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INSTRUCTIONS TO AUTHORS

Any article relevant to orthopaedic surgery, orthopaedic science or
the teaching of either will be considered by The Iowa Orthopaedic Journal
for publication. Articles will be enthusiastically received from alumni,
visitors to the department, members of the Iowa Orthopaedic Society,
residents and friends of The University of Iowa Department of Ortho-
paedics. The journal is published annually in May or June. The deadline
for receipt of articles for the 2002 journal is February 1, 2002.

Articles published and their illustrations become the property of the jour-
nal.  The Iowa Orthopaedic Journal is listed in the Index Medicus,
therefore articles previously published will not be accepted unless the
content has been significantly changed.

When you send an article it is essential that the following items be
submitted:

1. The original manuscript complete with illustrations. The
corresponding author must be clearly identified with address and tele-
phone number. Manuscripts of accepted articles will not be returned.

2. A bibliography, alphabetical and double-spaced, or references
made in text only. Refer to bibliographies in The Journal of Bone and Joint
Surgery and follow the style exactly.

3. Legends for all illustrations submitted, listed in order and typed
double-spaced.

4. Illustrations
a. Black-and-white glossy prints of photographs. Give magnifica-

tion of photographs.
b. Original drawings or charts.
c. Color illustrations cannot be used unless, in the opinion of the

journal, they convey information not available in a black-and-
white print. If color is desired, please send both color and
black-and-white prints.

Preparation of manuscript: Manuscripts must be typewritten,
double-spaced with wide margins. Write out numbers under 10 except
percentages, degrees, or numbers expressed in decimals. A direct
quotation should include the exact page number on which it appeared in
the book or article. All measurements should be given in SI metric units. In
reporting results of surgery, only in rare instances can cases with fewer
than two years’ follow-up be accepted.

Preparation of illustrations: Number all figures and indicate top
plainly. Write the author’s name on the back of each illustration. Send prints
unmounted; paste or glue will damage them. Drawings, charts, and letter-
ing on prints usually should be done in black; use white backgrounds.
Put dates or initials in legends, not on prints. Make lettering large enough
to be read when drawings are reduced in size. When submitting an illustra-
tion that has appeared elsewhere, give full information about previous pub-
lication and credit to be given, and state whether or not permission to repro-
duce it has been obtained.

Printed on acid-free paper ef fective with Volume XV, 1995.
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EDITORS’ NOTE

thank Dr. Deb Zilmer for her portrait and biography of
the first U.S. trained female orthopaedist.

We would like to thank many people who helped
make this year’s Journal a success. Ms. Laura Cole, our
secretarial assistant, provided us with needed informa-
tion and resources. Mr. Paul Etre and Ms. Kay Redlinger
helped with organization and administration of finan-
cial concerns. Ms. Diane Thomas, in the University of
Iowa Printing Department, was approachable and effi-
cient. Our advisors, Dr. Buckwalter and Dr. Callaghan,
were always available and volunteered suggestions for
additions and improvements. Our corporate sponsors
were enthusiastic.

The Iowa Orthopaedic Journal is entirely resident
run and supported by advertising and donations, and
we are proud to be a part of the fine tradition of excel-
lence of this publication.

In the Journal this year we remember Beth Murphy,
an important part of many of our lives in the depart-
ment. Her death is a great loss to each of us personally,
and to our department overall.

We welcome any and all comments with regard to
content and editing, and hope you enjoy the finished
product.

Daniel Fitzpatrick, M.D.
Erin Forest, M.D.
Rola Rashid, M.D.

We bring you the 2001 edition of the Iowa Ortho-
paedic Journal with great pride. Our efforts this year
have been enjoyable.

As our department has grown in the last year, add-
ing clinics and staff, we also expanded the scope of the
IOJ, to include updates on departmental activities. Our
additions include a list of previous editors, some of
whom are recognized internationally in the orthopaedic
community, a new cover design incorporating the de-
partmental symbol, updates on laboratory research at
the University, and a schedule of the next academic
year’s conference schedule. We feel this Journal repre-
sents our department well; articles are compiled from
work of current and past residents, new and established
faculty, as well as clinicians without direct ties to the
department, reflecting our national reputation.

Our focus on Ruth Jackson is of special significance
to many Iowa residents and alumnae; many of us have
heard the Iowa tradition of educating women in Ortho-
paedics, but most do not know the full story of Dr.
Jackson’s distinguished career. We thank her and the
women who followed for the inroads made in equilibrat-
ing education for women in medical and surgical pro-
fessions. We dedicate this edition to Dr. Jackson, and
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EDITORS EMERITUS

1991
Devon D. Goetz
Thomas K. Wuest

1992
Robert L. Bass
Brian D. Mulliken

1993
Kenneth J. Noonan
Lacy E. Thornburg

1994
George J. Emodi
James C. Krieg

1995
Steven M. Madey
Kristy L. Weber

1996
Jay C. Jansen
Laura J. Prokuski

1997
James S. Martin
Todd M. Williams

1998
R. Dow Hoffman
Darron M. Jones

1999
Matthew B. Dobbs
Dennis P. Weigel

2000
Gregory N. Lervick
Jose Morcuende
Peter D. Pardubsky

1981
Frederick R. Dietz
Randall F. Dryer

1982
John J. Callaghan
Randy N. Rosier

1983
Don A. Coleman
Thomas J. Fox

1984
Fred G. McQueary
Nina M. Njus

1985
Patrick M. Sullivan
Mark D. Visk

1986
John J. Hugus
Randall R. Wroble

1987
Thomas C. Merchant
Mark C. Mysnyk

1988
Richard A. Berger
David M. Oster

1989
James L. Guyton
Peter M. Murray

1990
Craig G. Mohler
Joseph E. Mumford
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In honor of Dr. Michael Bonfiglio’s distinguished career, the University of Iowa Or-
thopaedic Department initiated a campaign for the Bonfiglio Orthopaedic Education
Endowment in 1994. This serves as permanent recognition of Dr. B.’s commitment to
the department and provides a variety of educational materials and activities for the
fellows, residents and students. The new department Education Center was dedicated to
Dr. Bonfiglio in September 1995 at the Iowa Orthopaedic Alumni Meeting. It includes a
collection of microscopic slides and imaging studies, computers, educational computer
software and literature-search capabilities, audiovisual equipment and educational pro-
grams.

The goal is to raise enough funds so that the Bonfiglio Endowment will support the
center’s educational endeavors. In this way, the center will enhance training opportuni-
ties for medical students, orthopaedic residents and fellows, clinicians and allied health
care personnel for years to come.

Gifts and pledges to the Endowment should be directed to the Bonfiglio Educational
Endowment Fund and qualify as charitable contributions.

Address:
Bonfiglio Educational Endowment Fund
University of Iowa Health Care
University of Iowa Hospitals and Clinics
Department of Orthopaedic Surgery, JPP
200 Hawkins Dr.
Iowa City, IA 52242-1088

BONFIGLIO EDUCATIONAL ENDOWMENT FUND
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2001 GRADUATING SENIOR RESIDENTS

David H. Allmacher,
M.D.
David was born in Colo-
rado Springs and raised in
Grand Lake, Colorado.  He
received a B.A. in Psychol-
ogy at the University of
Colorado, Boulder.  He re-
ceived his M.D. from the
University of Colorado
School of Medicine.  David
will return home to com-
plete an Adult Reconstruc-
tion fellowship with Doug

Dennis and Brian Haas at Colorado Joint Replacement.

Steven Herbst, M.D.
Steve was born in
Hammond, Indiana and
raised in Brownburg, Indi-
ana.  He attended Indiana
University where he re-
ceived a B.A. in Chemistry.
He received his M.D. at In-
diana University.  Steve will
complete a fellowship with
Mark Meyerson at the
Union Memorial Hospital
in Foot and Ankle Surgery.
He then plans to return to

central Indiana with his wife Kristen and kids, Alex
and Nathan.

Gregory Lervick, M.D.
Greg was raised in
Burnsville, Minnesota.  He
earned a B.A. in Molecular
Biology from the University
of Colorado, Boulder in
1991, and an M.D. from the
University of Iowa in 1996.
In June of this year, he will
be married to his fiancee
Katie MacGregor.  Next
year, Greg and Katie will be
moving to New York City,

where he will complete a shoulder fellowship with Dr.
Louis Bigliani at Columbia-Presbyterian Hospital.

Jose Morcuende, M.D.
Jose received his M.D. at
Autonoma University of
Madrid in 1981 and studied
orthopaedics there from
1982-1987.  From 1991-
1994, he was involved in re-
search at the University of
Iowa.  He spent the next 2
years at the Shriners in
Tampa before beginning
his residency in or tho-
paedic surgery here.  Jose
will be staying in Iowa City

with his wife Ulpiana and children Miguel and Irene,
as he will be joining the department.

Peter D. Pardubsky,
M.D.
Peter was born in Cedar
Rapids, Iowa and raised in
Iowa City, Iowa.  He re-
ceived a B.A. in Chemistry
from the University of Iowa
in 1990 and his M.D. in
1994.  He completed a gen-
eral surgery internship at
the Medical College of Vir-
ginia in Richmond and then
returned to the University
of Iowa as a research fellow

in Orthopaedics.  Peter, his wife Kristin, and daughter
Claire will be moving to Boston where he will com-
plete a fellowship in Hand and Upper Extremity Sur-
gery at the Brigham and Women’s Hospital.
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John Glaser, M.D.
John Glaser was born in Roch-
ester, New York. He attended
Dartmouth College where he
studied history and received
his B.A. in 1978. In 1982 he
graduated from the University
of Rochester Medical School.
Dr. Glaser then started a Gen-
eral Surgery residency pro-
gram at the University of Roch-
ester in 1982. He completed
his residency at the University
of Virginia in Orthopaedic Sur-
gery from 1984-1988. He went

on to do a spine fellowship at the University of Iowa Hospi-
tals and Clinics from 1988 to 1989. His orthopaedic inter-
ests are adult spine, especially cervical spine. His research
interests include outcomes of spinal surgery, spinal fixa-
tion and fusion techniques. In his spare time, Dr. Glaser
enjoys spending time with his family. When asked why he
wanted to come to Iowa, he answered, “The strong focus
on teaching and investigation plus the great community.”

NEW ORTHOPAEDIC FACULTY

Joseph Chen, M.D.
Joseph Chen was born in
Washington, D.C. In 1992 he
received a Sc.B. degree from
Brown University in Biomedi-
cal Engineering. He attended
Brown University School of
Medicine where he received
his medical degree in 1996.
Dr. Chen completed a resi-
dency in Preliminary Internal
Medicine in 1997 and then a
residency in Physical Medi-
cine and Rehabilitation from
1997-2000 at Mayo Graduate

School of Medicine. His orthopaedic interests are spinal
disorders, pain rehabilitation, and electrodiagnosis. Dr.
Chen enjoys cross-country skiing, volleyball and cars in
his spare time. When asked why he wanted to come to
Iowa, he responded, “I’m the first and only physiatrist in
the University of Iowa Department of Orthopaedics and
feel privileged to work with an outstanding department.”
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Department of Orthopaedics
2000-2001

First Row (L to R): Brian J. Divelbiss, Glen T. Feltham, Joseph J. Chen, Erin E. Forest, Charles R. Clark, Joseph A.
Buckwalter, R. Kumar Kadiyala, Reginald R. Cooper, John P. Albright, Rola H. Rashid, Brian D.
Adams

Second Row (L to R): Stuart L. Weinstein, Charles L. Saltzman, J. Lawrence Marsh, Aimee S. Klapach, Richard A.
Brand, Todd O. McKinley, Mark L. Hagy, Jay D. Keener, Gregory N. Lervick, Andres R. Ayoob

Third Row (L to R): Christopher D. Sliva, Michael D. Sander, Stacy V. K. Smith, Jose A. Morcuende, Peter D. Pardubsky,
Steven A. Herbst, Daniel C. Fitzpatrick

Fourth Row (L to R): John A. Glaser, Michael R. O’Rourke, Stephen L. Knecht, Jay C. Albright, Brian R. Wolf, Geoffrey
F. Haft, Ernest M. Found, David H. Allmacher

Not Pictured: John J. Callaghan, Frederick R. Dietz, Richard C. Johnston, James V. Nepola, Ignacio V. Ponseti,
William R. Pontarelli, Curtis M. Steyers
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DEPARTMENT OF ORTHOPAEDIC SURGERY
2001-2002 LECTURESHIPS AND CONFERENCES

Carroll B. Larson Shrine Memorial Lecture
February 2-3, 2001

Alvin H. Crawford, M.D.
Cincinnati, OH

Reginald R. Cooper Orthopaedic Leadership
Lectures
April 13-14, 2001

Roby C. Thompson, M.D.
University of Minnesota
Minneapolis, MN

Senior Residents’ and Fellows’ Day
May 18-19, 2001

Denis R. Clohisy, M.D.
University of Minnesota Medical School and

Cancer Center
Minneapolis, MN

Aaron G. Rosenberg, M.D.
Rush-Presbyterian-St. Luke’s Medical Center
Chicago, IL

Iowa Orthopaedic Alumni Conference
September 27-29, 2001

Andrew R. Burgess, M.D.
University of Maryland Med. Ctr.
Baltimore, MD

Sports Medicine Symposium
November 30-December 1, 2001

The faculty is being assembled and one of the
featured speakers will be:

William G. Clancy, Jr., M.D.
Birmingham, AL

December 1
2nd Annual University of Iowa Orthopaedic
Sports Medicine Society Meeting

Senior Residents’ and Fellows’ Day
June 7 & 8, 2002

Sixth Biennial Johnston Lectureship in Hip
Reconstruction
October 11-12, 2002

Lawrence D. Dorr, M.D.
Los Angeles, CA

Randy N. Rosier, M.D.
Rochester, NY
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BETH MURPHY 1965-2000

It is curious that a single individual can touch so many lives and not realize the in-
credible gift that they share with each and every contact. Such was the case with Beth
Murphy’s daily interaction with her friends and co-workers.

Certainly, every person who knew Beth was deeply saddened by her untimely pass-
ing. This is especially true for both former and current residents. Beth, in her profes-
sional role, was a shining light of reason and certainty in an often chaotic residency. On
our clinical rotations, and on some of our research projects, she kept our lives organized
and frequently bailed us out of potentially disastrous situations.

On the personal side, Beth was a great friend of every resident who knew her. Her
contagious energy and positive attitude frequently lightened the day of a sleep-deprived
trauma resident. Even after finishing the program, former residents calling for Dr. Marsh’s
advice would often find that they spent more time ‘catching up’ with Beth than speaking
with Dr. Marsh.

Beth’s passing continues to trouble many of us in the department. We will never know
the answers to the many questions she left behind. However, we must all understand
that Beth also left us with many gifts that we should not take for granted. Each resident
who leaves this program carries a small part of Beth’s spirit. As we move on to practices
throughout the country, we must continue to share her helpful, reassuring spirit through
our daily interactions with co-workers, patients and family.
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She stood five feet two inches tall and smoked a
Tiperello. She liked to say “I’m little but I’m mighty.”
Her hobbies included reading, dove hunting, skeet-
shooting, and fishing for bass. She liked music and danc-
ing and collected limericks. Her favorite mottoes were
“Never put your hands in the wound” and “Do the most
for those who need you.” She was an orthopaedic sur-
geon, author, speaker, philanthropist and inventor.

Ruth Jackson was born and raised on a 500 acre farm
in Scranton, Iowa on December 12, 1902. One of seven
siblings, she described herself as “a real tomboy” with
a delightfully normal childhood. She and a brother con-
structed their own sleds and rode them down the snow-
covered hills of her parents’ farm. As an indicator of
her present and future ingenuity, she arranged to have
someone with a horse meet them at the bottom of the
hill so they could have their sleds towed up the slope.
Feeling comfortable with hand tools and the art of con-
struction, she took pride in the fine tree houses she
built.

At the age of 14, she and her family moved to
McAllen, Texas, in the Rio Grande valley. Ruth attended
high school there and graduated in 1920.

When it was time for her to enter college, she chose
the University of Texas in Austin. During the planning
stage, she announced to her father, “I think I’ll take a
pre-med course” (of study). Her father responded with
an emphatic, “I think you won’t!” She conceded and
began studies in economics and sociology.

In her junior year during a sociology practicum, she
was sent out to visit a poor family to see if they needed
groceries because the father couldn’t work. The father’s
problem involved his knee. She could not understand
why he couldn’t get his knee treated so that he could
go back to work and provide for his family himself. Af-
ter that, she “gave myself a good talking to and said
‘Ruth Jackson, this is not for you. Anybody could do
this. What you need to do is find out what is wrong
with that man’s knee and put him back to work so he
can take care of his own family.’ ” She then wrote her
father that she was changing her major to Pre-Med and
that she intended to become a doctor. She graduated in
1924 with a Bachelor of Arts degree in Zoology and a
minor in chemistry.

Ruth entered Baylor University College of Medicine
becoming one of four women in a class of 120 fresh-

men. Although her father still objected to her focus of
study, he continued to invest financially in her educa-
tion. At her orientation at Baylor, a Dr. Morrision told
the women it would be necessary for them to score ten
points higher in their grades than the men in order for
them to graduate with equal standing. Then during the
course of her medical education she encountered a cu-
rious obstacle to learning. The male students were al-
lowed to examine female patients but the women were
not allowed to examine men. Ruth protested, “If you
are going to practice medicine, you need to know what’s
wrong with men just as men need to know what’s wrong
with women.” Despite these issues, she graduated in
1928, eighth in her class and set out to become a gen-
eral surgeon.

RUTH JACKSON, M.D.:
A WOMAN OF DETERMINATION AND ACCOMPLISHMENT

Debra A. Zillmer, M.D.



Volume 21 xi

Ruth Jackson, M.D.: A Woman of Determination and Accomplishment

In 1928, general surgery internships were closed to
women, including at her alma mater, Baylor University.
An instructor at Baylor assisted her in finding a rotat-
ing internship at Memorial Hospital in Worcester, Mas-
sachusetts. This was an all female program. She hoped
to continue on in Worcester in a general surgery resi-
dency but was reportedly not accepted because she was
a female.

Still hoping to have a career as a general surgeon,
Dr. Jackson hoped to improve her chances of obtaining
a residency by working in a related field. With warm
memories in mind about the state of Iowa, she accepted
a residency slot with Dr. Arthur Steindler, a renowned
orthopaedic surgeon, at the University of Iowa.

Her experience in Iowa City was a positive one and
shaped her future career. She was impressed with the
work of the orthopaedic surgeons, their treatment of
young polio victims, and the rehabilitation of children
with birth defects. In Dr. Jackson’s own words, “I can’t
describe the feeling I had when I was helping one of
these kids, but I knew then this experience was among
the most rewarding for me. It was then that I decided
on orthopaedic surgery.” It appears that Dr. Steindler’s
mentorship was instrumental in her decision-making.

In 1930, she returned to Worcester for one more year
of training in orthopaedics. Among her recollections of
the patients she cared for during that time were the
casualties from the “tree sitting” contests then in vogue.
When contestants fell asleep during competition and
tumbled from their perches, she treated the fractures
they sustained.

From 1931 to 1932, she served as a resident ortho-
paedic surgeon at the Scottish Rite Hospital for Crippled
Children in Dallas, Texas. While there, her father called
her asking her to come home at once. Apparently, her
nephew had been accidentally shot in the shoulder. Dr.
Jackson traveled home and surgically removed the bone
chips and debris from her nephew’s shoulder. This con-
siderably raised her father’s opinion about her career.
Later he told her that if she had never done anything
else in medicine except what she did for her nephew,
he would feel adequately repaid for all that her educa-
tion had cost him. She officially completed her ortho-
paedic training August 1, 1932.

Later in 1932 in the midst of the Depression, she
opened a private practice in Dallas. She shared an of-
fice with five other physicians and one receptionist. She
took out a $400 loan to set up office. She performed
reconstructive surgery without pay, learning techniques
that would serve her well in the future. In order to sup-
port herself, Dr. Jackson earned money by working for
President Roosevelt’s Works Progress Administration,
performing physical examinations for the fee of three

dollars an hour. She recalls that her earnings for the
entire year of 1932 totaled $2,100.

The American Academy of Orthopaedic Surgeons
was formed in 1933. Any orthopaedic surgeon who was
practicing was automatically certified for membership
with a grandfather’s clause. Dr. Jackson was excluded
from the grandfather clause and was required to pass
her Board Examination to qualify for membership. She
did just that in 1937 and became the first woman certi-
fied by the American Board of Orthopaedic Surgery and
the first woman admitted to the American Academy of
Orthopaedic Surgeons.

Between the years of 1936 and 1941, Dr. Jackson was
Chief of the Orthopaedic Service of Parkland Hospital
in Dallas and established the first orthopaedic residency
in that institution.

In 1936, she was involved in a motor vehicle acci-
dent and injured her neck. She had significant cervical
pain for several years and that experience stimulated
her interest in cervical spine problems. Over time she
developed the “Jackson Cervipillow”, a u-shaped pillow
that cradles and supports the neck of pain sufferers dur-
ing sleep. Her experience in treating over 15,000 pa-
tients with cervical spine problems was published in
The Cervical Syndrome, first published in 1956 and later
reprinted in multiple editions.

In 1939, Ruth Jackson married Dan McCoung and
kept her own name. Two years later they divorced re-
portedly because he wanted children and she felt the
rigors of her practice precluded child rearing.

In 1945, Dr. Jackson eventually built her own private
clinic in Dallas in a building modeled after a house in
Virginia. It resembled more of a home than a clinic but
contained examination rooms, an operating room, an x-
ray suite, and physical therapy facilities. She conducted
her medical practice for 38 years in this building. She
did all of her surgeries under local anesthesia includ-
ing lumbar diskectomies. The majority of her surgeries
were conducted on the foot. She stopped operating in
1974 but continued to practice until the end of 1989
when she retired at the age of 87! Dr. Jackson died at
the age of 91 on August 28, 1994.

In addition to the information mentioned above, Dr.
Jackson distinguished herself as an orthopaedic surgeon
in numerous other ways. In 1940, she was appointed by
Labor Secretary Frances Perkins (first female U.S. Cabi-
net Member) to the Advisory Committee for Services
to Crippled Children. In 1945, she was elected to the
American College of Surgeons. In 1948, she was se-
lected as one of the Twelve Outstanding Women in
Texas.

In 1968, she was elected to Who’s Who in the United
States of America.
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Dr. Jackson was a founding member of the Foot and
Ankle Society. She published more than 25 articles in
medical journals. She delivered addresses in 19 states
and several foreign countries. She patented several in-
ventions to enhance orthopaedic care delivery and
safety for patients.

In 1961, Dr. Jackson founded the Ruth Jackson Re-
search Fund at Baylor University Medical Center. This
fund was established through an endowment of a grate-
ful patient. In 1975, the Ruth Jackson Research Foun-
dation was established to support research and semi-
nars in orthopaedic surgery. Dr. Jackson donated the
funds to create the Ruth Jackson Library at Baylor
University. September 9, 1986, was designated Ruth
Jackson Day in Dallas and was commemorated with a
testimonial dinner in her honor and a celebration at
Baylor University.

One of Dr. Jackson’s greatest legacies is the Ruth
Jackson Orthopaedic Society, founded in 1983. This
organization salutes her pioneering spirit and accom-
plishments and seeks to enhance and advance the ca-
reers of women in orthopaedics. Dr. Jackson contrib-
uted money for the organization’s endowment and
attended the annual meeting until her death. The orga-
nization, which is one of the recognized Specialty Soci-
eties of the American Academy of Orthopaedic Sur-
geons, currently has more than 400 national and

international members. Started as a support organiza-
tion for its members, it now offers mentoring services,
awards two annual traveling fellowships and a resident
research award, and works collaboratively with the
AAOS on educational and advocacy issues such as os-
teoporosis and family violence.

