal size, or other complications 
associated with the procedure such as iatrogenic injury.
In addition, it is an ideal way of identifying hemodyna-
mic or anatomic abnormalities that may impair graft 
function. In experienced hands and with adequate 
protocols, color duplex ultrasound (CDU) can be 
used to reliably determine the presence of endoleaks,
hemodynamic impairment, and changes in aneurysm 
size.

All patients with endografts potentially can be fol-
lowed with ultrasound, however, while there are no real
contraindications, there are certain limitations. Excessive
bowel gas, obesity, or recent abdominal surgery may limit
the examination (abdominal tenderness may limit the
technologist’s ability to obtain an adequate scan). In
patients with obesity, if the aorta is located at a depth of
more than 15cm, this will limit good visualization of the
device, attachment or fixation sites, and the ability to
readily identify endoleak.

A B

Figure 44–7. Color flow duplex showing endoleak (A) and corresponding endoleak demonstrated with intravenous ultrasound
contrast (B).
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Equipment and Supplies

To adequately assess patients with aortic endografts, a
high-resolution duplex ultrasound system with good
pulsed Doppler and color flow capability is essential.
Low-frequency pulsed Doppler transducers with 2.25–
5MHz frequency are generally used. It may require 
multiple transducers in the course of the study including
curved array, phased array, or mechanical sector trans-
ducers. Many of the currently available manufacturers’
features to enhance resolution, decrease artifact, and
improve color and spectral Doppler deep in the abdomen
will help with accuracy and speed of this complex and
challenging ultrasound study.

Patient Preparation

Patients should fast overnight to minimize the amount of
bowel gas present at the time of the study. Water is
usually allowed as it is usually better if the patient is well
hydrated. A bowel prep is not usually needed. No
smoking or gum chewing is allowed the morning of the
examination since this may increase swallowing of air and
limit visibility. Occasionally it is helpful to have the
patient take a Simethecone-containing over-the-counter
medicine if they are known to have excessive abdominal
gas.

Patients should be prepared for the procedure to take
up to 1.5 hours to perform.The examination is performed
with the patient supine in a comfortable position and the
head elevated for both comfort and to drop the abdom-
inal contents. In patients with extreme abdominal girth,
positioning in a right or left lateral decubitus position
may be useful.

Test Protocol

The technologist must know the details of the endovas-
cular aortic repair prior to beginning assessment of the
aortic endograft with ultrasound. This is a much more
complex evaluation than standard aortic ultrasound and
requires more technical expertise. In addition, different
complications can arise with different graft configura-
tions. Some stent grafts are totally supported, some are
unsupported, some are modular in design, and some are
single body construction.

The examiner should be aware of any additional ancil-
lary procedures that may have been performed. Patients
may have multiple modular segments placed to accom-
modate their anatomy and aneurysmal disease. Often a
patient with small iliac vessels may have additional pro-
cedures to allow introduction of the device including
transluminal angioplasty, endarterectomy, placement of a
“chimney” graft, or other endovascular procedures. Some
patients will require precoiling or ligation of the hypogas-

tric arteries. It is much easier to identify any complica-
tions if the details of the procedure are known prior to
the ultrasound.

There are different types of aortic stent grafts and most
are currently placed infrarenally. Configurations of the
devices come in tube, bifurcated, or occasionally aor-
touniiliac grafts that involve exclusion or occlusion of the
contralateral iliac artery to prevent retrograde flow from
entering the aneurysmal sac and a femoral-to-femoral
bypass to restore flow to the limb. Most aortic endografts
placed are bifurcated. Transrenal and thoracic aortic
stent graft devices are under investigation and may be
encountered.

Begin by identifying the region of the maximum size
of the aneurysm in both transverse (transaxial) and 
sagittal/longitudinal planes. Transverse measurements
are made of the maximum diameter of the aneurysm sac.
It is important to be perpendicular to the aorta, not nec-
essarily to the long axis of the body. Many patients have
tortuous aortoiliac anatomy. The transducer should be
angled to accommodate for the tortuosity for the most
accurate transverse diameter measurements.

Using B-mode imaging without color, identify superior
(proximal) and inferior (distal) attachment sites (also
called fixation sites); annotate and record the location.
Look for small linear reflective metal struts. In some
devices you may see the anchoring hooks that anchor the
device to the aortic wall. Other devices are externally or
internally supported and should be fairly easily visual-
ized. The superior attachment (fixation) should be
located distally inferior to the renal arteries. Also iden-
tify and record a systematic assessment of the entire
aortic graft and residual aneurysm sac. If the stent graft
is a bifurcated graft or aortoiliac graft, identify the infe-
rior iliac attachment site(s) and the native iliac inferior
to the attachment site. In unsupported grafts, marked wall
motion is likely an indicator of endoleak. The B-mode
assessment will also identify hypoechoic areas within the
residual endograft, which should be carefully investigated
for endoleak (Figure 44–8). In addition, a “spongy”
texture to the thrombus within the residual sac is some-
times associated with very subtle, slow flow endoleak,
particularly in the accompanying presence of increasing
aneurysmal size (Figure 44–9). Endoleak influences
aneurysm sac morphology. Asymmetry of the sac is fre-
quently associated with endoleak. Systemic pressures
from endoleaks found within the aneurysm sac often
appear to be localized to the area of endoleak, indicating
that forces applied within the aneurysm sac are not
uniform.42 Aneurysm volume expansion is also more
likely to occur in the presence of endoleak.

Continue to scan slowly from above the superior
attachment to the inferior attachment in both transverse
and sagittal views in both B-mode and with color flow.
Optimize B-mode and color settings so that color 
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completely fills the graft lumen without excessive artifact
in the color box, and so that the residual aneurysmal sac
can be clearly seen.The color box should be large enough
to encompass the sac but not too large to encourage arti-
fact. Power Doppler may sometimes be helpful in detect-
ing perigraft flow. Three-dimensional imaging software
may make posterior vessels such as lumbars easier to
locate. Look for potential sites of perigraft leak at the
superior attachment/fixation and inferior attachment/fix-
ation (Type I). Type II endoleaks are those originating
from native vessels that arise from the aorta and poten-
tially may flow retrograde into the residual aneurysmal

sac outside of the endograft. These Type II endoleaks
include the inferior mesenteric artery (IMA) located
anterior to the graft in the mid-portion of the residual
aneurysmal sac (usually found near the umbilicus) as well
as lumbar arteries usually located posterior to the graft
potentially over the entire length of the AAA sac. These
are most often found in the transverse approach. Type III
endoleaks are those associated with modular disconnec-
tion of segments of the endograft. For this reason, it is
important to know the configuration of the endograft and
which limb is the docking limb and where any additional
modular segments are attached. Type IV endoleaks are
generally transgraft endoleaks associated with flow
through the interstices of the fabric of the graft. Note that
more than one type of leak can occur at the same time,
for instance, an attachment leak (Type I) exiting through
a lumbar or IMA (Type II). Attempt to identify the IMA
origin, anterior and near the mid to distal aorta and
usually found more toward the patient’s left. Try to iden-
tify direction of flow in the IMA. The IMA may be
occluded at its origin but patent through collaterals, so
attempt to determine patency/occlusion at the origin.

It is important to confirm all suspected leaks with spec-
tral Doppler. Record any flow entering or exiting the
residual aneurysm sac and attempt to identify the source
location and direction. True endoleaks will have repro-
ducible arterial waveforms with spectral characteristics
different from that of the graft flow. Artifactual pulsatile
color may be present if the color sensitivity settings are
low enough so that the equipment will prioritize move-
ment as color verses gray when in fact it is only move-
ment secondary to the pulsatility of the adjacent graft
structure. Other color artifacts can occur from abdominal
gas. The spectral Doppler waveform will differentiate
true perigraft leak from color artifact (Figure 44–10).

Figure 44–8. Grayscale hypoechoic defect within the residual
aneurysm suggestive of endoleak.

Figure 44–9. Heterogeneous thrombus on grayscale image
raises concerns of occult endoleak.

Figure 44–10. Example of spectral Doppler confirmation of
endoleak to differentiate true flow from color artifact.
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Make note of the Doppler characteristics of the wave-
form (biphasic, monophasic, bidirectional). Differing
spectral waveform types can usually be associated with
different types of endoleak. Once confirmed by spectral
Doppler, try to determine the extent of the leak by color
Doppler, i.e., whether the leak extends through the entire
length of the residual sac or is confined only to the imme-
diate area of the suspected origin of the leak. If possible,
determine direction of flow in the source of the leak and
into and/or out of the sac. Even if no leak is suspected,
the entire residual sac should be sampled throughout
using spectral Doppler both anteriorly and posteriorly to
ensure the absence of endoleak. Focus should be directed
to potential leak sites (IMA and lumbars as well as
attachment sites). Careful assessment in the area between
the posterior wall of the aorta and the spine may reveal
patent retrograde lumbar arteries.

Assess the graft for any deformity in the graft material
such as folding and incomplete deployment, and in bifur-
cated and aortoiliac stent grafts, assess the limb(s) for
twisting, kinking, or any other deformity that may lead to
stenosis or potential thrombosis of the limb. Record flow
velocity through the body of the graft and limb(s) if a
bifurcated or aortoiliac graft is present. Record the peak
systolic velocity at the attachment sites. This is important
in defining any limb dysfunction that may lead to limb
thrombosis. Unsupported endografts are at greater risk
for limb dysfunction but it can be seen in any limb. CDU
surveillance effectively identifies problems that may
threaten the graft patency. Continue down the remainder
of the native outflow arterial tree to the femoral arteries,
noting any flow abnormalities that could be associated
with iatrogenic injury involving the use of the large intro-
ducers used in the placement of these devices. Such
injuries, while uncommon, can include intimal flaps, dis-
section, hematoma, pseudoaneurysm, and arteriovenous
fistula. In addition, remodeling of the aneurysm residual
sac over time can result in redundancy of the graft and
cause additional complications.

The advantages of duplex ultrasound in the follow- up
of patients with aortic endografts include the ability to
collect accurate residual aortic sac diameter measure-
ments serially over time. It is a very sensitive method for
endoleak detection with adequate time and when proto-
col is used. Ultrasound can often identify the source for
endoleak classification and can readily evaluate for limb
dysfunction or any other hemodynamic impairment. It is
inexpensive and reproducible and requires no contrast
and there may be an additive effect of CT with ultra-
sound in the follow-up of patients with these devices
placed. The disadvantages of using duplex ultrasound
may be the time commitment involved in a busy vascu-
lar laboratory. Additionally, there is a need for high-res-
olution equipment for the adequate performance of this
examination. It is a technically challenging, subjective

study that is highly dependent on the examiner and inter-
preter but it can be a valuable tool in the assessment of
patients with aortic endografts.

Results of Ultrasound for 
Endograft Surveillance

The use of ultrasound for endograft surveillance has been
advocated by many as an alternative to or an adjunct to
routine CT scan surveillance.5,43–45 Those who support the
use of ultrasound believe that it offers information not
available from routine CT scans, improving endoleak
detection and providing information on limb dysfunction
that is not necessarily available by CT imaging. While
there is not yet a consensus on the role of ultrasound in
endograft surveillance, there are many areas where good
data exist supporting the use of ultrasound.

Endoleak Detection

One of the most important aspects of endograft surveil-
lance is the reliable detection of endoleak. While numer-
ous studies have documented the frequency of endoleak,
it is still widely recognized that endoleak detection is
variable from institution to institution due to differences
in imaging technique and frequency. Ultrasound is an
ideal agent for measuring flow. While ultrasound is opti-
mized for the detection of arterial and venous flow veloc-
ities, the lower velocity seen with endoleaks can still 
be assessed. The addition of color flow to conventional
ultrasound techniques provides a visual assessment of
endoleak. In spite of these theoretical advantages, some
centers have been unable to reliably detect endoleak with
ultrasound.1

While the first reports of ultrasound surveillance 
after endograft aneurysm repair were from Europe in
about 1997,46 many other centers have subsequently
reported their experience with ultrasound surveil-
lance.1,5,6,8,34,35,38,44–54 The relative efficacy of ultrasound for
endoleak detection clearly varies from institution to insti-
tution, but the experience in many centers suggests that
endoleak detection by ultrasound may be superior to that
seen with contrast CT alone.5,19,34,44–48,51,53,54 At this time, a
consensus for the use of ultrasound after abdominal
aortic endograft implantation is lacking. For the moment,
CT scan interrogation of the residual aneurysm sac
remains a standard with or without supplementary CDU.

The second issue relative to endoleak relates to the
classification of endoleak type (Table 44–1). Type I, or
attachment site endoleak, is a greater concern after
endograft implantation. Its detection is usually straight-
forward by either CT or ultrasound as these leaks tend
to have high flows associated with their presence. Type II
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is similar to the forces resulting in modular disconnects
in modular aortic endografts, as the leveraging of the
attachment sites versus the body of the endograft can
create either narrowing of the endograft limb or sufficient
force to dislocate the interconnect of the graft modules.
Ultrasound is uniquely suited for detecting changes in
flow within the limbs and can effectively detect narrow-
ing as an increase in velocity relative to adjacent 
segments.55

Similarly, ultrasound is useful for interrogating the
outflow arteries from the endograft limb to detect areas
of flow restriction or aneurysmal degeneration that may
lead to limb thrombosis. While these changes may be
detected with other modalities such as CT, flow changes
are the strength of ultrasound evaluation due to the
ability to measure Doppler velocities. As flow changes
over time, ultrasound can follow these changes to 
suggest the need for intervention as changes progress.
The ability to reliably detect flow changes over time is 
the strength of ultrasound evaluation of endograft limbs,
providing unique information that may not otherwise 
be apparent.

Aneurysm Growth

As discussed earlier in this chapter, ultrasound pro-
vides accurate imaging of aortic diameters, independent
of aortic angulation. Therefore, routine surveillance of
maximum aneurysm size can be easily performed by
ultrasound.The difficulties in ultrasound reside in the rel-
ative position of one measurement to the next. While CT
scans can measure diameters at given locations relative
to fixed branch origins such as the SMA, ultrasound
cannot reliably follow the measurements at a given point
with accuracy. For the assessment of diameters at a given
reference point, CT seems more consistent.

It has been suggested that aneurysm volumes may
prove more sensitive than diameter in the assessment of
aneurysm behavior.47,56,57 In spite of this suggestion, the
routine assessment of aneurysm volumes by either CT or
ultrasound is yet to be achieved. The behavior of aortic
aneurysms is not well defined with volume measurements
at this time.

Device Migration

Since ultrasound has difficulty in repetitive measure-
ments in three-dimensional space, device migration is
often detected late when this modality is used alone. Plain
X-ray films remain the mainstay in the detection of
device migration, although some controversy remains as
to whether the changes seen are truly device migration
or aortic neck elongation.58 Whether three-dimensional

endoleak (branch vessel) can be much more subtle since
the rate of flow can be quite low. Typically these
endoleaks communicate between lumbar vessels and
other branches, primarily the IMA. Occasionally, a to-
and-fro pattern can be seen similar to that seen in a
femoral pseudoaneurysm after catheterization. This
pattern is less worrisome and in most cases does not
persist. Type III endoleak occurs at the connections
between segments of the endograft. These may occur in
isolation or may be combined with branch vessels. Gen-
erally these endoleaks are high flow as well, making
detection relatively easy. Finally,Type IV endoleak occurs
through the fabric of the graft and can be quite subtle. In
these situations detection is difficult, but many of these
leaks will seal spontaneously.

Definition of endoleak type rests on tracking the
endoleak within the aneurysm sac from its origin to its
endpoint. Turbulence can make tracking the endoleak
quite challenging and in many cases the channels them-
selves may be poorly developed or irregular. As a result
there is no standard for endoleak mapping and many
centers find that endoleak classification is poorly defined
and inconsistent. Many endoleaks end up being reclassi-
fied over time as additional information becomes avail-
able from interventions or additional studies. Therefore
endoleak classification is more of a goal than a reality at
this point.

Limb Dysfunction

After endograft implantation changes in the sac pressur-
ization may result in conformational changes in the endo-
graft limbs. These changes may cause decreased flow in
the limbs, a condition referred to as limb dysfunction.This

Table 44–1. Classification of endoleak.61

Type Cause of perigraft flow

I Inadequate seal at proximal end of endograft
Inadequate seal at distal end of endograft
Inadequate seal at iliac occluder plug

II Flow from visceral vessel (lumbar, IMA,a accessory
renal, hypogastric) without attachment site 
connection

III Flow from module disconnection
Flow from fabric disruption
Minor (<2 mm)
Major (≥2 mm)

IV Flow from porous fabric (<30 days after graft 
placement)

Endoleak of Flow visualized but source unidentified
undefined
origin

aIMA, inferior mesenteric artery.
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ultrasound may better define subtle device changes
remains to be seen. Currently, plain X-rays and CT 
scans are the best modalities for detection of endograft
migration.

Ultrasound Contrast

Increasing experience with ultrasound contrast suggests
that this modality may provide the best definition for
endoleak detection (Figure 44–7). Ultrasound contrast is
blood pool based, providing accurate imaging of flowing
blood within the aneurysm sac. Many centers view this 
as the current standard for endoleak detection and
mapping.8,43,47,48,59,60 With greater experience, the routine
use of contrast-enhanced ultrasound may provide the
standard for endograft interrogation.

In this technique, harmonic imaging is used rather 
than conventional grayscale. Since the ultrasound beam
entrains the microbubbles to resonate at a certain fre-
quency, imaging at that harmonic frequency results in
dramatic improvements in blood flow imaging. What is
sacrificed is grayscale quality; harmonic imaging loses
grayscale quality as blood pool imaging is improved.
Therefore the ability to evaluate blood flow is improved
while the imaging of the endograft and aneurysm sac is
degraded. For endoleak, the advantage is a shortened
examination with more certainty as to the presence or
absence of perigaft blood flow. The combination of con-
ventional CDU with contrast-enhanced imaging when
appropriate may ultimately prove to be the new standard
in aortic endograft surveillance.61

When Should We Use Ultrasound 
with Aneurysms?

If a center has experience with deep abdominal ultra-
sound, then routine use of color flow duplex ultrasound
for aortic assessment is logical and effective. If adequate
expertise is not yet available, then deep abdominal 
ultrasound imaging is an adjunct that, over time, will
improve in quality and overall clinical benefit. Both the
follow-up of AAAs and the surveillance of aortic 
endografts are appropriate uses of duplex ultrasound.
With experience and dedication, these modalities become
the preferred technique for aortic assessment and 
follow-up.
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Empiric means of assessing foot perfusion are not ade-
quate due to lack of sensitivity and specificity. Fortu-
nately, ongoing research has led to the discovery of a
number of different objective tools that can be used to
assess the degree of foot ischemia. Among the validated
modalities, transcutaneous oxygen (tcpO2) tension has
proven to be quite useful in the evaluation of lower
extremity ischemia. The unique design of the transcuta-
neous sensor makes it possible to obtain accurate meas-
urements of oxygen (pO2) and carbon dioxide (pCO2)
tension on the surface of the skin. This chapter will
discuss the physiology of tcpO2 measurements and
demonstrate how these measurements can be used for
amputation level determination. In addition, tcpO2 meas-
urements will be shown to be essential for the prospec-
tive management of diabetic patients with foot ischemia
as well as nondiabetic patients with chronic lower
extremity ischemia.

Physiology of the Measurement

Modern transcutaneous instrumentation has improved
considerably from the viewpoint of maintenance, appli-
cation, and routine use. A small sensor is applied to the
skin with an airtight self-adhesive fixation 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
flow resistance, and compensatory arteriolarization of
capillary blood. This effectively raises the pO2 and
decreases the pCO2 values toward arterial levels.1,2

Contact liquid between the skin and sensor allows the
underlying dermal tissue pO2 to be in equilibrium with
the sensor after 15–20min. In practice, stable tcpO2 read-
ings are generally achieved in 20–30min.

TcpO2 monitoring is completely noninvasive and
atraumatic if sensor placement at one skin site is limited
to a maximum of 4h. The test can be accomplished with

the patient comfortably supine at ambient room temper-
ature in an outpatient setting. Oxygen inhalation, change
in limb position, and chest wall normalized tcpO2 values
are not part of our standard protocol.3–5 We have experi-
ence with the Novametrix 800 monitor (Novametrix
Medical Systems,Wallingford, CT), which has three mod-
ified Clark electrodes for simultaneous recording of skin
oxygen tension at three sites (Figure 45–1). As demon-
strated in Figure 45–2, the sensors are usually placed on
the dorsal aspect of the forefoot between the great and
second toe roughly 5cm proximal to the second toe tip
(forefoot measurement), on the medial aspect of the
hindfoot in front of or behind the malleolus (hindfoot
measurement), and 10cm below the patella on the medial
aspect of the calf (below-knee measurement). The sensor
can also be placed 10cm above the patella on the medial
aspect of the thigh for an above-knee measurement. Inac-
curate readings may occur if the sensor is placed over a
tendon or exposed bone. For optimal results, the sensor
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
tcpO2 value is less than 30mmHg. For practical purposes,
a low tcpO2 value can be interpreted as either reduced
generalized arterial pO2, as in the case of patients suffer-
ing from cardiopulmonary diseases, or reduced regional
blood flow due to impaired arterial pO2 supply from 
arteriosclerosis. Many investigators have reported that
wound healing can occur in some patients with a low
tcpO2 value.6–16 This can be partially explained by the
nonlinear relationship between tcpO2 and cutaneous
blood flow. Matsen et al.12 reported that tcpO2 measure-
ments are mostly dependent on arterial–venous gradients
and cutaneous vascular resistance. In essence, there can
be nutritive blood flow to the skin even with a tcpO2 level
of 0mmHg.

One of the techniques used to improve the accuracy of
tcpO2 measurements is sensor probe heating (44°C),
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k quite localized and one value may not represent the
overall degree of limb ischemia. Second, as previously
mentioned, there may still be some nutritive flow to the
skin despite a tcpO2 level of 0mmHg.

Although in theory a tcpO2 value of 0mmHg at a pro-
posed site of amputation does not always indicate
ischemia that precludes healing, a tcpO2 level of 20mm
Hg or less clearly indicates severe limb ischemia. In the
Wyss study,13 a tcpO2 measurement of 20mmHg or less
was associated with a rate of failure for amputations
distal to the knee that was more than 10 times the 4%
rate of failure in patients who had a tcpO2 level of more
than 20mmHg.

Clinical Applications in Peripheral
Vascular Disease

Selecting the Appropriate Amputation Level

There have been numerous reports on the successful use
of tcpO2 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 tcpO2

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 30mmHg. However, three of
nine patients whose tcpO2 level was less than 10mmHg
healed primarily.

In a study of below-knee amputations, Burgess et al.6

noted that all 15 amputations that were associated with
a tcpO2 level greater than 40mmHg healed. Primary
wound healing was noted in 17 of 19 below-knee ampu-
tations with a tcpO2 measurement between 1 and 40mm
Hg, but none of the three patients with a below-knee
level of 0mmHg healed the amputation. Katsamouris 
et al.9 reported that lower extremity amputations healed
in all 17 patients with a tcpO2 level greater than 
38mmHg or a pO2 index (chest wall control site) greater
than 0.59. Ratliff et al.11 reported that below-knee 
amputations healed in 18 patients with a tcpO2 measure-
ment greater than 35mmHg, whereas healing failed in 10
of 15 patients with a tcpO2 value less than 35mmHg. In
a study of 42 lower extremity amputations (28 below-
knee and 14 above-knee), Christiansen and Klarke14

found that 27 of 31 patients with a tcpO2 level greater
than 30mmHg healed primarily. Seven patients with
values between 20 and 30mmHg healed, although four
patients had delayed healing. The amputation stumps of
all four patients with a value below 20mmHg 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

which minimizes local vascular resistance. This makes
tcpO2 tension more linear with respect to cutaneous
blood flow. Additional techniques used to improve tcpO2

accuracy include measurements performed before and
after oxygen inhalation or change in limb position,
oxygen isobar extremity mapping, and tcpO2 recovery
half-time.

Wyss et al.13 evaluated the results of tcpO2 measure-
ments used as a predictor of successful wound healing fol-
lowing amputation. The study analyzed 162 patients who
had 206 lower extremity amputations. It was concluded
that tcpO2 is a reliable indicator of local tissue 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 tcpO2 measurements. First, the measurement is

Figure 45–1. Novametrix 800 tcpO2 monitor with three modi-
fied Clark electrodes.

Figure 45–2. Right leg with sensors in place. Paper tape, placed
over the sensor cup, can assist in keeping the electrode stable
and in constant contact with skin.
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amputation level selection. In this study, tcpO2 measure-
ments were prospectively compared to transcutaneous
carbon dioxide tension, transcutaneous oxygen-to-
carbon dioxide tension, foot-to-chest tcpO2 tension, intra-
dermal xenon-133 clearance level, ankle-brachial index
(ABI), 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 reliability. All amputations in this
study (transmetatarsal, below-knee, and above-knee)
healed primarily when the tcpO2 measurement was
greater than 20mmHg and there were no false-positive
or false-negative results.10 It was also noted that success-
ful prediction of amputation healing for any of the meta-
bolic parameters was not affected by the presence of
diabetes mellitus. This finding is similar to the observa-
tion of Wyss et al.13

In contrast to lower extremity amputations in nondia-
betics, which usually result in peripheral vascular disease
primarily, most amputations in diabetic patients result
from various combinations of contributing causes in-
cluding neuropathy, ischemia, alterations of white cell
function, infection or gangrene, faulty wound healing,
cutaneous ulceration, and minor trauma.15 Malone et al.10

and Christensen and Klarke14 concluded that a tcpO2

tension of 20mmHg or more accurately predicted 
amputation site healing and found no difference in 
the healing rate between diabetics and nondiabetics.
Computerized analysis of various transcutaneous meta-
bolic parameters by Malone et al.10 demonstrated a 
high association with primary amputation site healing
with the following values: tcpO2 tension greater than 
20mmHg, transcutaneous carbon dioxide value less than
40.5mmHg, transcutaneous oxygen-to-transcutaneous
carbon dioxide index greater than 0.472, and foot-
to-chest tcpO2 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
amputation 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
available equipment, the amputation level under consid-
eration, and the accuracy of the chosen modality.16 TcpO2

measurements continue to be a reliable technique;
however, they are not suitable for whole limb mapping.

