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Program Requirements for Residency/Fellowship
Education in Neuroendovascular

Surgery/Interventional Neuroradiology:
A Special Report on Graduate Medical Education
Randall T. Higashida, L. Nick Hopkins, Alejandro Berenstein, Van V. Halbach, and Charles Kerber*

BACKGROUND AND PURPOSE: Neuroendovascular surgery/interventional neuroradiology
is a relatively new subspecialty that has been evolving since the mid-1970s. During the past 2
decades, significant advances have been made in this field of minimally invasive therapy for
the treatment of intracranial cerebral aneurysms; acute stroke therapy intervention; cerebral
arteriovenous malformations; carotid cavernous sinus fistulas; head, neck, and spinal cord
vascular lesions; and other complex cerebrovascular diseases. Advanced postresidency fellow-
ship programs have now been established in North America, Europe, and Japan, specifically
for training in this new subspecialty.

METHODS: From 1986 to the present, an ad hoc committee of senior executive committee
members from the American Society of Interventional and Therapeutic Neuroradiology, the
Joint Section of Cerebrovascular Neurosurgery, and the American Society of Neuroradiology
met to establish, by consensus, general guidelines for training physicians in this field.

RESULTS: In April 1999, the Executive Committee of the Joint Section of Cerebrovascular
Neurosurgery voted unanimously to endorse these training standard guidelines. In May 1999, the
Executive Committee of the American Society of Interventional and Therapeutic Neuroradiology
and the American Society of Neuroradiology also unanimously voted to endorse these guidelines.
In June 1999, the Executive Council of the American Association of Neurological Surgeons and
the Congress of Neurological Surgeons unanimously voted to endorse these guidelines.

CONCLUSION: The following guidelines for residency/fellowship education have now been
endorsed by the parent organization of both the interventional and diagnostic neuroradiology
community, as well as both senior organizations representing neurosurgery in North America.
These guidelines for training should be used as a reference and guide to any institution estab-
lishing a training program in neuroendovascular surgery/interventional neuroradiology.

The field of neuroendovascular surgery/interven-
tional neuroradiology has now become established
as a separate and new subspecialty in the field of
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minimally invasive therapy involving the central
nervous system. Prior to this time, other names for
this specialty were proposed and included ‘‘endo-
vascular surgical neuroradiology,’’ ‘‘surgical neu-
roangiography,’’ and ‘‘neurointerventional radiol-
ogy’’ (1–4). Devices specifically approved for
treatment of intracranial cerebral aneurysms, cere-
bral arteriovenous malformations, head and neck
tumors, and traumatic vascular lesions, have all
gained FDA approval, with specific indications for
therapy in the brain, head and neck, and spinal cord
region. These devices include microcatheters, mi-
croguidewires, detachable coils, detachable bal-
loons, particulate embolic materials, and other new-
er embolic agents (5–29). In addition, newer drugs
and devices are on the horizon for other indica-
tions, including intraarterial thrombolytic agents for
acute stroke therapy interventions, balloon angio-
plasty and stents for intracranial and extracranial
applications, liquid tissue adhesives, vertebroplasty
materials, and other medical devices ranging from
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intracranial laser devices, cerebral protection and
perfusion devices, and newer embolic materials to
treat complex cerebrovascular disorders (30–56).

Training programs throughout the United States,
Canada, Europe, and Japan have now become es-
tablished, specifically to train physicians with a
background in the neurosciences, particularly in
neuroradiology and vascular neurosurgery, in these
newer techniques. In North America, program re-
quirements have not yet been formally established
to provide a uniform recommendation for training
in this field. The potential for therapy is enormous,
with stroke affecting over 700 000 individuals per
year in North America alone, representing the
third-leading cause of death and the leading cause
of adult disability (57–65).

To ensure that these postdoctoral training pro-
grams will meet the minimally recommended stan-
dards for training in this field, an ad hoc committee
of senior members from the American Society of
Interventional and Therapeutic Neuroradiology
(ASITN), the American Association of Neurologi-
cal Surgeons and the Congress of Neurological
Surgeons (AANS/CNS) Section of Cerebrovascular
Neurosurgery, and the American Society of Neu-
roradiology (ASNR) met from 1986–1999 to estab-
lish mutually agreeable standards for training.

In April 1999, this ad hoc committee reached a
final consensus for program requirements for resi-
dency and fellowship education in neuroendovas-
cular surgery/interventional neuroradiology. In
April 1999, the Executive Committee of the
AANS/CNS Section of Cerebrovascular Neurosur-
gery voted unanimously to endorse these training
standard guidelines. In May 1999, the Executive
Committee of the ASNR and ASITN unanimously
voted to endorse these guidelines. In June 1999, the
Executive Council of the AANS/CNS unanimously
voted to endorse these guidelines.