Dr. Ruth Jackson’s spirit, determination, persever-
ance and belief in her own talents led to her impressive
list of accomplishments. These personal and profes-
sional feats have enhanced the practice of orthopaedic
surgery and served to provide a model for those who
follow her in practice. She would have been honored
and proud to have an annual volume of the Iowa Ortho-
paedic Journal dedicated to her.
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ABSTRACT
Osteoarthritis (OA), the disease characterized

by joint pain and loss of joint form and function
due to articular cartilage degeneration,6-8,13 is not
an inevitable consequence of aging, but a strong
association exists between age and increasing evi-
dence of OA. Aging changes in articular cartilage
that increase the risk of articular cartilage degen-
eration include fibrillation of the articular surface,
decrease in the size and aggregation of
proteoglycan aggrecans, increased collagen cross-
linking and loss of tensile strength and stif fness.
These alterations are most likely primarily the re-
sult of aging changes in chondrocyte function that
decrease the ability of the cells to maintain the
tissue including decreased synthetic activity, syn-
thesis of smaller less uniform aggrecans and less
functional link proteins and decreased responsive-
ness to anabolic growth factors. Our recent work
suggests that the cause of the age-related loss of
chondrocyte function may be progressive senes-
cence of articular cartilage chondrocytes marked
by a decline in mitotic activity, increased expres-
sion of the senescence-associated enzyme beta-
galactosidase and erosion of telomere length. New
efforts to prevent the development or progression
of OA might include strategies that delay the on-
set of chondrocyte senescence or replace senes-
cent cells.

The rapid increase in the mean age of the United
States population, and the even more striking increase
in the portion of the population over age 60, is pro-
foundly changing the demands placed on our health
care system. A wide variety of impairments and diseases

have a close relationship to aging, and the prevalence
and impact of these impairments and diseases are in-
creasing as the population ages. Concern over the ef-
fects of aging on health has led physicians, scientists
and the public to direct their attention toward improv-
ing understanding of age-related changes in tissues and
organ systems and the role of these changes in caus-
ing disease and disability.2,14 Dramatic progress has been
made in defining alterations in brain, bone and skeletal
muscle that occur with age and in developing ap-
proaches to decrease the adverse ef fects of these
changes. Far less attention has been paid to the age-
related changes in articular cartilage that may lead to
degeneration of this tissue and the pathological process
consisting of gradual generally progressive loss of the
tissue structure and function.2,6-8,14 Yet, no disease is
more closely correlated with advancing age than os-
teoarthritis, and no disease causes more impairment of
mobility.29,30

AGE AND THE INCIDENCE AND PREVALENCE
OF OSTEOARTHRITIS

The strong correlations between increasing age and
increasing incidence and prevalence of osteoarthritis29-30

(Figure 1) have led to the widespread concept that os-
teoarthritis is an inevitable result of growing older, that
is, with time and use joints wear out.17 This concept
leads to the conclusion that preventing the development
or progression of osteoarthritis is not possible and that
the best approaches to management of the disease are
symptomatic treatments for patients with mild or mod-
erate disease and joint replacement for patients with
severe disease. An alternative view is that the joint de-
generation responsible for osteoarthritis is distinct from
articular cartilage aging. The implications of this con-
clusion are that osteoarthritis is not an inevitable con-
sequence of aging and that the potential exists to de-
velop strategies that will decrease the risk or slow the
progression of osteoarthritis. Determining which of
these views is correct requires an understanding of re-
lationships between osteoarthritis and articular carti-
lage aging.
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OSTEOARTHRITIS AND ARTICULAR
CARTILAGE DEGENERATION

Osteoarthritis is the clinical syndrome manifested by
joint pain and loss of joint form and function caused by
the degeneration of articular cartilage.5-8 One of the first
events in articular cartilage degeneration is disruption
or alteration of the molecular structure and composi-
tion of the matrix. Some of the early matrix changes in
ar ticular car tilage degeneration include loss of
proteoglycans and an increase in water concentration.
The tissue damage stimulates a chondrocytic synthetic
and proliferative response that may maintain or even
restore the articular cartilage. This chondrocytic re-
sponse may continue for years; however, in progressive
joint degeneration the chondrocytic anabolic response
eventually declines and the imbalance between chon-
drocyte synthetic activity and degradative activity leads
to progressive thinning and loss of articular cartilage.
Even in the early stages of joint degeneration, the stiff-
ness of the articular cartilage declines and its perme-
ability increases. These alterations in material proper-
ties may further accelerate the progression of the
disease.

Articular cartilage degeneration does not progress
relentlessly in all cases. The response of the synovial
joint to articular cartilage degeneration can in some
instances restore a form of cartilaginous surface.8,13 It
is not clear how frequently this occurs, but studies of
small groups of patients confirm that even in individu-
als with complete loss of articular cartilage the poten-
tial exists for spontaneous restoration of a cartilaginous
surface that may function effectively for years.13 Thus
far the characteristics of patients in whom this response
occurs have not been defined, but this phenomenon
deserves further study.

ARTICULAR CARTILAGE AGING
Articular cartilage undergoes significant structural,

matrix composition, and mechanical changes with
age.2,4,8,12,14,15,27,31 Although the structural, matrix and
mechanical changes are almost certainly closely related
to progressive change in cell function that is an age-
related decline in the ability of the cells to maintain the
tissue, this relationship has not been clearly defined.

Autopsy studies have documented increasing preva-
lence of articular surface fibrillation with age (Figures
2 and 3). This condition is more common in some joints
than others, but appears to be a universal age-related
process. The majority of patients with articular surface
fibrillation do not develop joint pain or dysfunction.
Thus, age-related articular cartilage fibrillation does not
necessarily lead to the progressive articular cartilage
degeneration responsible for osteoarthritis.

Alterations in aggregating proteoglycans (molecules
referred to as aggrecans that consist of central protein
cores with multiple covalently bound chondroitin and
keratan sulfate chains and that give articular cartilage
its stiffness to compression, resilience and durability)
are among the most striking articular cartilage matrix
changes seen with aging.3,9,10,12,34 The size of
proteoglycan aggregates (molecules formed by the non-
covalent association of multiple aggrecans with a
hyaluronan filament) decreases significantly with age
(Figure 4), because the aggrecan molecules become
shorter (Figure 5), as do their chondroitin sulfate
chains, and because the mean number of aggrecans in
each aggregate decreases (Figure 4). These age-related
changes might be due to degradation of the
proteoglycans in the matrix, alterations in proteoglycan
synthesis, or both. Evidence from studies of bovine
chondrocytes in vitro suggests that there is an age-re-
lated change in aggrecan synthesis that leads to the
production of shorter, more variable aggrecan protein
cores and chondroitin sulfate chains.3,12,33 Likewise, in
vitro experiments show that aggregates assembled in
cultures of older chondrocytes are smaller and more
irregular than those assembled in cultures of younger
chondrocytes.12 Some of these changes in aggregates
may be caused by age-related alterations in link pro-
teins (the small proteins that stabilize the association
between aggrecans and hyaluronan).1,11,12,32 Other age-
related changes in the molecular composition and struc-
ture of the articular cartilage matrix include increased
collagen cross-linking and decreased water concentra-
tion.2,14

Presumably as a result of changes in the molecular
composition and organization of the matrix, the me-
chanical properties of articular cartilage deteriorate with
age.18-20,27,31 The best documented changes are declines

Figure 1. Histogram showing that the incidence of knee osteoar-
thritis increases with age in men and women.
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in tensile stiffness and strength that may make the tis-
sue more vulnerable to injury and development of pro-
gressive degeneration.

Recent studies of rat articular cartilage chondrocytes
revealed an age-related decline in synthetic activity and
in the anabolic response of the cells to insulin-
dependent growth factor I (IGF-I).24,26 IGF-I appears to
be one of the most important anabolic factors in articu-
lar cartilage and thus presumably has a critical role in
maintaining the chondrocyte synthetic activity that pre-
serves articular cartilage.24 The age-related decline in
the anabolic response of ar ticular car tilage
chondrocytes to IGF-I may be associated with increased
expression of insulin growth-factor binding proteins.26

An age-related increase in the production of these bind-
ing proteins could decrease the ability of the
chondrocytes to maintain or repair articular cartilage
matrix.

If articular cartilage aging and the articular cartilage
degeneration responsible for osteoarthritis are distinct
processes6,8 (Table 1), how can the striking increase in
the incidence of articular cartilage degeneration with
age be explained? The answer appears to be that the
structural, molecular, cellular and mechanical aging
changes in articular cartilage increase the vulnerability
of the tissue to degeneration. Furthermore, the evidence
that articular cartilage chondrocytes synthesize smaller,
more irregular aggrecans and are less responsive to
anabolic cytokines with increasing age suggests that
older articular cartilage is less able to repair and re-
store itself.24,26 Thus, articular cartilage aging does not
cause osteoarthritis, but aging changes in articular car-
tilage increase the risk of articular cartilage degenera-
tion, and decrease the ability of joint tissues to prevent
progression once degeneration begins. However, the
apparent relationship between aging changes in chon-

Figure 2. Prevalence of humeral and patellar articular surface fi-
brillation determined at autopsy. (This histogram was developed
from data originally published by Collins and Meachim [1961] and
reported by Freeman in Freeman MAR: Adult Articular Cartilage.
2nd ed. 1979, Tunbridge Wells: Pitman Medical Publishing. pp.
560.16

Figure 3. Prevalence of ankle and knee articular surface fibrilla-
tion determined at autopsy. (This histogram was developed from
data reported by Koepp et al.21)

Figure 4. Electron micrographs of bovine articular cartilage
proteoglycan aggregates.12

Figure 5. Histogram showing the decrease in human proteoglycan
aggrecan length with age.12
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drocyte function and the risk of developing osteoarthri-
tis does not explain why the aging changes occur. Lack
of such an explanation makes it difficult to develop new
scientifically sound strategies for preventing the devel-
opment of osteoarthritis or slowing its progression.

CHONDROCYTE SENESCENCE
A recently formulated hypothesis suggests that an

intrinsic genetic “clock” regulates cell aging and that
erosion of telomeres (DNA sequences at the ends of
chromosomes that are necessary for chromosomal rep-
lication) as a result of cell divisions marks the advance-
ment of this “clock.” Chromosomes from young, nor-

mal somatic cells show relatively long telomeres of >9
kilobase pairs (kbp) but these are eroded at the rate of
100-200 base pairs (bp) with each cell division cycle.
Erosion beyond the minimum length necessary for
DNA replication (5-7.6 kbp) results in cell cycle arrest,
a condition referred to as replicative senescence.

Most cell types reach cell cycle arrest after a char-
acteristic number of population doublings. This funda-
mental barrier to unbridled growth, termed the Hayflick
limit, is common to somatic cells that lack telomerase,
an enzyme responsible for replacing telomere se-
quences. The Hayflick limit for human fibroblasts has
been estimated at ~60 population doublings while the

TABLE 1
Differences Between Articular Cartilage Aging and Articular Cartilage Degeneration

Responsible for Osteoarthritis

Aging Degeneration

Structural • Localized fibrillation • Fibrillation and fragmentation extending to
subchondral bone

• Loss of tissue (decreased cartilage thickness
and complete loss of cartilage in
some regions)

• Formation of fibrocartilagenous repair tissue

Matrix • Decreased water concentration • Initial increase in water content
• Loss of large proteoglycan aggregates • Disruption of collagenous macromolecular

(decreased aggregate stability?) organization
• Increased decorin concentration • Progressive degradation and loss of

proteoglycans and hyaluronan
• Accumulation of degraded molecules • Progressive degradation and loss of collagens

(aggrecan and link protein fragments)
• Increased collagen cross-linking • Increased fibronectin concentration
• Increased collagen fibril diameter and

variability in fibril diameter

Mechanical • Decreased tensile strength and • Increased permeability and loss of tensile and
stiffness in superficial layers compressive stiffness and strength

Cells • Decreased chondocyte density • Initial increase in synthetic and proliferative
with skeletal growth activity

• Alteration in synthetic activity (smaller • Loss of chondrocytes
more variable aggrecans)

• Decreased anabolic response to growth • Eventual decreased synthetic activity
factors (IGF-I)

• Decreased synthetic activty • Increased degradative enzyme activity
• Decreased mitotic activity • Appearance of fibroblast like cells in regions

of fibrocartilagenous repair tissue
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estimated limit for human chondrocytes is ~35
doublings. In contrast, germ cell lines and cancer cell
lines, in which the “telomerase” enzyme is active, are
virtually immortal. In telomerase-negative cells, telom-
ere length can be viewed as cumulative history of pre-
ceding cell division as well as a predictor of future ca-
pacity to divide.

Cell function may begin to deteriorate before cells
reach cell cycle arrest. Declining protein synthesis, al-
tered growth factor responses, and longer population
doubling times are senescence changes that begin to
appear in continuously grown somatic cell cultures long
before Hayflick limits are reached. This suggests that
cell populations begin to drift toward senescence rela-
tively early in their replicative lifespans, before telo-
meres have eroded to critical lengths.

The role of chondrocyte turnover in cartilage aging
and disease has not been systematically studied due in
part to the difficulty of assessing the in vivo replicative
history of chondrocytes. Terminal restriction fragment
length analysis of telomeres offers a simple means to
overcome this problem as cell-turnover should be de-
tectable as an age-related decline in average telomere
length. If telomere erosion is an indication of cell se-
nescence, telomere length should correlate with phe-
notypic measures of senescence.  Based on these ra-
tionales, we hypothesized that telomere length in human
articular cartilage chondrocytes declines as a funtion
of age as phenotypic measures of senescence (loss of
DNA synthetic activity and increasing expression of
senescence-associated beta-galactosidase activity) in-
crease.

To test this hypothesis, we measured senescence
markers in human articular cartilage chondrocytes from
27 donors ranging in age from one to 87 years.25 The
markers included expression of the senescence-associ-
ated enzyme beta-galactosidase, mitotic activity mea-
sured by 3H-thymidine incorporation, and telomere
length. Betagalactosidase expression increased with age
(r=.84, p=.0001) while mitotic activity and mean telo-
mere length declined (r=-.77, p=.001 and r=-.71, p=.0004
respectively). Decreasing telomere length was strongly
correlated with increasing expression of beta-galactosi-
dase and decreasing mitotic activity. These findings help
explain the previously reported age-related changes in
aggrecan synthesis and declines in chondrocyte syn-
thetic activity and responsiveness to anabolic growth
factors3,9,10,12,14,22,23,26,33,34 and indicate that in vivo articu-
lar cartilage chondrocyte senescence is responsible, at
least in part, for the age-related increased incidence of
osteoarthritis (Figure 6).

Although telomere erosion and senescence-associ-
ated phenotypic changes were correlated with donor
age, these data must be interpreted with caution. First,

the apparent linear relations we found between senes-
cence markers and donor age may be due in part to
the uneven age distribution of the donors. Relatively few
young and middle aged donors were analyzed and the
resulting clustering of points at very young and old ages
could lead to a false impression of linearity over the
entire age range. Second, other processes such as oxi-
dative stress, and damage to DNA may induce senes-
cence. Thus, some of the senescence we observed in
chondrocyte strains, particularly those harvested from
osteoarthritic donors following inflammatory episodes,
may have been due to processes other than telomere
erosion. Third, beta-galactosidase activity at pH 6.0 is a
controversial senescence marker. Although our results
with articular chondrocytes are similar to findings for
vascular smooth muscle cells, which appear to exhibit
the same strong correlation between age and activity,
investigators studying human fibroblasts have been
unable to observe a relationship between activity and
donor age. This suggests that senescent cells accumu-
late in different tissues at different rates. Moreover, al-
though  beta-galactosidase activity is strongly associ-
ated with replicative senescence, it is also present in
quiescent cells which may be common in some carti-
lage samples. Lastly, the apparent age-related changes
we observed might have been due to other ongoing
disease processes in osteoarthritic donors which were
clustered in the old age range.

The relationships between articular cartilage chon-
drocyte senescence and osteoarthritis are undoubtedly
complex. Potentially relevant disease processes include
chondrocyte “cloning,” a classic histologic feature of the
articular cartilage degeneration responsible for osteoar-
thritis that refers to isolated clusters of chondrocytes
formed by clonal expansion of a single cell. Cells within

Figure 6. Graph showing how the incidence of knee osteoarthritis
and erosion of articular cartilage chondrocyte telomere length (a
marker of cell senescence) increase with age.25,28
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such clusters show accelerated mitotic activity suggest-
ing a cause for rapid telomere erosion. Thus, the rapid
decline in mitotic activity and matrix synthesis typical
of end-stage osteoarthritic chondrocytes may reflect
replicative senescence brought on by cloning, a hypoth-
esis which might explain why osteoarthritic samples
typically showed shorter telomeres than non-osteoar-
thritic samples. Although this hypothesis indicates that
chondrocyte senescence is a result rather than a cause
of osteoarthritis, it also implies that the phenomenon
plays an important role in the progression from early
to end-stage articular cartilage degeneration.

The relevance of telomeres to cartilage aging and
disease rests on proof that in vivo chondrocyte turn-
over rates are sufficient to cause telomere erosion.
Short-term DNA labeling studies indicate that chondro-
cyte mitoses are relatively rare in normal cartilage. Al-
though this apparent rate of turnover is too slow to re-
sult in significant telomere erosion over the short term,
decades of turnover might well be sufficient. Further-
more, mitotic activity increases several-fold following
cartilage injury, therefore repetitive joint injury could
accelerate telomere erosion. Increased mitotic activity
during cartilage degeneration may also speed up the
accumulation of senescent, growth-arrested
chondrocytes in end-stage osteoarthritis. These obser-
vations suggest that, in many cases, in vivo chondro-
cyte turnover is sufficient to result in biologically sig-
nificant telomere erosion.

These results demonstrate that chondrocyte telo-
meres erode in vivo in parallel with phenotypic changes
associated with senescence. How these processes con-
tribute to degenerative joint disease is not yet clear,
however, our data strongly suggest that cell senescence
contributes to either the development or progression
of osteoarthritis (Figure 6). Some of the variability in
the risk of developing osteoarthritis among individuals
may be due to differences in onset of chondrocyte se-
nescence, possibly related to genetically determined
differences or to differences in exposure to environmen-
tal factors, such as stress and injury, that increase the
rate of chondrocyte turnover. Furthermore, in vivo
chondrocyte senescence may adversely affect the re-
sults of chondrocyte transplantation procedures per-
formed to restore damaged articular surfaces in older
patients. Future efforts to prevent and treat osteoarthri-
tis might include strategies that delay the onset of chon-
drocyte senescence or replace senescent cells.

CONCLUSIONS
Articular cartilage undergoes age-related changes

that increase the risk of the articular cartilage degen-
eration that causes the clinical syndrome of osteoarthri-
tis. In addition, these changes may adversely affect the

outcomes of attempts to repair or regenerate articular
cartilage. Perhaps the most important of these age
changes involve alterations in chondrocyte synthesis
of proteoglycans and the responsiveness of chondro-
cytes to anabolic growth factors. It is possible to slow,
or temporarily reverse at least, some of the age-related
changes in articular cartilage that increase the prob-
ability of joint degeneration? Once degenerative changes
have developed, can they be stabilized or reversed? Will
it be possible to develop methods that predictably pro-
duce functional durable cartilaginous articular surfaces
for middle-aged and older people with joint injuries and
joint degeneration? Further study will definitively an-
swer these questions. However, the investigation of ar-
ticular cartilage aging is only beginning and the obser-
vations developed thus far strongly suggest that better
understanding of the aging changes in articular carti-
lage and how these changes influence the ability of the
tissue to maintain and regenerate itself will lead to im-
proved methods of preserving and restoring articular
surfaces for middle-aged and older individuals. In par-
ticular, new efforts to prevent the development or pro-
gression of OA might include strategies that delay the
onset of chondrocyte senescence or replace senescent
cells.
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ABSTRACT
In this report, two patients sustained a recur-

rent supracondylar humerus fracture following
malunion of a previous supracondylar humerus
fracture. The patients were treated for their first
fracture at 5 and 6 years of age, respectively. One
underwent open reduction with percutaneous pin-
ning, and the other was treated with closed re-
duction with casting. Both patients healed in a
moderate degree of extension after the first frac-
ture. Two years later, both sustained a second
fracture of the supracondylar humerus. Both had
closed reduction with percutaneous pinning and
went on to heal uneventfully. We speculate that
ensuing post-traumatic extension deformity may
accentuate a child’s tendency for elbow hyperex-
tension. Extension malunion may place the child
at increased risk for a second fracture via similar
mechanisms of injury.

INTRODUCTION
Supracondylar fractures of the humerus account for

3% of all fractures in children.6 However, they are the
most common fractures occurring in the pediatric el-
bow, with a reported incidence of 75%.3 These fractures
can be associated with serious complications such as
nerve injuries, compartment syndrome, and angular
deformities such as cubitus varus.1, 2, 5, 7, 9 It is well known
that most malunions result in cosmetic abnormalities
with minimal functional impairment. The current litera-
ture contains a few reports that describe lateral condyle
fractures of the distal humerus as late complications of
post-traumatic varus malunion following supracondylar

humerus fracture.2, 4, 10, 11 In this report, we describe the
cases of two patients treated initially for a supracondy-
lar humerus fracture, both of whom went on to develop
malunion with extension and then sustained a second
supracondylar humerus fracture.

CASE EXAMPLES

Case 1
A 5-year-old female fell from the monkey bars and

sustained a closed supracondylar fracture of the left
humerus. In the emergency room, radiographs demon-
strated a severely displaced Type III fracture of the left
humerus (Figure 1). She was then taken to the operat-
ing room and underwent unsuccessful closed reduction
under anesthesia. Therefore, the fracture site was
opened, reduced and the fracture was pinned with
crossed K-wires. Postoperatively, the patient was noted
to have a clear decrease in ulnar nerve function and
the dressing was split and the medial pin was removed.
Unfortunately, subsequent radiographs revealed loss in
reduction. She was taken back to the operating room
where the fracture site was re-opened, reduced and K-
wires were replaced to stabilize the fracture. Postop-
eratively ulnar nerve function returned and the patient
was maintained in a splint followed by a cast for a total
of five weeks. Radiographs showed her fracture site to
be well-healed in moderate extension (Figure 2). Four
months later, the patient had full range of motion of
her elbow and her surgical scar was healing well. She
did report some occasional mild throbbing in her small
finger, but her neurosensory exam was intact.

Two years later, the patient again fell down on a
school playground and was taken to the emergency
room complaining of bilateral elbow pain. Radiographs
revealed a recurrent left supracondylar fracture of the
humerus (Figure 3). Radiographs of the right elbow
demonstrated a positive fat pad sign but were negative
for fracture. She was taken to the operating room and
underwent a closed reduction with percutaneous pin-
ning of the left elbow. An arthrocentesis and arthro-
gram of the right elbow yielded a bloody aspirate but
demonstrated no fracture and her right arm was placed
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Figure 1. Lateral radiograph of a severely displaced Type III frac-
ture of the left distal humerus in a 5-year-old female after falling
off the monkey bars.

Figure 2. 5 weeks after injury, a lateral radiograph shows the frac-
ture site is well-healed in extension.

Figure 3. Two years later she suffered a recurrent supracondylar
fracture of the left humerus after falling on the playground. Lateral
radiographs demonstrate fracture through the previous fracture
site.

Figure 4. Anteroposterior and lateral radiographs 1 month after
removal of percutaneous pins and long-arm cast demonstrate that
the fracture is well-healed.

in a long-arm splint. One month later, the pins in the
left arm were removed and the arm was put in a long-
arm cast for an additional two weeks and went on to
heal uneventfully (Figure 4). The patient went on to
regain motion of both joints.