The ultimate role of any method used for amputation
level determination is to inform the surgeon of the quan-
titative risk of nonhealing at the proposed site of surgery.
The level of amputation can then be decided on the basis
of this objective finding in conjunction with surgeon clin-
ical judgment and patient physical findings. For example,
a surgeon might perform an amputation distal to the knee
through a site with a very low tcpO2 level in a patient who

is well motivated, relatively 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 assess-
ment of limb perfusion. Presenting clinical symptoms
may be misleading. Physical examination of pedal pulses
or ABI may not be accurate due to the noncompressible
nature of a diabetic patient’s peripheral arteries. Often,
the cause of the presenting foot problem is multi-
factorial and commonly used noninvasive lower extrem-
ity hemodynamic studies lack discriminative accuracy. On
the other hand, arteriography is ultimately accurate.
However, it is invasive, expensive, and carries a small but
well-defined set of associated complications.17,18 In this
setting, tcpO2 measurements can be extremely useful as
they are noninvasive, inexpensive, and reproducible.19–24

In a clinical experience reported by Ballard et al.,25

tcpO2 measurements were prospectively demonstrated to
accurately predict severity of foot ischemia in patients
with diabetes. Based on clinical experience and previ-
ously published amputation level determination data,
an absolute transmetatarsal tcpO2 measurement of 
30mmHg was used as the threshold value for selection
of a treatment option (Table 45–1). If the level was 30mm
Hg or greater, the patient’s foot problem was managed
conservatively with local wound care, wound debride-
ment, or minor foot amputation. If the level was less than
30mmHg, arteriography of the involved limb was per-
formed to plan arterial reconstruction or to perform 
percutaneous intervention to improve foot perfusion.

Thirty-one of 36 (86%) limbs in the conservatively
managed group were treated successfully including 73%

Table 45–1. Algorithm for elective management of the dia-
betic patient with limb-threatening foot ischemia.

A. If forefoot/hindfoot tcpO2 level is ≥30 mm Hg (with or without a
palpable pedal pulse):
Outpatient wound care, wound debridement or minor foot
ampuation.

B. If forefoot/hindfoot tcpO2 level is <30 mm Hg or conservative
treatment is unsuccessful after 4–6 weeks:
Arteriography, with revascularization as needed.

C. If forefoot/hindfoot tcpO2 <30 mm Hg and there is pedal edema or
cellulitis:
Repeat test after resolution, before proceeding with arteriography.

D. If there is calcaneal gangrene/nonhealing ulcer:
Use higher hindfoot tcpO2 threshold of 40 mm Hg and obtain
arteriogram after 2–4 weeks of unsuccessful conservative
treatment.
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(11/15 feet) of limbs without a palpable pedal pulse. The
mean time to wound healing was 6.85 weeks and there
were five treatment failures. In the operative/endovascu-
lar group, 83.3% of limbs achieved a transmetatarsal
(TM) tcpO2 level ≥ 30mmHg after treatment. Twenty-
two of 26 (85%) limbs in this group had complete reso-
lution of their presenting foot problem. The mean time
to wound healing was 9.52 weeks. Treatment failures
eventually led to three below-knee amputations (one
failed necessitating revision to the above-knee level) and
one above-knee amputation.

The pretreatment pedal pulse examination was more
accurate than an ABI in predicting forefoot tcpO2 values
above or below 30mmHg. Further, an abnormal arteri-
ogram was predicted by both a low TM tcpO2 level and
the absence of a palpable pedal pulse, but not by an ABI
< 0.60. The presence of a pedal pulse was 100% accurate
in identifying limbs with a TM tcpO2 ≥ 30mmHg, but
there were an additional 17 limbs with a measurement ≥
30mmHg and no palpable pedal pulse. Following arterial
bypass or angioplasty, a TM tcpO2 level ≥ 30mmHg was
highly accurate in predicting a successful outcome.26

Ultimately, an initial or postintervention TM tcpO2 level
≥ 30mmHg was more accurate than a palpable pulse in
predicting either wound healing or resolution of rest
pain. An ABI ≥ 0.60 was also associated with a success-
ful outcome, but due to noncompressible vessels, this was
able to be calculated only in 41/62 (66%) limbs.

Certainly diabetic patients without pedal pulses do
have arteriosclerotic lesions, some of which can be recon-
structed. However, this prospective study demonstrated
that such surgical revascularization is not obligatory.27 In
fact, well-performed tcpO2 measurements predicted
distal ischemic wound healing in 90% of cases. Further-
more, conservative management was not only cost 
effective when compared to surgical or endovascular
revascularization, but time to wound healing was not sta-
tistically significantly different between the two groups
(6.84 weeks versus 9.52 weeks, p = 0.169).

As demonstrated in the study just outlined above, an
absolute TM tcpO2 level ≥ 30mmHg appears to be an
accurate cut-off point for the selection of treatment for
almost all diabetic foot problems. The conservative 
management scheme, however, 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 essential. Finally,
a higher TM tcpO2 threshold (40mmHg) should be used
to select management of calcaneal gangrene or extensive
nonhealing ulcerations. Table 45–1 demonstrates an algo-
rithm for the elective management of diabetic patients
with limb-threatening ischemia based on tcpO2 level.

Padberg et al.26 confirmed our previous findings and
demonstrated that tcpO2 measurements alone are suffi-

cient to objectively stratify the degree of lower extrem-
ity arterial ischemia. They compared tcpO2 measure-
ments to arterial segmental pressures (ASP) 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 that tcpO2 mapping was superior
to ASP and ASI for all endpoints. As demonstrated by
others, predictive accuracy of tcpO2 measurements was
unaffected by the presence of diabetes and ASP and ASI
were misleading and inaccurate. Interestingly, because of
the reduced accuracy of ASP and ASI, tcpO2 remained
the diagnostic modality of choice even for the non-
diabetic patient with arterial ischemia of the lower
extremity.

Finally, Petrakis and Sciacca27 used distal limb tcpO2

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 vas-
cular disease status of each patient was either Fontaine’s
stage III or IV. Forefoot and hindfoot tcpO2 measure-
ments were compared to toe pressure Doppler measure-
ments before device implantation as well as 2 and 4
weeks postoperatively. Pain relief of over 75% and foot
salvage were 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. Ampu-
tation for persistent gangrene, nonhealing ulceration, or
unrelenting rest pain was performed in the remaining 13
patients.

Interestingly, clinical improvement and foot salvage
were both associated with a significant increase in the 2-
week postoperative tcpO2 measurement while the ABI
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 useful not
only for prognosis but also for cost saving. Only patients
who experience a significant increase in distal limb tcpO2

in addition to pain relief should be considered for per-
manent implantation of a spinal cord stimulator.

Prospective Treatment of Nondiabetic Patients
with Chronic Lower Extremity Ischemia

Much the same as described above for the treatment of
diabetic patients, tcpO2 measurements can be useful 
for selecting management of ill-defined leg/foot com-
plaints, particularly in elderly patients with multiple
medical problems. For instance, an adequate tcpO2 level
(≥ 30mmHg) at the forefoot and hindfoot may obviate
the need for an arteriogram and support nonoperative
management. On the other hand, a low tcpO2 level likely
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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 tcpO2 measurement following treatment is not only 
gratifying, but at least 90% of patients will experience a
successful outcome.

TcpO2 measurements can also be used to determine
whether an invasive intraarterial treatment has been 
successful at the skin level. Wagner et al.28 recently
demonstrated that percutaneous transluminal angio-
plasty (PTA) has a positive effect on oxygen supply to the
skin in patients with peripheral arterial occlusive disease
(PAOD). In this study, 34 patients with PAOD had tcpO2

measurements obtained at the dorsum of the foot 1 day
before PTA, during PTA, 1 day after PTA, and 6 weeks
after PTA. A significant increase in tcpO2 was noted
immediately following PTA as well as 1 day and 6 weeks
later.

Arroyo and colleagues29 used tcpO2 measurements to
determine when previously ischemic tissue had adequate
perfusion to support major wound healing. Eleven
patients with severe chronic limb ischemia defined as 
a forefoot tcpO2 ≤ 30mmHg were entered into this
prospective study. TcpO2 measurements were recorded
prior to lower extremity bypass and on postoperative
days 1, 2, and 3.A statistically significant increase in mean
tcpO2 pressure was observed between the preoperative
and the day 3 postoperative measurements. Despite this
finding, some bypass patients still had low tcpO2 values
(<30mmHg) even on postoperative day 3. Nevertheless,
this small clinical series suggests that unless urgent,
adjunctive minor foot amputation or major debridement
should wait until at least 3 days after successful lower
extremity bypass. This will ensure that there is now ade-
quate perfusion at the foot level to support major wound
healing. This clinical recommendation could also be used
to select appropriate timing of minor foot amputations or
major debridements that are performed after endo-
vascular procedures.

Finally, tcpO2 measurements are even being used to
noninvasively detect lesions in the arterial network sup-
plying blood flow to the hypogastric circulation. A study
was recently performed by Abraham et al.30 in which they
selected 43 patients suspected of proximal aortoiliac
occlusive disease and 34 without suspected proximal
ischemia. TcpO2 measurements were obtained from the
buttock region bilaterally in addition to a chest reference
value. Arteriography was compared to normalized tcpO2

measurements during and after treadmill exercise in
addition to other comparisons. A mean drop in the tcpO2

measurement of at least 15mmHg in either group 
was both sensitive (range 79–83%) and specific (range
82–86%) for the diagnosis of a positive arteriogram. The

arteriogram was defined as positive when there was at
least a 75% stenosis noted on the same side as the tcpO2

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 tcpO2 pressure is a sen-
sitive and specific indicator of a hemodynamically signif-
icant lesion proximal to or within the hypogastric artery.
These measurements could be used to noninvasively and
objectively assess the skin level response to endovascu-
lar or surgical treatment of infrarenal aortic or proximal
iliac artery lesions.
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Imaging of the vascular system is an essential component
in the preoperative and postoperative management of
patients with peripheral vascular disease of the lower
extremities.Traditionally, contrast angiography, especially
digital subtraction angiography, has been the gold stan-
dard for imaging of the arterial system. Digital subtrac-
tion angiography (DSA) provides excellent visualization
of the inflow and outflow vessels in most cases. The dis-
advantages of DSA are that it is invasive, costly, and not
completely safe. Complications are rare but include 
contrast-related nephrotoxicity, allergic reactions, arterial
injury with hemorrhage, thrombosis, or embolization.
Because of this, less invasive imaging techniques, such as
magnetic resonance arteriography (MRA), have been
developed.

MRA has many advantages over traditional contrast
arteriography. At the authors’ institution, MRA costs
nearly $800 less than a contrast arteriogram. More impor-
tantly, MRA is safer because it avoids arterial catheteri-
zation. Exposure to radiation is not required, and the use
of high-volume ionic contrast agents is unnecessary. This
is especially important for patients with diabetes mellitus
and/or preexisting renal insufficiency, who are at high risk
for contrast induced nephrotoxicity. This chapter sum-
marizes commonly used MR imaging (MRI) techniques
and their clinical applications in the diagnosis and man-
agement of lower extremity arterial disease.

Imaging Techniques

MRI utilizes a magentic field to create differential atomic
signals in soft tissues to obtain information about the
morphology of the arterial system and functional assess-
ment of its blood flow. Magnetic resonance is the imaging
of hydrogen molecules, usually protons associated with
tissue water. A radiofrequency (RF) pulse applied to
tissue aligns protons along the axis of a dominant mag-
netic field. Following the RF pulse, the protons recover

their transverse and longitudinal magnetization, which is
termed relaxation. Longitudinal relaxation is referred to
as spin-lattice relaxation or T1. Transverse relaxation is
referred to as spin-spin relaxation or T2. As the protons
recover their magnetization, a signal is produced and 
is captured by an antenna system housed within the
magnet. Tissue contrast is detected on the basis of differ-
ences in proton density. MR angiography to visualize the
lower extremity arteries is usually performed with T1

weighted gradient echo pulse sequences.1

The most common techniques used to evaluate the
peripheral arterial system are two-dimensional (2D) and
three-dimensional (3D) contrast-enhanced MRA (3D
CE MRA). Two-dimensional time-of-flight (TOF) is a
gradient-recalled echo technique, which uses RF pulses
to suppress signals from surrounding soft tissue.2 TOF
angiography uses a rapid T1-weighted pulse sequence in
sequentially acquired two- dimensional slices. Thin cross
sections of soft tissue (1.5mm thick) are repeatedly
exposed to RF pulses, causing the soft tissues to become
saturated and appear dark while unsaturated protons in
flowing blood, not exposed to repeated RF pulses, appear
bright (high signal) in comparison. Because of this 
phenomenon, known as flow-related enhancement, blood
flowing rapidly through the volume slice gives the bright-
est (high signal) vascular images. Both arterial and
venous blood flowing into each slice appear bright. The
differentiation of the arterial signal from the venous
signal is resolved by the application of a saturation pulse
on the side of the venous inflow.2 When MRA of the
lower extremities was first established, 2D TOF imaging
without the use of contrast was the technique commonly
employed. The disadvantage of 2D TOF imaging is the
long acquisition time required and flow void artifacts due
to intervoxal dephasing.3

Contrast-enhanced imaging with gadolinium and (CE)
3D imaging has resulted in reduced acquisition time,
better resolution, and reduced flow void artifacts. Three-
dimensional MRA uses much thicker tissue volume slabs
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(3–8mm thick) than 2D TOF. Very thin (<1mm thick)
partitions are reconstructed from these tissue volume
slabs, thus increasing spatial resolution. Although 3D
MRA can be viewed as a stack of 2D images, better res-
olution of 3D methods allows for the use of multiplanar
reformatting (MPR). MPR creates images from multiple
views that optimize the visualization of the tissue. Images
are processed using algorithms to display the maximum
intensity of the voxels, referred to as maximum intensity
projection (MIP).1

Gadolinium is the most commonly used contrast agent.
Gadolinium, a heavy metal analogue chelated with dieth-
ylenetriaminepentaacetic acid (DTPA), is excreted by
glomerular filtration and is not known to be nephrotoxic.
Gadolinium is a potent T1 relaxing agent and improves
image resolution by increasing the contrast between
blood and surrounding soft tissue. A dose-timing curve is
determined so that proper timing of arterial scanning can
be calculated for the particular arterial bed to be exam-
ined. Using gadolinium with the 3D TOF technique
results in significant imaging time reduction, reduced flow
void artifacts, elimination of in-plane flow defects, and
improved spatial resolution (Figures 46–1 and 46–2).4

The two commonly used methods for imaging the
lower extremity peripheral arteries are floating table or
bolus chase 3D CE MRA and time-resolved peripheral
MRA. Floating table MRA involves a series of 3D 
acquisitions with chasing of the contrast down the 
lower extremities. There are usually three stations; the

aortoiliac segment, thigh segment, and lower leg and foot
segment. Unlike 3D CE MRA, time-resolved MRA
involves a series of three separate low-dose contrast
injections at each station. Image subtraction is used to
eliminate signal from the prior injection. These tech-
niques can be used to complement the images obtained
from 2D TOF.5,6

Phase-contrast MRA (PCA) is another technique
better suited for evaluating multiplanar flow through
complex vascular beds (intracranial or pelvic vessels). PC
angiography takes advantage of the fact that protons
undergo a change in the phase of their rotation as they
move through a magnetic field.4 The magnitude of the
phase change is proportional to the velocity of the
moving protons in the blood. Background suppression is
greater for phase contrast than for TOF because only
moving protons can generate a signal, thus making PCA
even more sensitive to slow flow. In the PCA technique,
the sequences are programmed to assign a specific MR
signal phase to each velocity of blood flow. Faster moving
protons in blood accumulate greater phase shifts relative
to slowly flowing blood. Thus, this technique can also be
used to measure blood flow velocities.

Figure 46–1. Using gadolinium with 3D TOF results in fewer
flow void artifacts and improved spatial resolution.

Figure 46–2. Gadolinium-enhanced 3D TOF eliminates the in-
plane flow defects seen with 2D TOF, allowing visualization of
this femoral-to-femoral bypass.
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Use of Magnetic Resonance
Arteriography for Lower Extremity
Arterial Occlusive Disease

MRA plays an increasingly important role in the diag-
nosis and management of lower extremity arterial occlu-
sive disease. Because of its noninvasive nature, safety, cost
savings, and accuracy, MRA has become the imaging
modality of choice at our institution for patients being
considered for arterial revascularization procedures.
MRA is extremely accurate for localization of disease,
detection of hemodynamically significant stenoses, and
distinguishing focal from long-segment occlusive disease.

In our practice, we have found that MRA is particu-
larly advantageous for evaluating patients with diabetes
mellitus, with complex distal occlusive disease, and for the
evaluation of patients with chronic renal insufficiency. In
patients with arterial occlusive disease by physical exam-
ination and noninvasive studies, MRA is used to confirm
the diagnosis and to determine localization of disease and
to distinguish focal from long-segment stenosis or occlu-
sion (Figure 46–3). Patients found to have short-segment
stenoses can be treated with percutaneous balloon angio-
plasty and/or stenting (Figure 46–4). The ability of MRA
to define the pattern of disease helps in planning arterial
access sites (retrograde or antegrade), and makes possi-
ble a more focused examination using less ionized con-

Figure 46–3. MRA in this patient with claudication demon-
strates a short segment occlusion of the superficial femoral
artery. Having this information prior to surgery would influence
the decision to proceed with percutaneous revascularization
rather than femoral popliteal bypass.

A B

Figure 46–4. (A) MRA in a patient with diabetes mellitus who
suffered from a nonhealing ulcer demonstrates several areas of
focal stenosis. (B) As the patient was at high risk for open sur-

gical revascularization, he was treated with percutaneous angio-
plasty. This arteriogram performed at the time of PTA confirms
the focal lesions seen on MRA.
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trast. Patients with diffuse disease and limb-threatening
ischemia may require hybridized procedures using per-
cutaneous angioplasty and/or stenting for treatment of
concomitant focal iliac lesions at the time of distal bypass
(Figure 46–5). In patients with previous arteriography
and poorly defined distal target vessels, MRA has proven
very useful in detecting occult runoff channels that can
be used for distal bypass. The additional information
obtained from viewing axial images can aid in the iden-
tification of soft tissue abnormalities and aneurysmal
disease (Figure 46–6).

Several reports have been published demonstrating 
the utility of MRA in the preoperative planning for 
lower extremity revascularization. Owen et al. studied 25
extremities with both contrast arteriography and 2D TOF
MRA. Discrepancies were found in 18 of the 25 limbs,
with superior detection of runoff vessels by MRA. Unlike
contrast arteriography, MRA correctly identified all
vessels found to be patent at surgery.7 The use of MRA
in these patients avoided the need for blind exploration
of runoff vessels and led to limb salvage procedures that
had not been previously regarded as possible, based on
the preoperative contrast arteriogram. In a study by
Hoch et al., 50 ischemic lower limbs in 45 patients were
examined with both conventional contrast digital sub-
traction (DSA) angiography and 2D TOF MRA. Inter-
pretation of MRA and DSA studies correlated exactly in

315 (89.5%) of 352 arterial segments.The MRA and DSA
interpretations disagreed in 28 (13.8%) of 203 infra-
geniculate arteries compared with only 8 (5.6%) dis-
agreements in the suprageniculate arterial segments.
MRA predicted the level of arterial reconstruction in all
23 limbs that required arterial bypass and in 18 of 19
(94.7%) limbs treated with percutaneous angioplasty.
Importantly, they also noted a 31% ($756) cost savings
with MRA compared to DSA.8

Using more contemporary 3D CE MRA, Leiner et al.
compared DSA to MRA in 23 patients with critical limb
ischemia. In their study, MRA detected more patent
arteries than DSA in this patient population.9 Similarly,
in a study of 50 patients by Steffens et al., MRA imaging
of runoff vessels in the calf in six patients was clearly
superior to DSA.10 Due to problems with timing and low
flow states in the distal infrageniculate arteries, DSA may
fail to identify a suitable distal target vessel, especially if
the injection of contrast is made at the aortic level.
Because of its ability to detect low flow states, MRA can
be very useful in evaluating these difficult cases (Figure
46–7). In our experience, distal runoff vessels not visual-
ized by MRA are not suitable target vessels for surgical
bypass. A meta-analysis by Nelemans et al. clearly
demonstrated the superiority of 3D CE MRA to 2D TOF
with sensitivities from 92% to 100% and specificities
from 91% to 100%.11

A B

Figure 46–5. (A) MRA demonstrates a focal left iliac stenosis
(arrow) as well as a left superficial femoral artery occlusion. (B)
The lesion was treated intraoperatively at the time of femoral

popliteal bypass. The intraoperative arteriogram demonstrates
the lesion before (top) and after (bottom) angioplasty of the
iliac lesion.
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Use of Magnetic Resonance
Arteriography to Detect Restenosis
following Lower Extremity Grafting

At our institution, patients undergo routine pulse volume
recording and duplex surveillance following lower
extremity arterial bypass or percutaneous intervention.
When noninvasive tests suggest impending graft failure,
MRA is used to identify the location and severity of the
occlusive lesions threatening graft function. Stenotic
lesions due to intimal hyperplasia at the anastomotic sites
or within autogenous grafts can be identified and distin-
guished from disease progression in host vessels proximal
or distal to the graft (Figure 46–8). Surgical revision is
usually required for anastomotic or mid autogenous graft
stenoses whereas focal stenoses secondary to progressive
disease can often be treated with percutaneous angio-
plasty and/or stenting.

In contrast to the 2D TOF methods, contrast-enhanced
MRA does not have the problem with artifacts created
by surgical clips. Also, the 3D data set can be viewed in
several projections, providing an additional advantage
over conventional DSA.1 In a study by Bendib et al., 3D
CE MRA was found to be 91% sensitive and 97% spe-
cific for detecting graft stenosis.12 Meissner et al. studied
26 distal bypass grafts using CE moving table MRA and
duplex ultrasound, with DSA as the reference standard.
Duplex ultrasound overlooked four high-grade stenoses
that were correctly identified by MRA. While duplex

A B

Figure 46–6. (A) MRA demonstrates complete occlusion of the left popliteal artery. (B) Axial images show the thrombosed left
popliteal aneurysm.

A,B

Figure 46–7. (A) Contrast arteriography in this 64-year-old
male with a nonhealing ulcer failed to detect adequate runoff
vessels. (B) 2D TOF MRA, because of its excellent sensitivity
to slow flow, demonstrates a small but patent peroneal artery
(arrow).
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ultrasound was 90–97% accurate in identifying failing
grafts, MRA was 100% accurate. It was suggested that
MRA be used routinely for follow-up of patients 
undergoing infrapopliteal bypass surgery.13 Similarly,
Bertschinger et al. demonstrated 100% accuracy of 3D
CE MRA in the surveillance of peripheral artery bypass
grafts when compared to DSA.14

Limitations of Magnetic 
Resonance Arteriography

Although 2D and 3D TOF MRA have been shown to be
accurate for the assessment of infrainguinal disease, these
methods have a few limitations.2 Disadvantages include

sensitivity to flow traveling in the same plane as the 
magnetic field, creating an imaging void.15 Motion can
severely degrade image quality and spatial resolution
resulting in overestimation of disease severity. Areas of
turbulent arterial flow within a vessel can also result in
signal loss, or a “flow void,” because of intervoxel dephas-
ing. Most of these limitations have been overcome by the
use of 3D TOF and the addition of gadolinium contrast.
Still, because of signal loss at or distal to a stenotic vas-
cular lesion, there is a tendency to overestimate the
degree of stenosis. New advances in 3D CE techniques
have overcome many of these limitations.

Unfortunately, not all patients are good candidates 
for MRA. Absolute contraindications to MRA include
cardiac pacemakers, automatic cardiac defibrillator
devices, cerebral aneurysm clips, and metal within the
eyes (such as old shrapnel injuries). Although many
patients have problems with claustrophobia, this is
usually overcome with mild sedation.2 With the equip-
ment available at our institution, patients larger than 380
pounds are unable to undergo MRA. MRI is adversely
affected by movement during the RF pulse sequences.
Problems with swallowing, respiratory motion, and intes-
tinal peristalsis decrease the image quality.When imaging
the arterial system of the lower extremities, it is impor-
tant to have a cooperative patient, as physical movements
greatly affect the image quality. Patients with severe res-
piratory disease may have problems lying flat for the
examination. It is important to choose patients who are
cooperative and able to follow instructions.2

Metallic stents such as the Palmaz stent, vena cava
filters, ferromagnetic clips, and prosthetic joints cause
significant artifact and severely limit the ability to image
the arterial system in that area. Artifacts are caused by
the susceptibility effects of the metal, which causes signal
dropout in the region of the metal. A metal artifact can
be identified due to the signal void that has a character-
istic build-up of signal on one side of the void. A simple
soft tissue plain film can screen for metallic devices. Arti-
facts can be minimized, but not completely eliminated,
using short TE sequences of 3D contrast MRA.15

Endovascular surgeons should use nitinol stents when
possible, which are totally nonmagnetic.