The following document is now provided as a
guideline to existing and future programs that have
or are planning to develop a postdoctoral residency/
fellowship-training program in neuroendovascular
surgery/interventional neuroradiology at their
institution.

Definitions and Objectives
Neuroendovascular surgery/interventional neu-

roradiology, is a subspecialty that uses catheter
technology, radiologic imaging, and clinical ex-
pertise to diagnose and treat diseases of the cen-
tral nervous system. The unique clinical and in-
vasive nature of this subspecialty requires special
training and skills. The program must include
training in: 1) signs and symptoms of disorders
amenable to diagnosis and treatment by neuroen-
dovascular surgery/interventional neuroradiology
techniques; 2) neurologic examinations of pa-
tients to evaluate neurologic disorders; 3) path-
ophysiologic mechanisms and natural history of
these disorders; 4) indications and contraindica-
tions to neuroendovascular surgery/intervention-

al neuroradiology procedures; 5) clinical and
technical aspects of neuroendovascular surgery/
interventional neuroradiology procedures; 6)
medical and surgical alternatives; 7) preoperative
and postoperative management of neurovascular
patients; 8) neurointensive care management; 9)
fundamentals of imaging, radiation physics, and
radiation biology; and 10) integration of infor-
mation available from imaging studies, pertinent
to the neurovascular practice. In this subspecial-
ty, the objective of training is to give residents
an organized, comprehensive, supervised, full-
time educational experience in neuroendovascu-
lar surgery/interventional neuroradiology. This
experience includes the management of patients
with neurologic disease, the performance of neu-
roendovascular surgery/interventional neuroradi-
ology procedures, and the integration of neuroen-
dovascular surgery/interventional neuroradiology
therapy into the clinical management of patients.
This training program is not meant to duplicate
or replace the Accreditation Council for Graduate
Medical Education (ACGME)-approved program
in diagnostic neuroradiology.

Training in neuroendovascular surgery/interven-
tional neuroradiology should be conducted in an
environment conducive to investigative studies of
a clinical or basic science nature.

A program in neuroendovascular surgery/inter-
ventional neuroradiology must be administered by
an ACGME-accredited program in either neurolog-
ic surgery or diagnostic radiology.

Duration of Training
The program shall offer 1 year of graduate med-

ical education in neuroendovascular surgery/inter-
ventional neuroradiology.

Program Director
The program director must be certified by either

the American Board of Radiology or the American
Board of Neurological Surgery or possess equiva-
lent qualifications. The program director must have
special expertise in neuroendovascular surgery/
interventional neuroradiology techniques and con-
centrate at least 50% of his/her practice in neu-
roendovascular surgery/interventional neuroradiol-
ogy therapy. In addition, the program director must
devote sufficient time to the program to fulfill all
the responsibilities inherent in meeting its educa-
tional goals. It is desirable that the program director
hold faculty positions in both neurologic surgery
and radiology. The program director is responsible
for establishing and maintaining the curriculum, se-
lecting and supervising the residents, and selecting
faculty members.

The director of the neuroendovascular surgery/
interventional neuroradiology training program
should be appointed by and be responsible to the
program director of the sponsoring training
program.
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Faculty
In addition to the program director, the program

faculty must include at least one full-time member
with expertise in neuroendovascular surgery/inter-
ventional neuroradiology techniques, who 1) is cer-
tified/board-eligible by either the American Board
of Radiology or the American Board of Neurolog-
ical Surgery or 2) possesses equivalent qualifica-
tions. The faculty must provide didactic teaching
and direct supervision of residents’ performance in
clinical patient management and in procedural, in-
terpretive, and consultative aspects of neuroendo-
vascular surgery/interventional neuroradiology ther-
apy. The faculty also should stimulate scholarly
activities and be able to direct residents in the con-
duct of such activities. It is desirable that faculty
members hold appointments jointly in radiology and
neurologic surgery departments. Periodic evalua-
tion of the faculty should be accomplished at least
annually.

Faculty-to-resident Ratio
The total number of residents in the program

must be commensurate with the capacity of the pro-
gram to offer an adequate educational experience
in neuroendovascular surgery/interventional neu-
roradiology therapy. To ensure adequate teaching,
supervision, and evaluation of a resident’s academ-
ic progress, the faculty-to-resident ratio must be at
least one full-time faculty person for every two
residents.

Educational Program

Curriculum
The training program must offer didactic and

clinical experiences that encompass the full clinical
spectrum of neuroendovascular surgery/interven-
tional neuroradiology therapy.

Preparatory Requirements.—The neuroendovas-
cular resident must have completed either an
ACGME-accredited residency in neurologic sur-
gery or an ACGME-accredited fellowship in neu-
roradiology, or equivalent training.

Before entering the ACGME-approved year of
neuroendovascular surgery/interventional neurora-
diology, trainees must have spent at least 12
months in preparatory training acquiring the basic
skills needed to learn neuroendovascular surgery/
interventional neuroradiology.