Case 2
A 6-year-old male fell from the swing set at school.

He was taken to the emergency room complaining of
severe left elbow pain. Radiographs revealed a Type II,

supracondylar fracture of the left humerus (Figure 5).
Although the fracture was moderately extended, no re-
duction was attempted and he was placed in a long-arm
splint for three days, followed by a long-arm cast for a
period of 6 weeks. At complete healing his distal hu-
meral fragment was in an extended position with mild
varus deformity (Figure 6).
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Figure 5. Oblique radiograph of a Type II supracondylar fracture
of the left distal humerus in a 6-year-old boy after falling from
swingset.

Figure 6. 5 weeks later the fracture is well-healed but in a signifi-
cantly extended position with mild varus noted on anteroposterior
and lateral radiographs.

Figure 7. A recurrent supracondylar fracture of the left distal hu-
merus is noted after falling from a tree 2 years after sustaining the
previous fracture. The patient also sustained a left distal radius
fracture.

Figure 8. After treatment, radiographs reveal good healing of the
supracondylar fracture. The fracture has been reduced and pinned
in the original malunited position.

Two years later, the patient fell from a tree and sus-
tained another supracondylar fracture of the left hu-
merus (Figure 7), and a left distal radius fracture which
was 100% displaced and 2 centimeters shortened. Re-
view of the radiographs from his previous supracondy-

lar fracture revealed this most recent fracture to have
occurred through the same fracture site as the previ-
ous fracture. The patient was taken to the operating
room for closed reduction and pinning of the supra-
condylar fracture and closed reduction and pinning of
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the distal radius. Similar to the first case, the refracture
was reduced to the previous malunited position. No at-
tempt was made to flex the refracture in order to re-
produce the normal orientation of the distal humerus.
He remained in his cast for 6 weeks. Serial radiographs
obtained throughout the follow-up period demonstrated
no change in the fracture alignment, with good healing
of the supracondylar and radius fractures (Figure 8).
At the most recent follow-up his fractures were fully
healed and he had no functional concerns about elbow
function in general.

DISCUSSION
Second fractures of the distal humerus after varus

malunion of a supracondylar humerus fracture have
been described. In 1994, Davids et al, presented a re-
view of lateral condyle fractures of the humerus due to
malunion of supracondylar humerus fractures as well
as varus as a result of overgrowth of a lateral condyle
fracture. This complication results in decreased range
of motion of the elbow, and can predispose to a frac-
ture of the lateral condyle. In this report, biomechani-
cal analysis suggested that torsional moment and shear
forces are increased after varus malunion.2 Recently,
Takahara et al, reported 9 children that sustained a sec-
ond fracture of the distal humerus after an ipsilateral
supracondylar fracture. They found that all of the pa-
tients had a varus malunion of the first fracture in the
supracondylar region. They also hypothesized that varus
malunion predisposed the patients to a second fracture.
In this series all of the refractures were variations of
lateral condyle fractures of which the more severe were
trans-epiphyseal injuries of the distal humerus associ-
ated with a fracture involving the lateral metaphysis
below the supracondylar fracture. Their findings sug-
gest that the physis and epiphysis tend to be more prone
to re-injury than the metaphysis of the distal humerus
in children after a supracondylar fracture. They implied
that the healed supracondylar humerus fractures result
in a thickened metaphysis protecting the area from fur-
ther injury. Conversely, the growth plate becomes more
vulnerable, especially in cases of varus positioning.11

Varus malunion of the distal humerus usually results
in cosmetic deformity with cubitus varus providing little
functional deficit. As described above, this malunion
may result in increased risk of lateral condyle fractures.
Additional hyperextension deformity may accentuate the
cosmetic appearance after a cubitus varus malunion.
However, isolated extension malunion as a consequence
of a true Type II fracture without medial or lateral col-
umn collapse usually results in little varus deformity
and no functional limitation. In these cases, careful exam
may demonstrate similar total range of motion in com-
parison to the contralateral side. In our experience, the

patient experiences decreased flexion but increased
extension corresponding to the degree of extension
malunion.

Although in 1990 Wilkins suggested that residual hy-
perextension deformity may predispose for a refracture,
we could find no reported cases of recurrent supra-
condylar humerus fractures following an extension
malunion. Elbow hyperextension as a result of ligamen-
tous laxity has long been considered a predisposing risk
factor for supracondylar humerus fractures.12 Recently
Nork et al studied the effect of hyperextension and liga-
mentous laxity on the incidence of fractures in the up-
per extremity. They concluded that a child who demon-
strates ligamentous laxity is more likely to sustain an
extension supracondylar humerus fracture as opposed
to a displaced forearm fracture.8

In our review, both patients sustained an initial trans-
verse fracture through the metaphysis of the distal hu-
merus. They both went on to develop a malunion with
a moderate component of extension. Despite good heal-
ing and a return to full activities, both patients sustained
a refracture of the ipsilateral humerus at the same site
as the first fracture two years later. Perhaps distal hu-
meral extension deformity increases the ability to hy-
perextend the forearm in relationship to the humerus
and thus increases the risk of a supracondylar humerus
fracture. In these cases, a refracture may be more likely
due to an accentuated ability to hyperextend allowing
the olecranon into a bending fulcrum at the anatomi-
cally weak supracondylar area.12 Although the patients
have no known bone fragility disorder, it is possible that
the second fracture is closely associated to a point of
weakness in the supracondylar area.

In summary, children who have sustained a supra-
condylar humerus fracture resulting in an extension
malunion may be at increased risk of sustaining another
supracondylar humerus fracture. Perhaps this is a re-
sult of the abnormal joint mechanics associated with a
post-traumatic extension deformity, a child’s normal
state of ligamentous laxity, an anatomically weak supra-
condylar area, and a high level of physical activity.

REFERENCES
1. Arnold, J.A., Nasca, R.J., Nelson, C.L.: Supra-

condylar Fractures of the Humerus: The Role of Dy-
namic Factors in Prevention of Deformity. Journal of
Bone and Joint Surgery 1977, 59(A):589-95.

2. Davids, J.R., Maguire, M.F., Mubarak, S.J.,
Wenger, D.R.: Lateral Condyle Fracture of the Hu-
merus Following Post-traumatic Cubitus Varus. Jour-
nal of Pediatric Orthopaedics 1994, 14:466-70.

3. Devito, D.P.: Management of Fractures and Their
Complications. In: Morrissey, R.T., Weinstein, S.L.,
4th ed., Lovell and Winter’s Pediatric Orthopaedics.



K. J. Noonan, J. W. Jones

12 The Iowa Orthopaedic Journal

Philadelphia: Lippincott-Raven Press, 1996: 1241-
1256.

4. Herring, J.A., Fitch, R.D.: Lateral Condyle Frac-
ture of the Elbow. Journal of Pediatric Orthopaedics
1986, 6:724-27.

5. Labelle, H., Bunnell, W.P., Duhaime, M.,
Poitras, B.: Cubitus Varus Deformity Following
Supracondylar Fractures of the Humerus in Children.
Journal of Pediatric Orthopaedics 1982, 2:539-46.

6. Minkowitz, B., Busch, M.T.: Supracondylar Hu-
merus Fractures: Current Trends and Controversies.
Orthopedic Clinics of North America 1994, 25(4):581-
93.

7. Morrissey, R.T., Wilkins, K.E.: Deformity Follow-
ing Distal Humeral Fracture in Childhood. Journal
of Bone and Joint Surgery 1984, 66-A(4):557-62.

8. Nork, S.E., Hennrikus, W.L., Loncarich, D.P.,
Gillingham, B.L., Lapinsky, A.S.: Relationship
Between Ligamentous Laxity and the Site of the Up-
per Extremity Fractures in Children: Extension Su-
pracondylar Fracture Versus Distal Forearm Frac-
ture. Journal of Pediatric Orthopaedics (Part B), 1999,
8(2):90-2.

9. Otsuka, N.Y., Kasser, J.R.: Supracondylar Frac-
tures of the Humerus in Children. Journal of the
American Academy of Orthopaedic Surgeons 1997,
5(1):19-26.

10. Smith, L.: Deformity Following Supracondylar Frac-
ture of the Humerus. Journal of Bone and Joint Sur-
gery 1960, 42-A:235-52.

11. Takahara, M., Sasaki, I., Kimura, T., Kato, H.,
Minami, A., Ogino, T.: Second Fracture of the Dis-
tal Humerus after Varus Malunion of a Supracondy-
lar Fracture in Children. Journal of Bone and Joint
Surgery 1988, 80-B(5):791-97.

12. Wilkins, K.E., Beaty, J.H., Chambers, H.G.,
Toniolo, R.M.: Fractures and Dislocations of the
Elbow Region. In: Rockwood, C.A., Wilkins, K.E.,
Beaty, J.H., 4th ed., Fractures in Children. Philadel-
phia: Lippincott-Raven, 1996:653-752.

13. Wilkins, K.E.: Residuals of Elbow Trauma in Chil-
dren. Orthopaedic Clinics of North America 1990,
21:291-314.



Volume 21 13

ABSTRACT
Articulated external fixation of the elbow allows

aggressive elbow range of motion while protecting
the joint and periarticular structures from exces-
sive forces. A technique for aligning a monolateral-
hinged fixator to the rotational axis of the elbow
without the use of an invasive axis pin has been
developed. Thirteen patients with acute and
chronic post-traumatic elbow problems were
treated over a four year period with this technique.
An average arc of motion of 84 degrees was
achieved in the frame. Frames were removed at
an average of 7.6 weeks. Complications were con-
fined to pin tract infections. In 11 patients fol-
lowed for an average of 35 weeks the average arc
of motion was 81 degrees. Further experience is
required to determine the role of this device and
to identify which elbows achieve the most benefit
compared to conventional techniques.

INTRODUCTION
Articulated external fixation with a uniaxial hinge is

well suited to the elbow since the normal elbow moves
around axes that closely approximate a single hinge axis
(Figure 1).1 Skeletal fixation to the humerus and the
ulna combined with a hinge aligned with the axis of
rotation permits elbow movement through a near full
arc with minimal resistance2. Unstable fracture disloca-
tions, comminuted periarticular fractures and instabil-
ity after elbow reconstruction are clinical problems for
which articulated external fixation has become an im-
portant adjunct to treatment.3,4,5,6,7

The Mayo device3 and the Compass elbow hinge5 are
commonly used articulated elbow fixators. These de-
vices have either bilateral (Mayo) or circumferential
(Compass) designs with fixator components on the
medial side of the elbow. In addition, they require the
use of an invasive axis pin to align the hinge. We have
used a monolateral articulated fixator applied to the lat-
eral side of the elbow and arm and have developed a
new technique to align the hinge with the axis of rota-
tion using radiographic landmarks without physically
implementing an invasive axis pin.1,8 This report de-
scribes the application technique and our initial clinical
experience with this device.

TECHNIQUE OF APPLICATION
The patient is positioned supine with the arm ex-

tended on a radiolucent arm board or hand table. A criti-
cal portion of the procedure is to align the flouroscopic
beam precisely with the axis of the elbow so checking
C-arm positioning prior to prepping and draping is rec-
ommended. The C-arm should come from the superior
part of the arm board or table parallel to the operating
table. With the arm abducted, the elbow extended and
the forearm pronated, the C-arm will usually need to
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Figure 1. The centers of rotation of the elbow during a flexion/
extension arc all lie within this tight axode.1
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be rotated approximately 60 degrees from the vertical
towards a lateral position (Figure 2).

Planning for the location of the humeral pins is based
off the lateral humeral epicondyle, which is near the
eventual location of the hinge center. When the circu-
lar hinge is roughly centered over the lateral epicondyle
and the humeral side of the frame is aligned along the
lateral side of the humerus, the position of the humeral
clamp is marked. This provides a reference for the first
humeral pin position, which we prefer to insert free

hand without the encumbering clamp (Figure 3). A sec-
ond parallel 6/5 mm tapered pin is inserted through
the humeral clamp and the clamp is securely locked to
these two pins. We use a percutaneous technique for
humeral pin insertion when we are confident that the
clamp lies proximal to the middle of the humerus. Oth-
erwise, an open technique is recommended to minimize

Figure 2. The patient is positioned with the arm abducted and
elbow extended on a radiolucent hand table. The C-arm is posi-
tioned above the arm table and is rotated approximately 60 de-
grees from the vertical.

Figure 3. The first humeral pin is inserted free hand. Note that the
position of the lateral epicondyle and eventual hinge location (ar-
row) was marked to help locate the correct position for the hu-
meral pins.

x

Figure 4. A fluoroscopic view along the axis of rotation of the el-
bow. The medial supracondylar ridge (white arrows) is 27% from
the posterior humeral border. The periphery of the capitellum (black
arrows) is concentric with the trochlea over a 90 degree anterior
and distal arc. The center of rotation is the center of these arcs (x).

Figure 5. The axis wand is attached to a humeral pin and a long
free pin is used to help orient the wand to the rotation axis. This
pin is not drilled into the bone.
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the risk to the radial nerve. The fixator is then mounted
on the humeral clamp.

Precise alignment of the flouroscopic beam and the
elbow rotation axis is achieved in two steps (Figure 4).
First adjust the medial supracondylar ridge to be 27%
of the way from the posterior to the anterior border of
the humerus in the lateral view. Second align the capi-

tellum and the trochlear ridge so that there are two
symmetrical uniform arcs on the humeral side of the
elbow joint along a 90 degree arc from anterior to dis-
tal. Check that the first landmark (the medial supra-
condylar ridge) is still appropriately positioned. The
flouroscopic beam is then aligned along the rotation axis
of the elbow. The C-arm and the arm and elbow should
not be moved until the hinge is aligned and locked.

An axis wand mounted on the humeral pins above
the humeral clamp is now aligned and positioned within
the flouroscopic beam (Figures 5 and 6). The center of
rotation is directly in the center of the two arcs of the

Figure 6. An intra-operative fluoroscopic view of an unstable elbow
shows the typical radiographic appearance of the axis landmarks
of the distal humerus and the positioning of the axis wand.

Figure 7. The wand has been locked in position and the circular
hinge is precisely oriented to the wand by a pin which drops through
the wand and through a hole in the center of the hinge.

Figure 8. The wand has been removed and the pin in the center of
the hinge is seen as a dot in the center of the axis of rotation. Note
that the landmarks are still aligned.

Figure 9. Pins are applied to the subcutaneous border of the ulna.
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capitellum and trochlea. Dropping a pin through the
center of the wand and adjusting the wand position until
the pin is a dot in the center of the wand and over the
center of rotation of the joint, facilitates achieving a pre-
cise position and alignment of the wand. After locking
the wand, the same pin is then used to align the hinge
with the wand (Figure 7). When the pin drops smoothly
through the locked and aligned wand and through the
hole in the center of the hinge, locking the hinge com-
pletes the hinge alignment. The radiographic landmarks
should again be checked to confirm hinge position (Fig-
ure 8).

The ulnar side of the frame mounting is completed
after the hinge is securely locked. The pin to bar de-
sign allows flexibility in pin position and number (Fig-
ure 9). We usually use two 4.5/3.5 mm pins spread along
the bar and inserted into the subcutaneous border of
the ulna. Once the pins are inserted, the elbow joint is
checked for concentric reduction. If the elbow is
subluxated it should be reduced prior to locking the
ulnar side of the frame. After securely locking the ul-
nar side, the range of movement of the elbow should
be tested clinically and observed radiographically on a
lateral flouroscopic view through the circular hinge (Fig-
ure 10). The surgeon should not notice a significant
difference in the resistance to movement after the frame
is applied compared to the non-articulated elbow. If
there is unexpected resistance the position and align-
ment of the hinge should again be checked
flouroscopically in the steps previously described and
if necessary readjusted without changing any pins.

Figures 10 A and B. The flexion and extension range of motion is tested intra-operatively.

MATERIALS AND METHODS
Between August of 1996 and July of 2000, thirteen

patients with complicated elbow joint problems had a
lateral monolateral elbow fixator applied and a hinge
aligned without the use of an invasive axis pin. The av-
erage patient age was 40 (range 24-67). There were
eight males and five females. The diagnosis was acute
elbow trauma in nine patients [unstable dislocation - 1,
fracture dislocation - 4, distal humerus fracture - 3 , ra-
dial head fracture - 1] and reconstruction for chronic
post-traumatic elbow problems in four patients [joint
stiffness/contracture - 2, heterotopic ossification - 1,
nonunion distal humerus fracture -1]. The fixator was
applied as an isolated procedure in two of these elbows,
and in conjunction with other procedures in eleven. The
procedures included open reduction and internal fixa-
tion in seven [distal humeral fracture - 3, coronoid frac-
ture - 1, radial head fracture 2], soft tissue release in
three, ligament repair in two, and radial head excision
in two. Some patients had more than one of these addi-
tional procedures.

Postoperatively, all elbow hinges were released and
patients were encouraged to perform gentle active and
active assisted range of motion. Postoperative continu-
ous passive motion machines were not used routinely.
The amount of physical therapy varied between dedi-
cated supervised motion programs for up to four months
post injury to only a postoperative in hospital consult.
All patients were allowed to lock their fixator for com-
fort, but encouraged to perform range of motion exer-
cises at least three times per day. All patients were fol-
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lowed frequently in the outpatient clinic to monitor their
pin sites, their fracture site, the reduction of the joint
and the range of motion of the elbow. Elbow radiographs
were obtained at least once a month during the first
three months (Figure 11). All fixators were removed in
the outpatient clinic without supplementary analgesia.
After fixator removal all patients were counseled to con-
tinue to work on range of motion exercises.

RESULTS
The average duration of external fixation was 7.6

weeks with a range of 3 to 18 weeks. The average maxi-
mal arc of movement while in the frame was 84 degrees
(range, 20-125) with an average range of flexion of 99
degrees (range, 35-130) and an average range of exten-
sion of 15 degrees (range, 5-60) (Figure 12).

Complications related to the fixator were confined
to pin tract infection in five patients, which was treated
with oral antibiotics and resolved without further treat-
ment. There were no broken pins and no instabilities

secondary to the frame. There were no iatrogenic nerve
injuries. All open wounds and surgical wounds healed.
There were no superficial or deep infections. Subse-
quent procedures have not been required for any pa-
tients.

Eleven patients were followed for an average of 35
weeks (range of 9 to 133). Two patients were lost to
follow-up immediately after frame removal. At the final
examination the average maximal arc of movement for
these eleven elbows was 81 degrees (range, 50-125) with
an average range of flexion of 104 degrees (range, 71-
130) and an average range of extension of 23 degrees
(range, 5-40).

DISCUSSION
Optimal management of complex injuries of the el-

bow joint should restore stability while still permitting
motion. Absolute stability can be difficult to achieve
surgically, and permanent loss of motion is a common
outcome of severe elbow injury. Articulated external

Figures 11 A and B. AP and lateral radiographs demonstrate the typical appearances of the fixator post-operatively.
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fixation potentially provides stability while permitting
movement and this technique could potentially have
frequent indications. Unfortunately, until now available
devices have required the surgeon to apply an axis pin
through the capitellum and trochlea of the distal hu-
merus, which is technically demanding and difficult to
achieve. Reported complications of these devices have
included pin loosening and breakage, nerve injury, and
recurrent elbow instability.5,9 Using a radiographic tech-
nique of hinge alignment we did not have any of these
complications in the current series.

We believe that some of these complications are re-
lated to the complexity of applying the fixator leading
to inaccurate axis pin placement and consequently in-
accurate alignment of the hinge with the elbow axis.
Accurate alignment of the hinge to the rotation axis of
the elbow is critically important to minimize abnormal
stress at the elbow joint and the bone-pin interface.
Hinges placed off the elbow axis by as little as five de-
grees or five millimeters significantly increase the force
of elbow movement and those placed 10 degrees or 10
millimeters off-axis result in dramatic increases.2

A monolateral design with flexible component con-
struction facilitates an easier technique of applying the
fixator. The surgeon can then direct more attention to
accurately aligning the hinge. When the hinge is posi-
tioned using radiographic markers, the monolateral

frame can be adjusted until the desired alignment is
achieved independent of the skeletal fixation in the
humerus and the ulna. This is a significant advantage
over techniques where the fixator is built around an
initially applied axis pin leading to potential errors and
stresses in the frame-pin-bone system.

When the hinge is aligned using flouroscopy, the
radiographic landmarks of the elbow rotation axis must
be known. These are well defined and easily visualized
fluoroscopically.2,8 In a previous laboratory model, three
investigators radiographically achieved alignment within
an average of 2.5 degrees of the true axis of rotation.8

Although this was not compared to the accuracy
achieved with an invasive axis pin, we believe that it is
potentially more accurate and certainly more forgiving
than multiple passes of a pin through dense bone in a
narrow corridor of the distal humerus.

The radiographic technique of hinge alignment is
applicable to severe distal humerus fractures with plates
and screws in place. In this series three distal humerus
fractures had adjunctive treatment with the fixator by
aligning the hinge using the radiographic technique.
The fracture hardware will interfere with the placement
of an axis pin. Hall et al.10 reported a case of a distal
humerus fracture treated with the Compass elbow
hinge. They were unable to apply the required axis pin
and had to drill medial and lateral pins.

Figures 12 A and B. A patient with an unstable coronoid fracture-dislocation of the elbow demonstrates active range of motion three weeks
post injury.
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The reason for an articulation is to facilitate move-
ment of the elbow. Despite this the final range of move-
ment achieved in this series was not uniformly excel-
lent. We feel this result is due to the fact that during
the four years of this study only the most severe elbow
problems were treated with this device. Further study
and experience is required to determine if the outcomes
of these patients were improved by the use of the fixator
compared to static external fixation or to non-skeletally
fixed bracing. It is possible that further refinements in
technique will allow even more accurate hinge align-
ment leading to easier early mobility. We also plan to
pursue the use of motorized passive motion connected
directly to the frame, which may lead to further improve-
ments in elbow motion.

In summary this series demonstrates that applying
a monolateral articulated elbow fixator without the use
of an invasive axis pin is feasible and has potential ad-
vantages over axis-pin dependent techniques. The tech-
nique was used for patents with severe traumatic and
posttraumatic elbow problems. There were few compli-
cations and the laterally based frame was well tolerated.
However, as with other articulated fixators, further ex-
perience is required to determine the role of this de-
vice and to determine which elbows achieve the most
benefit compared to conventional techniques.
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ABSTRACT
Recently, the authors have used the computer-

generated three-dimensional (3-D) CT moving im-
ages for preoperative planning and screw/pin in-
sertion in more than 28 cases involving plate and
screw fixation of complex acetabular fractures. The
authors also used stereolithography (wax or plas-
tic 3-D model of bony anatomy) to develop a com-
puter-generated “clip on” interpositioning template
for accurate placement of plate and screws. Ap-
plication of these new technologies gives the sur-
geon precise information about the fracture pat-
terns and provides an ef fective means for
preoperative planning and accurate fixation of ac-
etabular fractures. The accuracy of the 3-D vir-
tual presentation of the anatomy is impressive and
was substantiated by phantom studies.
Postoperation CT revealed no case of screw pen-
etration in the joint. Among other benefits over
conventional surgical technique, the computer-as-
sisted surgery provided decreased operative time
and morbidity, decreased radiation exposure, and
obviated the need for oblique, inlet and outlet
roentgen views of the pelvis for preoperative plan-

ning. A case report specifically demonstrates pre-
operative planning for reconstructoin of acetabu-
lar fracture.

INTRODUCTION
Recent studies emphasize the need for improvement

over less-than-ideal techniques presently used in ortho-
paedic surgery for insertion of surgical implants.2, 8, 11

The placement of screws with inadvertent penetration
of the hip joint has been well documented both for com-
plex acetabular fractures and posterior wall fractures.1, 5

A technique for precise plate and screw placement re-
quires knowledge of the three-dimensional anatomy of
the patient. Surgeons cannot be expected to improve
without accurate evaluation of their performance.