Future of Magnetic 
Resonance Arteriography

MR angiography currently provides a noninvasive, accu-
rate, and sensitive method to image the vascular system.
Developments in MRA technology, new imaging tech-
niques, and the development of new MR contrast agents
have greatly improved the quality and accuracy of MRA.
Improved spatial resolution and shortened acquisition
time can be achieved by using parallel acquisition
imaging. As individual coil sensitivity profiles depend on

Figure 46–8. MRA demonstrating stenosis at both the proxi-
mal and distal anastomosis of this femoral popliteal graft.
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the position of a voxel, coil sensitivities are used to
encode the position of a voxel. These acquisitions are
called SMASH or SENSE. The reduction in scan time
possible with these spatial encoding techniques depends
on the number of coils and how the sensitivities of the
coils overlap. SENSE acquisition in the abdominal aorta
is combined with manual table translation as part of a
three-station single injection peripheral MRA examina-
tion. This dramatically reduces the upper station scan
time such that high-resolution examinations of the
middle and particularly the lower station arteries can be
acquired sooner after contrast arrival in the aorta. Using
this parallel imaging technology, high-resolution images
are obtained in a few minutes (Figure 46–6).16

Advances in time-resolved acquisition have also
resulted in significantly shortened examination time 

and excellent resolution. As images are acquired
throughout the passage of the contrast bolus, time-
resolved acquisitions have the ability to depict patho-
logically delayed vessel filling. Using a new TRICKS
(time-resolved imaging of contrast kinetics) method 
of imaging, it is possible to consistently capture an 
arterial time frame (Figure 46–9). Areas where there 
is rapid venous return, such as the carotid arteries, can 
be imaged without venous overlay. In the distal extremi-
ties, where bolus chase techniques are sensitive to 
contrast arrival time and venous overlay, TRICKS is 
successful in acquiring diagnostic images in patients 
with severe ischemia (Figure 46–10).16 In a study of 
69 patients being evaluated for surgical intervention,
Swan et al. found that compared to DSA, TRICKS 
had a sensitivity and specificity of 89% and 97% 

A B

Figure 46–9. Time-resolved imaging of contrast kinetics (TRICKS) imaging gives excellent resolution without venous overlay.
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for occlusion detection and 87% and 90% for detection
of significant stenosis.17

Many advances in the development of new contrast
agents for MRA have been made. Two categories of con-
trast agents are currently under investigation: extracellu-
lar agents and blood pool contrast agents. Extracellular
contrast agents are similar to gadolinium and some work
to enhance the T1 relaxivity of the gadolinium chelate.
This results in improved signal intensity and better reso-
lution. One of the disadvantages of extracellular contrast
agents, including gadolinium, is that leakage of the 
contrast agent into the extracellular space results in
reduced contrast between the intravascular signal and 
the soft tissues. Blood pool contrast agents are designed
to stay within the intravascular space, thus improving the 
contrast between the vascular phase and the surround-
ing stationary tissues. Furthermore, the blood pool con-
trast agents provide a prolonged intravascular signal,
allowing the acquisition of high-resolution images. Ex-
amples of these new contrast agents include MS-325 and
gadomer-17.16

Currently, MRA is used for diagnostic “road mapping”
and in the planning of therapy for lower extremity vas-
cular occlusive disease. In our practice, patients requiring
an endovascular intervention must undergo contrast
DSA at the time of the procedure. Research is currently
being done to allow MRA-guided endovascular inter-
ventions. The application of MR-guided interventions
requires the availability of features such as easy patient
access within the scanner, high-speed imaging and recon-
struction for real-time tracking and imaging, and intuitive
interaction with the scanner. Catheters can be imaged by
coating the tip with gadolinium contrast or by using tiny

MRI coils on the tip of the catheter. Wacker et al. used a
new MRA tracking method to follow catheter move-
ments in both phantom and porcine trials. Their system
could localize a motionless catheter in the aorta in 100%
and a moving catheter in 98% of measured attempts.
They were even able to successfully catheterize the renal
artery in two pigs.18

Conclusions

The development of MRA imaging has greatly improved
the vascular surgeon’s ability to diagnose and properly
treat lower extremity vascular disease. MRA has proven
to be a noninvasive, safe, and accurate imaging modality
when compared to traditional contrast DSA. Unlike
DSA, MRA can provide not only anatomic information,
but physiologic information as well. The application of
3D CE MRA can provide enough diagnostic information
to plan for surgical or percutaneous intervention in the
majority of patients. The limitations of MRA are gradu-
ally being overcome by improvements in coil design and
software technology and by the addition of new contrast
agents. Research in MRA-guided endovascular interven-
tions will eventually make this modality even more
useful.
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Introduction

Accurate placement of stents and endoluminal grafts in
diseased arteries is crucially important in achieving 
a successful clinical outcome. Intravascular ultrasound
(IVUS) is a catheter-based guidance system that facili-
tates accurate placement during endovascular proce-
dures and while it was originally cardiology led, IVUS is
now used in peripheral interventions with great benefit.1–4

The IVUS probe is passed into the vessel lumen to
examine the artery being treated, and because the ultra-
sound probe is in such close proximity to the artery wall,
great detail is possible with significant magnification of
the images compared with conventional extracorporeal
ultrasound. IVUS provides histologic detail of the vessel
wall and also demonstrates blood flow within the
lumen.5,6

The early IVUS probes rotated mechanically inside a
catheter, sweeping an ultrasound signal around 360Å
similar to a radar sweeping around a ship at sea. But 
the disadvantage of such early rotating catheters was 
that the probe did not configure 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 difficult to interpret.
Fortunately many advances have made IVUS much 
more easily understandable in the operating room 
environment.7

IVUS has two main clinical roles. It provides a diag-
nostic ability to assess and measure the severity of disease
before treatment and also evaluates the completeness of
treatment following intervention. In the peripheral arter-
ies IVUS has a complementary role to arteriography,
which provides the endovascular surgeon with details of
the collateral circulation, vessel contour, quality of flow,
and inflow and outflow. IVUS, on the other hand, allows
greater appreciation of the vessel wall than the lumen
and can distinguish between soft plaque and calcification.

Intimal flaps, thrombus formation, and ulceration are also
visible 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 endo-
luminal grafting.3,8–10

This very practical assistance within the operating
room environment has become much easier to use with
the developments of three-dimensional reconstruction
and color-flow 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
arterial situations.

Technical Aspects of Intravascular
Ultrasound Applications and 
Peripheral Interventions

There are two main IVUS systems currently commer-
cially available. The Galaxy system (Boston Scientific,
Natick, MA) uses mechanically rotating probes, which
provide grayscale IVUS imaging with two- and three-
dimensional reconstructions.The second system is the In-
Vision System (Volcano Therapeutics, Rancho Cordova,
CA), which uses phased array imaging with probes that
are coaxial (with fast exchange versions). The main
advantage of the Volcano Therapeutics system is that it
also provides colored blood flow imaging. This has sig-
nificant diagnostic advantages over “grayscale” IVUS.5

Probe size varies depending on the situation. In general,
high-frequency, low-profile probes are used in the smaller
arteries to obtain high-quality resolution, for example,
using 20- or even 30-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 configure with 0.014-inch guide-
wires for the smaller arteries such as the carotid, renal,
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Figure 47–1. A 2.9F Eagle Eye IVUS probe compatible with
a 0.014-inch guidewire.

Figure 47–2. A motorized pullback sled device.

powerful computing during a pullback of the ultrasound
catheter through the vessel. A computerized edge track-
ing formula (algorithm) then aligns the consecutive
frames.6 The three-dimensional construction can be
viewed as either “longitudinal” or “volume” views. The
longitudinal reconstruction is immediately available in
the operating room and can be rotated around the longi-
tudinal axis of the catheter to provide oblique and lateral
perspectives. The volume view takes 2–3min longer to
create and has some artifact since the raw data are
altered. A smooth and steady pullback is necessary to
acquire high-quality reconstructions.

Color flow IVUS was developed by EndoSonics
(Rancho Cordova, CA, now Volcano Therapeutics).
ChromaFlo is the computer software that detects blood
flow and colors it red. The software detects the differ-
ences 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 flowing blood and colors 

superficial femoral, popliteal, and tibial arteries (Figure
47–1). A 3.5F, 135-cm-long, fast-exchange catheter that is
coaxial for 30cm of its length and configures with an 0.018-
inch wire has an ultrasound diameter range of 24mm. We
find this suitable for larger arteries such as the iliac. An
8.4F probe with a maximum diameter of 60mm that is
compatible with a 0.035-inch guidewire is used for the
great vessels: the abdominal and thoracic aortas. Motor-
ized pullback sled devices are available for peripheral
interventions from both Boston Scientific and Volcano
Therapeutics (Figure 47–2).However, they are rarely used
in peripheral interventions because long-distance pull-
backs are necessary compared to coronary artery evalua-
tion and the pullback devices are slow and time
consuming. Most have a maximum speed of just 1mm/s.

The IVUS image created is a circular axial cut with a
central disc artifact caused by the catheter. Real-time
imaging displays the vessel wall and lumen at 30 frames
per second allowing pulsatility of the artery wall to be
seen.The ultrasound images display the vessel wall in his-
tologic detail: the thin inner intima reflects the signal
brightly while the media is a dark circumferential ring.
Outside, the adventitia is also bright and reflective.
Calcification typically reflects the ultrasound signal 
completely causing dark shadowing behind it 
(Figure 47–3).

Three-dimensional reconstruction of the two-
dimensional 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 
(Figure 47–3). Consecutive axial images are stacked by
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Figure 47–3. (A) Two-dimensional color IVUS showing an incompletely deployed stent. (B) Two- and three-dimensional color
IVUS showing improved stent deployment following reballooning.

it yellow. However, at present, flow velocities cannot 
be measured using this technique. ChromaFlo does not 
utilize the Doppler effect.5 Color flow 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, espe-
cially if the vessel wall contained dark echolucent 
plaque or soft thrombus. There are many clinical 
situations that color IVUS assists in but none more 
so than arterial dissection. A specific catheter, the 
Cross Point (Medtronic, MN), has been developed to
identify true from false lumen and steer the guidewire
(and treatment) accordingly.

Virtual histology IVUS (VH IVUS) is a new advance
that is still in development and evaluation.11–14 Where
color IVUS has highlighted the blood flow in the lumen,
VH IVUS aims to identify and color code plaque type in
the artery wall. Conventional IVUS uses the amplitude
of reflected ultrasound from the different components of
the vessel and converts it into an image with a grayscale.
VH IVUS analyzes the spectrum of reflected radiofre-
quency (RF) ultrasound signals and then classifies the
spectral type into four categories of plaque:

1. Fibrous tissue—densely packed collagen fibers with no
evidence of lipid accumulation.
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a “reference” function needs to be performed on the
IVUS machine when the probe is in the arterial lumen.
This removes near-field vision artifact, a characteristic of
phased array IVUS imaging.This will soon be superseded
by new computer software with which we have gained
some early clinical experience (NearVu, Volcano Thera-
peutics, Rancho Cordova, CA). The probe is passed into
the artery beyond the disease and a slow and steady pull-
back is begun through the area in order to interrogate 
the lesion. Two- and three-dimensional views are then
assessed.

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 incom-
plete stent deployment since heavy calcification 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 material or causing
intimal dissection to the artery through overzealous
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 introduc-
tion 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 Avanar catheter (Volcano
Therapeutics, Rancho Cordova, CA), which is a low-
profile 2.9F 20-MHz probe that configures with the 
0.014-inch wire of most cerebral protection devices
(Figure 47–5).The IVUS probe is advanced into the distal
internal carotid artery, and the pullback is begun. The
distal internal carotid artery has a characteristic appear-
ance on IVUS because it is so thin and usually spared of
disease. The histologic layers are elegantly seen. Mea-
surements 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 Therapeutics, Rancho Cordova, CA) is

2. Fibrofatty—loosely packed collagen fibers with
regions of fatty deposit resent.

3. Necrotic core—localized areas of loss of matrix con-
taining lipid, typically with microcalcifications.

4. Dense calcium—focal areas of dense calcium.

Each category is color coded (dark green—fibrous,
light green—fibrofatty, red—necrotic core, white—
calcium) and this is superimposed over the conventional
grayscale IVUS image (Figure 47–4). Comparison with
histologic examination has produced 80–93% accuracy
rates.11

The clinical value of VH IVUS is yet to be defined,
however, soft lipidic, necrotic core plaques have been
implicated 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 arteries, the peripheral arteries merit similar
investigation, particularly the carotid arteries, since
plaque rupture there has major clinical inplications.
Treating such vulnerable plaque by stenting may one day
become routine practice despite there being no hemody-
namic stenosis. We are participants in a peripheral reg-
istry to help define the clinical role of VH IVUS in a
worldwide survey of 1500 patients. Long-term follow-up
will be necessary.

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 ultrasound that the catheter images), the
probe is then flushed with heparinized saline and 
gently introduced over the wire. To obtain color flow 

Figure 47–4. Color-coded virtual histology IVUS of an arterial
plaque containing calcification (white), fibrous plaque (dark
green), fibrofatty plaque (light green), and necrotic core plaque
(red). (Courtesy of Volcano Therapeutics.)
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promising since it will provide classified 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 bal-
looning is required. Mid-stent waisting is a common
finding. In general, a minimum stent diameter of more
than 4mm is recommended in the internal carotid artery
to avoid residual hemodynamically significant stenosis.7

The stent should be uniformly well expanded 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 careful 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 deployment rather than 
overpursue it.

Stenting the origin of the common carotid artery 
from a retrograde carotid approach poses a challenge 
to all endovascular specialists.The common carotid artery
comes off the aortic arch or the innominate artery,
and accurate stent location at the origin is difficult 
using aortography alone because of the natural curvature
of the arch20 (Figure 47–6). 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 flow 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 fluoroscopy
this technique pinpoints the origin of the vessel exactly for
accurate device deployment.The same technique can also
be used to stent the origin of all the supraaortic vessels.

A

B

Figure 47–5. (A) Intraoperative carotid angiogram and IVUS showing a stenosis of the internal carotid artery. (B) There is res-
olution of the stenosis poststenting. IVUS confirms excellent stent deployment.
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Figure 47–6. (A) Magnetic resonance angiography showing a
tight stenosis at the origin of the left common carotid artery.
At operation the IVUS probe is passed down from a cervical
access assisting road mapping. 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 comple-
tion angiogram. [Reprinted from Irshad K, Bain D, Miller PH,
et al. The role of intravascular ultrasound in carotid angioplasty
and stenting. In: Henry M (ed). Angioplasty and Stenting of the
Carotid and Supra-Aortic Trunks, pp. 127–133. London: Martin
Dunitz, 2004. Courtesy of Martin Dunitz, London.]
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Thoracic Aorta

In the thoracic aorta, a larger probe is required (8.4F)
with more penetration (10MHz) and compatibility 
with a larger guidewire (0.035 inch). IVUS is useful in
assessing and measuring the neck of a thoracic aneurysm
being treated by endoluminal grafting. The exact 
origin of the subclavian artery can also be identified
(Figure 47–7). IVUS also defines the extent of thoracic
dissection and greatly assists treatment of coarctation of
the aorta.21

Abdominal Aorta

Similarly in endoluminal grafting for abdominal aortic
aneurysm, IVUS provides accurate measurements of
neck 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 calcification and mural thrombus is 
noted, and assessment of the shape of the proximal 
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 (Figure 47–8). Immediately 
following endoluminal graft deployment it is difficult 
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 reflection 

of ultrasound. Further technological advances with 
IVUS or the endoluminal grafts in this situation 
are necessary since color IVUS could potentially 
detect endoleak and its source 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
balloon to only a few atmospheres can cause aortic
rupture.

Iliac Arteries

The iliac arteries are tortuous and deeply placed in 
the abdomen 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 situation together with arteriog-
raphy and measurements of arterial pressure gradients
before and after stenting. This “triple assessment”
thoroughly examines the completeness of treatment
(Figure 47–9).4

Infrainguinal Arteries

We have used IVUS in the infrainguinal arteries, parti-
cularly to assist the placement of endoluminal grafts in
unfit patients with occlusive disease who might otherwise
have undergone distal bypass surgery for critical limb

Figure 47–7. A thoracic aortic aneurysm. IVUS demonstrates the origin of the left subclavian artery, the neck, and the aneurysm.
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B

Figure 47–8. (A) CT scan of an aortic aneurysm showing dis-
section. (B) Two- and three-dimensional IVUS of the abdomi-
nal aortic aneurysm demonstrating thrombus with a flapping
dissection.

ischemia4 (Figure 47–10). We routinely balloon and stent
on 0.018-inch guidewires to avoid time-consuming wire
exchanges for IVUS examination.

Unfortunately the combination balloon/IVUS cathe-
ters originally developed for coronary angioplasty is 
no longer commercially available. We found them
extremely useful at swiftly checking the results of tibial
angioplasty.4

Discussion

IVUS is probably more helpful in peripheral inter-
ventions than in the coronary situation, assessing 
the completeness of treatment and providing detailed

and accurate luminal measurements. However, it is 
perceived by many as an expensive guidance system 
with little support from clinical data and studies. While
there are no cost-effectiveness 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
compared to those who had no IVUS assistance.22

Another study of 100 consecutive peripheral interven-
tions reported that IVUS detected that 34% of patients
had unsatisfactory stent deployment despite a satisfac-
tory completion angiogram. Following retreatment, the
cross-sectional area through the stent was increased 
by 42% (52 of these patients were undergoing carotid
stenting).7
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B

A

Figure 47–9. (A) Angiogram and color IVUS demonstrating
restenosis of the left common iliac stent. Neointimal hyperpla-
sia can be seen inside the stent struts. (B) Following reballoon-

ing to 16 atmospheres there is angiographic and IVUS 
resolution together with resolution of the arterial pressure 
gradient.

In another study, 131 patients underwent renal artery
stenting with IVUS evaluation. IVUS detected unsus-
pected maldeployment of the stent in 23.5% of cases.The
IVUS findings included 22 (14.4%) instances of incom-
plete stent apposition/expansion, 8 (5.2%) dissections,
and 6 (3.9%) incompletely covered ostia.23

A favorable limb salvage rate in 50 consecutive
patients undergoing IVUS-guided treatment for critical
limb ischemia also reported the beneficial use of IVUS.4

IVUS was crucial in 32% of cases, discovering unsus-
pected 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 clinical outcome benefit,
but no randomized controlled peripheral trial has yet
been undertaken.

We have become sufficiently familiar with IVUS to use
it in patients with renal failure and contrast allergy to
treat them without angiography. Together with fluo-
roscopy the IVUS probe can be used to road map the
intervention.This 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.24

We have found IVUS especially helpful in complex
cases. However, the operating room team needs to fre-
quently 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 benefit,
especially the additions of color flow and three-
dimensional reconstruction which make it much more
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user friendly in the operating room. However industry
could perhaps do more to manufacture probes specifi-
cally for peripheral interventions that have a low profile
and are compatible with 0.035-inch guidewires.

Conclusions

Peripheral endovascular procedures have advanced and
replaced many vascular surgical operations at an aston-
ishing rate in the past decade. There is now an over-
whelming variety of devices, and technology being used
to treat arterial 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

A

B

Figure 47–10. (A) A critical stenosis of the popliteal artery in
a patient with critical limb ischemia. IVUS demonstrates a tight
and calcified stenosis. (B) Angiography and IVUS show resolu-

tion of the stenosis following deployment of a balloon-mounted
endoluminal graft.

guide and assess the completeness of endovascular treat-
ment. Its perceived expense has resulted in its underuse
in peripheral interventions despite advances of color flow
IVUS and three-dimensional reconstruction, which have
made it much more readily understandable within the
operating room environment.

While IVUS is still driven by interventional cardio-
logists, industry has an opportunity to translate much of
the technology 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 procedures continues to increase and the
limitations of conventional imaging continue to be appre-
ciated, it is likely that IVUS will increasingly find its 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
techniques 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 imaging have been attempted to realize
the potential value of rendering volumetric data,2–4 but
until very recently these have met with limited success in
their clinical application.5–9 Technical limitations of image
orientation, low grayscale dynamic range, data storage,
and data processing time have affected the usefulness of
3D image reconstruction in direct clinical applications.
These early efforts all required extensive off-line, non-
realtime processing of image data, often with significant
operator interaction, and provided reconstructions with
reduced resolution and/or inadequate image registration.
Despite these constraints, 3D imaging with off-line pro-
cessing of grayscale image data has been applied in a
wide variety of clinical situations, including fetal imaging,
breast ultrasound, urology, ophthalmology, hepatobiliary
ultrasound, and echocardiography.10–17 More recently
freehand scanning techniques have been combined with
the necessary computational power and high-speed data
processing capabilities to produce more timely and accu-
rate 3D images within a more acceptable time frame
close to “real time.”18,19 These same limitations for general
ultrasound imaging have applied as well to vascular
imaging, with the additional constraint that the target
organs, in this case the arterial system, are anatomically
small structures with increased requirements for high-
resolution imaging.20–22

For 3D vascular imaging an alternative to visualizing
the arterial wall itself is to visualize the flow within 
the lumen, providing an indirect image of the luminal
surface, which is most frequently the area of interest.
These efforts have been limited by the requirements 

for very high resolution to image small anatomic struc-
tures and the dependence on some type of volume flow
signal that is sensitive enough to detect the very low-flow
velocity signals at the vessel wall–blood interface. Tech-
nological developments in ultrasound imaging and flow
measurement over the past few years have overcome
many of these obstacles. Higher frequency ultrasound
probes, with center frequencies up to 12MHz and
improved electronic focusing in one or two dimensions,
are now widely available to give very high-resolution
grayscale data. In addition, intravascular ultrasound
probes with the piezoelectric element mounted at the
catheter tip are capable of operating at frequencies up to
30MHz.

A further advantage of vascular imaging is that a fixed
probe orientation can be used over short segments of 
the vascular anatomy, reducing the stringent require-
ments for an external system for the exact registration 
of probe location and allowing the use of freehand scan-
ning. Finally, the development of amplitude-dependent
Doppler imaging, or so-called power Doppler imaging,
has provided a signal related to blood flow volume 
that is sensitive to very low flow velocities characteristic
of those seen near the vessel wall. Rather than display
Doppler frequency shift information as is done with 
conventional color Doppler imaging, power Doppler
ultrasound displays an estimate of the entire power 
contained in that part of the received radiofrequency
ultrasound signal for which a phase shift corresponding
to motion of the target is detected.23 The strength of 
this signal is related to the number of red blood cell 
scatterers within the sample volume, which in turn is a
function of the blood flow dynamics, giving significantly
increased sensitivity to low flow velocities and making
power Doppler imaging much less angle dependent 
than conventional color Doppler images.24 In addition,
the power Doppler signal is not subject to aliasing 
as are conventional pulsed spectral and color Doppler 
displays.
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The extension of two-dimensional (2D) B-mode
grayscale imaging of the cardiovascular system to clinical
applications has met with limited success thus far. Many
of the early problems of image resolution, recognition
and registration of probe orientation, and the required
data processing time have been at least partially
solved.4,11,22 However, the use of grayscale images ob-
tained using conventional ultrasound scanning remains
limited by the large dynamic range of the image data and
the artifacts in the image associated with atherosclerotic
disease. Even more limiting is the need for off-line pro-
cessing of the original image data with significant opera-
tor dependence to identify tissue interfaces and provide
input for arterial edge detection, usually with some type
of mechanical tracing device.9

Three-Dimensional Intravascular
Ultrasound

More recent reports of 3D vascular imaging have used
intravascular ultrasound (IVUS) with high-frequency
transmit/receive crystals placed at the tip of a catheter,
primarily in the coronary arteries.7,25 Investigators have
been able to identify segments of angiographically
“silent” atherosclerosis and quantify the degree of nar-
rowing caused by either atherosclerotic lesions or postan-
gioplasty intimal hyperplasia. IVUS has also proved
helpful in the placement of coronary stents and investi-
gators have found good correlation between IVUS and

conventional angiographic video densitometry in postan-
gioplasty measurements of vessel cross-sectional lumen
area.7,26 The potential exists for increased peripheral vas-
cular utilization of 3D vascular imaging as endovascular
stent grafting becomes more widespread, as 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 during the procedure.27

Research into the measurement of the mechanical prop-
erties of the arterial wall has also been done using 3D
IVUS techniques to provide data on wall motion char-
acteristics as a function of intraarterial pressures.28

However, most of the current work with grayscale 3D
vascular imaging remains in the developmental stage
using in vitro specimens or models; in vivo work is pri-
marily experimental in nature and there are very limited
data available on its clinical utility.