Specifically, preparatory training must provide
trainees with a ‘‘hands-on’’ experience in which
they learn knowledge-based and procedural skills
from a neuroendovascular surgery/interventional
neuroradiology specialist in the following areas: 1)
the use of needles, catheters, guidewires, and an-
giographic devices and materials; 2) the basic
radiologic sciences, including radiation physics,
radiation protection, and the pharmacologic char-
acteristics of radiographic contrast materials; 3) an-
giography and basic image evaluation relevant to
the specialty of neuroendovascular surgery/inter-

ventional neuroradiology; 4) the proper use of and
indications for laboratory tests and methods that
are adjunctive to neuroendovascular surgery/inter-
ventional neuroradiology procedures, such as phys-
iologic monitoring, noninvasive neurovascular test-
ing, and noninvasive neurovascular imaging; 5) the
evaluation of patients with neurologic disease; 6)
the basic and clinical neurosciences, including neu-
roanatomy, neurobiology, and the pathophysiology
and natural history of neurologic disorders, espe-
cially cerebrovascular and neoplastic conditions; 7)
the clinical aspects of patient assessment, treatment
planning, and patient management related to
neuroendovascular surgery/interventional neurora-
diology therapy, including the fundamentals of in-
vasive monitoring and neurointensive care manage-
ment; 8) the clinical indications, risks, and
limitations of neuroendovascular surgery/interven-
tional neuroradiology procedures; and 9) the use
and administration of analgesics, antibiotics, anti-
coagulative agents, neuroanesthesic agents, and
other drugs commonly used in neuroendovascular
surgery/interventional neuroradiology procedures.

This ‘‘hands-on’’ experience must include cath-
eter-based diagnostic angiography. Each resident
must have been involved in the performance of at
least 100 catheter-based diagnostic angiographic
procedures before entering neuroendovascular sur-
gery/interventional neuroradiology training.

The director of the neuroendovascular surgery/
interventional neuroradiology program is respon-
sible for documenting that the applicant has com-
pleted the appropriate preparatory training.

Clinical Training.—A period of 12 continuous
months must be spent in clinical neuroendovascular
surgery/interventional neuroradiology training, dur-
ing which the trainee has the opportunity to perform
all of the following under close supervision: clinical
preprocedural examinations of patients, evaluation
of preliminary diagnostic studies, consultation with
clinicians on other services, diagnostic and thera-
peutic neuroendovascular surgery/interventional
neuroradiology procedures, generation of procedural
reports, and participation in short-term and long-
term postprocedural follow-up care, including neu-
rointensive care. The continuity of care must be of
sufficient duration to ensure that the resident is fa-
miliar with the outcome of all neuroendovascular
surgery/interventional neuroradiology procedures.
Residents should serve as consultants under the su-
pervision of staff neuroendovascular surgery/inter-
ventional neuroradiology practitioners. Direct inter-
actions of trainees with patients must be closely
observed to ensure that appropriate standards of care
and concern for patient welfare are strictly main-
tained. Communication, consultation, and coordi-
nation of care with the referring clinical staff and
clinical services must be maintained and document-
ed with appropriate notes in the medical record.

The program must provide adequate opportunity
for residents to participate in and personally per-
form and analyze a broad spectrum of endovascular
procedures in adults, children, and neonates. Spe-
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cific training should be provided in the following
areas:

1. Anatomic and physiologic basic knowledge
a) Basic knowledge in arterial angiographic

anatomy of the brain, spine, spinal cord,
and head and neck

b) Venous angiographic anatomy of the
brain, spine, spinal cord, head and neck

c) Collateral circulation
d) Dangerous anastomosis
e) Cerebral blood flow
f) Autoregulation
g) Pharmacologic mechanisms of CNS

vasculature
2. Technical aspects of neuroendovascular sur-

gery/interventional neuroradiology, includ-
ing:
a) Catheter and delivery systems
b) Embolic agents in cerebral, spinal, and

head and neck embolization
c) Flow-controlled embolization
d) Complications of cerebral embolization
e) Flow control between the extracranial

and intracranial circulation
f) Electrophysiologic processes
g) Provocative testing (pretherapeutic eval-

uation)
h) Complications of head and neck, brain,

spine, and spinal cord embolization
i) Imaging of vascular system

3. Pharmacologic agents
a) Contrast materials
b) Provocative testing with anesthetics and

barbiturates
c) Anticoagulants
d) Thrombolytics

4. Coagulation cascade
5. Brain and spinal cord arteriovenous malfor-

mation, arteriovenous fistulas of the brain,
spine, spinal cord, and head and neck vas-
cular malformations; ischemic stroke; and
cerebral aneurysms
a) Classification
b) Clinical presentation
c) Natural history
d) Epidemiologic data
e) Hemodynamic basis
f) Indications for treatment
g) Contraindications for treatment
h) Therapeutic techniques
i) Combined therapies