Orthopaedic surgeons are just beginning to consider
the advantages of the computer in three-dimensional
guidance for insertion of pins, screws and correction of
the bony anatomy. Advances in radiology combined with
the advances in computer technology have made the
3-D representation of anatomic structures in living sub-
jects easily obtainable using CT and MRI. Despite these
advances, the application of this technology for improv-
ing surgical precision in orthopaedic procedures has
not yet been widely applied to clinical practice. Com-
puter-assisted surgery has been utilized for such pro-
cedures as pedicle screw placement in spine surgery,
total joint arthoplasty, knee ligament reconstruction,
percutaneous fixation of minimally displaced transverse
acetabular fractures, anterior column fractures and
iliosacral fractures.2-4, 7, 10, 11, 14-16 Surgical applications us-
ing arising technologies in stereolithography (wax or
plastic 3-D model of bony anatomy) have recently been
explored in other specialty areas such as maxillofacial
surgery.9, 12, 13, 17, 19

Recently, the authors have used computer image
guidance for preoperative planning and screw/pin in-
sertion in more than 28 cases involving plate and screw
fixation of complex acetabular fractures.2 The authors
also used stereolithography to develop a computer-gen-
erated “clip on” interpositioning template for accurate
placement of plate and screws. The templates can be
used, among many other applications, for surgery of
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the spine, pelvis and bones of the extremity. In the past
two years the authors have been working closely with
the Human Assisted Technology Division of the Sandia
National Laboratory on techniques to replicate the ex-
act bony anatomy using sterolithography-modeling tech-
nologies.

In this study we first report on the advantages of the
computer-generated 3-D moving representations of the
bony anatomy over traditional x-ray evaluation in sur-
gery of the acetabulum. This will be followed with a
case report that specifically demonstrates preoperative
planning for reconstruction of acetabular fracture. This
case report will also demonstrate a technique to pro-
duce total hip replacement acetabular components with
personalized template guidance. A system like this may
increase the indications for primary total hip arthro-
plasty after acetabular fracture, recently outlined by
Mears and Velyvis,20 by improving techniques for com-
ponent stabilization.

MATERIALS AND METHODS
This study used computer-generated 3-D moving rep-

resentations of the bony anatomy to plan the screw
trajectories and to carry out the surgical stabilization
procedure after fracture reduction. A preoperative 3mm
spiral CT scan of the pelvis was obtained using a Picker
CT 5000 scanner. The images were transferred via
Picker 2000 workstation and Exabyte 820 tape drive to
a personal computer. Materialise Interactive Medical
Image Control System (MIMICS) software (Materialise

USA, Ann Arbor, MI) allows interface of the 3-D CT
information with the stereolithography equipment to
produce a plastic/wax model of the deformed or frac-
tured bony anatomy. In addition, the software has seg-
mentation capabilities that were used to subtract the
proximal femurs and extraneous bowel or bladder dye.
The accuracy of the 3-D virtual presentation of the
anatomy was substantiated by a phantom study. Mul-
tiple 2mm lead spheres (BBs) were glued to the pelvic
surface, and the model was CT scanned using standard
3mm helical collection of data. The computer data was
transferred into the ViewPoint/Voyger™ Image Guid-
ance System, and both 4.0 and 6.0 versions of the soft-
ware were tested for accuracy of the predicted target
registration error.6

The authors also used stereolithography to develop
a computer-generated “clip on” interpositioning template
for accurate placement of plate and screws. The implant-
positioning template was designed based on creation
of mirror image of the 3-D computer representations of
the patient’s anatomy along with virtual surgery proce-
dure, and the template was fabricated from methyl meth-
acrylate using rapid prototyping techniques. This tem-
plate was then placed on the patient’s anatomy as a
guide to precisely locate and direct the hardware (im-
plant) into the bony structure. Because the template
would fit the patient’s anatomy, the surgeon would have
a hands-on simple method of guiding surgical tools in
3-D space.

Figure 1. Rendered 3-D CT images of the pelvis from the case
patient who fell 30 feet, sustaining a transverse and posterior
hemitransverse and anterior column acetabular fracture. The four
components of the fracture are (1) ischial, (2) anterior column, (3)
superior wall and (4) iliac. Bowel and bladder dye and both proxi-
mal femurs are removed to better demonstrate the fracture.

Figure 2. Three rotated rendered 3-D CT images of the case study
pelvis. Further segmentation allowed removal of the sacrum and
contralateral hemi-pelvis. Three proposed screw trajectories (la-
beled 1, 2 and 3) have been added to the images and are visible
through the translucent bone.
(A) Posterior view. (B) Transfemoral head inferior-lateral view. (C)
Medial view. (1) Superior-posterior screw trajectory, (2) Superior-
anterior screw trajectory, (3) Posterior column screw trajectory.
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The ability to create proposed trajectories for screw
insertion prior to surgical intervention has become a
standard for stabilization of acetabular fractures in the
senior author’s practice. The current image-guided sur-
gical equipment, such as the ViewPoint/Voyger™ IGS
(Z-KAT, Inc., Florida), provides capabilities for virtual
creation of these trajectories. The Picker 2000 and 6000
workstations give adequate 3-D representations of the
anatomy, but segmentation is not as easy and trajec-
tory planning is not a true option.

Screw trajectory planning was performed using two
of the object features of the MIMICS software. The point
feature was used to select entrance and target points
on each fracture fragment. This provides x, y, z loca-
tion of these two points in the 2-D and 3-D CT data and
can be modified in increments of 0.001 mm. The trajec-
tories were created by transferring the x, y, z location
of the two points to the cylinder creation option of the
software. This would create a cylinder of a desired ra-
dius (3mm in the case report) connecting the entrance
and target points. Lengthening the trajectories, as is
shown in this example case, is possible through data
extrapolation.

CASE STUDY
A 30-year-old male fell 30 feet, sustaining a transverse

and posterior hemitransverse and anterior column ac-
etabular fracture—classified as a 62-B3.3,a1 type frac-
ture by the Orthopaedic Trauma Association.18 In addi-
tion to the fixation obtained from the screws inserted
in pre-assigned trajectories, a pre-contoured plate was
used to further stabilize the anterior column, and two
percutaneous screws were inserted into the superior
fracture fragment. The virtual acetabular replacement
trajectories suggested by Figures 3B and 4A, 4B, 4C
were not used in the fixation of this young 30-year-old
patient but would be a consideration if this patient were
to be treated with total hip replaceent. The ideal radius
for the spherical acetabular replacement cup was taken
from the contralateral nonfractured acetabulum and was
matched to the radius of the remaining arc of the frac-
ture segments on the fractured side. The virtual screw
trajectories were created using the x, y, z location of
the center of the sphere as the entrance point, and the
x, y, z locations of the target points were chosen in the
most secure location within each of the fractured seg-
ments. All three trajectories were aimed toward the
center of the acetabular component while maximizing
fixation within each of the major fracture fragments.

Figure 3. Isolated views of hemisphere pelvis demonstrating proposed trajectories for acetabular repair and acetabular replacement. (A)
Enlarged views of the three proposed repair screw trajectories. The ischial and anterior column segments are removed and the proximal
femur reinserted to demonstrate that all screw trajectories would easily be extra-articular after fracture reduction. (B) Transfemoral head
view of the fractured acetabulum to show the three proposed trajectories for fixation if a primary total hip replacement would have been
considered for this patient.
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RESULTS
Figure 1 is a rendered 3-D image of the segmented

pelvis with a left acetabular fracture dividing the joint
into four parts. Rotation and segmentation capabilities
of the 3-D data allowed precise understanding of the
fracture anatomy before surgery. This eliminated the
need for oblique, inlet and outlet roentgen views of the
patient prior to surgery. The accuracy of the 3-D vir-
tual presentation of the anatomy was impressive and
was substantiated by the phantom study.6 Computer-
predicted target registration error was a close repre-
sentation of the actual error for predicted target regis-
tration error values of less than 2mm.2, 6

In all cases, intraoperative postfixation fluoroscopy
confirmed the precise plate placement and demon-
strated that the screw trajectories missed the hip joint
by a safe distance. The accuracy of plate and screw
placement supports the technique of using computer-
reversed contralateral intact anatomy and application of
the interpositioning template. Fluoroscopy was only
needed for confirmation of fracture reduction and screw
location. Post-operation CT also revealed no case of
screw penetration in the joint. Furthermore, the soft-
ware capabilities easily allowed elimination of the metal
artifact. Among other benefits over conventional surgi-
cal technique, the computer-assisted surgery provided
decreased operative time and morbidity, decreased ra-
diation exposure,2 and obviated the need for oblique,
inlet and outlet roentgen views of the pelvis for preop-
erative planning.

DISCUSSION
Accurate reduction of fractures, smaller incisions and

less invasive techniques for surgery have universal ap-
peal from the patient’s aspect and have been shown
quite advantageous for patient care. Application of com-
puter-generated 3-D CT moving images and fixation tra-
jectory planning for complex acetabular fractures gives
the surgeon precise information about the fracture pat-
terns and provides an effective means for preoperative
planning and accurate fixation of acetabular fractures.
It also helps to better fix acetabular components used
for reconstruction when total hip replacement is needed.

The authors have used computer-generated 3-D mov-
ing representations of the bony anatomy to plan screw
trajectories and to carry out surgical stabilization pro-
cedures after fracture reduction in patients with com-
plex acetabular fractures. In more than 50 consecutive
cases, intraoperative evaluation of the fracture patterns
has confirmed the improvement in this technology over
those obtained using traditional radiology techniques.
Intraoperative fluoroscopy confirmed precise plate place-
ment and demonstrated that all screw trajectories
missed the hip joint. Fluoroscopy time during surgery
was reduced significantly because it is only needed for
confirmation of fracture reduction and screw location.
The accuracy of the 3-D virtual presentation of the
anatomy using 3-D CT is impressive and has a number
of benefits when compared to conventional surgical
technique. The computer-assisted surgery provides
decreased operative time and morbidity, decreased fluo-
roscopic radiation exposure during surgery,2 and obvi-
ates the need for oblique, inlet and outlet roentgen views
of the pelvis for preoperative planning.

A number of image-guided surgical systems now of-
fer implant trajectory guidance and segmentation capa-
bilities. The MIMICS software, which was developed
as an interface between the CT/MRI data and solid
model producing (rapid prototyping) equipment, is quite
useful for preoperative planning. Postoperatively, the
software provides precise 3-D moving visualization of
the metal hardware location within the anatomic struc-
ture. Furthermore, it allows elimination of the metal
ar tifact. We are currently using life-size wax
stereolithographic replicas of the fractured pelvis,
interpositioning screw trajectory guidance templates,
and computer models of the reversed nonfractured con-
tralateral hemi-pelvis for reconstruction of all surgically
treated acetabular fractures with excellent results.

Figure 4. Three rotated views of the segmented rendered 3-D pel-
vis with a sphere representing the proposed size and ideal location
for an acetabular replacement component. (A) Same view as Fig-
ure 3A with proposed acetabular replacement trajectories instead
of acetabular repair trajectories. (B) Same view as Figure 3B with
sphere and femoral head. (C) Same view as Figure 3B with femoral
head removed.
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ABSTRACT
In order to determine if recent changes in tun-

nel placement during anterior cruciate ligament
reconstruction are producing better outcomes, the
results of three different “bone-patellar tendon-
bone” anterior cruciate ligament reconstruction
techniques were compared. These techniques
were: two-incision with the tibial tunnel at the
anterior “footprint” of the anterior cruciate liga-
ment (group I), two-incision with freehand place-
ment of the tibial tunnel in the central or poste-
rior “footprint” (group II), and endoscopic single
incision utilizing a guide keying on the posterior
cruciate ligament to achieve posterior tibial tun-
nel location (group III). The femoral tunnel was
established with a rear-entry guide for the two-
incision techniques. A guide keying off the poste-
rior intercondylar shelf or roof was used for femo-
ral tunnel placement with the endoscopic
technique. Subjective rating, Lysholm scores,
range of motion, manual and instrumented laxity,
and radiographic tibial and femoral tunnel loca-
tion in the sagittal plane were studied for 33 pa-
tients (twelve in group I, nine in group II, twelve
in group III) at minimum follow-up of two years.
Patients had uniform rehabilitation programs.

Statistically significant differences were found
between the groups for a number of the variables:
the mean maximum manual KT-1000 score was
3.7 millimeters for group I compared to 1.4 mil-
limeters for group III; the mean flexion deficit was
0.5 degrees for group I and 8.3 degrees for group
III; tibial tunnels were located 31% posteriorly
along the sagittal tibial articular length for group
I, while groups II and III were 38% and 43% re-
spectively. Femoral tunnels for groups I and II

were located 83% and 79% posteriorly along
Blumensaat’s line respectively, where as the mean
for group III was 69%.

Recent techniques (group III) for anterior cru-
ciate ligament reconstruction successfully achieved
“posterior” tibial tunnel placement. This was as-
sociated with superior results as judged by in-
strumented laxity measurements. The significance
of the endoscopic technique’s anterior femoral
tunnel location relative to that of the two-incision
techniques is uncertain but warrants further study.

INTRODUCTION
Optimal technique for reconstruction of the anterior

cruciate ligament remains uncertain despite voluminous
clinical and basic science research. There has even been
question as to whether surgical results have improved
over the last decade.7,10

Graft location, and therefore tibial and femoral tun-
nel placement, however, is accepted as critical to satis-
factory outcome of ACL reconstructive surgery.8,11,17

There is ample evidence that anterior placement of the
tibial tunnel produces impingement, resulting in graft
failure,15,16,20,22,25 loss of extension,9,21,26 or both.29 Evidence
also exists that anterior placement of the femoral tun-
nel is detrimental to graft function.2,4,13,22

Interestingly, the majority of the clinical studies dem-
onstrating improved results with a more posteriorly
placed tibial tunnel are “subgroup analyses”: assessment
of a single treatment group which is subdivided into
separate groups based on a parameter defined subse-
quent to treatment—in this case, tibial tunnel location
or impingement.15,20,22,25,26,29 Howell and Taylor’s excel-
lent study16 in 1993 did assess two groups with differ-
ent tibial tunnel placement techniques and demon-
strated less impingement (as judged radiographically)
in their group II. These groups were then merged and
subdivided based on degree of impingement. Degree
of impingement was then used as the variable for which
outcome parameters, including laxity, were compared.
A more recent paper by Howell and Deutsch19 compared
endoscopic and two-incision techniques clinically and
radiographically but did not compare femoral tunnel
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location in the two groups. With these exceptions, no
study to my knowledge has compared different ACL
reconstruction techniques to determine whether efforts
at a more posterior tunnel placement have succeeded
and whether this favorably affected outcome. One study
did look at two femoral tunnel placement techniques
but did not correlate the differences with outcomes.12

The purpose of this study was to determine if cur-
rent techniques have resulted in improved tunnel (both
tibial and femoral) location and if this in turn has pro-
duced a better clinical result.

MATERIALS AND METHODS
This study is a retrospective evaluation of ACL re-

constructions performed between January 1, 1990 and
December 31, 1994 by the author and practice associ-
ates. One hundred thirty-seven reconstructions were
identified from our records. A mailer soliciting evalua-
tion was sent to all 137. Phone solicitation done alpha-
betically was also used because of limited response to
the mailer. Thirty-seven patients agreed to evaluation.
To assess the possibility of selection bias, the study
group was compared to those who did not respond or
could not be located with regard to gender, age, opera-
tive technique and duration of follow-up. With the ex-
ception of gender, the study group and the “non-par-
ticipants” were the same. There was a higher proportion
of females in the study group (39% versus 19%). The
significance of this is uncertain.

Inclusion criteria were as follows: greater than 24
months since ACL reconstruction; intact PCL bilater-
ally; no history of ligamentous injury to the contralat-
eral knee; operative report available; and a standard
rehabilitation protocol which involved immediate full
extension and early range of motion. Four patients (two
with a contralateral ACL injury, one with an ipsilateral
partial PCL tear, and one with inadequate records) did
not meet criteria for inclusion, leaving 33 patients in
the study group.

All reconstructions were performed using central
third bone-patellar tendon-bone autografts. These were
divided into three groups based on surgical technique.
Group I had a two-incision technique in which the tibial
tunnel was placed “freehand” in the antero-medial re-
gion of the ACL “footprint”. A rear-entry guide (Acufex
Microsurgical, Mansfield, MA) was used to place the
femoral tunnel as anatomically as possible. Average age
was 37 years, while follow-up averaged 59 months.
There were seven males and five females in group I.
Group II also had a two-incision technique with the
femoral tunnel placed in the same fashion as group I.
The tibial tunnel, however, was placed “freehand” in the
posterior aspect of the ACL footprint generally target-

ing seven to eight millimeters anterior to the PCL.
Group II average age and follow-up were 27 years and
36 months respectively. There were five males and four
females in this group. The group III procedure was a
single-incision endoscopic technique using a guide
(Arthrex Inc., Naples, FL) keying off the PCL for place-
ment of the tibial tunnel center 7 millimeters anterior
to the PCL. The femoral tunnel was established using a
guide (Arthrex) keying off the posterior intercondylar
roof. The average age was 32 years and average follow-
up was 28 months. There were eight males and four
females in group III.

Evaluation consisted of review of the operative
record, a personal interview, physical examination, cal-
culation of Lysholm score,24 KT-1000 arthrometer
(MEDmetric, San Diego, CA) examination, and mea-
surement of radiographs. The interview included solici-
tation of the subjective outcome, which was the subject’s

Figure 1. Calculation and expression of tunnel location:
Femoral Line: Line AB divided by line AC x 100.
Tibial: Line DE divided by line DF x 100.

Legend
A: anterior end Blumensaat’s line
B: center femoral tunnel
C: posterior end Blumensaat’s line
D: anterior end tibial articular surface
E: center tibial tunnel
F: posterior end tibial articular surface
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overall estimate of the percentage the operated knee
was of normal.22 Flexion and extension loss were calcu-
lated by subtracting the value for flexion or extension
of the operated knee from that of the non-operated side.
Lachman’s test was scored as 0-3, where 0 is no laxity
and three is gross laxity. Tunnel location was measured
(blinded to patient name and surgical group) radio-
graphically as previously described.12(tibial),18,22 Briefly,
sagittal plane tibial tunnel location was expressed as the
distance from the anterior tibial articular surface to the
center of the tibial tunnel divided by the length of the
tibial articular surface multiplied by 100 (Figure 1).
Similarly, femoral tunnel location was expressed as the
distance from the anterior end of Blumensaat’s line to
the center of the femoral tunnel divided by the length
of Blumensaat’s line multiplied by 100 (Figure 1).

The three groups were compared with respect to
subjective result, Lysholm score, range of motion,
manual and instrumented laxity tests, and tibial and
femoral tunnel location in the sagittal plane. Statistical
comparison started with analysis of variance (ANOVA)
testing of the group means. If this identified differences,
two-tailed student t-tests were then performed to com-
pare each group to the other. Statistical significance was
set at p≤.05.

RESULTS
Results are detailed in Table 1. Meniscal and chon-

dral pathology were distributed evenly among the
groups. The average ages for groups I through III were
37, 27, and 32 years old. The difference between groups
I and II was statistically significant.

Duration of follow-up was 59 months for group I, 36
months for group II, and 28 months for group III. The
59-month follow-up for group I was statistically differ-
ent than both groups II and III. These differences re-
flect the chronological evolution of the techniques,
group I of course being oldest.

The subjective rating was similar for each group, 83,
85 and 86 percent respectively. Likewise, there were no
differences among the Lysholm scores for each group,
which were 87, 89 and 93 respectively. ANOVA testing
did not reveal significant dif ferences among these
means. Student’s “t” testing was therefore not per-
formed for this data.

A small loss of extension occurred in all groups: 3.0
degrees for group I, 2.8 degrees for group II and 2.0
degrees for group III. Again, no difference was present
among the groups. There was, however, a difference in
flexion at follow-up. Group I averaged essentially full
flexion with a 0.5 degree deficit. Group II had lost an

Table 1

Means and statistical results by group for variables analyzed

Means: p values:*

Group I II III I v II II v III I v III

Age 36.8 26.6 31.8 0.01 0.24 0.2

Months post operative 59 36 28 0.003 0.07  9E-07

Subjective (% of normal) 83.3 85.2 86.4

Lysholm score 86.9 89.3 93.1

Extension Deficit (degrees) 3 2.8 2

Flexion Deficit (degrees) 0.5 4.7 8.3 0.25 0.33 0.02

Lachman’s test 1.1 0.8 0.6 0.52 0.53 0.31

KT1000 (mm) 3.7 1.7 1.4 0.057 0.68 0.009

XR tibial tunnel location (%) 31 38 43 0.024 0.14 0.0015

XR femoral tunnel location (%) 83 79 69 0.44 0.049 0.0008

*p values are for two-tailed students’ t tests performed only when ANOVA testing had demonstrated a dif ference among the means of the
groups at p≤.05. Where p values are not listed, the ANOVA did not reveal dif ference among the means making t testing between multiple
groups invalid (p values ≤.05 are underlined).
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average of 4.7 degrees while group III lost 8.3 degrees.
The difference between group I and III was significant
at p=.016.

Lachman’s test scores were not statistically different
being 1.1, 0.8 and 0.6 respectively.

KT-1000 arthrometer side to side differences at maxi-
mum manual force were 3.7mm for group I, 1.7mm for
group II and 1.4mm for group III. The difference be-
tween group I and III was significant at p=.009. The dif-
ference between groups I and II did not quite reach
statistical significance: p=.057.

Tibial and femoral tunnel location also varied among
the groups. Tibial tunnel location expressed as percent-
age posterior along the tibial plateau for group I was
31%, 38% for group II, and 43% for group III. Two tailed
student’s t-test for group I and III yielded p=.0015.
Groups I and II were also different at p=.024.

Femoral tunnel location, expressed as percentage
posterior along Blumensaat’s line, was 83% for group I,
79% for group II, and 69% for group III. Groups 1 and
III were different at p=.0008, while “p” value for com-
parison of groups II and III was .049.

DISCUSSION
Current literature15,16,20,22,25,26 clearly supports placing

the tibial tunnel more posteriorly than was generally
done 10 and more years ago.5,30 However, as noted in
the introduction, these conclusions are largely based
on cadaver studies or clinical studies comparing out-
comes among subsets of the same treatment group.

This study primarily sought to answer two questions.
First, are the current techniques in use for tibial tunnel
placement achieving the goal of posterior location in
the ACL footprint? Second, if, in fact, tibial tunnel place-
ment is more posterior, is this yielding a better result?

The results of this study demonstrate that current
techniques, whether freehand or using a guide, success-
fully place the tibial tunnel more posteriorly. It is no-
table that the tibial tunnel location of groups II and III—
38% and 43% respectively were within the “impingement
free” range of 37%-47% established by Howell and Clark15

in 1992. The center of the tibial tunnel for these groups
was also essentially the same as the center of the intact
ACL tibial insertion found to be 40% by Lintner et al. in
their 1996 cadaver study23 and 41% calculated from data
in Stäubli and Rauschning’s 1994 MRI and cadaveric
study.28

In answer to the second question, it does appear that
the results in regard to stability have improved with
recent techniques placing the tibial tunnel more poste-
riorly. Group III’s average maximum manual KT-1000
side to side difference was 1.4mm compared to 3.7mm
for group I. This was easily statistically significant at

p=.009. Group II’s average of 1.7mm is substantially less
than the above value for group III. The difference, how-
ever, did not quite reach statistical significance: p=.057.
I suspect that the lack of statistical significance here is
a reflection of the low power of this study.