An alternative to grayscale imaging of the vascular wall
and its associated disease is to image the vessel
wall–blood interface from the perspective of inside the
lumen, using the blood flow signal to separate patent
lumen from solid tissue. Power Doppler imaging is ideally
suited to this task, for the reasons outlined above, pro-
viding very low flow sensitivity, good resolution at the
interface, and high-speed processing of the data. Typical
applications use a linear array probe with a transmit fre-
quency between 5 and 10MHz. The vessel(s) of interest
are imaged in a cross section and the system gain and
filters are set to completely fill the patent lumen with the
color-coded flow signal while at the same time minimiz-
ing image noise and artifact by adjusting the background
signal to the electronic “noise floor” of the system, which
is typically color coded in solid blue (Figure 48–1). Once
the optimum system settings are obtained, the back-
ground can again be displayed as grayscale information
(Figure 48–2A) and the vessel(s) slowly scanned at a con-
stant speed in freehand fashion over the region of inter-
est. Figure 48–2 shows an example of scanning in a
cephalad direction from just below to just above the
carotid artery bifurcation. When the final cross-sectional
image is frozen, system memory retains the previous con-
secutive frames of power Doppler data similar to the cine-
loop function found on most modern ultrasound scanners.
Typically between 32 and 64 frames of data are stored,
corresponding to between 3 and 6 s of scanning, depend-
ing on the image frame rate during the scanning process.
The system then automatically reassembles the stored
images, usually in approximately 5–10s, by stacking suc-
cessive frames and displaying the resulting image in a 3D
format. Figure 48–3A shows the resulting 3D image of the
carotid artery bifurcation, outlining the patent lumen that
tracks the vessel wall–blood interface. Simple movement
of the ultrasound system trac-ball allows rotation of the
3D image to view the luminal contour from any angle

Figure 48–1. Cross-sectional view of the mid common carotid
artery (CCA) using power Doppler imaging with the back-
ground signal color coded in blue representing the electronic
“noise floor.”
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Other Clinical Applications

Similar techniques using freehand scanning can be used
for 3D imaging of the vascularity of solid organs, such as
the kidney. Because of the increased sensitivity of power
Doppler to low flow velocities, not only can the major
conduit arteries be imaged but the much smaller inter-
lobular and arcuate arteries in the renal cortex can also
be displayed, very nearly to the capsule itself. Rubin 
et al.24 showed that a 2D power Doppler image of the
renal vasculature can be used to estimate the fractional

A

B

Figure 48–2. (A) Cross-sectional view of the mid common
carotid artery (CCA) using power Doppler imaging with 
the grayscale image providing the background signal. This 
represents the initial scanning plane for the collection of 
images for subsequent three-dimensional reconstruction.
(B) Cross-sectional view of the carotid vessels above the 
bifurcation using power Doppler imaging showing the internal
and external carotid arteries (ICA, ECA). This is the final 
scanning plane and image collected for three-dimensional
reconstruction.

A

B

Figure 48–3. (A) Three-dimensional reconstruction of the
images stored in the sequence demonstrated by Figure 48–2.
The distal common carotid artery appears nearest, with the
internal carotid artery (ICA) (left) and external carotid artery
(ECA) (including a small branch artery) extending away from
the viewer. (B) Three-dimensional reconstruction of the same
image sequence as for (A), with the three-dimensional image
rotated approximately 180° so that the ICA (left) and the ECA,
with its branch artery, now appear closer to the viewer.

needed to provide a clear view of the vascular anatomy
(Figure 48–3B). In addition to the carotid artery bifurca-
tion, other accessible major conduit vessels that are 
clinically important and appear suitable for 3D power
Doppler angiography are the aortoiliac system, including
the major visceral branches in the abdomen, the femoro-
popliteal system, the intracranial vessels comprising the
circle of Willis using a transcranial approach, and the
portal-hepatic vascular system.
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moving blood volume within a specific region of the
kidney, demonstrating significant changes in this param-
eter as a function of hydration status as well as the effects
of an arteriovenous fistula 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
(Figure 48–4). Similar displays can be generated for other
tissues within the body such as liver, thyroid, breast, and
the ophthalmic vasculature.

Three-dimensional power Doppler angiography has
been implemented in a number of these vascular beds to
investigate specific clinical problems. In a prospective
study of 24 patients Carson et al.29 examined the vascu-
larity of breast masses seen on mammography and cor-
related their findings with the pathology noted in biopsy
specimens. In addition to conventional grayscale image
criteria, vascular criteria were identified 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 1cm) vascularity, the presence and number of visible
shunt vessels, vessel wrapping around the mass and vessel
tortuosity, vessel enlargement, and related (beyond 1cm)
or unusual vascularity indicated by the presence of mul-
tiple large vessels with elevated flows.

Most helpful in the discrimination of malignant versus
benign lesions were extensive inner vascularity, 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 identified, multiple shunt vessels, 2.7 versus 2.1;
and significant vessel wrapping around the mass, 3.5
versus 1.9. For a fixed sensitivity of 90%, 3D power

Doppler angiography improved lesion specificity 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
display a trend toward statistical significance, which was
somewhat limited by the small sample size.

Three-Dimensional
Angiography/Carotid Artery

Bendick et al.30 evaluated the accuracy of 3D angiogra-
phy in the carotid artery bifurcation compared with
digital subtraction contrast angiography and surgical
findings at carotid endarterectomy. Thirty-two patients
were studied, with 64 vessels available for correlation.
Luminal narrowing was categorized as <40%, 40–60%,
60–80%, and >80% diameter reduction, or total occlu-
sion, using direct measurements from the 3D images
without knowledge of the angiographic results and apply-
ing the methodology of stenosis measurement of the
NASCET study (Figure 48–5).

In addition, surface morphology of the 3D images was
evaluated to determine the extent of luminal narrowing,
defined as focal, moderate (<1cm), or lengthy (>1cm), as
well as the presence of plaque ulceration. Three carotid
bifurcations had atherosclerotic lesions that were too
heavily calcified for adequate power Doppler angiogra-

Figure 48–4. Three-dimensional reconstruction of the upper
lobe of a right kidney demonstrating the major branch arteries
and the vascularity of the cortical regions.

Figure 48–5. Three-dimensional 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 diameter (X) and the
distal ICA lumen diameter (+). Also note the small ulcerative
crater at the distal end of the lesion just beyond the point of
maximal narrowing.



48. Three-Dimensional Vascular Imaging and Three-Dimensional Color Power Angiography Imaging 521

phy and could not be classified by 3D imaging. Of the
remaining 61 bifurcations, 53 were accurately classified as
to percent stenosis, giving an overall accuracy of 87%,
similar to results obtained when Doppler velocity crite-
ria are used to categorize lesion severity. The sensitivity
of 3D imaging to >60% diameter stenoses was 100%, with
all such lesions so classified; the positive predictive value
for >60% diameter stenosis was 81% (21 of 26 bifurca-
tions). All four total occlusions were correctly identified
by 3D imaging. Of the eight lesions that were not accu-
rately classified, all were estimated by 3D imaging to have
a higher degree of stenosis than lesions measured by
angiography, indicating a possible bias in this technique
to slightly underestimate the caliber of the residual lumen
at the site of stenosis. Five of these eight lesions were clas-
sified as 60–80% diameter stenoses by 3D angiography
while subtraction angiography indicated 40–60% diame-
ter reductions; anecdotally in two of these five cases
hemodynamic data showed increased flow velocities and
poststenotic flow turbulence characteristic of the more
severe stenosis, and at endarterectomy the operating
surgeon believed that one of the lesions did cause a >60%
diameter stenosis (Figure 48–6).

In the evaluation of the extent of lesions, 11 of 13
(85%) were correctly classified as focal, 24 of 29 (83%)
as being of moderate extent of <1cm, and 14 of 14 (100%)
as extended lesions of >1cm. Five lesions were considered
to be ulcerated by 3D angiography (Figures 48–5 and
48–7), with four of these ulcerations shown by subtrac-
tion angiography. The 3D power Doppler angiography
was believed to provide an accurate noninvasive tech-

nique comparable to subtraction angiography for the
anatomic evaluation of carotid bifurcation atheroscle-
rotic 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 disease present
without significant additional testing.

A B

Figure 48–6. (A) Three-dimensional reconstruction of a
carotid bifurcation region showing a >60% diameter reduction
in the proximal internal carotid artery (ICA); the minimum
lumen diameter was 1.7mm (+) and the distal ICA lumen meas-
ured 5.1mm (X), for a 67% diameter reduction. Angiographic

measurements predicted a 50–60% diameter reduction. (B)
Spectral Doppler data for the lesion shown in (A) with a peak
systolic velocity of 4.57m/s and an end-diastolic velocity of 
1.38cm/s, corresponding to a >60% diameter reduction.

Figure 48–7. Three-dimensional 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.
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Delcker et al.31 investigated 3D power Doppler angiog-
raphy for transcranial imaging of the major intracranial
vessels. Previous studies have shown improved ability for
transcranial duplex ultrasound to detect and image the
intracranial vessels using power Doppler compared 
with color Doppler imaging.32,33 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 commu-
nicating artery. On the side contralateral to the trans-
ducer, imaging success rates were 90% for the anterior
cerebral 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 significant improvements in
the visualization and evaluation of the major intracranial
arteries.

Limitations of Three-Dimensional
Imaging and Power 
Doppler Angiography

Limitations of 3D vascular ultrasound imaging and
power Doppler angiography are those that have long
been recognized for all applications of ultrasound.
Present techniques remain strongly operator dependent,
particularly those using freehand scanning to develop the
database of image frames for reconstruction. All probe
maneuvers must be carefully controlled and done in a
smooth, constant speed motion; patient cooperation is
also essential during any ultrasound scanning procedure.
Specific to vascular imaging and the detection of obstruc-
tive disease are the limitations imposed by the lesion
itself. Very complex heterogeneous lesions create poor
grayscale image quality, degrading the ability to recon-
struct image frames and maintain frame-to-frame regis-
tration; this is much less a limitation in power Doppler
angiography, which is based on a significantly less “noisy”
signal for its image. Limiting both techniques, however, is
the presence of significant atherosclerotic or vessel wall
calcification that prevents the transmission of any ultra-
sound signals.

Recent Clinical Experience Using Power
Doppler Angiography

Few reports have been published on the clinical utility 
of power Doppler 3D ultrasound in vascular pati-

ents.30,31,34–39 Following are the results of a study that ana-
lyzed our experience concerning the clinical utility of this
imaging modality.40

Patient Population and Methods

Fifty-three selected patients out of 281 referred to our
vascular laboratory during a recent 1-month period
underwent conventional color duplex ultrasound and
power Doppler imaging for the following indications. All
53 patients had conventional arteriography to verify the
results.

Carotid-Vertebral Artery Selection: (1) a question of
subtotal versus total carotid occlusion; (2) tortuosity of
the artery with limited imaging; (3) the presence of sig-
nificant disease by Doppler imaging with limited imaging
on conventional duplex examination; (4) patients with
heavy calcification and limited imaging; and (5) high or
deep internal carotid arteries.

Deep Lying Arteries—Renal/Aorta: (1) the arteries
are obscured by fat or bowel gas and (2) nonvisualization
of the renal orifice.

Peripheral Arteries: (1) a question of subtotal versus
total occlusion and (2) a limited view or image on con-
ventional color duplex ultrasound.

The color duplex imaging and the power Doppler
examinations were performed by experienced certified
vascular technologists in our accredited vascular labora-
tory using an HDI 5000 Phillips, ATL system (Bothell,
WA). Sequential parallel longitudinal views and perpen-
dicular cross-sectional views were obtained on both color
duplex and power Doppler imaging. The display quality
of both sonographic examinations was classified as satis-
factory or unsatisfactory by both the technologist and the
interpreting physician, who is also a certified vascular
technologist (AFA). A satisfactory image was a well-
defined image with clear anatomy and pathology of the
examined vessel. The power Doppler imaging portion of
the examination was considered to be of positive diag-
nostic value if the results of that examination were
helpful in differentiating 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 both portions of the examination
were inconsistent, the final conclusion was decided based
on the results obtained by conventional arteriography.

Results

A positive diagnostic value was achieved using power
Doppler imaging in 22 out of 29 (76%) carotid artery
examinations. Similarly, 10 out of 14 (71%) peripheral
artery examinations had a positive diagnostic value.
Four out of five (80%) renal artery examinations had a
positive diagnostic value, while three out of five (60%)
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aortoiliac examinations 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 48–1). The overall sensitivity of power
Doppler imaging in patients with a positive diagnostic
value was 95% and the positive predictive value was
97%.

Table 48–2 summarizes the indications of power
Doppler imaging and the positive diagnostic value in
carotid application. As noted, five out of six patients
(83%) who were believed to have total carotid occlusion
by conventional color duplex were confirmed to have
subtotal occlusion by adding power Doppler imaging.
Ten out of 14 (71%) carotid artery patients who were
believed to have suboptimal images had a better 
clearer image on power Doppler imaging (Table 48–2).
Table 48–3 summarizes the findings in patients for 
whom the indications included peripheral arteries,
renal arteries, and aortoiliac arteries. As noted in Table
48–3, six out of eight (75%) patients with a questionable
subtotal versus total occlusion by conventional duplex
examination were confirmed to have subtotal occlusion
by power Doppler imaging. Overall, 10 out of 14 (71%)
patients with peripheral arterial examinations had a pos-
itive diagnostic value. Four out of five (80%) renal exam-
inations resulted in a positive diagnostic value, which
included three patients in whom the orifice of the renal
arteries was not seen by conventional duplex examina-

tions. Meanwhile, three out of five (60%) aortoiliac 
examinations resulted in a positive diagnostic value
(Table 48–3).

Figures 48–8 through 48–16 illustrate various clinical
scenarios where a positive diagnostic value was achieved
by adding power Doppler imaging.

In summary, power Doppler imaging is believed to
have the following advantages over conventional color
Doppler ultrasound: it is sensitive to very low flow veloc-
ities, is less angle dependent, is not subject to aliasing,
and has a good signal-to-noise ratio.23,24 Power Doppler
imaging is a relatively new sonographic technology that
is based on technical principles different from conven-
tional color Doppler imaging for the generation of
intravascular color signals.23,24 The intensity of color
signals in this method depends on the reflected echo
amplitude from red blood cells, thus reflecting the density
of the red blood cells within the examined sample
volume. The addition of negative and positive frequency
shifts from the moving red blood cells and the use of
special filters for blood/tissue discrimination will increase
the signal-to-noise ratio, which will result in higher 
sensitivity to visualizing blood flow and improve the 
definition of intravascular surfaces. Power Doppler
imaging also provides homogeneous color signals, even 
in tight stenoses, and generates a superior angiographic-
like imaging of the vascular lumen surface, as indicated
in previous illustrations. This advantage of power
Doppler imaging over conventional color duplex imaging
minimizes the necessity of conventional arteriography
prior to vascular intervention, e.g., prior to carotid
endarterectomy. Since power Doppler imaging does 
not provide information on the direction of the moving
blood cells, this modality of imaging must be considered
as complementary to conventional color duplex imaging
where specific velocity criteria have been determined 
by many studies for the classification of severity of
stenoses.

Table 48–1. Positive diagnostic value of power Doppler
imaging.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

aOverall sensitivity of power Doppler imaging in patients with positive
diagnostic value = 95% and positive predictive value = 97%.

Table 48–2. Carotid indications of power Doppler imaging/
results.

Positive Dx value No change Total

Subtotal/total 5 (83%) 1 (17%) 6
occlusion

Suboptimal image 10 (71%) 4 (29%) 14
High/deep internal 4 (80%) 1 (20%) 5

carotids artery
Tortuous artery 3 (75%) 1 (25%) 4
Total 22 7 29

Table 48–3. Peripheral and renal indications of power Doppler
imaging/results.

Positive Dx value No change Total

Peripheral
Subtotal/total 6 (75%) 2 (25%) 8

occlusion
Suboptimal image 4 (67%) 2 (33%) 6
Total 10 (71%) 4 (29%) 14
Renals
Obscure orifice 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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Figure 48–8. (A) Color duplex imaging of a right internal
carotid artery suggesting total occlusion. (B) Power Doppler
image of the same artery showing string sign (arrow), i.e., subto-
tal occlusion. (Reproduced with permissions from AbuRhama

AF, Jarrett K, Hayes JD. Clinical implications of power Doppler
three-dimensional ultrasonography. Vascular 2004;12:293–300,
BC Decker, Inc.)
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Figure 48–9. (A) Suboptimal image of a left internal carotid
artery by conventional duplex ultrasound. (B) A better image
is obtained by adding power Doppler ultrasound. (Reproduced

with permissions from AbuRhama AF, Jarrett K, Hayes JD.
Clinical implications of power Doppler three-dimensional
ultrasonography. Vascular 2004;12:293–300, BC Decker, Inc.)

A B

Figure 48–10. (A) Left internal carotid artery with multiple
defects of color flow (secondary to shadowing, arrows). (B)
Color flow is seen in one area and somewhat seen in the other
area (arrows) when power Doppler was added. (Reproduced

with permissions from AbuRhama AF, Jarrett K, Hayes JD.
Clinical implications of power Doppler three-dimensional
ultrasonography. Vascular 2004;12:293–300, BC Decker, Inc.)
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Figure 48–11. (A) A deep-lying left internal carotid artery with
suboptimal imaging on color duplex ultrasound. (B) A well-
defined stenosis using power Doppler ultrasound. (Reproduced

with permissions from AbuRhama AF, Jarrett K, Hayes JD.
Clinical implications of power Doppler three-dimensional
ultrasonography. Vascular 2004;12:293–300, BC Decker, Inc.)

A B

Figure 48–12. (A) A tortuous internal carotid artery with poor
image of the tortuous segment. (B) Clearly shown tortuosity
using power Doppler imaging. (Reproduced with permissions

from AbuRhama AF, Jarrett K, Hayes JD. Clinical implications
of power Doppler three-dimensional ultrasonography. Vascular
2004;12:293–300, BC Decker, Inc.)

A B

Figure 48–13. (A) Color duplex imaging showing a right mid-
superficial femoral artery occlusion. (B) A string sign was seen
(arrow) when power Doppler imaging was added. (Reproduced

with permissions from AbuRhama AF, Jarrett K, Hayes JD.
Clinical implications of power Doppler three-dimensional
ultrasonography. Vascular 2004;12:293–300, BC Decker, Inc.)



A B

Figure 48–14. (A) A color duplex image of the renal artery that
does not clearly show the orifice of the renal artery. (B) The
origin of the renal artery (arrow) is well seen using power

Doppler imaging. (Reproduced with permissions from
AbuRhama AF, Jarrett K, Hayes JD. Clinical implications of
power Doppler three-dimensional ultrasonography. Vascular
2004;12:293–300, BC Decker, Inc.)

A B

Figure 48–15. (A) A color duplex image of an abdominal
aortic aneurysm. (B) A better definition of the color flow and
morphology using power Doppler ultrasound. (Reproduced

with permissions from AbuRhama AF, Jarrett K, Hayes JD.
Clinical implications of power Doppler three-dimensional
ultrasonography. Vascular 2004;12:293–300, BC Decker, Inc.)

A B

Figure 48–16. (A) A limited color duplex image of a deep-lying
left common iliac artery. (B) A clearer image using power
Doppler imaging. (Reproduced with permissions from

AbuRhama AF, Jarrett K, Hayes JD. Clinical implications of
power Doppler three-dimensional ultrasonography. Vascular
2004;12:293–300, BC Decker, Inc.)
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Our present study demonstrates that positive diagnos-
tic values were obtained by the addition of power
Doppler imaging in 74% of arteries examined. Specifi-
cally, this technology was very valuable in differentiating
subtotal from total arterial occlusions, which was noted
quite clearly in carotid artery examinations in our study
(83%). High deep internal carotid arteries (ICAs) were
also better seen by adding this technology (80%). This
technology was also quite helpful in patients with limited
or suboptimal imaging. Three out of three (100%) renal
artery orifices that were obscured on conventional color
duplex imaging were easily seen by adding power
Doppler imaging.

In conclusion, 3D power Doppler imaging, while a
more recent technological development, can be more
readily applied to clinical practice. This is, in part,
because of its ease of use, the ability to use free hand
scanning, and a good signal-to-noise ratio, giving a 
better defined blood–tissue interface, and the speed 
with which these images can be reconstructed and 
displayed. Three-dimensional power Doppler imaging
has been shown to be capable of defining the severity 
and extent of atherosclerotic lesions, characterizing 
the vascularity of other lesions, and extending the use of
conventional color power Doppler imaging to further
define parameters related to solid organ perfusion, e.g.,
kidneys.

Future of Three-Dimensional Imaging
and Power Doppler Angiography

The future of 3D imaging for vascular applications
appears promising. Three-dimensional imaging of the
vessel wall remains primarily a research tool, with a
variety of imaging and data processing techniques in
development.The best results to date have relied on inva-
sive, intravascular ultrasound using high-frequency trans-
ducers for good resolution. Reported results have been
good for 3D visualization of atherosclerotic lesions, both
in peripheral arteries and in the coronary arteries. These
images have provided valuable feedback, for example,
in the placement of stents and in the assessment follow-
ing their deployment. The techniques being developed
should provide the capability to extend other current 2D
applications, making it possible to investigate preopera-
tively the extent of any tumor invasion of adjacent vas-
cular structures. In addition, 3D imaging will allow more
thorough evaluation of extrinsic vascular compression
syndromes, guiding the management of cases of May-
Thurner syndrome41,42 or thoracic outlet compression
causing Paget-von Schroetter syndrome.43

Three-dimensional power Doppler angiography, while
a more recent technological development, has been more

readily applied to clinical problems. This is in part
because of its ease of use, the ability to use freehand scan-
ning, a good signal-to-noise ratio giving a well-defined
blood–tissue interface, and the speed with which these 
3D images can be reconstructed and displayed. Three-
dimensional power Doppler angiography has been shown
to be capable of defining 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 define 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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Introduction

Gramiak and Shah first introduced the technique of using
contrast enhanced two-dimensional echocardiography 
in 1968.1,2 The first contrast agents used were “free”
microbubbles that were limited by their low persistence
and efficacy. Since that time, the development of contrast
agents has followed several methods.2,3 Aqueous solu-
tions, colloidal suspensions, and emulsions were studied
as possible candidates for contrast agents; however, their
safety and efficacy were not compatible with ultrasound.
Newer contrast agents are composed of stabilized
microbubbles that offer adequate safety profiles and
improved efficacy. Their properties approach that of the
ideal contrast agent, which is nontoxic, injectable intra-
venously, able to pass through the capillary pulmonary
bed, and stable enough to achieve enhancement for the
duration of the examination.

Fundamentals of Ultrasound 
Contrast Agents

Today’s contrast agents are stabilized mircrobubbles
made with sugar matrices, albumin, lipids, or polymer
shells with or without surfactants. These elastic shells
enhance their stability by adding physical support and
reducing surface tension at the gas–liquid interface.
Simple air-filled microbubbles have evolved to incorpor-
tate gases with low diffusion coefficients, such as perflu-
orocarbons. Their low solubility in blood and increased
persistence allow longer examination times.4,5 Manipula-
tion of the type of gas used and the structure of the
encapsulating shell is a currently used technique to
prolong contrast enhancement.

The classification of contrast agents is dependent on
pharmacokinetics (Table 49–1). They are distinguished
mainly based on their ability to cross the pulmonary cir-

culation and their half life. Some contrast agents also
have tissue- or organ-specific phases in addition to their
vascular phase.6 For example, Levovist (SHU 508A,
Schering, Berlin, Germany) once eliminated from the
blood pool localizes to the liver and spleen, appro-
ximately 20min after intravenous injection.7 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.8 It is worth noting
that Kupffer cells are not found in metastases or hepatic
carcinomas, and therefore these agents accumulate only
in normal liver (Figure 49–1).

Contrast agents increase the backscatter of the ultra-
sound signal intensity, thus improving Doppler analysis
as well as enhancing the grayscale echostructure on spe-
cific imaging sequences by up to 25dB (a greater than
300-fold increase).9 The image quality that contrast
agents provide is dependent on the properties of the
agent as well as the imaging sequence and signal pro-
cessing. Each agent behaves uniquely within a certain
ultrasound field, which allows for signal processing to be
manipulated to optimize microbubble detection.10 Spe-
cific contrast-imaging sequences have been developed by
tailoring the acoustic power, the transmit and receive fre-
quencies, the pulse frequency, and the pulse phase and
amplitude to each contrast agent for maximal efficacy.

Adverse effects are a possible outcome of administra-
tion of any drug or contrast agent including ultrasound
contrast agents. Most adverse events with ultrasound con-
trast agents, though, are rare and of mild intensity.11 Most
commonly, patients experience a temporary alteration in
taste, pain at the injection site, a warm facial sensation,
or a generalized flush.12 Other reports of adverse events
include dyspnea, chest pain, headache, and nausea.13–15

Studies have reported that the incidence of adverse
events with ultrasound contrast agents is similar to that
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Table 49–1. Ultrasound contrast agents.

Agent Company Gas Shell Approval

First generation, nontranspulmonary
vascular

Free microbubbles Air None
Echovist (SHU 454) Schering Air Galactose Europe
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 (Definity MRX115, DMP115) Bristol-Meyers-Squibb Perfluoropropane Phospholipid United States
Echogen (QW3600) SonoGen Dodecafluoropentane Surgactant a
Optison (FSO 69) Amersham Octafluoropropane Albumin United States, Europe
Sono Vue (BR1) Bracco Sulfur hexafluoride Phospholipid Europe
Imaivst (AF0150) Alliance Perfluorohexane Surfactant United States
Transpulmonary with organ-specific phase
Levovist (SHU 508A) Schering Air Palmitic acid Europe, Japan
Sonavist (SHU 563A) Schering Air Cyanoacrylate b
Sonazoid (NC100100) Amersham Perfluorocarbon Surfactant a

aCurrently in clinical trials.
bClinical development stopped.

in a control group.16 Nevertheless, ultrasound contrast
agents have a superb safety profile with no specific renal,
liver, or cerebral toxicities.

Mechanics of Ultrasonogaphic Contrast

Microbubble behavior is influenced by the local acoustic
power.17 Local acoustic power depends on the output
power of the ultrasound system, the transmit frequency,
and the attenuation of the ultrasound beam with depth.
The mechanical index (MI) reflects output power, and
therefore correlates with the local acoustic power. As

Figure 49–1. Imaging 3min after Levovist injection improves
the delineation of tumor metastases. (Image courtesy of Dr.
Peter Dawson, University College Hospital, London, UK.)

mentioned above, each contrast agent behaves uniquely
at a given MI, and, therefore, each agent will have its own
optimal imaging sequence.