6. Tumors of the head, neck, spine, and central
nervous system

7. Revascularization for occlusive vascular
diseases
a) Arteriopathies
b) Atherosclerotic lesions
c) Techniques of revascularization: balloon

angioplasty, thrombolytics, and stenting
8. Embolization for epistaxis or other causes of

hemorrhage
9. Invasive functional testing

10. Balloon test occlusions

Conferences and Didactic Training
Residents must make daily rounds with the at-

tending faculty during which patient management
decisions are discussed and made. Conferences
should be organized by the faculty and held to al-
low discussion of topics selected to broaden knowl-
edge in the field of neuroendovascular surgery/in-
terventional neuroradiology. Specifically, teaching
conferences should embrace the scope of neuroen-
dovascular surgery/interventional neuroradiology
as outlined in Section I of these program require-
ments. Conferences should include journal clubs,
pathology meetings, and neuroanatomy dissection
courses related to neuroendovascular surgery/inter-
ventional neuroradiology.

There must be didactic and interactive confer-
ence time, including interdepartmental meetings
with neurosurgeons and neuroradiologists.

Regular review of all mortality and morbidity
related to the performance of neuroendovascular
surgery/interventional neuroradiology procedures
must be documented. Residents must participate
actively in these reviews, which should be held
monthly. Residents should be encouraged to attend
and participate in local extramural conferences and
should attend at least one national meeting or post-
graduate course in neuroendovascular surgery/in-
terventional neuroradiology therapy while in
training.

Patient Population
The institution’s patient population must have a

diversity of illnesses from which broad experience
in neuroendovascular surgery/interventional neu-
roradiology therapy can be obtained. The case ma-
terial should encompass a range of neurologic dis-
eases, including the neurovascular. An adequate
variety and number of neuroendovascular surgery/
interventional neuroradiology procedures must be
available for each resident. Each program must per-
form a minimum of at least 100 therapeutic neu-
roendovascular surgery/interventional neuroradiol-
ogy procedures per year. These procedures include
the treatment of aneurysms, brain arteriovenous
malformations, arteriovenous fistulas of the brain,
tumors of the central nervous system, occlusive
vascular diseases, revascularization, traumatic in-
jury, and maxillofacial vascular malformation and
tumors. In addition, the program must provide ad-
equate training and experience in invasive func-
tional testing.

Each resident must maintain a personal case log,
which the program director must certify at the com-
pletion of training.

The program director must submit the entire
clinical experience of the neuroendovascular sur-
gery/interventional neuroradiology program and
the residents in the format prescribed by a residen-
cy review committee (RRC). The list of procedures
must be made available to the RRC at the time of
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its review of the core program and the endovascular
neuroradiology training program.

The subspecialty program in neuroendovascular
surgery/interventional neuroradiology must not
have an adverse impact on the educational experi-
ence of neuroradiology or neurologic surgery res-
idents in the sponsoring program.

Equipment and Facilities
Modem imaging/procedure rooms and equip-

ment must be available and must permit the per-
formance of all neuroendovascular surgery/inter-
ventional neuroradiology procedures. Rooms in
which neuroendovascular surgery/interventional
neuroradiology procedures are performed should be
equipped with physiologic monitoring and resus-
citative equipment. The following state-of-the-art
equipment should be available: an MR scanner, a
CT scanner, high-resolution digital subtraction an-
giography equipment with live subtraction/road-
mapping capability, simultaneous biplane fluoros-
copy and filming (highly desirable), and
sonographic equipment. Facilities for storing cath-
eters, guidewires, contrast materials, embolic
agents, and other supplies must be next to or within
procedure rooms. There must be adequate space
and facilities for film display and film interpretation
and consultation with other clinicians.

The institutions where neuroendovascular sur-
gery/interventional neuroradiology training is con-
ducted must include appropriate inpatient, outpa-
tient, emergency, and intensive care facilities for
direct resident involvement in providing compre-
hensive neuroendovascular surgery/interventional
neuroradiology care.

Scholarly Activity
Graduate medical education must take place in

an environment of inquiry and scholarship in which
residents participate in the development of new
knowledge, learn to evaluate research findings, and
develop habits of inquiry as a continuing profes-
sional responsibility. The responsibility for estab-
lishing and maintaining an environment of inquiry
and scholarship rests with the teaching staff. Al-
though not all members of a teaching staff must be
investigators, the staff as a whole must demonstrate
broad involvement in scholarly activity. This activ-
ity should include:

1. Active participation of the teaching staff in
clinical discussions, rounds, and conferences
in a manner that promotes a spirit of inquiry
and scholarship. Scholarship implies an in-
depth understanding of basic mechanisms of
normal and abnormal states and the applica-
tion of current knowledge to practice.