Some outcomes were not improved with the newer
techniques. Specifically, the subjective outcomes of 83%,
86% and 85% for groups I through III respectively were
remarkably similar. This is consistent with the Harter
et al. finding of poor correlation between instrumented
laxity testing and symptom levels.14 Lysholm scores
were also not statistically different at 87, 89 and 93 re-
spectively. Both of these outcomes would be more likely
than instrumented laxity testing to be affected by con-
founding variables such as associated pathology and
individual variation in self-assessment of function. There-
fore, if differences among the groups exist, a larger
sample size may be required to detect them.

While tibial tunnel location and its effect on outcome
was the primary subject of this study, femoral tunnel
location was also evaluated. In our hands, the endo-
scopic technique used in group III placed the femoral
tunnel more anteriorly (69% posterior along
Blumensaat’s line) than did the two incision techniques
using a rear entry guide (Group I: 83%, Group II: 79%).
All of these locations fell within the range of greater
than 60% used by Kalfayan et al. To define the group
that had superior KT-1000 results in their 1996 study
on the relationship between tunnel placement and clini-
cal results after ACL reconstruction.22 Despite this, it is
hard not to notice that group III, with its more anterior
femoral tunnels, also had a statistically significant loss
of flexion (8.3 degrees) when compared to group I (0.5
degrees). There is research indicating that anterior
femoral tunnel placement will result in excessive ten-
sion on the graft in flexion,2,4 which would either limit
flexion or induce graft failure.13,22 However, the flexion
deficit of 4.7 degrees for group II was intermediate be-
tween that for groups I and III, while tunnel placement
technique and location were essentially the same as for
group I. This implies that the flexion deficit may result
from another cause such as less time to follow-up and
therefore less time to regain motion. This notion is sup-
ported by the fact that the duration of follow-up was
longer at 59 months for group I than either the 36
months for group II or 28 months for group III.

The different duration of follow-up among the groups
is a weakness of this study and raises concern about
the reason for the better KT-1000 results for groups II
and III, which also had shorter follow-up. In 1998, Bach
et al. reviewed the results of a group of patients with
ACL reconstructions five to nine years postoperative and
compared the results to those for the same population
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assessed earlier at two to four years postoperatively.3

The KT-1000 results did not deteriorate with time. Simi-
larly, KT-1000 values remained constant in a five-year
study of endoscopic ACL reconstructions followed at
yearly intervals.6 Therefore, I would not expect the bet-
ter KT-1000 results of group III to be explained by the
shorter time from surgery. Other weaknesses of this
study include the fact that it is retrospective, the inclu-
sion of patients with additional pathology such as
meniscal tears and chondral lesions and the same
sample size—both in absolute number and as a percent-
age of the original treatment group. The small percent-
age of the treatment group evaluated leaves this study
at risk of being affected by selection bias. This is some-
what mitigated by the finding that the study group did
not differ from those who did not return for study re-
garding age, operative technique and duration of fol-
low-up. There was a gender difference between the two
groups but I’m not sure how this might affect the find-
ings of this study.

Despite the above concerns, the differences between
the groups regarding tunnel location and ligamentous
laxity are statistically significant, in most cases, strik-
ingly so. I believe that the results presented here sup-
port the conclusion that we are succeeding in placing
the tibial tunnel more posteriorly and that this is pro-
ducing improved stability after cruciate ligament recon-
struction.

Drawing conclusions from the femoral tunnel data is
more difficult. The single incision endoscopic technique,
at least in our hands, was associated with a more ante-
rior femoral tunnel than the older two-incision tech-
niques. Whether this difference adversely affects out-
come cannot be determined from this data. Several
papers have identified inferior clinical results when the
femoral tunnel is placed too anteriorly.1,13,22,27 However,
the definition of satisfactory tunnel location and the
method of expressing tunnel location vary substantially
within these papers, making comparison difficult. In
general, even the relatively anterior femoral tunnel
placement in group III of this study appears to be within
parameters associated with good results established in
several of these papers.

A recent cadaver study compared three femoral tun-
nel placement techniques including those used in this
study.11 They found no difference in the femoral tunnel
location produced by the different methods and suc-
cess in placement of the tunnel at the desired inser-
tion. It is possible that the differences found in this study
represent the beginning of our “learning curve” for
endoscopic femoral tunnel placement. However, this
study represents one of a few comparative analyses of

different tunnel placement techniques with radiographic
assessment and clinical follow-up. Therefore, I believe
the data supports the conclusion that further evalua-
tion of femoral tunnel location established by current
techniques and its effect on outcome is needed.
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ABSTRACT
There is no published data regarding the finan-

cial impact of training orthopaedic residents in
the operating room. No comparisons between or-
thopaedic faculty and residents in regard to op-
erative time and costs are known.

One hundred eleven cases of anterior cruciate
ligament reconstruction with or without partial
meniscectomy were evaluated from 1996 to 1997.
Fifty-three cases met the selection criteria of times,
documentation and identification of the surgeon.
Twenty-one cases were performed by the ortho-
paedic attending (RCS) while 32 cases were per-
formed by the senior orthopaedic resident. All
procedures had the same faculty member present
in the operating room either as the primary sur-
geon or as an assistant providing supervision and
instruction as needed.

In a two year period, comparisons were made
between the attending and residents for the total
anesthesia time and actual operative case time.
Attending case time and anesthesia times aver-
aged 94.62 minutes (range 60-125 min) and
128.1 minutes (range 84-185 min) respectively.
Resident case and anesthesia times averaged
137.09 minutes (range 95-210 min) and 190.48
minutes (range 145-255 min) respectively. The
anesthesia time was significantly less for the at-
tending (p<.0001) as was the case time (p<.0001).

The true costs of training orthopaedic surgery
residents in the operating room is not known. The
operative time and subsequent cost dif ference
between experienced faculty and orthopaedic resi-
dents in certain arthroscopic procedures is not
inconsequential. On average, the dif ference is
equivalent to $228.73 per case for anesthesia
costs. Based on increased operative times, oper-
ating room costs, on average, were increased by
$661.85. The significant differences demonstrated
between residents and faculty suggest the need to
develop strategies and technical training facilities
in order to improve orthopaedic residents’ surgi-
cal skills and efficiency outside of the cost-cen-
tral operating room.

INTRODUCTION
The clinical training that physicians receive after

graduating from medical school is an important com-
ponent of the health care system in this country, and is
undergoing careful financial scrutiny. Unfortunately,
there is very little objective data of the true cost of
graduate medical education. Medicare payments for
resident education increased to approximately $7 bil-
lion in 1997.10 In the case of orthopaedic surgical train-
ing, there is virtually no objective data to indicate the
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direct economic impact to hospitals or the government.
This is important, as Medicare policies impact ortho-
paedic training programs through government financ-
ing and reimbursement policies.

Unfortunately, the future of graduate medical educa-
tion is in transition secondary to these inherent finan-
cial costs. Currently the United States Government pro-
vides a significant portion of the monetary support for
graduate medical training.5 Medicare antifraud and
abuse programs have also had an impact on orthopaedic
surgical training due to qui tam decisions with huge
monetary settlements against medical schools across
the country. Medicare regulations require that attend-
ing surgeons be present for the entire or “key portions”
of the procedure and personally examine and evaluate
new patients.10 Although these regulations are still vague
they are being supported with impressive antifraud re-
sources. Antifraud units received more than $100 mil-
lion in 1999 and are slated for $200 million in 2002.12

Attending faculty surgeons aware of the Physicians at
Teaching Hospitals (PATH) antifraud initiative may be
overly cautious and believe they must perform essen-
tially all care on their patients, thus affecting resident
training.8

Orthopaedic residents begin their training typically
by observing attending surgeons and more senior resi-
dents perform procedures in the time constrained op-
erating room with the patient under regional or gen-
eral anesthesia. Subtle procedural knowledge (i.e., how
to perform a specific task) may not be readily under-
stood or noticed. The training of technical aspects of
orthopaedic surgery have traditionally been taught in
the operating room. Since operating time must be kept
to a minimum, there is little opportunity for reflection
or practice during a procedure.

The purpose of this study is to compare operative
and anesthesia times in arthroscopic anterior cruciate
ligament (ACL) reconstruction, with or without menis-
cectomy, between an experienced orthopaedic faculty
member and senior orthopaedic residents, in order to
evaluate the costs of surgical training of orthopaedic
residents.

METHODS
During a two-year period (1996-1997), one hundred

eleven cases of arthroscopic ACL reconstruction with
or without partial meniscectomy, were performed. Both
hamstring grafts and patellar tendon grafts were utilized.
All of the procedures had the same faculty member
(RCS) either as the primary surgeon or as an assistant
providing supervision and instruction as needed. A re-
view of the patient medical charts including the anes-
thesia record and the operative notes was performed.
Anesthesia time was defined as beginning when the
patient was intubated to the time the patient was extu-
bated after reversal of the anesthetic. Cases in which
the operation was performed under spinal anesthesia
were excluded from analysis due to the variability and
difficulty in defining an accurate anesthesia time. Op-
erative time was defined as beginning with the initial
skin incision and ending when the postoperative dress-
ing had been applied. Both operative and anesthesia
times were documented by the circulating nurse for that
particular case. The attending cases were for the most
part his private patients or patients who had requested
his services as the primary surgeon. These cases were
performed entirely by him, although residents did par-
ticipate as assistants in a small number of these proce-
dures (see Table 1). The cases selected as resident
cases were performed by a senior orthopaedic resident
with the same attending (RCS) as an assistant, provid-
ing supervision, instruction and assistance as needed
(see Table 2).

A number of cases were not selected for inclusion in
the comparative analysis. Cases in which there was in-
sufficient documentation in regard to anesthesia and/
or operative times were excluded. Other cases were
excluded if the extent of involvement of the faculty sur-

TABLE 1

Attending (RCS) ACL +/- Anesth (min) Case (min)

AS - 140 110
EA - 145 90
LC - 160 115
GC - 185 110
MH - 105 90
DS - 125 104
OM - 97 71
DB - 90 80
RS + 160 125
MD + 170 115
0B + 147 90
JS + 135 100
IM + 90 60
CT + 123 94
TL + 140 105
CC + 100 93
DB + 155 125
MC + 120 85
JS + 120 90
ED + 84 60

average 128.09 94.61

+ denotes ACL reconstruction with partial meniscectomy.
- denotes ACL reconstruction without partial meniscectomy.
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and data was organized and analyzed on an Excel pro-
gram (Microsoft; Redmond, WA) utilizing a standard
PC platform.

RESULTS
Comparisons were made between the attending fac-

ulty and the residents for the anesthesia time and the
operative case time. The differences were found to be
highly significant (p<.0001). Attending case times aver-
aged 94.62 minutes with a range of 60 to 125 minutes,
while anesthesia times for these cases averaged 128.10
minutes with a range of 84-185 minutes. Resident case
times averaged 137.09 minutes with a range of 95 to
210 minutes, while anesthesia times for these cases
averaged 190.48 minutes with a range of 145 to 255
minutes. The results were analyzed utilizing the t-test
with equal variances. (See Table 3). Thus, the anesthe-
sia time was significantly less for the attending (one-
tailed t value=-7.40, df=51, p<.0001) as was the case time
(one-tailed t value=-6.42, df=51, p<.0001). On average,
the difference in anesthesia times for resident cases was
equivalent to $228.73 per case based on $55.00 billed
per each additional 15 minutes. Based on the increased
case time, an additional $10.61 per minute (Acuity Level
II) for the use of the operating room was billed result-
ing in an average of $661.85 per resident case. No com-
plications were noted from the added operative time.
No significant differences in operative times between
type of reconstruction (hamstring or patellar tendon)
were noted.

DISCUSSION
The acquisition of surgical proficiency in orthopaedic

surgery is vital to the training of residents. However,
due to many outside influences, the opportunity to
“learn by doing” while in the operating room may not
be as easily afforded to the resident as it was in the
past. A graduated increase in responsibility and inde-
pendence has educational value but also carries a price
in terms of increased operative time and costs. We have
demonstrated a significant difference in the operative
and anesthesia times between one orthopaedic attend-
ing and senior-level residents in the performance of
arthroscopic ACL reconstruction. This procedure was
chosen because it is a relatively common operation and
requires a certain degree of technical proficiency to
perform well.

The need for developing motor skills in surgery has
been previously recognized. Lippert et al., described a
psychomotor skills course for orthopaedic residents in
which operative techniques were taught outside of the
operating room without hazard to the patient or regard
to time constraints.9 In describing the development of

TABLE 2

Residents ACL +/- Anesth (min) Case (min)

ML - 165 115
JS - 195 135
FH - 190 140
BB - 250 143
MD - 180 125
JO - 190 125
KS - 245 175
RM - 200 155
DM - 175 122
CC - 170 120
PR - 175 110
CP - 210 160
AB - 225 140
RC - 150 115
JH - 160 135
EG - 185 125
JD + 255 200
JK + 170 120
LP + 200 125
WW + 175 155
AL + 145 95
RS + 165 120
JB + 165 115
MG + 155 120
MD + 170 125
AG + 200 140
JM + 245 182
GV + 200 150
DR + 160 110
FS + 190 130
RC + 240 210
CC + 195 150

average 188.57 139.14

+ denotes ACL reconstruction with partial meniscectomy.
- denotes ACL reconstruction without partial meniscectomy.

geon or resident was not clear. No revision ACL recon-
structions were included, nor were cases in which an-
other procedure other than a partial meniscectomy was
performed in concert with the ACL reconstruction such
as concomitant collateral ligament reconstruction or
meniscal repair. After careful review, 53 total cases met
the selection criteria. Twenty-one cases were performed
by the faculty surgeon. Thirteen of these 21 cases also
had a partial meniscectomy performed. Thirty-two cases
were performed by the senior orthopaedic resident.
Sixteen of these 32 cases also received a partial menis-
cectomy. All information was tabulated by chart review
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motor skills in orthopaedic education, Kopta reported
that the present approach in the acquisition of motor
proficiency is “usually random, frequently incomplete
and often conducive to unselected learning.” The re-
sults are an extremely inefficient skill teaching program
in a specialty which is highly oriented to motor tasks.7

Other authors have identified the need for residents to
begin developing efficient procedural knowledge and
introduced structured perceptual motor surgical prac-
tice emphasizing different models.2 Ericsson et al.,
emphasized the role of deliberate practice in the acqui-
sition of expert performance.4 Others have encouraged
operative teachers to follow simple learning principles,
provide feedback on multiple procedural skills and to
use structured assessments to help developing surgi-
cal residents.11

The differences noted in operative and anesthetic
times not only confine the patient to longer periods in
the operating room, but also impart a financial impact
in terms of direct costs incurred. At our institution, each
additional 15 minutes of anesthesia is billed at $55. Com-
paring the differences of the averages of anesthesia
times between the attending and resident this would
account for an additional $228.73, on average, for the
resident’s cases. Added operating room time as well
increases costs, and when billed for level II acuity, this
added an average $661.85 to the cost of surgical train-
ing. Assuming that on average resident operative and
anesthesia times are longer than attending, and taking
into account that at our institution orthopaedic residents
perform approximately 1700 cases during their train-
ing, the added direct costs of operative training is sig-
nificant. Bridges et al., noted similar differences be-

tween general surgical residents and faculty. They dem-
onstrated a significant net time cost to training residents
in the operating room. This was equivalent to nearly
$48,000 per graduating resident assuming 4 years of
operative training.1

CONCLUSION
One would expect experienced orthopaedic faculty

members to be able to perform a specific procedure in
a more timely manner than a resident. However, the
direct economic costs of training orthopaedic residents
on patients may suggest a need to identify strategies to
make the process more efficient and cost effective. Cru-
cial components of clinical training can be detached
from patient care and practiced elsewhere.6 There ap-
pears to be a need for technical training facilities in
which orthopaedic residents can augment their surgi-
cal experience for patients developing their skills out-
side of the operating room. Alternatives such as animal
or cadaver labs and even “virtual surgery” labs have
been examined, but the expense needed to create and
maintain other technical resource facilities is large.3 We
have shown that the extended times and added costs
in one particular procedure performed by residents may
have a significant financial impact and can justify such
an investment in resident education.
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TABLE 3

Variables (in minutes) Attending Surgeon (RCS) Residents

Anesthesia time
Mean 128.10 minutes 190.48 minutes
Range 84-185 145-255
Standard Deviation 29.05 30.57

Case
Mean 94.62 minutes 137.09 minutes
Range 60-125 95-210
Standard Deviation 18.86 26.14
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ABSTRACT
Isolated PCL injuries have become more preva-

lent in recent years, possibly as a result of im-
proved awareness and clinical recognition. How-
ever, the diagnosis can be difficult, and many of
these injuries continue to go undiagnosed. Sev-
eral clinical tests for PCL laxity have been de-
scribed over the years, with varying degrees of
sensitivity and clinical applicability. These include
the posterior drawer,1 the Muller Quadriceps Ac-
tive Test,2,3 Godfrey’s Test,4 Trillat’s reverse
lachman/total translation test,5 and the Dynamic
Posterior Shift.6 All of these tests require signifi-
cant posterior laxity associated with complete PCL
disruption to be positive. Use of the KT-1000
arthrometer, and several radiographic tests have
also been developed to help with diagnosis and
quantification of laxity. It is the purpose of this
paper to review the technique and application of
the established diagnostic tests for PCL deficiency,
and to introduce two new tests employed by the
senior author for nearly three decades. It is the
authors’ experience that these new tests are suf-
ficiently sensitive to allow the examiner to detect
the presence of PCL insufficiency even in the most
difficult diagnostic situations with subtle laxity.

TESTS CURRENTLY DESCRIBED IN THE
LITERATURE-SENSITIVE FOR GROSS LAXITY

The posterior drawer test is a classic exam that was
described in the modern American literature by
Hughston, et al in 1976,14 and again by Clancy, et al in
1983.1 Clancy’s group performed the test on a supine
patient with hip flexed 45˚ and the knee flexed 90˚. The
examiner sits on the patient’s foot to fix this to the table.
Each hand is then placed on the proximal anterior tibia,
with a thumb on the respective medial and lateral joint
lines. The proximal tibia is then pushed posteriorly, and

an estimation of posterior plateau translation is deter-
mined. The test is first performed with the foot in neu-
tral rotation. It is then repeated with the foot internally,
and then externally rotated. The entire sequence is then
compared to the contralateral side. Posterior translation
is graded as a function of posterior motion of the proxi-
mal tibia relative to the opposite side, with a grade 1+
indicating 0 to 5mm greater translation, grade 2+ a 6 to
10mm greater translation, and a grade 3+ meaning
11mm or more.15 Another method to assess posterior
laxity is to grade position of the anterior edge of the
tibial plateau with respect to the ipsilateral femoral
condyles during a forced posterior drawer. Posterior
laxity of 1+ means the anteromedial edge of the plateau
remains anterior to the medial condyle, 2+ is flush with
the condyle and no step-off exists, and with 3+ the edge
of the plateau is under, or posterior, to the condyle.
Clancy, et al found that with isolated PCL injuries, the
drawer decreased with the foot in internal rotation. This
is opposite to Hughston’s description and is presum-
ably secondary to tightening of one or both of the
menisco-femoral ligaments (i.e. Humphrey or
Wrisberg), which were found to be intact at the time of
surgery in these patients.

The Muller test is performed with the patient supine,
and in the same position as the posterior drawer. The
first part of the test is to examine the anterior silhou-
ette of the proximal tibia from the side, and compare
this to the uninjured, contralateral knee. The patient is
then asked to raise his or her foot off the table. A posi-
tive test reveals posterior sag of the proximal tibia ini-
tially, and anterior translation of the proximal tibia prior
to the foot leaving the table with attempted elevation of
the foot. This anterior translation can be quantified and
compared to the opposite knee. This test has also been
termed the Quadriceps Active Test by Daniel, et al.2

Godfrey’s test for posterior laxity is similar to the
Muller test, but places the hip in 90˚ of flexion rather
than 45˚. A hand supports the leg under the lower calf
or heel, suspending it in the air. The initial posterior
sag may be more visible in this position, secondary to
a greater gravitational pull, and may be useful in subtle
cases. Again, the patient is asked to raise the foot, and
anterior translation of the proximal tibia indicates a
positive result.
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There really is no true reverse Lachman test, but
Trillat5 has described examining the knee in 20-30˚ flex-
ion determining total anterior/posterior translation. A
soft or absent endpoint determines direction of laxity,
and this total translation is compared to the contralat-
eral side.

Shelbourne, et al, described the Dynamic Posterior
Shift test in 1989.6 The patient lies supine and the ex-
aminer stands on the side of the affected knee. The hip
and knee are flexed to 90˚, and the examiner’s hand
supports the anterolateral thigh, to maintain neutral
rotation. The examiner’s other hand supports the heel
and the knee is then slowly extended by the examiner.
The test is positive if a palpable and audible clunk, or
jerk, occurs near extension, as the tibia reduces on the
femoral condyles. This test requires the hamstrings to
remain taught as the knee approaches full extension.

In a recent investigation, the posterior drawer test
was found to be the most accurate clinical test in the
diagnosis of PCL laxity.7 Rubinstein’s study used a con-
trolled blinded experiment design to assess the accu-
racy of the PCL clinical tests, for a group of sports
medicine-trained orthopaedists. They evaluated the pos-
terior drawer, posterior sagittal sign (first part of Muller
or Godfrey’s test), reverse lachman, dynamic posterior
shift, quadriceps active test (second part of Muller or
Godfrey), reverse lachman endpoint and two tests for
posterolateral rotatory instability, the reverse pivot shift
and the external rotation recurvatum test. Their find-
ings revealed a high specificity for each of the tests uti-
lized, with a range of 89 to 100%. The sensitivity, how-
ever, varied greatly with a range of 37 to 90%. The

posterior drawer was found in this study to be the most
accurate test with a 90% sensitivity and 99% specificity.
For Grade 1 laxity, however, this test was found to be
only 70% sensitive. No other test had an overall sensi-
tivity of 80% or higher. A combination of tests added in
series would theoretically increase the ability of clini-
cally diagnosing a PCL injury definitively.

Arthrometric evaluation with KT-1000 instrumenta-
tion has been shown to have a diagnostic sensitivity of
76-90% and accuracy of 89-96%7,8,9 in experienced hands,
and is very user dependent. It is not as accurate with
PCL laxity as it is for ACL laxity, and is not widely used
in clinical applications.

Radiographic evaluation can be of some value in
subtle cases, with posterior stress laterals at 70-90˚, and
has been shown in one study8 to be more accurate than
KT-1000 and the posterior drawer test. This was espe-
cially true in the case of partial tears. MRI evaluation
has become the gold standard for detection of PCL
tears. A paper by Gross, et al10 reported accuracy ap-
proaching 100% in a study of over 200 patients with sur-
gically confirmed diagnoses. The diagnosis, however,
can usually be determined clinically with a careful his-
tory and thorough examination. Use of the MRI should
be reserved for confirmation of the diagnosis and as-
sessment of other suspected intra-articular injuries.

PREVIOUSLY UNPUBLISHED TESTS—
SENSITIVE IN ABSENCE OF GROSS LAXITY
To follow is the description of two functional tests,

as-of-yet undescribed in the literature, that can be used
as adjuncts for the diagnosis of a PCL injury: the Pos-

Figure 1. Performance of the Posterior Functional Drawer Test in
the prone position at 90˚. Examiner compares strength of ham-
strings and patient reports the presence of posterior pain.

Figure 2. Performance of the Posterior Functional Drawer Test in
the prone position at 20˚. Examiner compares strength of ham-
strings to each other, and to the 90˚ test, and patient reports the
presence of posterior pain.