Low Acoustic Power (MI < 0.1)

At low MI, microbubbles resonate equally and symmet-
rically (linear response) with the high and low pressures
generated by the incident ultrasound wave with minimal
destruction. They act as very efficient signal scatterers,
which is attributed to the difference in their compress-
ibility and density compared to the surrounding tissues
(Figure 49–2). Scattering efficiency increases as a function
of microbubble radius to the sixth power, and therefore
larger bubbles display higher backscatter coefficients.5

As well, 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.9 Low MI
is useful in conventional Doppler applications and real-
time contrast imaging.

Intermediate Acoustic Power (0.1 < MI < 0.5)

The amplitude of the microbubble oscillations in an 
ultrasound field increases as the MI is increased. As the
amplitude increases, the microbubble oscillations become
asynchronous with the ultrasound wave (Figure 49–3). By
manipulating the local acoustic power, the microbubbles
begin to echo a harmonic response at frequencies that
differ from that of the incident wave (fundamental fre-
quency). The highest intensity response is that of the
second harmonic response, which is found at twice the
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Resonance and Harmonics
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Figure 49–2. Resonance of microbubbles. (Image created by
Dr. E. Stride, University College London, UK. Reprinted with
permission of Dr. Nader Saffari, University College London,
UK.)

Figure 49–3. Nonlinear microbubbles
return not only the fundamental (trans-
mitted frequency) but also a second 
harmonic frequency that is at twice the
transmitted frequency. (Image courtesy
of Dr. David Adams.)

fundamental frequency. Those responses found at higher
frequencies are called higher harmonics. Specific types of
harmonics called ultraharmonics can be obtained at spe-
cific frequencies such as 1.5 or 3.5 times the fundamental
frequency.5 There two main advantages of intermediate
MI imaging. The first is the avoidance of microbubble
destruction while eliciting a good harmonic contrast
signal. The second is the reduction in the harmonics
elicited from the surrounding tissues. Because the advan-
tage of contrast agents is their harmonic echo, any tissue
harmonics become the background “noise.” Tissue is less

compressible and more dense than the microbubbles,
therefore requiring a higher MI for a harmonic response.
Intermediate MI scanning allows for a higher contrast-to-
tissue ratio compared to a high MI by limiting the tissue
harmonic response, and thus eases the removal of the
background “noise” from the contrast signal.17

High Acoustic Power (MI > 0.5)

The destruction of microbubbles occurs at higher acoustic
powers. The encapsulating shell is broken and the gas 
diffuses into the surrounding fluid. The rupture of the
microbubble causes an intense echo, very rich in non-
linear (harmonic) components (Figures 49–4 and 49–5)
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 microbubble with
little affect from blood flow characteristics.5

Interaction of Ultrasound
and Microbubbles

Linear
resonance

Nonlinear
resonance

Bubble
disruption

Fundamental
enhancement

Harmonic
enhancement

POWER

Transient
scattering

Figure 49–4. 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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Microbubble Technology

Newer microbubble engineering techniques have
focused on optimizing tissue-specific binding of
microbubbles by manipulation of the components of the
encapsulating shell. One such strategy exploits the
disease-related upregulation of surface receptors in acti-
vated leukocytes that bind nonspecifically to either
albumin or lipid in the microbubble shell.18 For example,
Linder et al. studied the binding of albumin and lipid
shells to activated leukocytes after reperfusion injury
and exposure to proinflammatory cytokines. Albumin
binds to the β2-integrin Mac-1 on the activated leuko-
cytes, which in turn binds to intercellular adhesion mol-
ecule (ICAM)-1 expressed on endothelial cells in areas
of inflammation. Lipids are found to undergo opsoniza-
tion by complements and bind via a complement 
receptor to activated leukocytes. By adding phos-
phatidylserine to the lipid shell, there is a 6-fold increase
in the affinity of the microbubble to the activated 
leukocytes due to increased complement attachment 
to the lipid shell.18,19 Inflammation specific binding of
microbubbles can augment the visualization of inflam-
matory atherosclerotic plaques. Since the amount 
of microbubbles bound correlates with the amount of
inflammation, control-enhanced ultrasound (CEUS) will
be able to determine the inflammatory phenotype of
plaques, thus identifying those plaques with increased
vulnerability to thrombose.

Another strategy to enhance the tissue-specific reten-
tion of microbubbles is the conjugation of ligands or anti-
bodies that recognize specific antigens or receptors on a

specific tissue type (Figure 49–6). One example is the
attachment of an oligopeptide to the shell surface that
recognizes glycoprotein IIb/IIIa integrin receptor on acti-
vated platelets.20,21 This allows the visualization of throm-
bus by the binding of microbubbles to platelets, as well
as means for clot lysis when the microbubbles are rup-
tured using an ultrasound beam.22 A modification of this

0 0.4 0.8 1.2 1.6 2.0 2.4

time (µsec)

5 µm

Figure 49–5. EM of a microbubble responding to increasing ultrasound MIs.

Figure 49–6. Fluorescent targeted microbubble. (Source:
http://ferraralab.bme.ucdavis.edu/index.html?page=http://
ferraralab.bme.ucdavis.edu/research.html.)
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strategy by adding the attachment of a chemical spacer,
such as polyethylene glycol, allows the ligand to be pro-
jected further away from the shell surface, thus increas-
ing its affinity for tissue-specific antigens or receptors.23

In addition to tissue-specific binding, new microbubbles
are now being used as a vehicle for drug and gene deliv-
ery (Figure 49–7). Chemotherapeutic agents, thrombolyt-
ics, 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 toxicities.24

Encapsulation of genes also protects naked DNA and
vectors from plasma endonucleases and hepatic clearance,
which limits their stability24 (Figure 49–8). Engineering
microbubbles as target-specific therapeutic delivery vehi-
cles will have a wide range of applications in the diagno-
sis and therapy of numerous medical conditions.

Ultrasound Imaging Techniques

B-Mode and Color Imaging

Contrast agents can be employed when conventional 
B-mode imaging and Doppler imaging modalities,
including color, power, and spectral imaging. They can be
used to opacify fluid-containing cavities such as the
bladder, uterus, cardiac chambers (Figure 49–9), and
some large venous structures. Echovist (Schering AG,
Berlin, Germany) has been used for sonosalpingogra-
phy25 and Levovist has been used to detect vesicouteric
reflux (Schering).26 This allows equally sensitive and spe-
cific imaging alternatives to conventional radiographs
while avoiding ionizing radiation exposure. The limita-
tion of contrast agents with B-mode imaging is that there
is no added enhancement in solid structures. Doppler
imaging provides excellent detection of microbubbles,
but it is limited by color blooming and oversaturation
artifacts.5

Targeting ligand

Lipid bubble

Drugs in oil layer

Perfluorocarbon ga

Figure 49–7. Schematic of a microbubble with ligands conju-
gated to its outer shell and encapsulating drugs. (Image cour-
tesy of Drs. Evan Unger and Martin Blomley, ImaRx
Therapeutics, Inc., Tucson, AZ.)

Ultrasound

DNA

Microsphere

Binding Ligand
Cell

“Popping”
Microbubble

Figure 49–8. Schematic of microbubble gene delivery. (Image
courtesy of Drs. Evan Unger and Martin Blomley, ImaRx Ther-
apeutics, Inc., Tucson, AZ.)

Figure 49–9. An apical four-chamber view demonstrating
optimal left ventricular opacification with microbubbles. (Image
reproduced from McCulloch M, Gresser C, Moos S, et al. Ultra-
sound contrast physics: A series on contrast echocardiography.
J Am Soc Echocardiography 2000;13:962.With permission from
Dr. David Adams, Duke University Echo Lab.)
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Stimulated Acoustic Emission

This microbubble destructive modality involves an initial
wave of ultrasound at a high mechanical index, which
ruptures the microbubbles. Signal responses are recorded
before and after this destruction, and the loss of correla-
tion between the two signals maps the distribution of the
contrast agent.7 As mentioned above, some organ-specific
contrast agents accumulate only in normal liver tissue.
This characteristic has been utilized to detect liver metas-
tases using Levovist. Metastases appear as signal defects27

(Figures 49–10 and 49–11).

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 flow 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 flow, allows better spatial delineation of the
microvasculature of superficial structures compared to
conventional Doppler modes (Figure 49–12). 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 perfusion imaging using lower MIs to preserve
microbubbles.5

Harmonic Imaging

Harmonic imaging is a nonlinear imaging modality that
can detect microbubble harmonic responses at a higher
sensitivity than the response from the surrounding
tissues. The weaker nonharmonic echos from the multi-
ple responses from the body wall (as with obese patients)
are filtered from the final image as well, improving the
signal-to-noise ratio.9 Its sensitivity 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 flow. 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 res-
onant frequency of microbubbles, which range in diame-
ter from 1 to 9µm, in the 1–9MHz range.28,29

Several techniques can be used with harmonic imaging
to refine the detection of the nonlinear, harmonic
response of the contrast agents including conventional
imaging, subtraction techniques 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 ultra-
sound is emitted and the second harmonic of the
microbubble echo is isolated using filters. The micro-
bubble signal returns at 10–15dB higher than the signal
from the surrounding clutter. Harmonic imaging can
provide grayscale and Doppler information; however, it

Figure 49–10. B-mode imaging shows the liver is heteroge-
neous with an ill-defined lesion (arrow). (Image courtesy of Drs.
Evan Unger and Martin Blomley, ImaRx Therapeutics, Inc.,
Tucson, AZ.)

Figure 49–11. The presence of liver-specific microbubbles
(Levovist) administered 5min 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 hepato-
cellular carcinoma. (Image courtesy of Drs. Evan Unger and
Martin Blomley, ImaRx Therapeutics, Inc., Tucson, AZ.)
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does have its limitations. First, the filtering process to
isolate the second harmonic from the fundamental fre-
quency affects the image quality. Also, the increased
attenuation of the harmonic frequency compared to the
fundamental frequency limits the depth of the imaging
capabilities.5

Pulse/Phase Inversion

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 micro-
bubbles in each phase.29 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 microbub-
bles (Figure 49–13). Power pulse inversion utilizes these
same principles using a multipulse technique. The multi-
pulse technique adds to the sensitivity of the modality

and improves the differentiation between liquids and
solids, as well as limiting motion artifacts.11

Intermittent Imaging

Intermittent scanning is employed when using a high MI
imaging modality for microbubble destruction.5 It allows
for replenishment of the contrast agent between images.
The frame rate is reduced to about one frame per second
compared to the conventional 30 frames per second. 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 microbub-
bles have been destroyed, regions with either increased
or decreased blood volumes can be determined. Inter-
mittent imaging is, thus, limited by its inability to provide
real-time imaging. Another limitation is motion artifact
between image acquisitions.

A B

C

Figure 49–12. Normal liver scanned at high MI using
advanced dynamic flow in the liver-specific late phase 4 :50
min post-Levovist. Advanced dynamic flow 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,
Campus Benjamin Franklin, Berlin, Germany.)
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A B

Figure 49–13. A 78-year-old man with metastatic liver disease.
(A) Native B-mode sonogram shows inhomogeneous paren-
chyma of the liver, suggestive of focal liver lesions. (B)
Contrast-enhanced late-phase pulse-inversion sonogram shows
clear demarcation of multiple focal lesions without enhance-

A B

Figure 49–14. Contrast echography images obtained using the
flash 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 (inter-
val: 1 s, multiple-frame scanning: two frames); and (d)
intermittent scanning (left) with monitoring. (Source:

Flash Echo Imaging

Flash echo imaging is a technique that involves using a
low MI between intermittent high MI destructive phases
and following 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 screen5 (Toshiba Medical
Systems, Tokyo, Japan) (Figure 49–14).

Real-Time Digital Subtraction

Another imaging sequence involves real-time digital 
subtraction of a bubble-destruction phase image from 
a consecutively acquired background image taken 
milliseconds apart.This technique limits motion artifact
and improves the visibility of the microbubbles in the
resulting image5 (Figure 49–15).

(http://www.sciencedirect.com/science?_ob=MImg&_imagekey
=B6TD2–3X23SJT-9-V&_cdi=5186&_user=29261&_orig=
search&_coverDate=03%2F31%2F1999&_qd=1&_sk=999749
996&view=c&wchp=dGLbVtb-zSkzS&md5=0d9ee86a23b7c
7afb707e8cfe237ce22&ie=/sdarticle.pdf. Permission requested.)

ment surrounded by enhanced liver parenchyma. Liver biopsy
revealed metastatic liver disease by adenocarcinoma.
Diffuse infiltration of the liver was confirmed on CT.
(Source: http://www.ajronline.org/cgi/reprint/179/5/1273. Copy-
right © American Roentgen Ray Society. Permission
requested.)
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Figure 49–14. Continued
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Figure 49–15. A 72-year-old woman with a
hemangioma (diameter, 12.7mm) 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 50s after the
injection, shows hyperenhancement. (c)
DSI of the same tumor, at 5min after the
injection, shows hyperenhancement. (d) US
angiography of the same tumor, at 5min
after the injection, shows hyperenhance-
ment. (e) Hepatic angiogram obtained
during the arterial phase shows a hyper-
vascular tumor. (f) Hepatic angiogram
obtained during the late phase shows a
hypervascular tumor. (Source: Yamamoto
K, Shiraki K, Nakanishi S, et al. The useful-
ness of digital subtraction imaging with
Levovist in the diagnosis of focal hepatic
tumors. Int J Oncol. 2003 Feb;2(2):353–358.
Image courtesy of Dr. Shiraki Katsuya.)
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Common Application of 
Ultrasound Contrast Agents

Renovascular Assessment

There are several CEUS applications used for the evalu-
ation of the kidney. Diagnosis of renal artery stenosis,
determination of microperfusion 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 evalu-
ation improved the efficacy of the scan by enhancing the
operator’s ability to visualize the renal arteries and by
increasing the number of definitive examinations.

Although angiography has been the gold standard in
the evaluation of renal artery stenosis, its invasiveness
and exposure to radiation and nephrotoxic contrast
agents restrict its use as a screening modality. Conven-
tional 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
correlation to angiographic findings. In addition, obtain-
ing technically successful examinations was shown to
vary among the studies as well. Avasthi et al. reported
good correlation between the studies when evaluating 
52 renal arteries with both Doppler ultrasound and
angiogram.30 They reported 89% sensitivity and 73%
specificity for Doppler ultrasound in detecting lesions
with a greater then 50% lumen reduction. Technically
adequate examinations were performed in approxi-
mately 84% of the patients. As well, Norris et al. per-
formed successful examinations in 90% of the patients he
studied, with Doppler ultrasound having a 73% sensitiv-
ity and 97% specificity when compared to angiography.31

In contrast, Berland et al. obtained adequate examina-
tions in only 58% of their patients, while being unable to
identify any of the seven patients who had renal artery
stenosis on angiogram. They reported only a 37% speci-
ficity, as patients without renal artery stenosis were
detected on only 7 out of 19 ultrasound examinations.32

Desberg et al. reported success in only 51% of ultrasound
examinations.33

Such variability in the success of Doppler ultrasound
in the evaluation of renal artery stenosis is reflective of
the technical difficulty of performing an adequate exam-
ination in a wide variety of patients. Patient body habitus
and variable renal artery anatomy complicate examina-
tions as well. CEUS is proving to be the imaging modal-
ity 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 sus-
pected of having renal arterial stenosis.12 They reported
a 63.9–83.8% increase in successful examinations when
adding contrast to the ultrasound scan, including obese

patients and those with renal dysfunction. When com-
paring Doppler ultrasound to angiography, CEUS results
correlated with angiographic results in the diagnosis or
exclusion of renal artery stenosis more often than 
conventional Doppler ultrasound (p = 0.001). In addi-
tion, Lacourciere et al. reported results from 78 patients
involved in a Canadian multicenter controlled pilot study
who were undergoing evaluation for renal artery steno-
sis comparing captopril-enhanced scintography and
unenhanced and enhanced ultrasound.34 Results revealed
that CEUS examination yielded a diagnosis in more
patients than unenhanced ultrasound or scintography—
99%, 82%, and 81%, respectively (p = 0.002). The pro-
portion of technically successful ultrasound examinations
increased significantly with the addition of contrast.

CEUS has also been used to evaluate the microperfu-
sion of the kidney and to define areas of ischemia or
infarct. Renal perfusion has been quantified 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 and renal blood volume fraction35

(Figure 49–16). Wei et al. showed that measuring the rate
of microbubble replenishment after destruction reflected
microbubble velocity (MV). When the tissue is com-
pletely replenished with contrast, the signal reflects the
tissue blood volume fraction (BVF). The product of MV
and BVF correlates with tissue nutrient blood flow
(NBF).36 Total renal blood flow (RBF) is estimated by
cortical MV since > 90% of total RBF supplies the renal
cortex. Wei et al. showed that CEUS provides an assess-
ment of RBF and tissue nutrient blood flow that corre-
lates with blood flow measurements obtained with a
conventional Doppler flow probe.35 The added assess-
ment 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 pyelonephritis, embolism to the kidney, and posttrans-
plant assessment of a transplanted kidney.37

In addition to the imaging capabilities of CEUS, recent
reports have demonstrated nonvector gene transfer into
the kidney using microbubbles and ultrasound as a deliv-
ery vehicle. For example, Lan et al. studied the use of
ultrasound and microbubbles to transfer a doxycycline-
regulated Smad7 gene into the kidney as a potential
therapy for renal fibrosis. They found that compared with
nonultrasound treatment, the combination of ultra-
sound–microbubble-mediated delivery largely increased
Smad7 transgene expression up to a 1000-fold in all
kidney tissues.38

CEUS is now becoming both an imaging and thera-
peutic modality that will hopefully provide a safe,
noninvasive, and easily applicable alternative in the 
management of renal disease.
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Echocardiography

Left ventricular cavity opacification (LVO) is clinically
important in the evaluation of cardiac structure and ven-
tricular function in resting and stress echocardiography.
In the United States, contrast agents are FDA approved
for ventricular opacification and enhancement of endo-
cardial border definition. 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 echocardio-
grams with nonvisualization of at least two of six 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.39 Similar findings have been
observed after left ventricular (LV) opacification 
produced by intravenous injections of investigational
contrast agents.16,40 Administration of an intravenous con-
trast agent has also been shown to enable more accurate
measurement of LV volume and ejection fraction in
human beings.41 It has also been demonstrated clinically

that with the use of contrast agents, harmonic imaging
produces improvements over fundamental imaging in
LVO, endocardial border definition, and reviewer confi-
dence in the assessment of systolic function.11,12,17,18,30,33,34,42

The use of contrast agents has been demonstrated in
other cardiac pathologies. The diagnosis 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 echocardio-
graphy in ascending aortic dissection by discriminating
true and false lumina. Intracardiac masses, such as tumors
or thrombi, have been easier to identify with the use of
ultrasonic contrast.

Other Applications

Plaque Assessment

The significance of inflammation in relation to plaque
stability has been well established in animal models of
disease. The inflammatory response includes the recruit-
ment of monocyte-derived macrophages and leukocytes
to atherosclerotic endothelium leading to plaque propa-
gation, increased susceptibility of rupture, and vascular

A
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Figure 49–16. Background-subtracted color-coded images
obtained from an animal at progressively longer pulsing inter-
vals (A–C), at baseline and in the presence of a flow-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 reflected by a significant 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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remodeling.43 Identifying these inflamed, 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 proinflammatory media-
tors. The extent of leukocyte binding by these microbub-
bles correlates with the amount of inflammation, allowing
for quantification of the extent of the inflammatory
process.18,44 The albumin and lipid shells of microbubbles
bind to these activated leukocytes via different mecha-
nisms, although they both require the upregulated
expression of adhesion molecules stimulated by activated
leukocytes in response to inflammation. Albumin is
bound via the leukocyte β2-integrin Mac-1 to endothelial
ICAM-1, while lipid shells become coated with comple-
ment proteins that are recognized by complement 
receptors on the leukocyte surface.18,19,24,44 Once the
microbubble is bound to the leukocyte, it is phagocytosed

whole by neutrophils and monocytes. Within these cells,
the microbubble remains capable of oscillating enough to
create an echo response.19,44

Another strategy for the targeting of inflamed plaques
is the engineering of microbubbles to incorporate ligands
to extracellular adhesion molecules (ECAMs) into the
encapsulating shell. Targeting of ECAMs allows for
tissue-specific binding since they are expressed on the
surfaces of plaques, in neovessels of plaques, and in
adventitial vessels, and are absent in normal vessels44,45

(Figure 49–17) ECAMs known to be associated with ath-
erosclerosis include ICAM-1, vascular cell adhesion mol-
ecule (VCAM)-1, selectins, and the integrin αvβ3.44,45

Several investigators have exploited the expression of
ECAMs to target regions of inflammation. Villaneueva et
al. targeted activated endothelial cells in a flow chamber
system by conjugating a monoclonal antibody to ICAM-
1 on the surface of a microbubble encapsulated in a lipid
shell.46 Demos et al. employed this same strategy using
acoustically active liposomes instead of microbubbles.

Figure 49–17. 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 micro-
scopy 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 appear-
ing endothelium in the control vessel (B). (Image courtesy of
Dr. Thomas R. Porter, The University of Nebraska Medical
Center.)
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They demonstrated in vivo targeting of these antibody-
carrying liposomes to inflamed atherosclerotic plaques
within the carotid arteries of pigs.47 Linder et al. also used
antibodies to P-selectin to target inflamed venules as a
means of identifying ischemia-reperfusion injury.18

Yet another strategy for identifying inflamed plaques
is by targeting the neovessels within their core.
Angiogenesis-targeted mircobubbles have been created
by attaching antibodies to αv integrin. Leong-Poi et al.
demonstrated the adherence of these microbubbles to
arterioles, capillaries, and venules in areas of angiogene-
sis.48 Currently, the feasibility of creating microbubbles to
αvβ3 integrin found within the neovessels of the plaque
core is being studied as a means of localizing plaque
inflammation.

Mesenteric Evaluation

Bowel ischemia is a surgical condition that is often diffi-
cult to diagnose. Nonspecific symptoms and laboratory
results along with the limitations of diagnostic imaging
make the evaluation for bowel ischemia challenging. The
gold standard, angiography, is an invasive imaging modal-
ity 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 Doppler ultrasound is noninva-
sive; however, it is limited in its ability to evaluate trans-
mural bowel wall perfusion.

Using CEUS in the evaluation of bowel ischemia is a
relatively new application being studied by investigators
in Japan42,49 (Figure 49–18). Early results, which included
a study of 51 patients who had evidence of small bowel
dilation on plain abdominal radiographs, were reported.

All patients underwent conventional color power
Doppler initially to identify the most dilated or nonperi-
staltic loop of bowel, and then CEUS was performed to
evaluate that loop for 2min at 4 s intervals. Twenty of the
51 patients had bowel ischemia, 5 due to thromboem-
bolism of the superior mesenteric artery and 15 due to
strangulation of the small bowel. CEUS signals were clas-
sified as normal, diminished, or absent.All 5 patients with
thromboembolism were found to have absent signals.
Seven of the 15 with strangulation had absent signals, 5
had diminished signals, and 3 had normal signals. All the
patients without bowel ischemia had normal CEUS
examinations. The sensitivity and specificity 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%).49

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 modal-
ity for screening. However, while it is readily inexpensive
and accessible, its ability to discriminate the echogenicity
of ulcerations and plaques and the precise degree of
stenosis and to differentiate occlusion from “sting sign”
stenoses is not optimal. Again, angiography is the gold
standard examination, but is limited to outlining the
luminal profile in finite angular projections while not
truly depicting the plaque or ulceration.50

Recently, contrast-enhanced ultrasound was used to
evaluate carotid artery disease and was compared with
traditional duplex and angiography.51 Nineteen internal
carotid arteries in 10 subjects were evaluated. There was
a strong correlation between CEUS and conventional
angiography in determining 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 res-
onance imaging of the carotid plaque (r = 0.979). These
results demonstrate the potential utility of ultrasono-
graphic 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 (Figure 49–19).

Aortic Evaluation

Abdominal aortic aneurysm (AAA) has undergone a
paradigm shift in the way it is potentially treated with the
advent of endovascular repair. However, while the bene-
fits of the minimally invasive approach are obvious,

Figure 49–18. US scan obtained in a 68-year-old man with
bowel strangulation. Bowel segments show normal (A), dimin-
ished (B), and absent (C) color signals. (Image courtesy of Dr.
Jiro Hata, Department of Clinical Pathology, Kawasaki Medical
School, Japan.)
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continued surveillance is required in these patients for
possible complications, including continued aneurysm
growth and rupture. The gold standard is computed
tomography (CT), and is associated with increased cost,
exposure to nephrotoxic agents, and exposure to ionizing
radiation. Several recent reports have shown that 
contrast-enhanced ultrasound is a possible alternative as
a surveillance modality.

Recently, Bendick et al. found eight endoleaks after
endovascular repair, two of which were missed on CT.
Napoli et al. found one type I, six type II, one type III,
and two undefined leaks that were all missed by CT.
Bargellini et al. found eight type II endoleaks on CEUS
that were missed on CT (Figure 49–20). Our own experi-
ence with CEUS after endovascular AAA showed nine
endoleaks found with contrast ultrasound, 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 surveillance of AAA
after endovascular repair.52–54

Figure 49–19. Contrast-enhanced carotid artery of a patient
with a moderate atherosclerotic plaque in the internal carotid
artery. (Image courtesy of Dr. Steven B. Feinstein, Rush Uni-
versity Medical Center, Chicago, IL.)