2. Participation in journal clubs and research
conferences.

3. Active participation in regional or national
professional and scientific societies, particu-
larly through presentations at the organiza-

tions’ meetings and publications in their
journals.

4. Participation in research, particularly in pro-
jects that are funded following peer review or
result in publications or presentations at re-
gional and national scientific meetings.

5. Guidance and technical support (eg, research
design, statistical analysis) for residents in-
volved in research.

6. Provision of support for resident participation
in scholarly activities.

Research

A subspecialty program should have an investi-
gational component such that the residents may be-
come familiar with the design, implementation, and
interpretation of clinical research studies. Facilities
should be made available for research activity.

Research Facilities

The institution should provide laboratory facili-
ties to support research projects pertinent to endo-
vascular therapies.

Interchange with Residents in Other Specialties
and Students

Residents should be encouraged to participate in
research activities with residents and staff in other
related specialties. They also should be encouraged
to attend and participate in clinical conferences. It
is desirable that they participate in the clinical
teaching of neurologic surgery, radiology residents,
and medical students.

Duty Hours and Conditions of Work

The program director must establish an environ-
ment that is optimal both for resident education and
for patient care, including the responsibility for
continuity of care, while ensuring that undue stress
and fatigue among residents are avoided. It is the
program director’s responsibility to ensure assign-
ment of appropriate in-hospital duty hours so that
residents are not subjected to excessively difficult
or prolonged working hours. It is desirable that res-
idents’ work schedules be designed so that on av-
erage, excluding exceptional patient care needs,
residents have at least 1 day out of 7 free of routine
responsibilities and be on call in the hospital no
more often than every third night.

During the on-call hours, residents should be
provided with adequate sleeping, lounge, and food
facilities. There must be adequate backup so that
patient care is not jeopardized during or after as-
signed periods of duty. Support services and sys-
tems must be such that the resident does not spend
an inordinate amount of time in noneducational ac-
tivities that can be discharged properly by other
personnel.
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Evaluation

Residents
Subspecialty program directors must establish

clearly defined procedures for regular evaluation of
residents’ knowledge, skills, and overall perfor-
mance, including the development of professional
attitudes consistent with being a physician. The as-
sessment must include cognitive, motor, and inter-
personal skills as well as judgment.

The program director, with participation of mem-
bers of the teaching staff, shall:

1. At least semiannually evaluate the knowl-
edge, skills, and professional growth of the
residents, using appropriate criteria and
procedures.

2. Communicate evaluation results to the resi-
dent in a timely manner.

3. Advance residents to positions of higher re-
sponsibility only on the basis of evidence of
their satisfactory progressive scholarship and
professional growth.

4. Maintain a permanent record of evaluation for
each resident and have it accessible to the res-
ident and other authorized personnel.

5. Provide a written final evaluation for each
resident who completes the program. The
evaluation must include a review of the resi-
dent’s performance during the final period of
training and should verify that the resident
has demonstrated sufficient professional abil-
ity to practice competently and independent-
ly. This final evaluation should be part of the
resident’s permanent record maintained by the
institution.

Faculty
Faculty must be evaluated at least annually to

review teaching abilities, commitment to the edu-
cational program, clinical knowledge, and scholarly
activities. Residents should participate in these
evaluations.

Program
The educational effectiveness of a program must

be evaluated in a systematic manner. In particular,
the quality of the curriculum and the extent to
which the educational goals have been met by res-
idents must be assessed by the subspecialty pro-
gram director and institutional review committee
on a regular basis. Written evaluations by residents
should be used in this process.

Summary
Neuroendovascular surgery/interventional neu-

roradiology has now become established as a viable
new subspecialty involving special advanced train-
ing in newer devices, techniques, and applications
that are not part of the normal training program
offered in either diagnostic neuroradiology or vas-
cular neurosurgery. For these reasons, uniform,

mutually acceptable training standards have now
been developed by senior members of the neuro-
radiology and neurosurgery community. As this
specialty continues to grow and develop, there will
be a significant impact on improving care and qual-
ity of life for patients with complex cerebrovascu-
lar diseases requiring the care of well-qualified
physicians in this field.

References
1. Hopkins LN, Higashida RT, Piepgras D. Perspectives on training

standards in neuroendovascular therapeutics. In: Rossenwasser
R, ed. Neurosurgery Clinics of North America. Vol 11. Philadel-
phia: WB Saunders;2000;187–190

2. Spellman JP, Young WL, Hacein-Bey L. Perspectives on inter-
ventional neuroradiology. In: Maciunas RJ, ed. Endovascular
Neurological Intervention.: American Association of Neurological
Surgeons;1995;279–284

3. Martin NA. Neurosurgery and interventional neuroradiology.
In: Vinuela F, Halbach VV, Dion JE, eds. Interventional Neuro-
radiology: Endovascular Therapy of the Central Nervous System.
New York: Raven Press;1992;193–202