G. T. Feltham and J. P. Albright

38 The Iowa Orthopaedic Journal

tient is able to generate pain-free hamstring power. The
supine variation of this exam places the hip at 45˚ and
the knee at 90˚. One hand holds the heel and resists
knee flexion, while the other palpates the anterior pla-
teau to assess translation with resisted flexion (Figure
3). The test is then repeated with the knee at 20-30˚
(Figure 4). Further, an anterior drawer can be applied
to the proximal tibia at 90˚ and the test repeated (Fig-
ure 5). A positive test is determined if an anterior drawer
significantly reduces the pain and weakness found in
the first part of the examination.

The PFD test can be used as a screen in cases with
partial tears or isolated tears with minimal laxity, and
has been seen to be very sensitive in cases of acute
injury. As a functional test it can be used to assess re-
sponse to rehabilitation, a need for bracing, and judge
effectiveness of the brace. We have also found the per-
sistence of a positive test, despite full rehabilitation,
associated with a failure to return to high level sports
activity.

Proximal Tibial Percussion Test
The use of the Proximal Tibial Percussion test is in-

dicated in only two instances. One, it should be em-
ployed as a last resort when none of the above tests
have established a diagnosis of acute PCL deficiency.
The second indication is for use in conjunction with the
PFD test to confirm that the weakness detected in this
test is not due to hamstring muscle injury. The PTP
test is performed with the leg in the same position as
described for the posterior drawer test with the knee at
90˚ and the examiner sitting of the patient’s foot. The
examiner’s one hand is placed directly over the ante-

terior Functional Drawer test (PFD), and the Proxi-
mal Tibial Percussion test (PTP). These tests are very
easily applied and interpreted, even by the most inex-
perienced health care providers. The tests are graded
as either positive or negative, and indicate functional
posterior instability.

Posterior Functional Drawer Test
The Posterior Functional Drawer test can be per-

formed on a patient in either the prone or supine posi-
tion. We have found it easier to examine both extremi-
ties simultaneously in the prone position, and will
describe this technique first. With the patient prone,
the knees are positioned at the lower edge of the ex-
amining table. Full manual resistance of knee flexion is
performed at 90˚ of knee flexion and 0˚ of hip flexion
(Figure 1). Amount of posterior pain and hamstring
strength is compared to the contralateral side. The re-
sistance is then repeated at 20 to 30˚ of knee flexion
(Figure 2), and again compared to the other side. A
positive test reveals posterior pain and significant weak-
ness at 90˚, versus the contralateral side, which is ei-
ther not present, or is greatly reduced in the more ex-
tended position. In other words, resisted knee flexion
hurts and there is weakness at 90˚, while strength is
maintained and pain decreased at 20-30˚. The presump-
tion is that at 90˚ the hamstrings pull the proximal tibia
posteriorly into a subluxated position causing pain, with
weakness probably from a pain inhibition mechanism.
With the knee at 20˚, the proximal tibia is reduced, and
the component of the hamstring force vector acting pos-
teriorly is insufficient to subluxate the plateau against
secondary restraints in this position. Therefore the pa-

Figure 3. Performance of the Posterior Functional Drawer Test in
the supine position at 90˚. Examiner compares strength of ham-
strings and patient reports the presence of posterior pain.

Figure 4. Performance of the Posterior Functional Drawer Test in
the prone position at 20˚. Examiner compares strength of ham-
strings to each other, and to the 90˚ test, and patient reports the
presence of posterior pain.
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rior aspect of the proximal tibia at the level of the tibial
tubercle. With the unsuspecting patient completely re-
laxed, the examiner’s other hand delivers a sharp blow
to the back of the hand placed against the tibia (Figure
6). A positive test is declared with the generation of
significant posterior joint pain similar in nature to that
experienced at the time of the original injury. While the
authors have found this test to be very revealing in
many instances, it must be saved until last because it
can be sufficiently painful that the patient is unable to
cooperate for any further testing. For this reason, it is
not needed when the diagnosis of PCL deficiency can
be established without it.

These tests have not yet been formally validated, but
this is currently in progress. In the twenty-eight year
career of the senior author, all but one patient with
subtle posterior laxity had a positive Posterior Func-
tional Drawer test at presentation. The diagnosis was
confirmed with either MRI or arthroscopy. Interestingly,
most of these patients had an equivocal exam after
employing the standard tests described at the begin-
ning of this paper. All patients underwent a conserva-
tive management program emphasizing quadriceps
strength. In six more recent cases of PCL rupture, three
of the patients eventually become PFD negative during
their rehabilitation, and three remained positive. The
three that remained positive despite full rehabilitation
eventually required delayed reconstruction, secondary
to functional pain and/or instability during sporting
activity. We feel this test is therefore helpful in identify-
ing those patients that will ultimately fail conservative
management of their isolated PCL injury, and require

reconstruction in order to return to their pre-injury level
of athletics. Below are several cases that illustrate these
concepts.

ILLUSTRATIVE CASE REPORTS

Case 1
Chronic PCL deficiency with no appreciable laxity

A local high school soccer player was seen with
vague knee symptoms and no obvious instability. Pos-
terior drawer, Muller, and Godfrey were all negative.
Both the PFD and PTP tests were positive. An MRI was
obtained and confirmed isolated PCL rupture. The
patient was successfully rehabilitated. The PFD reverted
to negative after rehabilitation and hamstring strength
improved with use of a functional brace. The patient
was able to advance to the collegiate level with use of
the brace.

Case 2
Chronic PCL deficiency with recurrent disability

An all-star tight end sustained a PCL injury in high
school, which he did not reveal to the coaches or medi-
cal staff during recruitment. He denied any current knee
pain or functional problems at the time of freshman
physicals. Subtle posterior laxity was suspected with a
soft end point on the posterior drawer test. The PFD
and PTP tests were positive. The diagnosis was con-
firmed with MRI. The patient did well with rehabilita-
tion, eventually becoming negative on his PFD test. He
was able to play at the collegiate level with a PCL brace.
Throughout the course of his collegiate career, the pa-
tient would occasionally ‘tweak’ his PCL deficient knee,

Figure 5. Posterior Functional Drawer test with an anterior drawer
applied. This symptomatic patient had reduced pain and increased
hamstring strength with this maneuver.

Figure 6. Performance of the Proximal Tibial Pecussion test to the
relaxed, unsuspecting patient. A positive test illicits significant
posterior pain. This is very useful in the acute injury setting.
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and his PFD again became positive. His playing effec-
tiveness was greatly reduced, until with rest and fur-
ther rehab, his PFD would again revert to negative. He
was then able to resume play free of symptoms.

Case 3
Acute non-specific knee pain with no obvious
laxity

A collegiate defensive lineman took a hard hit and
came off the football field in extreme pain, with the help
of a teammate. The initial knee exam was difficult to
perform, secondary to pain, but no gross laxity of the
major ligaments was appreciated. There was no swell-
ing or pain to palpation. After a few minutes the pain
subsided and the player returned to the game. After
the next series he complained of pain and the inability
to explode out of his three-point stance. Again, the liga-
mentous exam was equivocal by standard tests. Appli-
cation of the PFD and PTP tests revealed obviously
positive results for PCL rupture. An MRI performed
within the next couple of days confirmed an isolated
PCL rupture. This patient was rehabilitated and was able
to return to play the following season with a brace.

Case 4
Gross posterior laxity with persistent PFD despite
full rehabilitation

A female scholarship rower fell into a creek, hitting
her anterior proximal tibia on a concrete structure be-
low the water’s surface. She was diagnosed with a PCL
rupture with 10mm of posterior laxity on a posterior
drawer (Figure 7), and with a positive Godfrey’s test
(Figures 8 and 9). She was begun on ROM and strength-
ening rehabilitation. Six weeks later, despite no reported
pain with activities, she had a persistent PFD test, and
had marked hamstring weakness at 90˚ (Figures 3-5).

She continued on an aggressive strengthening and func-
tional rehab program under daily supervision. Seven
weeks later she had completed her rehab and passed
all of the performance tests set by the athletic training
staff. She had full quad strength by manual testing. Her
PFD remained positive with significant pain and weak-
ness at 90˚. Despite these test results, she was cleared
to begin sport-specific conditioning and rowing. She did
well at first, but the pain and swelling eventually in-
creased to the point where she could not continue row-
ing. She especially had pain during the catch, and dur-
ing the initial push of the drive phase, i.e. during full
knee flexion. She had no pain with ADL’s or walking,
except after a workout. Despite improved function with
a PCL brace, she was unable to resume training sec-
ondary to pain. Her PFD remained positive both with

Figure 7. A grade II posterior drawer. Translation was estimated at
10mm, and condyles are flush with proximal tibial plateau. Note
sag of anterior tibial silhouette.

Figure 8. First part of Godfrey’s test. Note sag of anterior tibia. The
sag is more pronounced than that seen in Figure 7.

Figure 9. Second part of Godfrey’s test. Proximal tibia translates
anteriorly with resisted initiation of knee extension.
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the brace and without. After having failed six months
of nonoperative management, including brace wear, she
requested surgical reconstruction. Four months after
surgery, she is involved in a standard postoperative re-
habilitative protocol and doing well. The posterior
drawer is 2 to 3mm with a solid endpoint, and the PFD
is negative.

DISCUSSION
The above cases represent patients with variable

degrees of PCL laxity, and differing stages of injury at
presentation. They each did well originally with reha-
bilitation, and it was felt they would be able to return to
their pre-injury level of activity. It was noted that each
had a grossly positive posterior functional drawer test
at presentation, and that the test became negative, or
nearly so, during rehabilitation in the athletes that were
able to successfully resume play. One eventually came
to reconstruction after she was unable to resume her
training secondary to pain, and in this case the PFD
remained positive despite full rehabilitation. The foot-
ball players were able to resume play with use of a
brace, but occasionally lost time from mild repeat in-
jury. During these times after repeat injury, the PFD
again became positive. All of these cases illustrate the
usefulness of the PFD in the diagnosis and clinical fol-
low-up of functional PCL instability.

Fowler and Messieh11 followed 13 patients with iso-
lated PCL injuries, and reported in 1996 a 100% return
to previous level of activity at an average of 2.6 years.
Prior to this Parolie and Bergfeld12 reported only an 84%
return to activity, and only a 68% return at the pre-in-
jury level. They found an increase of 2mm in the side-
to-side KT-1000 difference in the unsatisfied patients,
versus the satisfied patients, when tested both passively,
and with an active hamstring contraction. This however
did not reach statistical significance. They concluded
that the amount of posterior laxity did not correlate with
the ability to return to sports, but felt it was more re-
lated to the patient’s ability to regain quadriceps
strength equal to or greater than the uninjured side.
Shelbourne, et al13 reported on a prospectively followed
group of patients with isolated PCL rupture and found
that at an average of 5.4 years, only 50% of conserva-
tively treated patients were able to return to their pre-
injury level. They also showed this was not correlated
with degree of laxity. This reflects our experience.

Our patients have all regained full quadriceps
strength during rehabilitation, but those requiring re-
construction continued to exhibit a positive PFD test.
This test does not quantify amount of posterior transla-
tion, but rather that it occurs, and that it causes pain
and weakness of the hamstrings. We therefore believe

this test is useful in identifying those patients who have
completed a rehabilitation protocol and have full quad-
riceps strength, who are unable to return to a high level
of sports activity. These patients may require use of a
brace, or PCL reconstruction. The test can also be used
to assess the effectiveness of a PCL brace, as the test
should revert to negative if the brace is effectively re-
sisting posterior translation of the proximal tibia. This
test does not measure or directly identify posterior lax-
ity, but rather identifies patients that have functional
disability (pain and hamstring weakness) as a result of
abnormal posterior translation of the proximal tibia. It
also identifies those patients that have overcome this
disability with rehabilitation, and ultimately do well with
non-operative management.

We have also found PFD test to be very helpful in
the diagnosis of acute PCL ruptures, especially in those
cases when the diagnosis is not obvious. It is quickly
and easily applied in the office or on the sidelines, and
results are independent of the examiner. The Proximal
Tibial Percussion test requires no effort or cooperation
from the patient, and can be applied to the acutely in-
jured, apprehensive patient. We feel these tests should
be a useful part of the sports medicine physician’s clini-
cal diagnostic armamentarium.

In conclusion, two new clinical tests have been pre-
sented that we feel are very sensitive in diagnosing
acute PCL injury and subtle cases of functional PCL
instability. These tests can also be used to follow a
patient’s ability to return to high level activities during
a rehabilitative program, and assess brace function.
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ABSTRACT
The known use of performance enhancing

agents by athletes has occurred throughout his-
tory. In the 1960s and 1970s steroids and am-
phetamines were the supplements most often
used. Now athletes are turning to supplements
that are either natural or stimulate the release of
natural hormones. The purpose of this study is to
evaluate the prevalence of use of nutritional
supplements among high school football and vol-
leyball players. This study surveyed 495 male
football players and 407 female volleyball players
from 20 high schools in Northwest Iowa. These
athletes completed anonymous surveys and re-
turned them to their coaches. Results showed that
8% of the male athletes and 2% of the female ath-
letes were using supplementation. Supplements
used included creatine, androstiendione, HMB,
amino acids, DHEA, phosphogen, weight gainer
1850, Tribulus, muscle plus, multivitamins, cal-
cium, GABA, and Shaklee Vita Lea and Physique.

INTRODUCTION
The use of nutritional supplements has been a con-

troversial subject in past years. In the 1960s and 1970s,
anabolic/androgenic steroids and amphetamines were
at the forefront.10 Now many athletes are trying to im-
prove their performance by supplementing their diets
with so-called natural substances. Some of the major
supplements being used for performance enhancement
include: creatine, androstiendione, beta-hydroxy-beta-
methylbutyrate (HMB), amino acid complexes,
dehydroepiandrosterone (DHEA), ginseng, and
phosphogen.

Creatine, which is an amine, is a natural dietary con-
stituent present in small amounts in animal foods.9 Cre-
atine can also be synthesized in the liver and kidney
from several amino acids.9 Research suggests that con-
suming 20 grams of creatine per day (5 grams fed four
times daily) for five days may improve performance in
brief, maximal exercise lasting less than 30 seconds.2

However, two recent studies did not find any improve-
ment in running4 or swimming sprints1 after creatine
supplementation. Using creatine supplementation may
be detrimental to peformance in aerobic events because
of the increase in body mass found with creatine supple-
mentation.9 An increase in body mass has been found
consistently with creatine supplementation, but the mass
is not necessarily lean muscle tissue. The weight gain
is possibly water weight, which has bound to the creat-
ine. Weight is put on quite rapidly, and in some cases
urine production decreases with the creatine usage
which would suggest water retention.9 The use of cre-
atine does not appear to have any short-term health
risks, but long-term risks have not yet been deter-
mined.9

Androstiendione is a nutritional supplement that con-
verts into testosterone once ingested.5,6 Anabolic ste-
roids are different from androstiendione in the fact that
they are man-made testosterone,11 while  androstien-
dione stimulates the release of the natural hormone
testosterone. But this testosterone is released in
amounts excessive to what the body normally produces.
Ver y little scientific research is available on
androstiendione. Long-term studies have not been done
on its safety or ergogenic effects.

Beta-hydroxy-beta-methylbutyrate (HMB) is used pri-
marily to increase lean muscle mass and/or decrease
fat.9 The exact function of HMB in the body is un-
known.6 The normal source of HMB production in the
body is leucine, which is a natural amino acid constitu-
ent of dietary protein.9 Well-controlled studies are
needed to determine the effectiveness of HMB in hu-
mans. HMB supplementation appears to be safe acutely,9
but further long-term studies on humans are needed.

The claim behind amino acid supplements is that they
stimulate the release of human growth hormone, pro-
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mote muscle growth, and increase strength. The fact is
that oral amino acid supplements do not increase growth
hormone levels or muscle mass. Weight lifting and en-
durance training both significantly increase growth hor-
mone levels. Combining the supplements with exercise
does not increase growth hormone levels above those
seen with exercise alone.3

Dehydroepiandrosterone (DHEA) is a precursor to
the hormones testosterone and estradiol.6 It is a natu-
ral steroid produced by the adrenal gland.9 Levels of
DHEA peak in early adulthood and decrease with age,
which is why it is often called a “youth hormone.”6

There is no evidence that DHEA produces anabolic ef-
fects (e.g. increased muscle mass or strength), or de-
creased body fat in healthy, young adults.8 Side effects
include acne, extra growth of body hair and breast ten-
derness in women, lowered cortisol levels, irritability,
and rapid heartbeat.6 Most human studies have reported
no major adverse side effects acutely, but abnormal find-
ings such as increased facial hair and decreased levels
of HDL cholesterol (the good cholesterol) have oc-
curred in women.9 The hormone’s long-term safety has
not been established9 and, as with other hormones, ad-
verse effects may not appear for years.

Ginseng is a term used for a variety of natural chemi-
cal extracts derived from the Araliaceae plant family.9

No other drug has all the healthful properties that have
been attributed to ginseng. The existence of a genuine
“cure-all” is unlikely. Until proper research has been
conducted, claims that ginseng has medicinal value
should be considered unproven. Triterperoid saponins
are thought to be responsible for whatever pharmaco-
logical activity ginseng might possesss. Since the gin-
seng root is expensive, the commercial preparations
(extracts, powders, teas, or paste) may contain little or
no ginseng. The best-documented side effects of gin-
seng are insomnia, and to a lesser degree, diarrhea and
skin eruption.7 Scientific research on ginseng does not
support the effectiveness of it as a sports performance
enhancer.9 The prolonged use of ginseng seems to be
relatively safe.7

MATERIALS AND METHODS
Four hundred ninety-five male football players and

407 female volleyball players from 20 high schools in
Northwest Iowa were used in this study. Of those ath-
letes, 31% (278) were freshmen, 24% (215) were sopho-
mores, 25% (223) were juniors, and 20% (186) were se-
niors. Anonymous surveys were distributed to each of
these athletes and collected by their respective coaches.

RESULTS
Of the 902 athletes surveyed, a total of 49 athletes

(5%) were using some sort of nutritional supplementa-
tion. In regard to the 495 male athletes, 42 (8%) were
using supplements. Of the 407 female athletes, seven
(2%) were using supplementation. Some of these ath-
letes were taking supplements in a combination of two
or more at a time.

CREATINE
Of the 495 males surveyed, 28 (6%) reported using

creatine. Ten of those users had been using for 1-3
months, six had been using for 4-6 months, two had
been using for 7-9 months, four had been using for 10-
12 months, three had been using for 1-1.5 years, one
had been using for 1.5-2 years, one had used for 2-3
years, and one of the users did not answer the question
about length of use. Thirteen of the users took creat-
ine by cycling, ten took continuously, three took as
needed, and two did not answer the question concern-
ing how they took the supplement. When asked about
their daily dosage of creatine, three answered one a day,
two said three daily, two said one spoonful a day, two
said one teaspoon a day, two said one tablespoon a day,

Supplement # using % using

Creatine—Males and Females 29 3%

Creatine—Males 28 6%

Creatine—Females 1 <1%

Androstiendione—Males and Females 3 <1%

Androstiendione—Males 3 <1%

Androstiendione—Females 0 0%

HMB—Males and Females 3 <1%

HMB—Males 3 <1%

HMB—Females 0 0%

AA Complex—Males and Females 14 2%

AA Complex—Males 13 3%

AA Complex—Females 1 <1%

DHEA—Males and Females 1 <1%

DHEA—Males 1 <1%

DHEA—Females 0 0%

Phosphogen—Males and Females 3 <1%

Phosphogen—Males 3 <1%

Phosphogen—Females 0 0%
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one said two tablespoons a day, one said 2-3 tablespoons
a day, one said one cup a day, one said five milligrams
a day, one said 500 milligrams a day, two said five grams
daily, one said 36-50 grams a day, and nine did not an-
swer the question. Twenty-two users bought their cre-
atine at GNC, two bought at an athletic club or fitness
center, two bought both at GNC and a discount store,
one marked that he bought at a source other than those
listed in the survey, and one did not answer the ques-
tion concerning where he purchased the creatine. When
asked how much they spent on nutritional supplements
per month, ten said $0-$25, eight said $26-$50, five said
$51-$75, three said $75-$100, and two did answer that
question. Twenty-two of the male athletes listed perfor-
mance enhancement as the reason for taking creatine,
one said he took creatine for dietary supplementation,
one said he took for both performance enhancement
and dietary supplementation, and four did not list a rea-
son for taking creatine.

There was only one female athlete taking creatine.
She was taking creatine in the form of Advocare’s per-
formance optimizing system 2. She had been taking
between 1-3 months continuously in the dosage of two

grams per day in the form of a drink. She purchased
the creatine through an Advocare salesperson and was
spending $26-$50 per month. She had learned about
supplementation from her parents, coach, orthopedic
surgeon, and an athletic trainer. Her reason for using
nutritional supplements was for performance enhance-
ment and to stay healthy (she was also using multivita-
mins).

ANDROSTIENDIONE
None of the female athletes and three of the male

athletes surveyed took androstiendione. All three had
been taking for 4-6 months with one using in cycles,
one said he took continuously, and one said he took as
needed. The amount of androstiendione these athletes
took was the following: one took two a day, one took
200 milligrams a day, and one took 500 milligrams a
day. Two of these athletes bought their androstiendione
at GNC and one bought from an Advocare salesperson.
One spent $26-$50 a month, one spent $51-$75 a month,
a one spent more than $125 a month. All three of the
athletes used androstiendione for performance enhance-
ment.

Supplement # Taking Continuously # Cycling # Taking As Needed Unsure

Creatine—Males and Females 11 13 3 2

Creatine—Males 10 13 3 2

Creatine—Females 1 0 0 0

Androstiendione—Males and Females 1 1 1 0

Androstiendione—Males 1 1 1 0

Androstiendione—Females 0 0 0 0

HMB—Males and Females 0 2 1 0

HMB—Males 0 2 1 0

HMB—Females 0 0 0 0

AA Complex—Males and Females 8 5 1 0

AA Complex—Males 7 5 1 0

AA Complex—Females 1 0 0 0

DHEA—Males and Females 0 1 0 0

DHEA—Males 0 1 0 0

DHEA—Females 0 0 0 0

Phosphogen—Males and Females 0 2 1 0

Phosphogen—Males 0 2 1 0

Phosphogen—Females 0 0 0 0
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BETA-HYDROXY-BETA-METHYLBUTYRATE
(HMB)

None of the female athletes and three of the male
athletes surveyed took HMB. Two of the male athletes
took HMB for 1-3 months and one took for 1-1.5 years.
Two of the males cycled their HMB usage while one
used as needed. One of the athletes took HMB in the
dosage of two packets a day, one took 250 mg a day,
and one took five grams a day. Two of the males bought
their HMB at GNC and one’s parents puchased it for
him. Two spent $51-$75 per month, and one spent $76-
$100. All three of the athletes were using HMB for per-
formance enhancement.

AMINO ACID COMPLEX
Thirteen of the male athletes were taking an amino

acid complex. Four had been taking for 1-3 months, four
were taking for 4-6 months, two were taking for 7-9
months, two were taking it for 10-12 months, and one
was taking for 1-1.5 years. Five were taking in cycles,
seven were taking continuously, and one was taking as
needed. When asked their daily dosage, four didn’t

know, two said one serving a day, two said two daily,
one said three daily, one said after every lifting session,
one said two scoops a day, one said one cup a day, and
one said three cups a day. Ten of the athletes bought
their amino acid complex at GNC, one bought at both
GNC and a discount store, one bought from an
Advocare salesperson, one bought from an athletic club
or fitness center. Five were spending $0-$25 per month,
three were spending $26-$50, three were spending $51-
$75, one was spending $76-$100, and one was spending
more than $125 per month. Eleven were using for per-
formance enhancement, one was using as a dietary
supplement, and one did not disclose why he was us-
ing an amino acid complex.