Figure 49–20. 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 initial bolus of 2.4ml of
second-generation contrast agent show enhancement and slight
contrast agent uptake 4min 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 administra-
tion of a second bolus of 2.4ml of contrast agent better depicts
endoleak (arrow). (Source: Napoli V, Bargellini I, Sardella SG,
et al. Abdominal aortic aneurysm: contrast-enhanced US for
missed endoleaks after endoluminal repair. Radiology. 2004
Oct;233(1):217–225. Image courtesy of Dr. Irene Bargellini.)
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Lower Limb Evaluation

Duplex ultrasonography in the evaluation of infrain-
guinal 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. A 2002 European study
demonstrated the use of CEUS in 14 patients, and found
that all vessels that appeared occluded by the use of con-
trast-enhanced duplex were also occluded on angiogram.
However, the ultrasound study found four cases of patent
vessels that were not visualized on conventional angiog-
raphy. 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.55

Future Directions

Ongoing advances in ultrasound technology and micro-
bubble engineering will expand applications of CEUS as
a diagnostic tool as well as a therapeutic modality. As
science continues to provide new insight into the body’s
molecular processes and into disease pathology, these
new discoveries will translate into potential targets 
for microbubbles and improved utility of CEUS. As 
mentioned above, microbubbles have the ability to 
target areas of early inflammation. Albumin and lipid-
encapsulated microbubbles bind to activated leukocytes
in a nonspecific manner. Additional studies have shown
the feasibility of targeting-specific imaging via attachment
of antibody-coated microbubbles to endothelial adhesion
molecules expressed during inflammation as well.18,44–48

Recently Weller et al. proposed a means of translating
the basic science of target-specific microbubbles and
ultrasound to the clinical setting. Their previous studies
have shown the importance of microbubble antibody
density in the binding of microbubbles to their intended
targets.56 Therefore, in search of a means of improving
microbubble adhesion to improve the signal-to-noise
ratio of the ultrasound images, Weller et al. attempted to
detect inflammation 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 inflammatory target to show
that multitargeting inflammation would increase overall
microbubble adhesion strength. As well, they proposed
that since microbubble binding is linearly related to 
the degree of inflammation, CEUS with multitargeted
microbubbles will allow clinical evaluation of early
inflammation before it is evident, as well as a means to
monitor the progression of inflammatory plaques or
peripheral vascular disease. Microbubbles with equal
amounts of anti-ICAM-1 antibody and sialyl Lewisx

(binds to selectin) were prepared and compared to those

with each of them alone.57 These microbubbles were per-
fused across endothelial cells activated by interleukin-1β
at four different levels, demonstrating four different
severities of inflammation, 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 inflammation. As well, microbubble adhesion
strength was improved with multitargeted microbubbles
when compared to single-targeted microbubbles allowing
for improved sensitivity in detecting inflammation.Weller
et al. concluded that ultrasound evaluation with multi-
targeted microbubbles to various ECAMs may be a 
sensitive, noninvasive means of detecting not only the
presence of inflammation, but the severity as well.

Targeting of early, middle, and late inflammatory
endothelial surface antigens has the potential of being
able to delineate the molecular processes involved in
inflammation and determine the “stage” of the inflam-
matory process.

CEUS has the potential to decrease the requirements
for more costly imaging studies, decrease the rate of
equivocal, conventional examinations, and increase the
diagnostic accuracy and confidence 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 justify the potential
sweeping changes this modality may bring to its many
diagnostic, and potentially, therapeutic applications.
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A
AAA (abdominal aortic aneurysm), 541

aortic imaging, history of, 476–477
color duplex ultrasound for, 476–488
CT-derived data, ultrasound-derived

data v., relating to, 480–482
CT scanning for, 480, 513
device migration relating to, 477–478
endoleak ultrasound surveillance

protocol for, 482–487
growth of, 487
limb dysfunction relating to, 487
native aorta, ultrasound techniques

for, 478–479
duplex ultrasound protocol, 479
scanning, 479

surveillance for
postintervention, 482
ultrasound, after endograft, 486
ultrasound, after endovascular

aneurysm repair, 482–483
ultrasound, after open aneurysm

repair, 482
ultrasound contrast used for, 488
ultrasound for, 477–478, 488

Abdominal aorta, 459–460, 512
Abdominal aortic aneurysm. See AAA
ABI (ankle-brachial index), 237, 242,

253, 254, 256, 257, 264, 282,
293–294

PAD relating to, 349, 351, 352, 353,
354

Ablation, 417, 418, 420
sclerofoam, of varicose veins, 419–420

Absent Doppler signal, 439
ACA (anterior cerebral artery), 38,

112–113
ACAS (Asymptomatic Carotid

Atherosclerosis Study), 33, 50, 71,
78, 81, 110, 138, 142, 143, 183, 189

Accessory and multiple renal arteries,
456–457

Access recirculation, 334–335
ACCP (American College of Chest

Physicians) Consensus
Guidelines, 390

Accreditation
accomplishments and impact of, 5–6
for noninvasive testing, 3–5
process of, 4–5
of vascular laboratories, 4–5

Accredited Educational Program for
Cardiovascular Technology, 2

ACEP (American College of
Emergency Physicians), 390, 392

Acoustic power, 530–531
Acoustic shadowing, 52
ACR (American College of Radiology),

5, 157
ACSRS (Asymptomatic Carotid

Stenosis and Risk of Stroke
Study), 139, 140, 141, 142, 143,
144

ACST (Asymptomatic Carotid Surgery
Trial), 33, 47

ACTA (American Cardiology
Technologists Association), 3

Acupuncture, 322
α-Adrenergic antagonists, 314
α-Adrenergic blockade, 314
α2-Adrenoreceptors, 314
Adventitia, 209
Adventitial cystic disease, 330
Aggrenox, 47
Air plethysmography, 380–381
American Academy of Neurology, 4
American Cardiology Technologists

Association. See ACTA
American College of Chest 

Physicians Consensus 
Guidelines. See ACCP 
Consensus Guidelines

American College of Emergency
Physicians. See ACEP

American College of Radiology. See
ACR

American Heart Association, Stroke
Council of, 33

American Institute of Ultrasound in
Medicine, 4, 6

American Registry of Diagnostic
Medical Sonographers. See
ARDMS

Amputation, 248–249, 316, 322, 492–493
sites of, 355

Doppler systolic pressure
determinations in, 356

Analog wave tracing analysis,
limitations of, 234

Anastomotic site, preoperative mapping
relating to, 297

Anatomy
of aortic arch, 89–90
of brachiocephalic veins, 90–91
of calf saphenous vein, 310–311
of cerebrovascular disease, 33–41
of connecting veins, 369
of deep venous system, 369
of liver, 435–438
of lower extremity veins, 370
of superficial venous system, 369, 370
of vascular system, 207–209
of vertebrobasilar arterial system, 97,

98
Aneurysmal disease, 251, 253, 314
Aneurysms. See also AAA;

Pseudoaneurysms
arterial, 363–365
popliteal, 254
renal, 457–458
of subclavian/axillary arteries, 325–327
thoracic aortic, 512
visceral, 470

Angioplasty. See also CAS; PTA
balloon, 218, 270
carotid, 47–48, 509–511
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Angle-dependent Doppler system, for
CEA surveillance, intraoperative,
176–181

clinical evaluation of, 178
concept of, 177–178
duplex ultrasound compared to,

179–181
reliability relating to, 179

Ankle-brachial index. See ABI
Ankle pressure, 248
Anterior cerebral artery. See ACA
Anterior communicating artery, 38, 116
Anterior system, of calf saphenous vein,

310
Anterior tibial artery, 207–209
Anterior tibial veins, 387–388
Anticoagulation, 400
Antihypertensive drugs, 47
Antiplatelet agents, 47
Aorta

abdominal, 459–460, 512
mesenteric and renal arteries and,

examination of, 453, 467
native, ultrasound of, 478–479
thoracic, 512

Aortafemoral popliteal reconstruction,
353

Aortic aneurysm
abdominal. See AAA
thoracic, 512

Aortic arch
anatomy of, 89–90
branches of, 33–41, 207

diseases of, color duplex scanning
used for diagnosis of, 89–96

imaging of, 91–93
Aortic evaluation, contrast-enhanced

ultrasound for, 541–542
Aortic imaging, history of, 476–477
Aortoiliac lesions, 254
Aortoiliac segment, 294, 478
Aortoiliac ultrasound, 478
ARDMS (American Registry of

Diagnostic Medical
Sonographers), 2, 3, 9

Arterial aneurysms, 363–365
Arterial bypass grafting, 253, 256, 303
Arterial bypass hemodynamics, 263–266
Arterial disease, lower extremity. See

PAD (peripheral arterial
disease), lower extremity

Arterial examinations
definitive diagnosis, 293–294
Doppler, 232, 439–440
patient follow-up, 298
posttreatment follow-up, 298
preoperative mapping

anastomotic site, 297
aortoiliac segment, 294, 478
femoropopliteal segment, 294–295

infrapopliteal arteries, 296–297
of veins, 297–298

procedure follow-up, 298
screening, 293

Arterial imaging, arterial obstruction of
lower extremities, used for, 250

Arterialized flow, 439
Arterial lesions, 248, 253, 255
Arterial mapping, 329
Arterial obstruction of lower

extremities, location of
aneurysmal disease used in, 251,

253
arterial imaging used in, 250
graft surveillance used in, 249
postexercise measurements used in,

249
PVR amplitude relationships used in,

250
PVR amplitude used in, 249–250
PVR reflected wave used in, 249
segmental systolic limb pressures used

in, 249
Arterial occlusive disease, 499–501

lower extremity, localization of
color duplex imaging used in, 239
segmental Doppler pressures used

in, 239
Arterial reconstructive procedures

aortofemoral popliteal reconstruction,
353

lumbar sympathectomy, 353–354
profundaplasty, 352–353
selection of, based on duplex

scanning, 352–353
Arterial signals, hepatic, 440
Arterial stenosis, 108

duplex criteria for grading of,
257–259

intracranial, 112–114
noninvasive method for evaluation of,

30
Arterial studies

functional, 247
for peripheral vascular disease

lower extremities, 247
upper extremities, 251–252

Arterial system, vertebrobasilar,
anatomy of, 97, 98

Arterial thoracic outlet syndrome,
314

Arterial vasospasm
distal, 114
hyperemia, 116
intracranial arteries, other, 114–115
MCA-specific criteria, 114
proximal, 114

Arterial velocity tracing, normal, 232,
233, 344

Arteries. See specific arteries

Arteries, upper extremity, ultrasound
imaging of

for acute and chronic obstructions,
325

for adventitial cystic disease, 330
for arterial mapping prior to

constructing dialysis fistula, 329
for AVMs, 329
for brachial arteries, 331
for brachial artery reactivity, 330
for carpal tunnel, 330
for conditions

best-case, 331
worst-case, 331

DUAM relating to, 325, 327, 329, 330,
331

for forearm arteries, 330
for hand and digit arteries, 331
for Hypothenar Hammer syndrome,

329–330
for large proximal arteries, 331
for microsurgical operations, 330
patient positioning for, 330–331
for radial artery mapping for

coronary bypass, 327–329
for radial forearm flap, 329
for steal syndrome, 329
for stump of occluded axillofemoral

bypass, 327
for subclavian/axillary arteries,

aneurysms of, 325–327
for subclavian steal syndrome, 325
for sympathetic activity, 330
for thoracic outlet syndrome, 327
for trauma, 325
for tumor detection, 330
for vasculitis, 325

Arteriogram/graphy, 45, 46, 50, 77, 499
of superficial femoral artery stenosis,

258
Arteriography, 346

contrast, 293
contrast cerebrovascular, 50
CT, 293, 300
DUAM, as alternative to, 293–301
pulsed Doppler, 51
radionuclide, 51
ultrasonic, 50

Arterioportal fistula, 444
Arteriovenous fistulas. See AVFs
Arteriovenous malformations. See

AVMs
Ascending pharyngeal, 35
Aspirin, 47
Assumed velocity profile method, 445
Asymptomatic Carotid Atherosclerosis

Study. See ACAS
Asymptomatic carotid bruit, 189
Asymptomatic Carotid Stenosis and

Risk of Stroke Study. See ACSRS
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Asymptomatic Carotid Surgery Trial.
See ACST

Atherectomy, 218
Atherogenesi, hypotheses relating to

PAD, 210–211
Atherosclerosis, 256, 450, 540

hemodynamic changes in, 211
large artery disease relating to, 314,

316–317
lesions relating to, 41–42, 89, 456–457
pathophysiology of, 209–210
plaque relating to, 41–42, 52, 60–62
risk factors of, 210
sites of, 43

Atherosclerotic lesions, 41–42, 89,
456–457

Attenuation-compensated method, 446
Autocorrelation Doppler, 27–29
Autogenous access placement, 334
Autologous conduit, infrainguinal

revascularization with, 273
AVFs (arteriovenous fistulas), AVMs

and, congenital
clinical evaluation of

diagnostic implications relating to,
342–343

duplex scanning, 345–346
segmental limb pressures, 343
segmental plethysmography,

343–344
VDLs for, 341–342, 347–348
velocity waveform analysis,

344–345
hemodynamic changes associated

with, 342–343
MRI and CT scanning, 347
physiologic tests for

arteriography, 346
duplex scanning, 345–346
radionuclide AV shunt

quantification, 346–347
AVMs (arteriovenous malformations),

329, 341–348, 360–361
Axillary arteries, visualization of, 321

B
Baker’s cysts, 390, 391
Balloon angioplasty, 218, 270. See also

PTA
Basilar artery, 33–34, 38, 113, 117
Behavioral modification, 322
Beriberi, 344
Blood flow

clinical investigation of, 1
renal parenchymal, evaluation of,

453–454
vascular access, 338

B-mode and color imaging, 533–534
B-mode carotid imaging, real-time,

51–52, 60

B-mode image normalization, carotid
plaques relating to, 131–136

B-mode imaging, 224, 396
at 5 MHz, 26–27
carotid arteries, duplex scanning of, as

component of, 26–27, 30, 60–88,
156, 191, 224

interpretation, for stenosis, 69–71
pulsed Doppler flow detection and,

60–61
Boehringer, 47
Bolus chaise 3D CE, 498
Bowel ischemia, 541
Brachial arteries, 331

occlusion of, 325, 326
visualization of, 321

Brachial artery reactivity, 330
Brachiocephalic trunk, 33–34, 89–90
Brachiocephalic veins

anatomy of
left, 90–91
right, 90–91

imaging of, 93–94, 95
Budd-Chiari syndrome, 441–442
Buerger’s disease, 313, 315–316, 317, 325
Bypass procedures, 281–282, 327, 458.

See also Arterial bypass grafting;
specific Infrainguinal bypass
grafts

C
CA (celiac artery), 466, 467–469, 470

stenosis of, 471
Calf saphenous vein anatomy, 310–311
Calf vein, imaging and thrombosis of,

391–392
Captopril, 322
Cardiac emboli, 314
Cardiovascular Credentialing

International. See CCI
Cardiovascular technology. See CVT
Carotid and Vertebral Artery

Transluminal Angioplasty Study.
See CAVATAS

Carotid angiography, 183–189
Carotid angioplasty/stenting. See CAS
Carotid arteries, 51–52. See also

Common carotid artery; External
carotid artery; ICA

occlusion of, 40–41, 54–55, 74–76, 77,
108

power Doppler and, 75–76
three-dimensional angiography of,

520–522
Carotid arteries, duplex scanning of,

60–88
accuracy of, 81–82
carotid examination techniques

relating to, 65–68
clinical use of, 87

components of
B-mode imaging, 26–27, 30, 60–61,

69–71, 156, 191, 224
Doppler spectral waveform

analysis, 61–62
historical perspective of, 60–61
instrumentation of, 63–65
limitations of, 69

Carotid arteries, interpretation and
determination of severity of

B-mode imaging interpretation for, 69
stenosis, estimation of, based on,

69–71
Doppler spectral analysis used for,

71–76
in high-grade stenosis, 76, 77
in internal carotid occlusion, 74–76
in mild stenosis, 71–73
in minimal stenosis, 71
in moderate to severe stenosis, 73
in tight stenosis, 73–74

duplex classifications used in trials
relating to, 76–81

Carotid artery disease
asymptomatic carotid bruit, 189
atypical or nonhemisphere symptoms,

189
carotid angiography, used in diagnosis

of, 183–189
color duplex ultrasound, used in

diagnosis of, 183–189
focal neurologic deficits, 189–190, 195
MRA, used in diagnosis of, 183–189

Carotid artery stenosis, contralateral to
CEA, natural history of, 199

Carotid artery stenting, TCD used in
monitoring of, 167–173

Carotid duplex scanning, after trauma,
role of, 202

Carotid duplex surveillance,
postoperative

clinical experience relating to,
197–198

cost-effectiveness of, 197
timing of, 196–197

Carotid endarterectomy. See CEA
Carotid imaging

B-mode, real-time, 51–52, 60
intraoperative, 176–177

Carotid phonoangiography, 51
Carotid plaque

B-mode image normalization relating
to, 131–136

echodensity and structure in
normalized images, 136–137, 285

echographic evaluation of, 149–150
stenosis relating to, 137–140, 141–143
ultrasonic characterization of, ACSRS

study relating to, 144–145
Carotid plaque echodensity, 136–137, 285
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Carotid plaque echolucency, GSM
measurement of, 149–154

Carotid plaque hemorrhage, clinical
implications of, 200–202

Carotid plaque morphology, ultrasonic,
clinical implications of, 200–202

Carotid plaque, ultrasonic
characterization of

B-mode image normalization relating
to, 131–136

carotid plaque echodensity and
structure in normalized images
relating to, 136–137, 285

correlation with histology relating to,
128–129

natural history studies relating to,
129–136

plaque type, 132–136
risk and, relating to, 140–141
stenosis, and risk relating to,

141–143
stenosis relating to, 137–140
texture features, other than GSM,

relating to, 143
ultrasonic plaque classification

relating to, 127–128
ultrasonic plaque ulceration relating

to, 137
Carotid Revascularization

Endarterectomy v. Stent trial. See
CREST

Carotid revascularization, methods of,
162

Carotid scanning, 51
color duplex, 55–56, 72

Carotid stenosis, 30, 33, 38, 47, 199
ipsilateral, duplex criteria, 81–86

Carotid stenting
embolic burden and stroke risk in,

152
patients with, duplex ultrasound

velocity criteria for, 161–165
Carpal tunnel, 330
CAS (carotid angioplasty/stenting),

47–48, 509–511
CEA relating to, 149, 152–153,

161–165, 167, 170
microemboli’s significance to, 172

CASSANOVA, 33
CAVATAS (Carotid and Vertebral

Artery Transluminal Angioplasty
Study), 161

CCI (Cardiovascular Credentialing
International), 3

CEA (carotid endarterectomy), 33, 38,
47–48, 145, 188, 189, 190

CAS relating to, 149, 152–153,
161–165, 167, 170

contralateral to, carotid artery
stenosis, natural history of, 199

DUS, based on,
without angiography, 199–200
with minimal angiographic findings,

200
intraoperative assessment of, 191–195
post, surveillance of, 195–198
TCD with, intraoperative monitoring

of, 195
trials for, 76–81

diagnostic criteria for grading
relating to, 81

patient population and methods
used in, 78

results of, 78–81
CEA surveillance, intraoperative,

176–181
angle-dependent Doppler system for,

176–181
Celiac artery. See CA
Celiac trunk, 468
Center for Medicare and Medicaid. See

CMS
Central vessels, color flow for

assessment of, 94–95
Cerebral artery

left anterior, 38
left posterior, 38

Cerebral circulatory arrest, 118
Cerebral embolization, 117–118
Cerebral ischemic events, 41–42, 44–45
Cerebrovascular disease, 8, 33–49, 210

anatomy of, 33–41
clinical syndromes of, 44–45
extracranial, 89
pathophysiology of, 44
treatment of, 47–48

antihypertensive drugs, 47
antiplatelet agents, 47
diet, 47
risk factors, control of, 47
smoking, cessation of, 47
surgical intervention, 47

Cerebrovascular disease, pathology of
atherosclerosis

lesions relating to, 41–42, 89
plaque relating to, 41–42, 52, 60–62
sites of, 43

cerebral ischemic events, 41–42,
44–45

ICA thrombosis, 42–44
Cerebrovascular insufficiency, vascular

laboratory related to, 183–204
carotid angiography, 183–189
color duplex ultrasound, 183–189
MRA, 183–189

Cerebrovascular resistance,
hemodynamic indexes and,
106–110

Cerebrovascular techniques,
noninvasive, 50–58

accuracy of, 56–58
false-negative rate relating to,

57–58
false-positive rate relating to, 57–58
negative predictive values relating

to, 57–58
positive predictive values relating

to, 57–58
sensitivity relating to, 57–58
specificity relating to, 57–58

arteriography, 50
color duplex carotid scanning, 55–56,

72
CW and pulse Doppler wave analysis,

52–55
direct, 51
indirect, 51
real-time B-mode carotid imaging,

51–52, 60
Certification

accomplishments and impact of, 5–6
for noninvasive testing, 2–3
for ultrasound testing, 2

Chemical exposure, 313
Chronic venous insufficiency. See CVI
Cilostazol (Pletal), 218
Circle of Willis, 38–39, 41, 42, 81, 169,

183
Cirrhosis and portal hypertension,

440–441
Claudication, 211–212, 213, 218, 249,

253, 499
Clinical syndromes, of cerebrovascular

disease, 44–45
Clopidogrel, 47
Clotting factors, abnormal, 373
CMS (Center for Medicare and

Medicaid), 339
Coalition for Quality in Ultrasound. See

CQU
Cockett III perforating vein, 369, 370,

397
Cockett II perforating vein, 369, 370,

397
Cockett I perforating vein, 369, 370, 397
Cold avoidance, 322
Cold challenge testing, 319
Collateral circulation, of PAD, 207–209
Collateral pathways

Circle of Willis, 38–39, 41, 42, 81, 169,
183

flow relating to, 37–38
occipital collateral relating to, 39–40

Collateral patterns and flow direction
anterior communicating artery, 38, 116
basilar artery, reversed flow in, 117
ophthalmic artery, reversed, 116
posterior communicating artery,

116–117
Color-coded echoflow, 51
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Color Doppler, 94–96, 394
Color duplex carotid scanning, 55–56,

72
Color duplex examination, 255–257
Color duplex imaging

arterial occlusive disease, lower
extremity, localization of, used in,
239

of right internal carotid artery, 524
Color duplex scanning, 89–96
Color duplex ultrasound

for AAA, 476–488
for carotid artery disease, 183–189
for cerebrovascular insufficiency,

183–189
for stent grafts, 476–488
for temporal arteritis, 203–204

Color duplex ultrasound image, 53, 54,
66, 70, 72, 73, 74, 77, 365

Color flow, 11, 30, 507, 508
Color flow imaging, 224
Color flow imaging, Doppler, 23, 24, 30
Color flow ultrasound, 99
Color power angiography, 29–30
Color power angiography imaging,

three-dimensional, 517–527
Common carotid artery, 54, 66, 72, 99,

191–194, 200, 203
left, 33–35, 89–90
mid, 518, 519
right, 33–34, 66, 90

Common femoral artery, 207, 256
Common femoral vein, 386, 387, 389,

390
Common hepatic artery, 468
Common iliac arteries, 207
Communicating artery

anterior, 38, 116
right posterior, 38, 39

Compression syndromes, popliteal
artery entrapment syndrome, 357

Compression therapy, 420
Computed tomography. See CT
Connecting veins, 369
Connective tissue disease, 323

mixed, 313
rheumatoid arthritis, 313
scleroderma, 313, 315
Sjögren’s syndrome, 313
systematic lupus erythematosus, 313
undifferentiated, 313

Continuous wave and pulse Doppler
wave analysis

Doppler signal displays relating to,
52–53

interpretation of
abnormal findings, 53–55
normal findings, 53

principles and instrumentation of, 52
techniques of, 53

Continuous wave Doppler. See CW
Doppler

Contralateral stenosis, ipsilateral carotid
stenosis duplex criteria and,
81–86

Contrast agents, for echocardiography,
539

Contrast angiography, 214–218
Contrast arteriography, 293
Contrast cerebrovascular arteriography,

50
Contrast-enhanced imaging, 455–456,

497
Contrast-enhanced ultrasound. See also

2D CE MRA; 3D CE MRA
for aortic evaluation, 541–542
for carotid assessment, 541, 542
contrast agents for, 529–530

for echocardiography, 539
for renovascular assessment,

538–539
future directions of, 543
for lower limb evaluation, 543
mechanics of

high acoustic power, 531
intermediate acoustic power,

530–531
low acoustic power, 530

for mesenteric evaluation, 541
microbubble technology relating to,

531, 532–533, 534, 540
for plaque assessment, 539–541
techniques of

B-mode and color imaging,
533–534

contrast-enhanced dynamic flow,
534

harmonic imaging, 534–535
intermittent imaging, 535
pulse/phase inversion, 535
real-time digital subtraction,