4. Hopkins LN, Strother CM. Neuroendovascular training. In:
Hopkins LN, Winn HR, Mayberg MR, eds. Neurosurgery Clinics
of North America. Vol 5. Philadelphia: WB Saunders;1994;565–
568

5. Berenstein A, Lasjaunias P. Indications and results of endovas-
cular treatment of aneurysms. In: Berenstein A, Lasjaunias P,
eds. Surgical Neuroangiography: Endovascular Treatment of
Spine and Spinal Cord Lesions. Vol 5. New York: Springer-Ver-
lag;1992;149–184

6. Kikuchi Y, Strother CM, Boyer M. New catheter for endovas-
cular interventional procedures. Radiology 1987;165:870–871

7. Berenstein A, Lasjaunias P. Newer developments in endovascu-
lar surgery in the CNS. In: Berenstein A, Lasjaunias P, eds. Sur-
gical Neuroangiography: Endovascular Treatment of Spine and
Spinal Cord Lesions. Vol 5. New York: Springer-Verlag;1992;
149–205

8. Higashida RT, Hieshima GB, Halbach VV. Advances in the treat-
ment of complex cerebrovascular disorders by interventional
neurovascular techniques. Circulation 1991;83:196–206

9. Halbach VV, Higashida RT, Hieshima GB. Interventional neu-
roradiology. AJR Am J Roentgenol 1989;153:467–476

10. Guglielmi G, Vinuela F, Dion J, et al. Electrothrombosis of sac-
cular aneurysms via endovascular approach. Part 2: prelimi-
nary clinical experience. J Neurosurg 1991;75:8–14

11. Guglielmi G, Vinuela F, Duckwiler G, et al. Endovascular treat-
ment of posterior circulation aneurysms by electrothrombosis
using electrically detachable coils. J Neurosurg 1992;77:515–
524

12. Debrun G, Fox A, Drake C, et al. Giant unclippable aneurysms:
treatment with detachable balloons. AJNR Am J Neuroradiol
1981;2:167–173

13. Higashida RT, Halbach VV, Dormandy B, Bell J, Hieshima GB.
Endovascular treatment of intracranial aneurysms with a new
silicone microballoon device: technical considerations and in-
dications for therapy. Radiology 1990;174:687–691

14. Romodanov AP, Shchegelov VI. Intravascular occlusion of sac-
cular aneurysms of the cerebral arteries by means of a de-
tachable balloon catheter. In: Krayenbuhl H, ed. Advances and
Technical Standards in Neurosurgery. Vol 9. Wien, New York:
Springer-Verlag;1982;25–49

15. Higashida RT, Halbach VV, Hieshima GB. Endovascular therapy
of intracranial aneurysms. In: Vinuela et al, ed. Interventional
Neuroradiology: Endovascular Therapy of the Central Nervous
System. New York: Raven Press;1992;51–62

16. Serbinenko FA. Balloon catheterization and occlusion of major
cerebral vessels. J Neurosurg 1974;41:125–145

17. Taki W, Handa H, Yamagata S, et al. Balloon embolization of
giant aneurysms using a newly developed catheter. Surg Neurol
1979;12:363–365

18. Vinuela F, Fox AJ. Interventional neuroradiology and the man-
agement of arteriovenous malformations and fistulas. Neurol
Clin 1983;1:131–154

19. Halbach VV, Dowd CF, Higashida RT, Balousek PA, Urwin RW.
Preliminary experience with a new embolic device: an electro-
lytically detachable fibered coil. AJNR Am J Neuroradiol 1998;
19:773–777



AJNR: 21, June/July 2000 NEUROENDOVASCULAR SURGERY/INTERVENTIONAL NEURORADIOLOGY 1159

20. Connors JJ, Wojak JC, Qian Z. Tools of the trade. In: Connors
JJ, Wojak JC, eds. Interventional Neuroradiology: Strategies and
Practical Techniques. Philadelphia: WB Saunders;1999;1–37

21. Malek AM, Higashida RT, Phatouros CC, Dowd CF, Halbach VV.
Treatment of an intracranial aneurysm using a new three-di-
mensional-shape Guglielmi detachable coil: technical case re-
port. Neurosurgery 1999;44:1142–1145

22. Vinuela F. Functional evaluation and embolization of intracranial
arteriovenous malformations. In: Vinuela F, Halbach VV, Dion JE,
eds. Interventional Neuroradiology: Endovascular Therapy of the
Central Nervous System. New York: Raven Press;1992;77–86

23. Dion JE. Principles and methodology. In: Vinuela F, Halbach
VV, Dion JE, eds. Interventional Neuroradiology: Endovascular
Therapy of the Central Nervous System. New York: Raven Press;
1992;1–15