One female athlete was taking an amino acid com-
plex. She had been taking from 1-3 months continuously
in the dosage of 25-50 grams per day. She bought from
both GNC and an Advocare salesperson and spent be-
tween $76-$100 per month. She was using the supple-
ment as both a dietary supplement and for performance
enhancement.

Supplement # Taking to Enhance Performance # Taking to Enhance Diet # Taking for Both

Creatine—Males and Females 22 1 2

Creatine—Males 22 1 1

Creatine—Females 0 0 1

Androstiendione—Males and Females 3 0 0

Androstiendione—Males 3 0 0

Androstiendione—Females 0 0 0

HMB—Males and Females 3 0 0

HMB—Males 3 0 0

HMB—Females 0 0 0

AA Complex—Males and Females 11 1 1

AA Complex—Males 11 1 0

AA Complex—Females 0 0 1

DHEA—Males and Females 1 0 0

DHEA—Males 1 0 0

DHEA—Females 0 0 0

Phosphogen—Males and Females 3 0 0

Phosphogen—Males 0 0 0

Phosphogen—Females 0 0 0
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DEHYDROEPIANDROSTERONE (DHEA)
Only one athlete took DHEA. This athlete was a male

who had been taking for 1-3 months in cycles, he pur-
chased his supplements at GNC, he spent between $76-
$100, and he was using for performance enhancement.

GINSENG
Four male athletes were using Ginseng with two us-

ing for 1-3 months and two using longer than three
years. Two cycled their ginseng use and two used con-
tinuously. Two athletes were taking one pill a day and
two did not know how much they were taking, two
bought at GNC, one’s parents bought for him, and one
bought at both GNC and a discount store. All four of
the athletes answering said they used ginseng for per-
formance enhancement.

PHOSPHOGEN
Three male athletes reported using phosphogen.

Two of these athletes said they had been taking from
1-3 months and one said he had been taking 1-1.5 years.
Two were taking phosphogen in cycles while one was
taking as needed. They all purchased their phosphogen
at GNC. Two spent between $51-$75, and one spent $76-
$100. All three athletes were using phosphogen for per-
formance enhancement.

OTHER SUPPLEMENTS
There were other supplements used by the male ath-

letes that were not specifically listed in the survey. One
male athlete had been taking weight gainer 1850, one
was taking Tribulus, one was taking Muscle Plus, four
were taking multivitamins, one was taking calcium
supplementation, one was taking Gamma-Aminobutyric
Acid (GABA), and one was taking Shaklee Vita Lea and
Physique.

Of the female athletes surveyed, two were taking
multivitamins, two were taking echinacia, three were
taking calcium, and one was taking a whey and protein
drink.

DISCUSSION
Previous research on the incidence of nutritional

supplement usage in the high school population is at
best limited. This study was done to get a baseline on
nutritional supplement usage by high school football and
volleyball players in Northwest Iowa.

The results of this survey revealed the widespread
use of nutritional supplements, especially creatine, for
performance enhancement by male athletes. Athletes
are pushing the limits of athletic performance by using
whatever resources they have to improve their perfor-
mance, even at the high school level. Some nutritional

supplements do enhance certain sports performances,
but until these supplements have been scientifically
proven to not cause adverse short- and long-term ef-
fects, they should not be taken.

The female use of nutritional supplementation was
primarily for dietary enhancement. This use of multivi-
tamins, iron, calcium, etc., can be very beneficial for
athletes whose diets are lacking in any of the previously
mentioned substances. But, if an athlete’s diet is sound
in all areas, no supplementation is necessary.

The cost of nutritional supplements can be quite ex-
pensive. Although many (28) of the athletes we sur-
veyed were only spending between $0-$50 per month,
there were three athletes who spent in excess of $125
per month. Another troubling issue is that the FDA does
not regulate what is in many of the nutritional supple-
ments we researched, so these expensive products may
not do, or contain what they claim. As discussed ear-
lier, most of them have no scientific research to prove
their value or long-term effects.

As health care providers, we need to educate our
patients on nutritional supplementation. Calcium, iron,
multivitamins, etc., can be of great benefit for patients
whose diets are lacking. Health care providers should
evaluate the patient and make recommendations based
on their findings. The use of “performance enhancing”
supplements should be discouraged until there is long-
term studies that prove their safety and efficacy.
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ABSTRACT
Little information exists about the ability of the

Hoffmann sign to predict cervical spinal cord com-
pression. The objective of this study was to deter-
mine the correlation between the Hoffmann sign
and cervical spinal cord compression in a con-
secutive series of patients seen by a single spine
surgeon. All new patients with complaints related
to their cervical spine were included. Hoffmann
sign was elicited by flicking the nail of the middle
finger. Any flexion of the ipsilateral thumb and/or
index finger was considered positive. All imaging
studies were reviewed for spinal cord compres-
sion. Cord compression was defined as flattening
of the AP diameter of the spinal cord coexisting
with obliteration of CSF around the cord compared
to normal levels.

Of 165 patients, 124 patients had imaging of
their spinal canal. Review by the spine surgeon
found sensitivity of the Hoffmann sign relative to
cord compression was 58%, specificity 78%, posi-
tive predictive value 62%, negative predictive value
75%. 49 studies were also read by a “blinded”
neuroradiologist, the sensitivity was 33%, speci-
ficity 59%, positive predictive value, 26%, nega-
tive predictive value 67%.

Although attractive as a simple method of
screening for cervical spinal cord compression,
the Hoffmann sign, in the absence of other clini-
cal findings, is not in our experience a reliable
test.

INTRODUCTION
The Hoffmann sign has been in clinical use for ap-

proximately one hundred years. It was initially taught
by Johann Hoffmann at the end of the nineteenth cen-
tury and described in the literature by his assistant
Curschmann in 1911.1 It was felt to be a test for disease
of the corticospinal pathways. It has also been described
as the digital reflex, the snapping reflex, Tromner’s sign
and Jakobson’s sign.1,2

The incidence of the Hoffmann sign in otherwise
normal college students was evaluated in the 1930s. Two
separate studies found the incidence to be two percent
and 1.63 percent. Both of these studies included only
male subjects.3,4 Denno and Meadows described the “dy-
namic” Hoffmann sign. This involves performing the
Hoffmann test with “multiple active full flexion to ex-
tension of the neck.” This was felt to aid in the diagno-
sis of early spondylotic cervical myelopathy.5

Two recent studies have also discussed the utility of
the Hoffmann sign. Handal et al evaluated fifty one pa-
tients with cervical spine complaints and found the
Hoffmann sign and hyper-reflexia to be the physical find-
ings most sensitive and with the highest accuracy for
correlation with the ten patients found to have radio-
graphic evidence of cervical myelopathy.6 Sung and
Wang looked at sixteen people with a positive Hoffmann
sign but without complaints referable to the cervical
spine and found that fifteen of the sixteen had “definite
cervical pathology with neural compression” and all had
“spinal pathology” on MRI scan although the pathology
was in the thoracic spine.7

The purpose of this study was to further expand on
these previous studies and evaluate the Hoffmann sign
in a population of patients being seen by a spine sur-
geon for cervical spine problems. We wished to evalu-
ate the Hoffmann sign as a screening tool for radio-
graphic evidence of cervical spinal cord compression
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and to correlate radiographic findings such as spinal
cord dimensions with the presence or absence of a
Hoffmann sign.

MATERIALS AND METHODS
This was a prospective analysis of all new patients

seen in the practice of a university-based spinal Ortho-
paedic surgeon with complaints related to their cervi-
cal spine. Patients were excluded if they gave a history
of brain injury, central nervous system disorder, cere-
brovascular accident, previous brain surgery or intra-
dural cervical spine surgery. The study period lasted
from May 1, 1997 through February 1, 1999.

Evaluation consisted of a standard spinal history and
physical examination. A Hoffman test was performed
on all patients by the surgeon. This was performed by
flicking the fingernail of the long finger, from dorsal to
volar, on each hand while the hand was supported by
the examiner’s hand. The test was done with the neck
in the neutral position and then with the neck maxi-
mally forward flexed.4 Any flexion of the ipsilateral
thumb and/or index finger was interpreted as a posi-
tive test.

All radiographic studies of the spinal canal, whether
performed at our institution or elsewhere, were inter-
preted by the same surgeon. Only magnetic resonance
imaging and CT myelograms were defined as spinal
canal-imaging and were reviewed for evidence of spinal
cord compression.

All patients who underwent magnetic resonance im-
aging at our institution were scanned on one of two 1.5
Tesla scanners (Signa, GE Medical Systems, Milwau-
kee, WI, or Edge, Picker International, Cleveland, OH).
Each patient’s examination included a T1 weighted 3D
Fourier radio frequency-spoiled GRASS (3D-SPGR) se-
quence performed in the coronal plane. The 3D-SPGR
data set was reconstructed in the axial plane as a se-
ries of 2 millimeter contiguous slices. Images were
transferred to a PACS workstation (Impax, Agfa,
Ridgefield Park, NJ). All of these studies were analyzed
by a single neuroradiologist. Measurements of the trans-
verse and anterior to posterior (AP) spinal cord diam-
eter were made at each intervertebral disc level using
electronic calipers. Additionally a visual assessment,
with no knowledge of the patient’s clinical status, was
made regarding the presence or absence of spinal cord
compression at each level. The spinal cord was consid-
ered to be compressed when the following conditions
coexisted: the cord appeared flattened in its AP diam-
eter, and the cerebrospinal fluid (CSF) within the sub-
arachnoid space was obliterated at the level of flatten-
ing.

The presence or absence of the Hoffmann sign and
cord compression as well as age, gender and diagnosis
were recorded.

The sensitivity, specificity, positive predictive value
and negative predictive value for the Hoffmann sign as
it relates to radiographic evidence of cervical spinal cord
compression were calculated for the entire group of
patients with spinal canal imaging and for the subgroup
of patients at our institution with a standardized imag-
ing protocol. The coefficient of correlation (kappa sta-
tistic) was also determined comparing the readings of
the surgeon and the neuroradiologist for patients im-
aged at our institution. Multiple analysis of variants
(MANOVA) was performed for the anterior to poste-
rior and transverse measurements at each level account-
ing for the status of the Hoffmann sign and cord com-
pression.

RESULTS
One hundred sixty-five patients met the inclusion cri-

teria. One hundred four were female (63%) and 61 were
male. The mean age was 49 years. Forty-five of 49 (92%)
patients with a positive Hoffmann sign and 79 of 116
(68%) with a negative Hoffmann sign had imaging stud-
ies of their spinal canal. Thirty-nine of the 49 (80%) pa-
tients with a positive Hoffmann sign were female.

Table 1 shows the distribution of all 124 patients who
had imaging of their spinal canal evaluated by the treat-
ing surgeon. Imaging studies were performed both at
our institution and elsewhere. Seventeen of these 124
(13.7%) had a positive Hoffmann sign and no radio-
graphic evidence of compression.

Table 1
All Patients with Spinal Canal Imaging

Radiographic Evaluation
Compression No Compression

Positive
Hoffmann 28(A) 17(B)

Negative
Hoffmann 20(C) 59(D)

N= 124
Sensitivity (A/A+C) 58%
Specificity (D/B+D) 78%
Positive Predictive Value

(A/A+B) 62%
Negative Predictive Value

(D/C+D) 75%
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Of the 104 female patients 39 (38%) had a positive
Hoffmann sign whereas 10 of 61 (16%) of male patients
had a positive Hoffmann sign. Of those 39 females, 35
underwent spinal canal imaging, and 21 (60% positive
predictive value) were felt to have radiographic evidence
of spinal cord compression. Of the 10 male patients, all
had imaging and 7 (70%) were felt to have compres-
sion.

Table 2A shows the distribution of the 49 patients
who underwent MRI at our institution, evaluated by a
neuroradiologist blinded to the patients’ clinical status.
Table 2B shows the evaluation of those same patients
by the treating surgeon.

The kappa statistic for these forty-nine studies be-
tween the neuroradiologist and the surgeon for these
patients was .62. A kappa of one is perfect agreement,
zero is what would be expected by chance and nega-
tive one is totally imperfect agreement. The level at-
tained in this study is considered good reproducibility.

Figures 1A and 1B show the anterior to posterior and
transverse dimensions respectively of the cervical cord
at each level for each group.

MANOVA revealed that statistical significance (p< .05)
was only achieved when comparing radiographically
compressed to noncompressed levels. When radio-
graphic compression was eliminated as a factor, there
was no statistically significant difference at any level
between the Hoffmann positive group and the Hoffmann
negative group. When the transverse measurements
were evaluated, there was no statistically significant dif-
ference at any level, regardless of Hoffmann or com-
pression status.

DISCUSSION
A number of issues are raised by this study, both

about the Hoffmann sign and about the radiographic
interpretation of cervical spinal cord compression. The
first is whether the Hoffmann sign is even related to
pathology of the spinal cord. Sung et al and Denno et
al reinforced the belief that it is related.4,7 We also feel
that there is a relationship between cord pathology and
the Hoffmann sign but, like many aspects of clinical
medicine, the test is not foolproof and clinical judge-
ment remains the mainstay of evaluation rather than a
single physical finding.

Our study shows a significantly higher incidence of
both false positive and false negative findings than oth-
ers.3-7 One possible explanation for the high rate of false
positives we believe relates to gender. Earlier studies
looked only at males and we had a high percentage of
females who appear to have a much higher rate of hav-
ing a positive Hoffmann sign. Of the 61 males evalu-
ated, only 3 had a positive Hoffmann sign without ra-
diographic evidence of compression. Although we know
there were some “false negatives” in this group as well,
when comparing this incidence (3/61 = 4.9%) , to the
studies by Echols and Fay, there is a significantly
smaller discrepancy.3,5 To the best of our knowledge,
the incidence of a positive Hoffmann sign in females
has not been documented previously. We do not know
the reason for this difference.

One possible explanation for the false negative find-
ings is the coexistence of both spinal cord and nerve
root pathology. For the Hoffmann sign to be present it
may be that the reflex arc of the relevant nerve root

Table 2B
Patients with Standardized Imaging

Read by Treating Surgeon

Radiographic Evaluation
Compression No Compression

Positive
Hoffmann 4(A) 15(B)

Negative
Hoffmann 9(C) 21(D)

N= 49
Sensitivity (A/A+C) 31%
Specificity (D/B+D) 58%
Positive Predictive Value

(A/A+B) 21%
Negative Predictive Value

(D/C+D) 70%

Table 2A
Patients with Standardized Imaging
Read by Blinded Neuroradiologist

Radiographic Evaluation
Compression No Compression

Positive
Hoffmann 5(A) 14(B)

Negative
Hoffmann 10(C) 20(D)

N= 49
Sensitivity (A/A+C) 33%
Specificity (D/B+D) 59%
Positive Predictive Value

(A/A+B) 26%
Negative Predictive Value

(D/C+D) 67%
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needs to be fully functional. Compression of the root in
the foramen, or anywhere along its course, may sup-
press the Hoffmann reflex, leading to a false negative
finding.

The other issue related to this is that the study group
that we evaluated was not the normal population and
no control group was used. Therefore it is possible that
patients with symptoms related to their cervical spine
do have a higher incidence of a positive Hoffmann sign
than the general population.

This leads to the issue of the sensitivity of the radio-
graphic evaluation. All of the imaging studies were done
with the patient supine and the head in the neutral po-
sition yet the Hoffman test is done with the patient up-
right and often with the head in different positions. We
feel that it is possible that, in at least some of these
patients, the Hoffmann test was more sensitive for find-
ing early spinal cord dysfunction than the imaging stud-
ies.

CONCLUSION
In conclusion, we feel that the Hoffmann test is not

a reliable screening tool for predicting the presence of
cervical spinal cord compression. This may be due to:
a higher than previously reported incidence of normal
individuals with a positive Hoffmann test, a suppression
of the Hoffmann reflex in patients with cord compres-
sion by the coexistence of root compression, the possi-
bility that the Hoffmann test is more sensitive than our
techniques of radiographic imaging of the spinal canal,
or simply the inherent uncertainties of any one clinical
finding in attempting to evaluate a complex pathologic
process.

REFERENCES
1. Bendheim, O.L.: On the History of the Hoffmann

Sign. Bull Hist Med 1937;5:684 – 686
2. Brain, L., Wilkinson, M.: Cervical Spondylosis and

Other Disorders of the Cervical Spine 1967 1st Edition
W. B. Saunders, Philadelphia

3. Echols, D.H.: The Hoffmann Sign It’s Incidence in
University Students. Jrnl Mental and Nervous Dis.
1936;84:427-431

4. Fay, T., Gotten, H.B.: Clinical Observations on the
Value of the Hoffmann Sign. J Mental and Nervous
Dis. 1933;77:594 – 600

5. Denno, J.J., Meadows, G.R.: Early Diagnosis of
Cervical Spondylotic Myelopathy. Spine 1991;16:1353-
1355

6. Handal, J.A., Hagopian, J., Dellose, S., Cruz,
E.A.: The Validity of Clinical Tests in the Diagnosis
of Cervical Myelopathy. Presentation at North Ameri-
can Spine Society 1998 San Francisco, Cal.

7. Sung, R.D., Wang, J.C.: Correlation Between Posi-
tive Hoffmann Reflex and Cervical Pathology in As-
ymptomatic Individuals. Presentation at North Ameri-
can Spine Society 1998 San Francisco, Cal.

Figure 1B
Mean Transverse Cord Measurements

per Level (mm)

Figure 1A
Mean Anterior to Posterior Cord

Measurements (mm)

HOFF = Hoffmann sign
COM = Compression

HOFF = Hoffmann sign
COM = Compression



Volume 21 53

ABSTRACT
The emu (Dromaius novaehollandiae) shows po-

tential as a unique animal model for replicating
the femoral head collapse process seen in end-
stage human osteonecrosis. Since the collapse
phenomenon (and interventions to prevent it) in-
volve mechanical processes, it is important to elu-
cidate the similarities and differences of emus
versus humans in terms of hip joint biomechan-
ics. A first step for comparison is the intrinsic
mechanical properties of the respective bone tis-
sues, as reflected in cortical bone flexural stiff-
ness and strength. In four-point bending, emu
cortical bone was found to have an elastic modu-
lus of 13.1 GPa. Its yield stress was determined
to be 113 MPa and the ultimate strength was 146
MPa. Emu cortical bone’s elastic modulus was
similar to that of other avian species, and falls
approximately 25% below that of the human (17.3
GPa).

INTRODUCTION
Femoral head osteonecrosis remains an important

unsolved problem in hip surgery, largely because reli-
able techniques are lacking to prevent mechanical col-
lapse of the structurally compromised epiphyseal can-
cellous lattice. To examine the pathology of
osteonecrosis, various animal models have been used
in the past, including dogs, rabbits, mice, goats, pigs,
miniature swine, and horses.5,6,7,9,11 While these species
have mimicked various histological attributes of the
human condition, none has shown good concordance
with late structural collapse of the femoral head, the
aspect of pathogenesis that is of primary clinical con-

ELASTIC MODULUS AND STRENGTH OF EMU CORTICAL BONE

Karen L. Reed
Thomas D. Brown

cern. We earlier hypoth-
esized that this lack of col-
lapse might be due to bio-
mechanical factors, since
all of these model species
are quadrupeds and can
therefore load-protect the
affected limb. The emu
(Dromaius novaehollandiae),
a large, flightless, bipedal
bird (Figure 1), appeared
to offer a means to over-
come that key difficulty.
In a recent exploratory
series of 19 emus with
cryogenically induced femoral head necrosis, 16 pro-
gressed to lameness from femoral head collapse and
structural failure, at an average time point of 11.7
weeks.4

Emus are members of the ratite family, along with
ostriches, kiwis, cassowaries, and rheas. Native to Aus-
tralia, emus have been widely farmed commercially in
the United States since the early 1990’s. Because of their
relatively large size (150 cm in height and 450 N in body
weight) and their bipedal gait, emus could potentially
be used to objectively test conservative and/or surgi-
cal treatments of osteonecrosis, on a near-human size
scale. Unfortunately, emus presently are an unfamiliar
species for laboratory musculoskeletal investigation.
Fully exploiting the utility of this new model’s bipedality
for osteonecrosis research will depend on rigorous un-
derstanding of the comparative biomechanics of emu
versus human hips. A first step toward that goal is to
document the intrinsic mechanical properties (elastic
modulus, yield, and ultimate strength) of emu cortical
bone. There is relatively little literature on the mechani-
cal properties of even avian bone in general, but such
evidence as exists suggests it to be substantially weaker
and more compliant than its mammalian counter-
part.3,8,10,12 In the case of emus, however, the habitual
functional stimulus (terrestrial bipedal ambulation) sug-
gests the possible evolution of much more mammal-like
mechanical properties than would be appropriate for
flighted species. Therefore, mechanical data for emu
cortical bone, relative to mammalian cortical bone,

Departments of Orthopaedic Surgery and Biomedical Engineering
University of Iowa
2181 Westlawn
Iowa City, IA 52242
tom-brown@uiowa.edu
319-335-7528, Fax: 319-335-7530

Figure 1. Emu (Dromaius
novaehollandiae)
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would provide key point-of-reference information, upon
which it will be possible to build. It enables the devel-
opment of (CT Hounsfield number) density-based re-
gressions of femoral head cancellous bone mechanical
property distributions, for purposes of stress analysis
via continuum finite element modeling. Of course, the
mechanical properties of emu compact bone are also
of interest in their own right, since realistic structural
representation of proximal femoral cortices is necessary
for hip joint stress analysis. More broadly, the emu’s
bipedality is potentially relevant for addressing a wide
range of musculoskeletal research questions involving
the biomechanics of lower limb diaphyses.

MATERIALS AND METHODS
Thirty-nine rectangular beam specimens of diaphy-

seal cortical bone from the femurs of skeletally mature
young adult emus (age 24 to 36 months), oriented par-
allel to the bone’s long axis (Figure 2), were taken from
5 separate femurs of freshly-sacrificed animals. Compa-
rable numbers of specimens came from each side of
the bones (anterior, posterior, medial, lateral, and from
proximal versus distal stations), allowing exploration of
mechanical property dependence on sampling location.
Specimens were milled to a nominal length, width, and
depth of 56.6 mm, 7.4 mm, and 1.6 mm respectively.
Individual exact dimensions were documented by mi-
crometer. During both the milling and subsequent test-
ing processes, all samples were kept copiously irrigated
with 0.9% saline.

Modulus of elasticity, yield, and ultimate strength
were characterized via a four-point bending test (Fig-
ure 3). Data collection was performed using an MTS
Bionix 858 test machine (MTS Corp., Eden Prairie,
MN). The fixture used had a support span of 25.4 mm
and a loading span of 8.45 mm, to correspond to a sup-
port span-to-thickness ratio of 16:1, as recommended
by ASTM D790.1 The crosshead speed was adjusted to
impose a longitudinal strain rate of 0.0005 sec-1 at the

specimen surface. Elastic modulus (E) was computed
from:

E=(1/I)*(5/12)*(P/y)*c3,
where P/y is the slope of the visually apparently linear
portion of the load-deflection curve, I is the cross-sec-
tional area moment of inertia, and c is the loading span
distance.2 Slope (P/y) was computed using Microsoft
Excel to curve-fit the linear portion (Figure 4) of the
load-deflection curve. In all specimens, P/y in the curve-
fitted region was almost perfectly linear, with R2 > 0.99.
A stress-strain curve was also plotted for each test.
Specimen surface stress σ at a given load P was de-
fined as σ = 3Pc/bh2. Maximum strain ε at a given de-
flection y was defined as ε = 3yh/5c2 where c is the
loading span distance, b is the width of the specimen,
and h is the specimen thickness. (This definition of
strain, based on Hooke’s Law (ε = σE), is restricted to
the linear elastic region). Yield stress was defined as
that stress at which the stress-strain curve intersected
a line having the same slope as the fitted elastic modu-
lus, but offset by 0.2% strain. Ultimate strength was the
stress at the point of maximum load acceptance.