536–537
Coronary artery disease, 210
Coronary bypass, radial artery mapping

for, 327–329
CQU (Coalition for Quality in

Ultrasound), 6
Credentialing

of physicians, in VDL, 8–9
of RVTs, 8–9

CREST (Carotid Revascularization
Endarterectomy v. Stent trial),
48

Critical stenosis, 211
CT (computed tomography), 11, 12, 127,

406, 434, 476, 542
CT angiography, 450
CT arteriography, 293, 300
CT-derived data, ultrasound-derived

data v., 480–482

CT scanning
for AAA, 480, 513
for AVFs, 347

Cut film views, magnified, 322
CVI (chronic venous insufficiency),

371–372, 383, 414, 419–420, 427
CVT (cardiovascular technology)

invasive, 2
noninvasive, 2
peripheral vascular testing, 2

CW Doppler, 51, 52–55, 221, 222, 231,
266, 394

CW Doppler transducers, 18

D
2D CE MRA (two-dimensional

contrast-enhanced MRA), 497,
498, 500

3D CE MRA (three-dimensional
contrast-enhanced MRA), 497,
498, 500, 501, 502

Deep Doppler, in liver vasculature,
431–446

Deep venous system, 369, 375
Deep venous thrombosis. See DVT
Device migration, 477–478
Diabetes mellitus, 357, 499
Diagnostic Medical Sonography

programs, 2
Diagnostic ultrasound, principles and

instruments of, 11–31
Diagnostic venous IVUS, 409–411
Dialysis fistula, 329
Dialysis Outcome Quality Initiative. See

DOQI
Dialysis surveillance

autogenous access placement for, 334
DOQI relating to, 334, 335, 339
non-ultrasound-based methods of,

334–335
access recirculation, 334–335
dynamic venous pressure, 334
physical examination, 334
static venous pressure, 334

protocol for, 338–339
ultrasound, dialysis access creation,

and, 335–338
DU relating to, 335–338
IVUS relating to, 338
preoperative planning, 335
vascular access blood flow, 338

ultrasound surveillance protocol for,
338–339

Diastolic notch, 53
Digital and palmar artery occlusion, 315
Digital blood pressure, 318

digital temperature and, 314
Digital hypothermic challenge test, 319,

320
Digital ischemia, episodic, 312–313
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Digital pressure and plethysmography,
317–319, 322

Digital subtraction angiography, 351,
456, 497, 536–537

Digital temperature, digital blood
pressure and, 314

Digital ulcers, 313, 321, 322
Digit arteries, 331
Dipyridamole, 47
Directional Doppler unit, 222
Distal vasospasm, 114
Doppler, 50, 213. See also Absent

Doppler signal; PMD; Power
Doppler; Segmental Doppler
pressures; TCD; Toe Doppler
systolic pressure

arterial examinations, 439–440
arteriography, pulsed, 51
autocorrelation, 27–29
color, 94–96, 394
color flow imaging, 23, 24, 30
color velocity, spectral waveform

velocity v., 31, 56
CW, 51, 52–55, 221, 222, 231, 266, 394

transducers, 18
examination, periorbital, 51
flow detection, pulsed, B-mode

imaging and, 60–61
frequency, 29
imaging, 22, 30
measurements, laser, 227
M-mode imaging, 22, 30, 31, 221
nonimaging, 52
periorbital, 51
physics, 8
power, 30, 75–76, 77, 167
spectral waveform analysis, 100, 254,

321, 329, 458
analog wave tracing analysis,

limitations of, 234
duplex pulse, 30, 51, 60–63, 257
interpretation of, 459–463
of peripheral vascular disease, 232
stenosis relating to, 71–77, 156
used for carotid arteries, 71–76

spectral waveform analysis,
quantitative

acceleration time or index, 234
inverse damping factor, 234
pulsatility index, 233–234
transient time, 234

spectra, pulsed velocity, 257
spectrum, interpretation of, 433
system, angle-dependent, 176–181
triplex-Doppler, 11
ultrasound, 349

principle of, 222–223
pulsed, 221–223

ultrasound detectors
CE Doppler ultrasound, 222

pulsed Doppler ultrasound, 222
wave analysis, pulse, 52–55
waveform analysis, 232–234, 240

Doppler pressure
penile, 357–358
segmental. See Segmental Doppler

pressures
Doppler-shifted frequencies, 52–53
Doppler systolic pressure

determinations, 356
DOQI (Dialysis Outcome Quality

Initiative), 334, 335, 339
Dorsalis pedis artery, 207
2D TOF MRA (two-dimensional 

time-of-flight MRA), 497, 498,
501, 502

3D TOF MRA (three-dimensional 
time-of-flight MRA), 502

DU (duplex ultrasound), 179–181,
335–338

for bedside insertion of inferior vena
cava filters, 400–404

DUAM (duplex ultrasound arterial
mapping), arteriography as
alternative to, prior to femoral
and popliteal reconstruction, 304

advantages of, 293, 300–301
arterial examinations relating to,

293–298
arteries, upper extremity, ultrasound

mapping of, relating to, 325, 327,
329, 330, 331

disadvantages of, with
ultrasonography, 300

implementation of
actual decision making, 299–300
comparisons relating to, 299
fundamental objective, 298–299
learning phase, 299
virtual decision making, 299

Duplex classifications, 76–81
Duplex criteria

arterial stenosis, for grading of,
257–259

for specific clinical situations, 190–191
Duplex pulse Doppler spectral

waveform analysis, 30, 51, 257
Duplex scanning, 319–321, 345–346,

389–391, 394
of carotid arteries, 26–27, 30, 60–88,

156, 191, 224
Duplex ultrasonography. See DUS
Duplex ultrasound. See DU
Duplex ultrasound arterial mapping. See

DUAM
Duplex ultrasound image, 69, 155–156

IMT by, 202
Duplex ultrasound protocol, 479
Duplex ultrasound velocity criteria, for

carotid stenting patients, 161–165

DUS (duplex ultrasonography),
163–164, 183, 184, 185, 188, 189,
190, 192, 221, 350–351, 422

without angiography, CEA based on,
199–200

infrainguinal bypass grafts, prosthetic,
relating to, 272–276

of lower extremity for DVT, 385–392
calf vein imaging and thrombosis,

391–392
interpretative and performance

issues of, 389–391
with minimal angiographic findings,

CEA based on, 200
for reflux, 394–398
after trauma, 202

DVT (deep venous thrombosis), 411
acute, chronic v., 372, 380, 389, 410
incidence and risks of, 385
of lower extremity, venous duplex

ultrasound used for, 385–392
peripheral vascular disease, lower

extremities, relating to, 251
plethysmographic techniques used

for, 375, 377, 378, 379, 380, 382,
383

propagation and resolution of, 385
testing for

bilateral or unilateral, 392
equipment for, 386
patient positioning for, 386
procedure for, 386
protocol for, 386–388

as venous disorders, 372, 380, 389, 410,
422–425, 427–429

venous flow characteristics of,
388–389

Dynamic venous pressure, 334

E
ECAMs (extracellular adhesion

molecules), 540
Echocardiography, 91

contrast agents for, 539
Echodensity, 136–137, 285
EchoFlow, 178, 179, 180
Echographic evaluation, 149–150
Echolucency, carotid plaque, 149–154
ECST (European Carotid Surgery

Trialists’ Collaborative Group),
33, 81, 110, 138, 139, 140, 141, 143

Edema, 390, 391, 395
Education and training

“internet,” 2
of physician, 1
of technologist, 1–2

Emboli, 313
Embolic burden, 152
Embolization, 317, 325
Endograft, ultrasound after, 486
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Endoleak
classification of, 487
detection of, 486–487, 542
ultrasound surveillance protocol for,

482–487
endoleak, detection of, relating to,

486–487
equipment and supplies for, 484
patient preparation for, 484
test protocol for, 484–486

EndoSonics In-Vision Gold Imaging
System, 407

Endothelial dysfunction, 365
Endovascular aneurysm repair, 482–483
Endovascular procedures, duplex

scanning of PAD relating to, 259,
260

Endovascular repair of graft stenosis,
duplex criteria for, 270

Endovascular therapy, for PAD
atherectomy, 218
balloon angioplasty, 218
stenting, 219

Endovenous laser treatments. See EVLT
Episodic digital ischemia, 312–313
ESP (extended signal processing)

technology, 64
European Carotid Surgery Trialists’

Collaborative Group. See ECST
Even insonation method, 445
EVLT (endovenous laser treatments),

414, 415, 416–418, 420
External carotid artery, 53, 519

branches of
ascending pharyngeal, 35
lingual and occipital arteries, 35, 39
superior thyroid, 35

left, 33–34
right, 33–34

External carotid artery disease. See
Stenosis

External iliac arteries, 207, 280
Extracellular adhesion molecules. See

ECAMS
Extracranial duplex ultrasound

techniques and scanning
protocol, 97–101

accuracy of, 100
flow dynamics

color flow ultrasound evaluation of,
99

Doppler spectral evaluation of, 100
longitudinal plane, imaging in, 99
optimization of, 100–101

F
False-negative rate, 57–58
False-positive rate, 57–58
Femoral arteries, PTA and stenting of,

279–285

Femoral pseudoaneurysms, 254, 256
duplex ultrasound used for

definition and incidence relating to,
287–288

diagnosis relating to, 287, 288
risk factors for, 288
treatment options for

duplex-guided thrombin injection,
287, 289–290

observation, 288–289
surgical intervention, 291
ultrasound-guided compression,

287, 289, 290
Femoropopliteal segment, 294–295
FFT (fast fourier transform) spectral

waveform, 30, 31, 50–51, 52
Fibromuscular dysplasia, 314, 317, 458
Floating table 3D CE, 498
Foam sclerotherapy, 419
Forearm arteries, 330
Frostbite, 313, 315
Functional arterial studies, indications

and guidelines for, 247
Functional venous studies, indications

and guidelines for, 251

G
Gadolinium, 497, 498, 499–501
Giant cell arteritis, 314, 316
Graft failure

criteria for identification of, 275
mechanisms and hemodynamics of,

263–266
Grafting. See Arterial bypass grafting;

specific Infrainguinal bypass
grafts

Graft lesion, 269
Graft stenosis, 269

endovascular repair of, duplex criteria
for, 270

Graft surveillance, 249
Graft thrombosis, 268–269, 276
Grayscale median. See GSM
Great saphenous vein. See GSV
GSM (grayscale median), 143, 149–154,

284
calculation of

duplex scanner setup relating to,
150

image normalization and, 151–152
image recording relating to,

150–151
GSV (great saphenous vein), 387, 396,

414, 415, 416–418, 420
Guanethidine, 322
Günther Tulip Filter, 403

H
Hand and digit arteries, 331
Harmonic waves, 16–17

HDI (high definition imaging), 64
Hemangioma, 537
Hemodialysis, 334
Hemodialysis access graft imaging

interpretation pitfalls relating to, 363
interpretations of, 362, 363
technique of, 362

Hemodynamic changes, associated with
AVFs, 342–343

Hemorrheologic agent, 218
Hepatic arterial Doppler patterns,

abnormal, 439–440
Hepatic arterial signals, in liver, 440
Hepatic artery, 439
Hepatic interventional procedures,

monitoring of, 444
Hepatic veins, 438
High definition imaging. See HDI
Horseshoe kidney, 457
Hypercoagulable states, 313
Hyperemia, 107, 116

reactive, 243
Hypersensitivity angitis, 313, 315
Hypertension, 450

portal, 440–441
Hypothenar Hammer syndrome, 318,

329–330

I
Iatrogenic pseudoaneurysms. See

Femoral pseudoaneurysms
ICA (internal carotid artery),53,73,74,519

branches of, 36
in cavernous portion, 35
in cerebral portion, 35
in pterous portion, 35

dissection of, 202–203
left, 33–34, 38
morphologic variations of, 36–37
right, 33–34, 38, 524
stenosis of, 191–193, 197, 200
thrombosis in, 42–44

ICAEL (Intersocietal Commission for
the Accreditation of
Echocardiography Laboratories),
5

ICAM-1 (intercellular adhesion
molecule), 532, 540, 543

ICANL (Intersocietal Commission for
the Accreditation of Nuclear
Medicine Laboratories), 5

ICAROS (Imaging in Carotid
Angioplasty and Risk of Stroke)
study, 149–154

ICAVL (Intersocietal Commission for
the Accreditation of Vascular
Laboratories), 4–5, 6, 392

Board of Directors of, 4, 5, 6
physicians in VDL, credentialing of,

relating to, 7, 8–9
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ICP, increased, 118
Idiopathic vasospasm, 313
Iliac arteries, 512

common, 207
external, 207, 280
internal, 207
PTA and stenting of, 279–285

Iliac interventions, 283
Image acquisition frame interval/sweep,

time of, 23–26
Image ultrasound beam pattern

thickness of, 22–23
width of

deflection relating to, 21
focusing and lateral resolution of,

20–21
lateral direction in, 19–22
refractive distortion relating to,

21–22
sidelobes relating to, 22

Imaging. See specific imaging
Imaging in Carotid Angioplasty and

Risk of Stroke study. See
ICAROS study

Impedance plethysmography, 377–378,
378

IMT (intima-media thickness), by
duplex ultrasound, 202

Inferior mesenteric artery, 468–469
Inferior vena cava, 389
Inferior vena cava filters, duplex

ultrasound for insertion of
diagnostic considerations for, 400–401,

403
IVUS, 403–404

indications for, 400
outcomes of, 404
technique for

filter placement, 402–403
positioning, 401
proposed treatment algorithm for,

404
surface ultrasound, 401–402

Infrainguinal arteries, 512–515
Infrainguinal bypass grafts, duplex

surveillance of, 262–271, 339
graft failure, mechanisms and

hemodynamics of, arterial bypass
hemodynamics, 263–266

intraoperative, 266–268
algorithm for, 266, 269
interpretation of, 267
of stenosis, 267

postoperative
graft revision in, threshold velocity

criteria for, 268–270
testing intervals relating to, 268

Infrainguinal bypass grafts, prosthetic,
surveillance after, 272–276

abnormal findings, 275

DUS relating to, 274–275
interventions, indications for, 275–276
lifelong surveillance, recommendation

of, 276
natural history of, 273–274

Infrainguinal lesions, 254
Infrainguinal revascularization, with

autogenous conduit, 273
Infrapopliteal arteries, 296–297
Inguinal lymph nodes, 390
Innominate artery. See Brachiocephalic

trunk
In situ bypass technique, 303
Insonation, 328

windows of, 104–105
Insonation method, even, 445
In-stent restenosis. See ISR
Intercellular adhesion molecule. See

ICAM-1
Internal carotid artery. See ICA
Internal carotid spectra. See Stenosis
Internal elastic lamina, 209
Internal iliac arteries, 207
Internal jugular vein

left, 90–91
right, 90–91

International Society for Cardiovascular
Surgery (North American
Chapter), 4

Intersocietal Commission for the
Accreditation of
Echocardiography Laboratories.
See ICAEL

Intersocietal Commission for the
Accreditation of Nuclear
Medicine Laboratories. See
ICANL

Intersocietal Commission for the
Accreditation of Vascular
Laboratories. See ICAVL

Intima-media thickness, by duplex
ultrasound. See IMT

Intracranial arterial stenosis
ACA, 112–113
basilar artery, 113
MCA, 112, 113
PCA, 113
terminal ICA/siphon stenosis, 113
terminal vertebral artery, 113–114

Intracranial arteries, 114–115
Intravascular ultrasound. See IVUS
Ipsilateral carotid stenosis duplex

criteria, contralateral stenosis
and, studies about, 81–86

patient population and methods
relating to, 83–84

results of, 84–86
Ischemia. See also RIND; TIAs

bowel, 541
digital, episodic, 312–313

lower extremity, chronic, 494–495
mesenteric, acute, 473–474
resting, 247–248
transient borderline, 248
upper extremities, vasospastic diseases

and, 360
Ischemic arterial lesions, 248, 253
Ischemic events, cerebral, 41–42, 44–45
Ischemic rest pain, 212, 213
Ischemic skin lesions, 354–355
Ischemic syndromes, visceral, 470–471
Ischemic ulcers, 323, 354
ISR (in-stent restenosis), 161–163, 165
IVUS (intravascular ultrasound), 338,

403–404
applications of, 506–515
catheter technique of, 407–408
color flow, 507, 508
diagnostic venous, 409–411
Galaxy system, 506
In-Vision System, 506
operative and anatomic situations

using
abdominal aorta, 512
carotid angioplasty and stenting,

509–511
iliac arteries, 512
infrainguinal arteries, 512–515
thoracic aorta, 512

pullback performance relating to, 509,
510

technical aspects of, peripheral
interventions and, 506–509

three-dimensional, 518–519
used for venous stenting, 406–412
virtual histology, 508–509

L
Large artery disease, 314, 316–317
Large proximal arteries, 331
Laser Doppler measurements, 227
Laser treatments. See EVLT
Left ventricular cavity opacification, 539
Lesions

aortoiliac, 254
arterial, 248, 253, 255
atherosclerosis relating to, 41–42, 89,

456–457
infrainguinal, 254
ischemic arterial, 248, 253
ischemic skin, 354–355

Limb dysfunction, AAA relating to, 487
Lingual and occipital arteries, 35, 39
Liver

anatomy of, 435–438
hepatic arterial signals in, 440

Liver transplant, 443
Liver vasculature, deep Doppler in

for arterioportal fistula, 444
for Budd-Chiari syndrome, 441–442
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for cirrhosis and portal hypertension,
440–441

Doppler instrument performance,
446

Doppler patterns, normal, 439
Doppler spectrum, interpretation of

characteristic flow, identification of,
433

direction of flow, 433–434
presence of flow, 433
spectral content, 433

hepatic arterial Doppler patterns,
abnormal, 439–440

hepatic arterial signals in liver, for
detection of, 440

instrumentation in, 431–432
for liver transplant, 443
for malignant tumors, 444
for monitoring hepatic interventional

procedures, 444
new methods for

assumed velocity profile method,
445

attenuation-compensated method,
446

even insonation method, 445
velocity profile method, 444–445
volume measurement, 444

portal system, abnormal flow patterns
within

absent Doppler signal, 439
arterialized flow, 439
reversed flow/to-and-fro flow, 439

portal vein, for air in, 444
for portal vein thrombosis, 441
role of, in liver study, 434–439

anatomy, 435–438
clinical method, 435
hepatic artery relating to, 439
hepatic veins relating to, 438
portal veins relating to, 438

surgical portosystemic shunts relating
to, 442

technique of, 432–433
transjugular intrahepatic

portosystemic shunt surveillance
relating to, 442–443

Losartan, 322
Lumbar sympathectomy, 353–354

M
Magnetic resonance imaging. See MRI
Main renal artery, occlusion of, 457
Malignant tumors, 444
Mapping. See also DUAM; Saphenous

vein mapping, preoperative
arterial, 329
preoperative, 297
radial artery, for coronary bypass,

327–329

ultrasound, 300–301
venous, 414–416

MCA (middle cerebral artery), 112, 113
right, 38

Medical imaging, 11–12
dual audio channels relating to, 12
real time relating to, 12
retina relating to, 12
static relating to, 12

Medical therapy, for PAD, 218
Medicare, vascular laboratories relating

to, 6
Medi-tech Stainless Steel Greenfield

Vena Cava Filter, 402, 403
Mesenteric and renal arteries,

examination of, 453, 467
Mesenteric artery, inferior, 468–469. See

also SMA
Mesenteric circulation, duplex

ultrasonography of, 466–474
clinical applications of

celiac artery compression
syndrome, 470

physiologic measurements, 470
visceral aneurysms, 470
visceral ischemic syndromes,

470–471
image enhancement of, 474
normal findings of, 469
perioperative applications of

endovascular intervention, 472–473
intraoperative, 471–472
mesenteric ischemia, acute, 473–474
postoperative, 472

population screening relating to, 474
technique of, 467–469

Mesenteric evaluation, CE ultrasound
for, 541

Mesenteric ischemia, acute, 473–474
Microbubble technology, 531, 532–533,

534, 540
Microemboli, 172–173
Middle cerebral artery. See MCA
MKS (meter kilogram second) system,

11
Modern phased-linear array beam

steering, 24
MRA (magnetic resonance

angiography)
carotid artery disease, used in

diagnosis of, 183–189
for cerebrovascular insufficiency,

183–189
for PAD, 214
for peripheral vascular disease, lower

extremity, 190, 261, 293, 299, 300,
450

2D CE as method of, 497, 498, 500
2D TOF as method of, 497, 498,

501, 502

3D TOF as method of, 502
for arterial occlusive disease,

499–501
bolus chaise 3D CE as method of,

498
3D CE as method of, 497, 498, 500,

501, 502
to detect restenosis after grafting,

501–502
floating table 3D CE as method of,

498
future of, 502–504
gadolinium used in, 497, 498,

499–501
imaging techniques of, 497–498
limitations of, 502
phase contrast method of, 498

MRI (magnetic resonance imaging), 11,
12, 361, 406, 434

CT scanning and, for AVFs, 347
Multiple renal arteries, 456–457

N
NACT (National Alliance of

Cardiovascular Technologists), 3
NASCET (North American

Symptomatic Carotid
Endarterectomy Trial
Collaborators), 33, 46, 47, 50, 71,
78, 81, 110, 138, 139, 140, 143, 189,
520

National Alliance of Cardiovascular
Technologists. See NACT

National Board of Cardiovascular
Testing. See NBCVT

National Commission for Certifying
Agencies. See NCCA

National Commission of Health
Certifying Agencies. See NCHCA

Native aorta, ultrasound of, 478–479
Natural history

of Carotid artery stenosis,
contralateral to CEA, 199

of infrainguinal bypass grafts,
prosthetic, surveillance after,
273–274

staging and, of PAD, 212–213
Natural history studies, carotid plaque,

of ultrasonic characterization of,
129–136

NBCVT (National Board of
Cardiovascular Testing), 3

NCCA (National Commission for
Certifying Agencies), 2

NCHCA (National Commission of
Health Certifying Agencies), 2

Neoplasm, 313
Neurologic deficits, 189–190, 195
Noninvasive cerebrovascular techniques,

50–58
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Noninvasive CVT, 2
Noninvasive testing

for diagnosis of vascular disease,
upper extremity, 312–323

improving quality of, 1–6, 8, 30–31
through accreditation, 3–5
through certification, 2–3

for PAD, 214, 221–228
Noninvasive vascular techniques, in

PAD
electromagnetic flowmeter, 228
laser Doppler measurements, 227
plethysmography

clinical applications of, 226
instrumentation, 225–226
principle of, 225
pulse-wave analysis relating to, 226

radioisotope techniques, 227–228
temperature detection relating to, 228
transcutaneous PO2, 226–227
ultrasound

B-mode, 224
CW Doppler, 222
Doppler, 221–223
duplex ultrasound and color flow

imaging, 224
instrumentation, 223
pulsed Doppler, 221–223

Non-ultrasound-based methods, of
dialysis surveillance, 334–335

physical examination, 334
North American Symptomatic Carotid

Endarterectomy Trial
Collaborators. See NASCET

O
Occipital arteries, 35, 39
Occipital collateral, 39–40
OPG/Gee

(oculopneumoplethysmography),
51, 176

Ophthalmic artery, 51, 109, 116

P
PAD (peripheral arterial disease),

diagnosis of, vascular laboratory’s
role in

arterial aneurysms, 363–365
arterial reconstructive procedure for

aortofemoral popliteal
reconstruction, 353

lumbar sympathectomy, 353–354
profundaplasty, 352–353
selection of, based on duplex

scanning, 352–353
AVMs, 360–361
compression syndromes

popliteal artery entrapment
syndrome, 357

thoracic outlet syndrome, 356–357

endothelial dysfunction, 365
healing response

to amputation sites, 355
to ischemic skin lesions, 354–355
to skin fluorescence, 355–356

hemodialysis access graft imaging
interpretation pitfalls relating to,

363
interpretations of, 362, 363
technique of, 362
volume flow criteria relating to,

362–363
ischemia, upper extremities,

vasospastic diseases and, 360
location and severity, assessment of,

349–351
lumbar sympathectomy, 353–354
penile circulation, 357–360
perioperative evaluation, 352
postoperative follow-up, 354
profundaplasty, 353
prognosis and medical therapeutic

implications, 351–352
screening, 349

PAD (peripheral arterial disease), lower
extremity

ABI relating to, 349, 351, 352, 353,
354

arterial wall, normal structure of
adventitia, 209
intima, 209
media, 209

arteriograms related to, 214, 215, 217
atherogenesi, hypotheses relating to,

210–211
injury, 211
lipid, 211
monoclonal (smooth muscle

proliferation), 211
atherosclerosis

hemodynamic changes in, 211
pathophysiology of, 209–210
risk factors of, 210

classification of, 212
clinical manifestations of, 211–212
collateral circulation of, 207–209
coronary artery disease,

cerebrovascular disease, and, 210
diagnostic investigation relating to

contrast angiography, 214–217
history and physical examination,

213
MRA, 214
noninvasive tests, 213–214

duplex scanning of
accuracy of, 254–255
clinical applications of, 254
color duplex examination, 255–257
endovascular and surgical

intervention based on, 259

endovascular procedures relating
to, 260

following intervention, 260–261
preintervention arterial testing,

253–255
natural history and staging of

stage 0 (asymptomatic), 213
stage I (claudication), 211–212, 213,

218
stage II (ischemic rest pain), 212,

213
stage III (trophic changes), 212, 213

noninvasive vascular techniques in,
221–228

stress testing for
reactive hyperemia used in, 243
treadmill exercise used in, 241–243

treatment options for
endovascular therapy, 218–219
medical therapy, 218
surgical therapy, 218

vascular system of, anatomy of, 207
Paget-von Schroetter syndrome,

372–373, 527
Palmar artery occlusion, 315
Pathology, of cerebrovascular disease,

41–44, 52, 60–62, 89
Pathophysiology

of atherosclerosis, 209–210
of cerebrovascular disease, 44
of vascular disease, upper extremity,

313–315
PCA (posterior cerebral artery), 113
PC-based PVR, 246–247
Peak systolic velocity, 263, 264, 265, 266,