24. Smith T, Higashida RT. Neurointerventional radiology: embo-
lotherapy intra-axial. In: Baum S, Pentecost MJ, eds. Abrams
Angiography. Vol 111. 4th ed. Boston: Little, Brown, and Com-
pany;1995

25. Fraser K, Higashida RT, Halbach VV, Dowd CF, Hieshima GB.
Interventional therapy for intracranial arteriovenous malfor-
mations. In: Rumbaugh CL, Wang A, Tsai FY, Igaku-Shoin, eds.
Cerebrovascular Disease: Imaging and Interventional Treatment
Options. New York, Tokyo:1995;439–459

26. Connors JJ, Wojak JC. Future devices and procedures. In: Con-
nors JJ, Wojak JC, eds. Interventional Neuroradiology: Strategies
and Practical Techniques. Philadelphia: WB Saunders;1999;38–40

27. Higashida RT, Halbach VV, Dormandy B, Bell J, Brant-Zawadzki
M, Hieshima GB. New microballoon device for transluminal
angioplasty of intracranial arterial vasospasm. AJNR Am J
Neuroradiol 1990;11:233–238

28. Theron J. Angioplasty of brachiocephalic vessels. In: Vinuela V,
Halbach VV, Dion JE, eds. Interventional Neuroradiology: En-
dovascular Therapy of the Central Nervous System. New York:
Raven Press;1992;167–180

29. Higashida RT, Halbach VV, Dowd CF, Hieshima GB. Endovas-
cular surgical approach to intracranial vascular diseases. J En-
dovasc Surg 1996;3:146–157

30. Pelz DM, Fox AJ, Vinuela F, et al Preoperative embolization of
brain AVMs with isobutyl-2 cyanoacrylate. AJNR Am J Neu-
roradiol 1988;9:757–764

31. Jafar JJ, Davis AJ, Berenstein A, et al. The effect of embolization
with n-butyl cyanoacrylate prior to surgical resection of cere-
bral arteriovenous malformations. J Neurosurg 1993;78:60–69

32. Debrun G, Vinuela F, Fox A, et al. Embolization of cerebral
arteriovenous malformations with bucrylate. J Neurosurg
1982;56:615–627

33. Purdy PD, Batjer HH, Risser RC, et al. Arteriovenous malfor-
mations of the brain: choosing embolic materials to enhance
safety and ease of excision. J Neurosurg 1992;77:217–222

34. Vinuela F, Dion JE, Duckwiler G, et al. Combined endovascular
embolization and surgery in the management of cerebral ar-
teriovenous malformations: experience with 101 cases. J Neu-
rosurg 1991;75:856–864

35. Tsai FY, Higashida RT. Intravascular therapeutic embolization
of acute traumatic vascular lesions of the head and neck. In:
Neal MP, Tisnado J, Cho S, eds. Emergency Interventional Ra-
diology. Boston: Little, Brown, and Company;1989;369–384

36. Higashida RT, Malek AM, Phatouros CC, et al. Stenting and an-
gioplasty for cerebrovascular disease. In: Fisher M, Fieschi C,
eds. Prevention of Ischemic Stroke. London: Martin Dunitz;1999;
231–252

37. Mandai S, Kinugasa K, Ohmoto T. Direct thrombosis of aneu-
rysms with cellulose acetate polymer. Part I: results of throm-
bosis in experimental aneurysms. J Neurosurg 1992;77:497–500

38. Kinugasa K, Mandai S, Terai Y, et al. Direct thrombosis of an-
eurysms with cellulose acetate polymer. Part II: preliminary
clinical experience. J Neurosurg 1992;77:501–507

39. Higashida RT, Tsai FY, Halbach VV, Dowd CF, Hieshima GB.
Cerebral percutaneous transluminal angioplasty. J Heart Dis
Stroke 1993;2:497–502

40. Higashida RT, Halbach VV, Barnwell SL, Dowd CF, Hieshima
GB. Thrombolytic therapy in acute stroke. J Endovasc Surg
1994;1:4–15

41. Higashida RT, Halbach VV, Tsai FY, Dowd CF, Hieshima GB.
Interventional neurovascular techniques for cerebral revas-
cularization in the treatment of stroke. AJR Am J Roentgenol
1994;163:793–800

42. Higashida RT, Tsai FY, Halbach VV, Dowd CF, Hieshima GB.
Transluminal angioplasty, thrombolysis, and stenting for ex-

tracranial and intracranial cerebral vascular disease. J Inter-
vent Cardiol 1996;9:245–256

43. Balousek PA, Knowles HJ, Higashida RT, del Zoppo GJ. New
interventions in cerebrovascular disease: the role of throm-
bolytic therapy and balloon angioplasty. Curr Opin Cardiol
1996;11:550–557

44. Pessin MS, Adams HP, Adams R, et al. New and emerging treat-
ments for acute ischemic stroke. Acute Interventions Panel.
American Heart Association. Stroke 1997;28:1518–1521