280–281, 284
Penile circulation, 357–360

imaging techniques for, 358–360
PSVs relating to, 358–360

Penile Doppler pressure, 357–358
Pentoxifylline, 322
Percutaneous transluminal balloon

angioplasty. See PTA
Periorbital Doppler examination, 51
Peripheral arterial disease. See PAD
Peripheral vascular disease, applications

of transcutaneous oxygen tension
in

for amputation level, appropriate,
492–493

diabetic foot problems, for treatment
of, 493–494

for nondiabetics with chronic lower
extremity ischemia, 494–495

Peripheral vascular disease, lower
extremities

amputation relating to, 248–249
ankle pressure relating to, 248
arterial obstruction in, location of,

249–251
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clinical studies and results, 238–239
Doppler waveform analysis in,

232–234, 240
DVT relating to, 251
functional arterial studies, indications

and guidelines for, 247
functional venous studies, indications

and guidelines for, 251
instrumentation and physical

principles of, 231
ischemic arterial lesions relating to,

248, 253
methods and interpretations of, 232
MRA

2D CE as method of, 497, 498, 500
2D TOF as method of, 497, 498,

501, 502
3D TOF as method of, 502
for arterial occlusive disease,

499–501
bolus chaise 3D CE as method of,

498
3D CE as method of, 497, 498, 500,

501, 502
to detect restenosis after grafting,

501–502
floating table 3D CE as method of,

498
future of, 502–504
gadolinium used in, 497, 498,

499–501
imaging techniques of, 497–498
limitations of, 502
phase contrast method of, 498
SENSE, 503
SMASH, 503
TRICKS, 503–504

pulse volume recording in diagnosis
of, 245–252

PVR—2005, 246–247
resting ischemia relating to, 247–248
segmental Doppler pressures in,

234–238, 240
testing, indications for, 231–232
vascular claudication relating to, 249
venous valvular insufficiency relating

to, 251
Peripheral vascular testing, 2
Peroneal artery, 207, 296
Persantine, 47
PET (positron emission tomography),

12
Phase contrast method, 498
Phleborheography, 381–382, 382
Photoplethysmography. See PPG
Physician, in VDL

credentialing of, 8–9
as director, requirements for, 9–10
educational background relating to,

7–8

in cerebrovascular disease, 8
erectile dysfunction, in testing for, 8
in extremity arterial disease, 8
in hemodynamic principles, 8
in instrumentation, 8
in ophthalmic ultrasound, 8
in plethysmographic principles, 8
in ultrasound and Doppler physics,

8
in venous disease, 8
in visceral disease, 8

education and training of, 1
interpreting noninvasive vascular

studies, skills for, 8
qualifications of, 8
RVT examination for, 9

Physician Vascular Interpretation
examination. See PVI
examination

Piezoelectric transducers, 17–19
Pixels, ultrasonic imaging relating to, 12,

26–31
Plantar arch, 207
Plaque assessment, 539–541
Plaque, carotid. See Carotid plaque
Plaque morphology, 200–202, 284–285
Plavix, 47
Pletal. See Cilostazol
Plethysmographic techniques, venous

disease, in diagnosis of, 375–383
Plethysmographic tracings, 344–345
Plethysmographs, 375
PMD (transcranial power motion mode

Doppler), 103
Pneumoplethysmography, 51
Popliteal aneurysm, 254
Popliteal artery, 207, 295, 386, 514
Popliteal artery entrapment syndrome,

357
Popliteal veins, 386
Portal hypertension, 440–441
Portal system, abnormal flow patterns

within
Portal vein, 438, 444
Portal vein thrombosis, 441
Portal venous system, thrombosis in, 373
Positive diagnostic value, 523, 527
Positive predictive values, 57–58
Positron emission tomography. See PET
Post-CAS surveillance, 161–165
Posterior cerebral artery. See PCA
Posterior communicating artery, 116–117

right, 38, 39
Posterior tibial artery, 207
Posterior tibial veins, 296
Postexercise measurements, 249
Power Doppler, 75–76, 167

angiography, 522–527
imaging

carotid indications of, 523, 524

peripheral and renal indications of,
523

positive diagnostic value of, 523,
527

PPG (photoplethysmography), 317–319,
323, 356, 382–383

Prazosin, 322
Preoperative mapping, 297
PRF (pulse repetition frequency), 67,

68, 100–101
Primary venous insufficiency, 370–371
Profunda femoris artery, 207, 387
Profundaplasty, 353
Prosthetic infrainguinal bypass grafts.

See specific Infrainguinal bypass
grafts, prosthetic, surveillance
after

Proximal vasospasm, 114
Pseudoaneurysms, 254, 326. See also

Femoral pseudoaneurysms
PTA (percutaneous transluminal

balloon angioplasty), 260–261,
352–353, 499

PTA and stenting, of iliac and femoral
arteries

plaque morphology relating to,
284–285

surveillance after, 279–285
bypass procedures v., 281–282
outcome measures for, 280–281
patency rates relating to, 280, 281
rationale for, 279–280
with and without stents, 281

surveillance duplex protocol, 282–284
surveillance methods, alternate, 282

Pulsed Doppler arteriography, 51
Pulsed Doppler flow detection, B-mode

imaging and, 60–61
Pulsed Doppler ultrasound, 221–223
Pulse Doppler wave analysis, continuous

wave and, 52–55
Pulsed velocity Doppler spectra, 257
Pulse echo ultrasound, 12
Pulse volume recorder. See PVR
Pulse volume recording, 245–252
PVI (Physician Vascular Interpretation)

examination, 3
PVR (pulse volume recorder), 245–252,

254, 293, 349–350, 355, 356–357,
361

PVR—2005, 246–247
PVR amplitude, 249–250
PVR amplitude relationships, 250
PVR reflected wave, 249

R
Radial arteries, visualization of, 321
Radial artery mapping for coronary

bypass, 327–329
Radial forearm flap, 329
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Radiation arteritis, 314, 317
Radionuclide arteriography, 51
Radionuclide AV shunt quantification,

346–347
Raynaud’s syndrome, 312–315, 322–323,

325, 327
RCS (Registered Cardiac Sonographer),

3
Reactive hyperemia, 243
Real time, medical imaging relating to,

12
Reflux

DUS for, 394–398
as venous disorders, 427–428
venous imaging for

clinical examination for, 395
equipment for, 394–395
ultrasound examination for,

395–398
Reflux examination, venous, 414–416
Registered Cardiac Sonographer. See

RCS
Registered Physician in Vascular

Interpretation. See RPVI
Registered Vascular Specialist. See RVS
Registered Vascular Technologist. See

RVT
Renal aneurysms, 457–458
Renal arteries

accessory and multiple, 456–457
main, occlusion of, 457
mesenteric and, examination of, 453,

467
normal, 460
occlusion of, 461

Renal arteries, duplex evaluation of,
450–464

contrast-enhanced imaging used in,
455–456, 497

Doppler spectral waveforms and
images, interpretation of

abdominal aorta, 459–460
renal artery, normal, 460
renal artery occlusion, 461
renal hilar evaluations, 462–463
renal parenchymal dysfunction,

461–462
renal vein evaluation, 463

renal artery stenosis
classification of, 452
hemodynamically significant,

460–461
less than 60%, 460
outcomes of interventions for, 463

renal duplex ultrasonography,
451–452

special considerations in
accessory and multiple renal

arteries, 456–457
fibromuscular dysplasia, 458

horseshoe kidney, 457
main, occlusion of, 457
renal aneurysms, 457–458
renal artery bypass grafts, 458
renal artery stents, 459, 463

techniques for
aorta and mesenteric and renal

arteries, examination of, 453
equipment, 453
patient preparation and positioning,

452
renal parenchymal blood flow,

evaluation of, 453–454
renal size, measurement of, 454
renal vein thrombosis, evaluation

of, 454–455
visualization of, 455

Renal artery bypass grafts, 458
Renal artery disease, etiology of,

450–451
Renal artery stenosis, 452, 460–461
Renal artery stents, 459, 463
Renal atrophy, 452, 454
Renal duplex ultrasonography, 451–452
Renal hilar evaluations, 462–463
Renal parenchymal blood flow,

evaluation of, 453–454
Renal parenchymal dysfunction,

461–462
Renal size, measurement of, 454
Renal vein evaluation, 463
Renal vein thrombosis, evaluation of,

454–455
Restenosis, after grafting, 501–502
Resting ischemia, 247–248
Retina, medical imaging relating to, 12
Reversed flow/to-and-fro flow, 439
Reversible ischemic neurologic event.

See RIND
Rheumatoid arthritis, 313
RIND (reversible ischemic neurologic

event), 45
RPVI (Registered Physician in Vascular

Interpretation), 9
RVS (Registered Vascular Specialist), 3
RVT (Registered Vascular

Technologist), 2–3, 5
credentialing of, 8–9

S
Sanofi-Synthelabo, 47
Saphenofemoral junction. See SFJ
Saphenous vein mapping, preoperative

calf saphenous vein anatomy, 310–311
anterior system of, 310
posterior system of, 310

imaging of
method of, 304–308
“Mickey Mouse” relating to, 305
sites of, 305

transverse vein image, 306
ultrasound, 304
with venography, 303–304

mapping data, proper use of, 311
saphenous veins, variants of,

308–310
below knee, 308
above knee, 308

vein wall relating to, 307
SAPPHIRE (Stenting and Angioplasty

with Protection in Patients at
High Risk for Endarterectomy)
study, 48, 161, 167

Scanning. See specific scanning
Scleroderma, 313, 315
Sclerofoam ablation, of varicose veins,

419–420
Sclerosing foams, 419
Screening, 349
Segmental arm pressures, 317, 318
Segmental Doppler pressures, 350

ABI relating to, 237, 242, 253, 254,
256, 257, 264, 282, 293–294

arterial occlusive disease, lower
extremity, relating to, 239

determination of, limitations and
sources of errors of, 237–238

interpretations of, 236–237
peripheral vascular disease, lower

extremities, relating to, 234–238,
240

technique for, 235–236
thigh pressure indexes, 237
toe Doppler systolic pressure, 237

Segmental limb pressures, 343
Segmental plethysmography, 343–344
Segmental systolic limb pressures, 249
Selective serotonin reuptake inhibitors.

See SSRIs
Semi-Fowler position, 386
SENSE, 503
SFJ (saphenofemoral junction), 386,

414, 415, 417, 418
Sidelobes, 22
Sjögren’s syndrome, 313
Skin fluorescence, 355–356
SMA (superior mesenteric artery), 466,

467–469, 470, 472
stenosis of, 471, 473, 474

Small artery disease, 313, 315–316
Small saphenous vein. See SSV
SMASH, 503
Smoking, cessation of, 47
Society for Vascular Medicine &

Biology, 4
Society for Vascular Surgery, 3, 4
Society of Diagnostic Medical

Sonographers, 4
Society of Noninvasive Vascular

Technologists. See SVU
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Society of Vascular Technology, 4
Society of Vascular Ultrasound, 290
Sonicath Ultra imaging catheter, 407
SonoCT, 64–65
Spectral waveform velocity, Doppler

color velocity v., 31, 156
SSRIs (selective serotonin reuptake

inhibitors), 322
SSV (small saphenous vein), 414, 415,

416–418
Static, medical imaging relating to, 12
Static venous pressure, 334
Steal syndrome, 118–119, 329
Stenosis, 34, 36, 37, 54, 236, 237

arterial, 30, 108, 112–114, 257–259
B-mode imaging interpretation for,

69–71
of CA, 471
calculating percentage of, 47
carotid, 30, 33, 38, 47, 199
carotid plaque relating to, 137–140,

141–143
contralateral stenosis, 81–86
critical, 211
Doppler spectral analysis relating to,

71–77, 156
graft, 269, 270
of ICA, 191–193, 197, 200
infrainguinal bypass grafts relating to,

267
interpretation of, 45–47
intracranial arterial, 112–114
ipsilateral carotid stenosis duplex

criteria, 81–86
renal artery, 452, 460–461
siphon, 113
vertebral, 99

Stent grafts, color duplex ultrasound for,
476–488

Stenting and Angioplasty with
Protection in Patients at 
High Risk for 
Endarterectomy study.
See SAPPHIRE study

Strain-gauge plethysmography, 378–380,
380, 424

Stress testing, for PAD
reactive hyperemia used in, 243
treadmill exercise used in, 241–243

Strokes, 33, 50, 119, 136, 152, 161
Stump, of occluded axillofemoral

bypass, 327
Subclavian arteries, 317

left, 33–35, 37, 89–90
right, 33–34, 37, 320
visualization of, 321

Subclavian/axillary arteries, aneurysms
of, 325–327

Subclavian steal syndrome, 37–38, 99,
118–119, 325, 326

Subclavian veins
left, 90–91
right, 90–91

Subclavian venous thrombosis, 373
Submandibular insonation, 104–105
Superficial femoral artery, 207, 256, 295,

386, 387
stenosis of, 258

Superficial thrombophlebitis, 372
Superficial venous system, 369, 370
Superior mesenteric artery. See SMA
Superior vena cava, 90–91
Surgical intervention, based on duplex

scanning of PAD, 259
Surgical portosystemic shunts, 442
Surgical therapy, for PAD, 218
Surveillance. See also Ultrasound

surveillance
for AAA, 482–483, 486
carotid duplex, postoperative, 196–198
CEA, intraoperative, 176–181
dialysis, 334–335, 334–339
graft, 249
of infrainguinal bypass grafts,

262–276, 339
post-CAS, 161–165
transjugular intrahepatic

portosystemic shunt, 442–443
SVU (Society of Noninvasive Vascular

Technologists), 2
Systematic lupus erythematosus, 313

T
Takayasu’s arteritis, 314, 316, 325, 326
TASC (Transatlantic Intersociety

Consensus), 210, 255, 259
TCD (transcranial Doppler

sonography), 56, 122–123
accuracy of, 122
in acute stroke, 119
carotid artery stenting, used in

monitoring of, 167–173
baseline TCD observations, 169
periprocedural setup, 167–169
postprocedural TCD observations,

171–172
CEA with, intraoperative monitoring

of, 195
cerebrovascular resistance and

hemodynamic indexes, 106–110
clinical applications of, 121–122
diagnostic criteria for

arterial vasospasm, 114–116
cerebral circulatory arrest, 118
cerebral embolization, 117–118
collateral patterns and flow

direction, 38, 116–117
ICP, increased, 118
intracranial arterial stenosis,

112–114

steal syndrome, 118–119
examination technique of, 104–106
monitoring thrombolytic therapy with

ultrasound, 120–121
patient management optimization for,

119–120
power motion mode, 103
principles of, 103
transcranial color duplex, 103–104
ultrasound enhanced thrombolysis,

121
VMR with, 110–112

Technologists
education and training of, 1–2
vascular, 2–3

Temporal arteritis
color duplex ultrasound in diagnosis

of, 203–204
diagnostic criteria for, 156
duplex ultrasound in diagnosis of,

155–160
future directions of, 158–159
protocol for, 156–157
results of, 157–158

halo relating to, 156
Terminal ICA/siphon stenosis, 113
Terminal vertebral artery, 113–114
Therapy. See specific therapy
Thoracic aortic aneurysm, 512
Thoracic outlet syndrome, 356–357
Three-dimensional contrast-enhanced

MRA. See 3D CE MRA
Three-dimensional time-of-flight MRA.

See 3D TOF MRA
Three-dimensional vascular imaging and

three-dimensional color power
angiography imaging, 517–527

clinical applications of, 519–520
future of, 527
limitations of, 522
studies of

patient population and methods in,
522

results of, 522–527
three-dimensional

angiography/carotid artery,
520–522

three-dimensional IVUS, 518–519
three-dimensional reconstruction, 519,

520, 521
Thyrotoxicosis, 345
TIAs (transient ischemic attacks),

41–42, 44–45, 47, 127, 189, 200
TIBI flow grade definitions, 120
Tibioperoneal trunk, 207, 297
Time-resolved imaging of contrast

kinetics. See TRICKS
Toe Doppler systolic pressure, 237
Transatlantic Intersociety Consensus.

See TASC
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Transcranial Doppler sonography. See
TCD

Transcranial power motion mode
Doppler. See PMD

Transcutaneous oxygen tension,
principles and applications of

peripheral vascular disease,
applications of

amputation level, appropriate,
492–493

diabetic foot problems, treatment
of, 493–494

nondiabetics with chronic lower
extremity ischemia, 494–495

physiology of measurement, 491–492
Transcutaneous PO2, as noninvasive

vascular techniques, 226–227
Transdermal glyceryl trinitrate patches,

sustained-release, 322
Transfemoral venogram, 407, 412
Transforaminal insonation, 104–105
Transient borderline ischemia, 248
Transient ischemic attacks. See TIAs
Transjugular intrahepatic portosystemic

shunt surveillance, 442–443
Transmitting ultrasound transducer, 12
Transmural venous pressure, 376
Transorbital insonation, 104–105
Transtemporal insonation, 104–105
Trauma

of arteries, upper extremity,
ultrasound imaging of, 325

carotid duplex scanning after, 202
large artery disease, as cause of, 314,

317
Treadmill exercise, 241–243
Trendelenburg position, 386
TRICKS (time-resolved imaging of

contrast kinetics), 503–504
Triplex-Doppler, 11
Tumor detection, ultrasound imaging

for, 330
Tumors, malignant, 444
Two-dimensional contrast-enhanced

MRA. See 2D CE MRA
Two-dimensional time-of-flight MRA.

See 2D TOF MRA

U
Ulnar arteries, visualization of, 321, 327
Ultrasonic arteriography, 50
Ultrasonic carotid plaque morphology,

clinical implications of, 200–202
Ultrasonic characterization of carotid

plaque. See Carotid plaque,
ultrasonic characterization of

Ultrasonic imaging
pixels relating to, 12, 26–31
voxels relating to

location of, 12

measurement of, 12
Ultrasonic monitoring

during EVLT and VNUS closure of
GSV and SSV, 414, 415, 416–418,
420

during sclerofoam ablation of
varicose veins, 419–420

Ultrasonic plaque classification, 127–128
Ultrasonic plaque ulceration, 137
Ultrasonography. See also DUS

disadvantages of, 300
vertebral artery, 97–102

Ultrasound. See also Color duplex
ultrasound; Color duplex
ultrasound image; color flow
ultrasound; Contrast-enhanced
ultrasound; Diagnostic
ultrasound, principles and
instruments of; DU; DUAM;
Duplex ultrasound image; IVUS

for AAA, 477–478
aortoiliac, 478
B-mode, 224
CW Doppler, 222
depth resolution relating to, 13
dialysis access creation, and dialysis

surveillance
DU relating to, 335–338
IVUS relating to, 338
preoperative planning, 335
vascular access blood flow, 338

Doppler, 221–223
duplex ultrasound and color flow

imaging, 224
guidelines, for venous therapy,

414–420
instrumentation, 223
intensity of, 15–16
modes and factors, 25
for native aorta, 478–479
pulsed Doppler, 221–223
pulse echo, 12
reflection of, 13–14
scanning protocols and, extracranial

duplex, 97–101
thrombolytic therapy with, monitoring

of, 120–121
in tissue, speed of, 13
wave shapes of, 16

Ultrasound attenuation, 14–15, 17
Ultrasound beam pattern, image, 19–23
Ultrasound contrast used for AAA, 488
Ultrasound-derived data, CT-derived

data v., 480–482
Ultrasound echo signals and

demodulation, 26
Ultrasound imaging. See also Arteries,

upper extremity, ultrasound
imaging of

for reflux, 395–398

of saphenous vein, 304
for tumor detection, 330

Ultrasound impedance, 13–14
Ultrasound mapping, advantages of,

300–301
Ultrasound scanners

color flow, 11, 30
duplex, 11, 30, 50, 65
four-dimensional, 11
triplex-Doppler, 11

Ultrasound surveillance
after endograft, 483–486
endoleak relating to, 482–487
after endovascular aneurysm repair,

482–483
after open aneurysm repair, 482

Ultrasound testing, certification of, 2
Ultrasound transducer, 17–19, 304, 395

arrangements of, 23
broad band and narrow band relating

to, 19
damping methods of, 19
distance from depth of, 12–13
frequencies of, 18

US duplex scanner, 414

V
Varicose veins, 426
Vasa vasorum, 209
Vascular access blood flow, 338
Vascular cell adhesion molecules. See

VCAM-1
Vascular claudication, 249
Vascular diagnostic laboratory. See

VDL
Vascular disease, upper extremity. See

also specific Peripheral vascular
disease entries

treatment and outcome of, 322–323
acupuncture, 322
amputation, 322
behavioral modification, 322
captopril, 322
cold avoidance, 322
guanethidine, 322
losartan, 322
pentoxifylline, 322
prazosin, 322
SSRIs, 322
transdermal glyceryl trinitrate

patches, sustained-release, 322
vasodilators, 322

Vascular disease, upper extremity,
noninvasive diagnosis of

episodic digital ischemia, 312–313
large artery disease, 313, 316–317
noninvasive diagnostic techniques

used in
cold challenge testing, 319
cut film views, magnified, 322
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digital pressure and
plethysmography, 317–319, 322

duplex scanning, 319–321
laboratory evaluation, 321
physical examination, 321
PPG, 317–319, 323
segmental arm pressures, 317, 318

for PAD, 221–228
pathophysiology relating to, 313–315
Raynaud’s syndrome, 312–315,

322–323
small artery disease, 313, 315–316

Vascular imaging, three-dimensional,
517–527

Vascular laboratory
accreditation of, 4–5
cerebrovascular insufficiency related

to, 183–204
Medicare relating to, 6
PAD, diagnosis of, used in, 363–365
venous disorders, diagnosis of, used

in, 422–429
Vascular system, anatomy of, 207
Vascular technologists, 2–3
Vascular technology programs, 2
Vascular testing, 1, 3–4
Vasculitis, 325
Vasodilators, 322
Vasomotor reactivity assessment. See

VMR
Vasospasm, arterial. See Arterial

vasospasm
VCAM-1 (vascular cell adhesion

molecules), 540
VDL (vascular diagnostic laboratory),

physicians in, 7–10, 341
Veins. See specific veins
Vein stripping, 303
Velocity profile method, 444–445
Velocity waveform analysis, 344–345
Vena cava filters. See Inferior vena cava

filters, duplex ultrasound for
insertion of

Venography, 378
Venoplasty, 406
Venous disease, plethysmographic

techniques in diagnosis of
air plethysmography, 380–381
impedance plethysmography

accuracy of, 378
limitations of, 378
sources of error of, 378
technique of, 377–378

phleborheography
accuracy of, 382
limitations of, 381–382

technique of, 381
plethysmographs, 375
PPG

application of, 383
limitations of, 383
technique of, 382–383

strain-gauge plethysmography
accuracy of, 380
limitations of, 380
sources of error of, 379–380
technique of, 378–379

theory of, 375–376
venous outflow plethysmography,

376–377
Venous disorders, 8. See also DVT

acute
subclavian venous thrombosis, 373
superficial thrombophlebitis, 372

anatomy of
connecting veins, 369
deep venous system, 369
lower extremity veins,

nomenclature changes in, 370
superficial venous system, 369, 370

clinical classification of, 426
clotting factors, abnormal, relating to,

373
CVI, 371–372, 383, 414, 419–420, 427

perforating veins and, 428
diagnosis of, vascular laboratory used

in, 422–429
of extremities, 424
iliac vein thrombosis, 424–425
obstruction, 422
Paget-von Schroetter syndrome,

372–373
portal venous system, thrombosis in,

373
primary venous insufficiency, 370–371,

426–427
pulmonary embolism, 428–429
reflux, 427–428
subclavian axillary venous thrombosis,

425–426
superficial thrombophlebitis, 422–423
varicose phlebitis, 423

Venous imaging, for reflux, 394–398
Venous mapping, 414–416
Venous obstruction, 30, 422
Venous outflow blockage, 406
Venous outflow plethysmography,

376–377
Venous pressure, 334
Venous stenting, IVUS used for,

406–412
diagnostic venous IVUS, 409–411

IVUS assistance during stenting,
411–412

IVUS catheter technique, 407–408
Venous studies, functional, 251
Venous Testing Standard, 5
Venous therapy, ultrasound guidelines

for, 414–420
ELVT relating to, 414, 415, 416–418
equipment in, 414
foam relating to, 414
preoperative assessment in, 414
venous reflux examination and

venous mapping, 414–416
VNUS closure relating to, 414, 415,

416–418
Venous thromboembolic disease, 400
Venous valve incompetence,

noninvasive method for
evaluation of, 30

Venous valvular insufficiency, 251
Vertebral artery, 39, 90

cervical spine and, 36
left, 33–34, 37, 38
right, 33–34, 37, 38, 68
ultrasonography of, 97–102

Vertebral stenosis, 99
Vertebrobasilar arterial system,

anatomy of, 97, 98
Vertebrobasilar insufficiency, 203
Veteran’s Administration (VA)

Cooperative Study, 33
Vibration injury, 313
Visceral aneurysms, 470
Visceral ischemic syndromes, 470–471
Visions PV imaging catheter, 407
VMR (vasomotor reactivity assessment)

with TCD
CO2 reactivity, 110–111
testing

application of, 111–112
with diamox, 111

VNUS closure, 415
Volume flow criteria, 362–363
Volume measurement, 444
Voxels, tissues within

autocorrelation Doppler, 27–29
Doppler frequency relating to, 29
I/Q diagram relating to, 28–29, 30

B-mode imaging at 5 MHz, 26–27
flow measurement, digitizing for, 27

color power angiography, 29–30
Doppler power relating to, 30, 77

FFT spectral waveform, 30, 31
Voxels, ultrasonic imaging relating to

location of, 12
measurement of, 12
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