45. del Zoppo GJ, Higashida RT, Furlan AJ, et al. PROACT: a phase
II randomized trial of recombinant pro-urokinase by direct
arterial delivery in acute middle cerebral artery stroke. Stroke
1998;29:4–11

46. Wholey MH, Bergeron P, Diethrich ED, et al. Current global
status of carotid artery stent placement. Catheter Cardiovasc
Diagn 1998;44:1–6

47. Phatouros CC, Higashida RT, Malek AM, Meyers PM, Dowd CF,
Halbach VV. Clinical use of stents for carotid artery disease.
Neurol Med Chir (Tokyo) 1999;39:809–827

48. Tsai FY, Higashida RT, Meoli C. Percutaneous transluminal an-
gioplasty of extracranial and intracranial artery stenosis in the
head and neck. In: Vinuela F, Dion J, Duckweiler G, eds. Neu-
roimaging Clinics of North America. Vol 2. Philadelphia: WB
Saunders;1992;371–384

49. Higashida RT, Halbach VV, Dowd CF, Hieshima GB. Intracranial
aneurysms: evolution and future role of endovascular tech-
niques. In: Hopkins LN, ed. Endovascular Approach to Central
Nervous System Disease. Neurosurgery Clinics of North America.;
1994;5:413–426

50. Connors JJ, Wojak JC. Current directions in emergency stroke
therapy. In: Connors JJ, Wojak JC, eds. Interventional Neurora-
diology: Strategies and Practical Techniques. Philadelphia: WB
Saunders;1999;629–643

51. Iyer SS, Roubin GS, Yadav S, et al. Elective carotid stenting. J
Endovasc Surg 1996;3:105–106

52. Theron J, Courtheoux P, Alachkar F, Bouvard G, Maiza D. New
triple coaxial catheter system for carotid angioplasty with ce-
rebral protection. AJNR Am J Neuroradiol 1990;11:869–874

53. Connors JJ. Intracranial angioplasty. In: Connors JJ, Wojak JC,
eds. Interventional Neuroradiology: Strategies and Practical
Techniques. Philadelphia: WB Saunders;1999;500–554

54. Barnwell SL, Clark WM, Nguyen TT, O’Neill OR, Wynn ML,
Coull BM. Safety and efficacy of delayed intraarterial uroki-
nase therapy with mechanical clot disruption for thrombo-
embolic stroke. AJNR Am J Neuroradiol 1994;15:1817–1822

55. Jansen O, von Kummer R, Forsting M, Hacke W, Sartor K.
Thrombolytic therapy in acute occlusion of the intracranial
internal carotid artery bifurcation. AJNR Am J Neuroradiol
1995;16:1977–1986

56. Wholey MH, Jarmolowski CR, Eles G, Levy D, Buecthel J. En-
dovascular stents for carotid artery occlusive disease. J En-
dovasc Surg 1997;4:326–330

57. Cross DT, Moran CJ, Akins PT, et al. Intraarterial thrombolysis
in vertebrobasilar occlusion. AJNR Am J Neuroradiol 1996;17:
255–262

58. Zeumer H, Hundgen R, Ferbert A, Ringelstein EB. Local intra-
arterial fibrinolytic therapy in inaccessible internal carotid oc-
clusion. Neuroradiology 1984;26:315–317

59. Goto K, Ogata N. Intra-arterial thrombolysis using a newly
developed low friction guidewire/catheter system. In: Yama-
guchi T, Mori E, Minematsu K, del Zoppo GJ, eds. Thrombolytic
Therapy in Acute Ischemic Stroke III. Tokyo: Springer-Verlag;
1995;301–306

60. Furlan A, Higashida R, Wechsler L, Gent M, et al. PROACT II:
Intra-arterial prourokinase for acute ischemic stroke. A ran-
domized controlled trial. JAMA 1999;282:2003–2011

61. del Zoppo GJ, Ferbert A, Otis S, et al. Local intra-arterial fi-
brinolytic therapy in acute carotid territory stroke. A pilot
study. Stroke 1988;19:307–313

62. Hacke W, Zeumer H, Ferbert A, et al. Intra-arterial thrombolytic
therapy improves outcome in patients with acute vertebroba-
silar occlusive disease. Stroke 1988;19:1216–1222

63. American Heart Association. 1999 Heart and Stroke Statistical
Update. Dallas: American Heart Association;1998

64. Stroke and cerebrovascular disease.In: The National Advisory
Neurological Disorders and Stroke Council. Status Report: De-
cade of the Brain. Bethesda, Md: National Institutes of Health,
Public Health Services;1992;26–27

65. Argentino C, Prencipe M. The burden of stroke: a need for
stroke prevention. In: Fieschi C, Fisher M, eds. Prevention of
Ischemic Stroke. London: Martin Dunitz;1999;1–6