Bone is, of course, viscoelastic. In order to appreci-
ate the influence of strain rates on apparent elastic prop-
erties, eight specimens were loaded at three separate
strain rates (0.000167 sec-1, 0.00033 sec-1, and 0.0005
sec-1). The slow and medium speed tests were per-
formed in the elastic region only, up to a maximum force
of 35 N (ε<0.25 %). Each specimen was then tested to
failure using the fastest strain rate (which was the same
as that used for the other 31 specimens).

Figure 2. Specimen harvest region, within which samples were
indexed according to circumferential (A, P, M, L) and longitudinal
(Pr, D) site.

Figure 3. Four-point bending test set-up
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RESULTS
The stress-strain curves (Figure 4) generated by the

four-point bending tests can be divided into two por-
tions–the linear (elastic), and the non-linear (plastic) re-
gion. At low strains (typically 0% to 0.6%), emu cortical
bone exhibited elastic behavior; this portion of the curve
was used to calculate the modulus of elasticity. At higher
strains the bone experienced yield and plastic deforma-
tion. The elastic modulus values of emu cortical bone
ranged from 5.62 GPa to 19.83 GPa (Table 1), with an
average of 13.05 GPa and a standard deviation of 3.94
GPa. Yield stress values ranged from 50.5 MPa to 191.3
MPa, with an average of 113.1 MPa and a standard de-
viation of 29.2 MPa. Ultimate stresses ranged from 66.3
MPa to 231.2 MPa, with an average of 146.9 MPa and a
standard deviation of 32.2 MPa. With α=0.05, there was
no significant dependence of elastic modulus, yield, or
ultimate stress on donor femur (p=0.0928 for elastic
modulus, 0.1246 for yield stress, and 0.1844 for ultimate
stress, all determined using repeated measures
ANOVA). Neither was there a significant dependence
of elastic modulus, yield, or ultimate stress on speci-
men harvest site. Again using repeated measures
ANOVA, anterior versus posterior elastic modulus was
found to have p=0.9447, yield stress had p=0.4845, and
ultimate stress had p=0.9927. Medial versus lateral
samples had elastic modulus, yield, and ultimate stress
p values of p=0.2640, 0.4587, and 0.4026 respectively.
For proximal versus distal comparisons, the correspond-
ing p values were p=0.4405, 0.2445, and 0.3878, respec-
tively.

Using repeated measures ANOVA, increasing strain
rates showed a significant (p=0.0063) linear trend to-
wards increasing the modulus of elasticity (regression

coefficient, R = 0.412), but an insignificant quadratic
trend (p=0.1817). The mean elastic moduli for each
strain rate group were also significantly different (Wilk’s
Lambda p=0.0283).

DISCUSSION
Relatively little is known about the mechanical prop-

erties of bone from ratite species. The presently mea-
sured apparent elastic modulus of emu cortical bone,
13.05 GPa, is similar to that reported for ostrich, geese,
and “domestic fowl” (Table 2), despite emu adaptation
for terrestrial bipedal gait rather than flight. The load-
deformation curves typical of emu specimens were gen-
erally similar to those of human cortical bone. Each
curve clearly had an elastic (linear) portion at low
strains, and a plastic (non-linear) portion at higher
strains. All specimens were tested destructively to de-
termine the bone’s ultimate strength. Two distinct types
of failure occurred. Roughly half of the specimens ex-
perienced a brittle failure (i.e. snapped in half), while
the other half lost all internal strength, but did not
abruptly fracture into two distinct fragments. In the lat-
ter category, ultimate strength was defined as the stress
at the point when force began to decrease, i.e. a nega-
tive slope in the force-deflection curve. Tests were ter-
minated after ultimate stress had been reached, since
elastic modulus and yield stress could be obtained from
the previous portion of the curves. Average ultimate
stress was 146.9 ± 32.15 MPa, and average ultimate
strain was 1.29 ± 0.36%. There was no significant differ-
ence in elastic modulus, yield, or ultimate stress be-
tween those specimens which fractured into two dis-
tinct fragments versus those which did not (p=0.655,
p=0.274, and p=0.318, respectively).

Due to the small specimen dimensions, machining
flaws might be suspected to have potentially affected
the apparent mechanical properties. Therefore, several
representative specimens were stained with thionin and
examined under a microscope to identify any flaws in-
troduced during machining. No such flaws were detect-
able. Additionally, a flawless specimen was tested to a
strain of 0.35%, scratched twice to a depth of about 0.2
mm with a scalpel (far greater damage than seen on
any of the machined surfaces), and re-tested. The elas-
tic moduli calculated before vs. after scratching differed
only by 0.3%.

The present data, while not ideally tightly clustered,
show that the intrinsic elastic modulus of emu cortical
bone is about 25% smaller than for human bone. This
suggests that, at least in terms of intrinsic mechanical
behavior, emu bone is not grossly dissimilar from its
human counterpart. Of course, there are many morpho-
logical differences that need to be addressed in future

Figure 4. Typical stress-strain curve terminating in brittle fracture
for a trial.



K. L. Reed, T. D. Brown

56 The Iowa Orthopaedic Journal

work. The emu femoral cortex is relatively thinner than
that of humans (Figure 5). Additionally, the trabecular
architecture is relatively coarser and perhaps differently
oriented. The subchondral plate thickness, metaphyseal
and diaphyseal cortical bone distributions, and the pres-
ence of a prominent antetrochanter also distinguish emu
femurs from those of humans. Habitual functional load-
ing, stress transmission pathways, and articular contact
mechanics also are all in need of investigation.
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Table 1

Variable, N E σy σult εy εult

Anterior, 18 12.53 (3.09) 111.81 (26.79) 148.46 (23.49) 0.73 (0.18) 1.41 (0.46)
Posterior, 13 12.27 (5.01) 104.11 (32.59) 142.35 (44.63) 0.71 (0.12) 1.32 (0.16)

Medial, 14 11.22 (3.81) 104.86 (29.63) 136.12 (30.46) 0.78 (0.16) 1.31 (0.31)
Lateral, 17 13.23 (3.78) 112.54 (28.81) 153.81 (34.53) 0.72 (0.22) 1.35 (0.41)

Proximal, 16 13.03 (4.10) 120.84 (20.74) 158.77 (31.05) 0.74 (0.19) 1.34 (0.40)
Distal, 23 13.06 (3.92) 108.28 (28.94) 139.53 (31.26) 0.73 (0.17) 1.26 (0.34)

Bird #1,10 11.33 (4.83) 115.29 (33.63) 139.92 (35.78) 0.87 (0.22) 1.31 (0.35)
Bird #2, 11 12.66 (3.83) 111.96 (28.94) 153.63 (37.14) 0.70 (0.20) 1.35 (0.34)
Bird #3, 10 12.95 (2.92) 101.11 (21.70) 140.45 (25.74) 0.67 (0.08) 1.42 (0.42)

Birds #4 and #5, 8 15.86 (2.99) 126.54 (29.87) 154.6 (29.84) 0.68 (0.08) 1.03 (0.20)
Slow Load,8 13.05 (2.51) N/A N/A N/A N/A

Medium Load, 8 14.14 (2.57) N/A N/A N/A N/A
Fast Load, 8 15.86 (2.99) 126.54 (29.87) 154.6 (29.84) 0.68 (0.08) 1.03 (0.20)

Whole Series, 39 13.05 (3.94) 113.11 (29.15) 146.93 (32.20) 0.73 (0.18) 1.29 (0.36)

Table 1. Elastic modulus E (GPa), yield y and ultimate ult strength σ (MPa) and yield and ultimate strain ε (%), as a function of harvest site,
donor, and loading rate. Parenthesized values are standard deviations.

Table 2

Emu Turkey10 Ostrich12 “Domestic Fowl”12 Goose8 Horse12 Pig12 Human3

E (GPa) 13.05 16.95 13.62 13.43 13.2 24.99 14.60 17.5
% larger than emu — 23.1 4.3 2.9 1.2 47.8 10.7 25.5

Table 2. Comparison of emu and other animal bone elastic modulus.

Figure 5. Comparison of emu and human proximal femur cross-
sections.
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ABSTRACT
We studied six pediatric amputees with long

below-knee residual limbs, in order to delineate
their functional and prosthetic situations, specifi-
cally in relation to problems with fitting for dy-
namic-response prosthetic feet. Three patients had
congenital pseudoarthrosis of the tibia secondary
to neurofibromatosis, one had fibular hemimelia,
one had a traumatic amputation, and one had
amputation secondary to burns. Five patients had
Syme’s amputations, one had a Boyd amputation.
Ages at amputation ranged from nine months to
five years (average age 3 years 1 month).

After amputation, the long residual below-knee
limbs allowed fitting with only the lowest-profile
prostheses, such as deflection plates. In three
patients, the femoral dome to tibial plafond length
was greater on the amputated side than on the
normal side.

To allow room for more dynamic-response (and
larger) foot prostheses, two patients have under-
gone proximal and distal tibial-fibular
epiphyseodeses (one at age 5 years 10 months,
the other at 3 years 7 months) and one had a
proximal tibial-fibular epiphyseodesis at age 7
years 10 months. (All three patients are still skel-
etally immature.) The families of two other pa-
tients are considering epiphyseodeses, and one
patient is not a candidate (skeletally mature).
Scanogram data indicate that at skeletal maturity
the epiphyseodesed patients will have adequate
length distal to their residual limbs to fit larger
and more dynamic-response prosthetic feet.

INTRODUCTION
In managing pediatric patients with amputations,

whatever the cause, two basic principles have been
emphasized: the preservation of length and the preser-
vation of growth plates.4 Certainly these principles are
important in amputations due to malignancy, and espe-
cially so in above-knee amputations.

However, when disarticulation is performed at the
ankle (modified Syme’s), or especially if the calcaneus
is retained (Boyd amputation), for conditions such as
fibular hemimelia or congenital pseudoarthrosis of the
tibia, length may actually pose problems in attempting
to fit young, developing patients with prosthetic feet that
are optimally dynamic. While a young patient may do
very well with a carbon deflection plate after a Syme’s
or Boyd amputation, that same patient as a teenager
may want a much more dynamic (and necessarily
larger) prosthetic foot that allows energy absorption and
return for high-demand activities.

The notion of “excessive” length in pediatric ampu-
tations is not a new one. Watts6 has noted that in proxi-
mal femoral focal deficiency, after knee arthrodesis and
Syme’s amputation of the affected side, the new com-
bined segment may be longer than that of the unaffected
side, resulting in functional problems associated with
asymmetrical knee levels.

We describe six pediatric patients who required
Syme’s or Boyd amputations, and for whom consider-
ation was given for epiphyseodeses to allow the even-
tual fitting of longer, more dynamic prosthetic feet as
the patients grew and developed.

MATERIALS AND METHODS
The six patients discussed here (five with unilateral

Syme’s amputations and one with a modified Boyd am-
putation) have been followed in the Spokane Shriners
Hospital Prosthetics Clinic. Three patients have congeni-
tal pseudoarthrosis of the tibia associated with neurofi-
bromatosis, one has fibular hemimelia, one a traumatic
amputation due to a riding lawn mower injury, and one
an amputation secondary to burns. Ages at amputation
ranged from 9 months to 5 years (average age 3 years
1 month).
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PEDIATRIC AMPUTEES
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Two patients have undergone proximal and distal
tibial-fibular epiphyseodeses (one at age 5 years 10
months, the other at 3 years 7 months). One patient
had only proximal tibial-fibular epiphyseodeses (at age
7 years 10 months). One family is considering
epiphyseodeses, one is deferring at present, and another
patient is past the age where epiphyseodesis would be
helpful.

All six patients are followed regularly in the Pros-
thetics Clinic and are evaluated simultaneously with an
orthopaedic surgeon, a certified prosthetist, and a physi-
cal therapist.

RESULTS
Case 1

DT with neurofibromatosis and right tibial bowing
wore a brace but fractured at age 4 years 2 months (Fig-
ure 1). Two months later she underwent a Syme’s am-
putation and intramedullary fixation with a Peter Will-
iams rod with bone grafting, and she was fitted with a

Figure 1. DT at age 4 years 2 months, with an established right
tibial pseudoarthrosis.

Figure 2. DT at age 5 years 9 months, just prior to right proximal
and distal tibial-fibular epiphyseodeses, with a right femoral dome
to tibial plafond length 0.7 cm greater than the left (normal) side.

Syme’s PTB prosthesis with a Springlite deflection plate.
At age 5 years 4 months (1 year postoperative) a
scanogram revealed the left femoral head dome to tibial
plafond length to be 0.6 cm longer than the right oper-
ated side. But at age 5 years 9 months, repeat
scanogram showed the right femoral dome to tibial
plafond length to be 0.7 cm greater than the left (Fig-
ure 2). A month later she had right proximal and distal
tibial and fibular epiphysiodeses. (At age 5 years 10
months this would be expected to give her 12.6 cm of
tibial shortening, or 11.9 cm of discrepancy at maturity,
by the Anderson, Messner, and Green chart.2) Right
tibial length at the time of epiphyseodesis was 22.3 cm.
(If her epiphyseodesis had been performed at age 3
years, she would have had 17.8 cm of shortening, or
17.1 cm of discrepancy at maturity.) While awaiting the
development of more limb length discrepancy, she has
continued to wear a right Syme’s PTB prosthesis with
a medial window and Springlite deflection plate foot.
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Case 2
CR with neurofibromatosis sustained a right tibial

fracture at age 5 months. He healed in a cast, and sub-
sequently wore a brace, but refractured at age 3 years
1 month. Despite casting and a long leg brace, he had
an established pseudoarthrosis (Figure 3), for which
he underwent a Syme’s amputation, intramedullary
rodding, and bone grafting at age 4 years 9 months.
The pseudoarthrosis healed, but scanogram at age 7
years 8 months showed the left femoral dome to tibial
plafond length to be only 0.3 cm longer than the right
operated side. At age 7 years 10 months he underwent
right proximal tibial and fibular epiphyseodeses, ex-
pected to result in 6.9 cm of tibial shortening by matu-
rity. (If he had undergone proximal and distal

epiphyseodeses, this would be expected to result in 12.3
cm of shortening. If he had had both proximal and dis-
tal epiphseodeses performed at age 4 years, he would
have had 18.7 cm of shortening, and if only the proxi-
mal epiphyseodeses were performed at age 4, he would
have had 10.5 cm of shortening.) At age 8 years 9
months (11 months after epiphyseodesis), a scanogram
shows the right dome to plafond length to be 0.8 cm
less than the left (Figure 4). Once he has developed
enough limb length discrepancy, he will be able to con-
vert from his present PTB prosthesis with a Child’s Play
Seattle light foot to a larger more dynamic prosthetic
foot. Right tibial length at the time of epiphyseodesis
was 24.5 cm.

Figure 3. CR at age 4 years 9 months, with a right tibial pseudoar-
throsis.

Figure 4. CR at age 8 years 9 months (11 months after right proxi-
mal tibial-fibular epiphyseodesis). The left femoral dome to tibial
plafond length is only 0.8 cm greater than the right.
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Case 3
MM with neurofibromatosis was noted to have left

tibial bowing at age 11 months, and was placed in a
clamshell brace, but fractured at age 1 year 10 months.
At age 2 years she underwent a left Syme’s amputation
with intramedullary rodding and bone grafting. After
the postoperative cast, she was fitted with a Syme’s PTB
prosthesis and Child’s Play Seattle light foot. At age 2
years 10 months, she still required a 2.5 cm right exter-
nal shoe lift to accommodate the left Seattle foot. An
orthoroentgenogram showed the left femoral dome to
tibial plafond length to be 1.0 cm longer than the right

(normal) side (Figure 5). At age 3 years 7 months she
under went left proximal and distal tibial-fibular
epiphyseodeses, anticipating 16.8 cm of shortening at
maturity, which would result in the left dome to plafond
length being 15.8 cm shorter than the right (normal
side). At age 4 years 10 months an orthoroentgenogram
revealed the right tibia to be 2.6 cm longer than the left
(with equal femurs) (Figure 6). She wore a left low pro-
file PTB prosthesis with a Child’s Play Seattle foot. (This
is still not enough room for a SAFE Syme’s foot, which
requires at least 3.2 cm). Left tibial length at 1 year 3
months after epiphyseodesis was 19.6 cm.

Figure 5. MM at age 2 years 10 months, with left dome to tibial
plafond length 1.0 cm greater than the right (normal) side. She
had left proximal and distal tibial-fibular epiphyseodeses at age 3
years 7 months.

Figure 6. MM at age 4 years 10 months (1 year 3 months after
epiphyseodeses). The right (normal) side is now 2.6 cm longer
than the left.
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Case 4
SM was born with left fibular hemimelia, manifested

by an absent fibula, a very short, bowed tibia, foot and
ankle valgas, hindfoot coalition, and absence of the lat-
eral two rays (Figure 7). He underwent a Syme’s am-
putation at age 9 months and subsequently wore a PTB
prosthesis and Seattle light foot (Figure 8). At age 8
years 11 months he wears a new PTB prosthesis with a
Springlite pediatric prosthetic foot.

Although proximal epiphyseodesis (the patient does
not appear to have a distal tibial physis) at age 8 years
11 months would result in only 5.8 cm of additional
shortening, that, combined with the pre-existing 5.3 cm
of left tibial shortening compared to the right normal
tibia, would give him a total of about 11.1 cm of left
tibial shortening, allowing room for an even more dy-
namic, high-performance prosthetic foot. This would
still leave him with at least 15.2 cm of residual tibial
length, which is required for optimal fit of a below-knee
prosthesis. The family is considering epiphyseodesis.

Figure 7. SM at age 8 months, with severe tibial shortening and
foot and ankle deformities associated with hemimelia.

Figure 8. At age 2 years 8 months, SM wore a PTB prosthesis with
Seattle light foot.
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Case 5
AS at age 4 years 7 months sustained a riding lawn

mower injury through the right midfoot and along the
right lower leg, with a Salter-Harris type III injury of
the distal tibial physis. Attempts were made to salvage
the right foot, but at age 5 years he required a Boyd
amputation (Figure 9). He wore a Syme’s PTB prosthe-
sis, with a Child’s Play Seattle foot. At age 5 years 11
months, a scanogram revealed the femurs to be of equal
length, but the right tibia was 0.6 cm longer than the
left uninjured side (Figure 10). He had to wear a left
shoe lift to accommodate the right PTB prosthesis and
Seattle foot. At age 6 years 3 months, he had 25.4 cm of

right tibial length. (As mentioned in Case 4, 15.2 cm is
required for optimal fit of a below-knee prosthesis.) To
eventually allow for a larger and more dynamic pros-
thetic foot, the recommendation was made for right
proximal and distal tibial-fibular epiphyseodeses, which
at age 6 years 3 months would be expected to result in
14.8 cm of tibial shortening (and 14.2 cm of limb length
discrepancy). Although this would allow for a much
more dynamic prosthetic foot, the family has deferred
epiphyseodeses, noting that the long residual right
lower limb allows the patient to get out of bed during
the night to go to the bathroom without having to put
on a prosthesis.

Figure 9. AS at age 5 years 3 months, three months after right
Boyd amputation for trauma residuals.

Figure 10. At age 5 years 11 months, AS requires a left shoe lift to
accommodate his right PTB prosthesis and Seattle foot.
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Case 6
JB sustained burns in a crib fire at age 2 years 1

month and required a left mid-foot amputation 2 months
later, with an elevated dorsalis pedis flap to cover the
end of the residual limb. At age 2 years 7 months she
was converted to a Syme’s amputation and uses a
Syme’s prosthesis with a medial window, and a hol-
lowed-out Child’s Play Seattle foot with silicone insert.
At age 13 years 1 month, tibial lengths are equal, and
she does not have room for a more dynamic prosthetic
foot (Figure 11). Proximal and distal epiphyseodeses at
this age would result in only 0.8 cm of shortening. At
age 2 she would have had 17.8 cm of shortening, and
with a tibia length of 16.8 cm.

DISCUSSION
In amputation surgery, we try to create the longest

possible residual tibia. But there can be problems with
very long tibias that do not allow enough room for a
dynamic foot, or even require a shoe lift on the oppo-
site normal side to accommodate even a simple deflec-
tion plate in a hollowed-out PTB prosthesis (Figures 12-
15). Although a carbon deflection plate is only 0.5 cm
thick, to this must be added the thickness of the pros-
thetic socket and that of any inserts. Therefore, even a
carbon-epoxy resin deflection plate, with sole material
such as Neolite or crepe (about 3 mm), and the thick-
ness of the socket (about 5 mm) and the liner thick-
ness (5 mm) add up to 1.8 cm.

The FlexFoot Chopart plate takes up only 1.0 cm,
but with a long residual tibia after a Syme’s or Boyd
amputation, there may be no room for a more dynamic
foot, and a shoe lift for the opposite normal side may
be required (Figure 16).

The FlexFoot Low Profile Syme’s foot is more dy-
namic and requires at least 5.1 cm in height, even with-
out connectors (Figure 17). Similarly, the Springlite
Super Low Profile foot requires at least 5.3 cm. (The
Springlite Low Profile requires at least 7.8 cm.) The
Seattle Child’s Play foot requires 5.6 cm.

The Flex-Walk foot with greater energy return is a
higher profile prosthesis, taking up a minimum of 7.0
cm (Figure 18).

A high-performance foot with even greater energy
return requires considerable height: although the Vari-
Flex foot is relatively low profile, and there is some over-
lap between the foot and the tube clamp, the minimum
prosthetic foot height is 13.6 cm, and the minimum tube
clamp height is 3.8 cm (Figure 19).

Finally, the very high-performance FlexFoot Modu-
lar III requires at least 15.2 cm (Figure 20).

As noted by Moseley,5 the best studies relating femo-
ral and tibial growth to age were published by Ander-
son and Green in 1948,1 and by Anderson, Messner, and
Green in 1964.2 Specifically, the paper of Anderson,
Messner, and Green has been valuable in estimating
remaining tibial growth relative to age. Accordingly, for
boys the mean tibial length at maturity is 37.29 cm. At
age 2 the mean tibial length is 14.54 cm, or 39% of ma-
ture length. At age 3, tibial length is already 16.79 cm,
or 45% of mature length.

For girls, mean tibial length at maturity is 34.65 cm.
At age 2, tibial length is 14.51 cm, or 42% of mature
length. At age 3, tibial length is 16.81 cm, or 49% of
mature length. Therefore, decisions must be made early
regarding epiphyseodeses that will result in adequate
room for very dynamic, high-performance prosthetic
feet.

Figure 11. JB at age 13 years 1 month (10 1/2 years after left
Syme’s amputation for burn residuals). She wears a Syme’s pros-
thesis with a Seattle Child’s Play foot.
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Figure 12. DT at age 6 years 6 months (8 months after right proxi-
mal and distal tibial-fibular epiphyseodeses).

Figure 14. The residual right lower limb is so long that the PTB
prosthesis must be hollowed out to accommodate even a carbon
fiber deflection plate.

Figure 13. The Springlite carbon deflection plate is only 0.5 cm
thick. Figure 15. Even with only the hollowed-out prosthesis and the de-

flection plate, DT requires a left shoe lift to level her pelvis.
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Figure 16. The FlexFoot Chopart plate re-
quires 1.0 cm. Figure 17. The FlexFoot Low Profile Syme’s

foot has less compression capability and less
energy return than more dynamic prosthetic
feet but still requires at least 5.1 cm.

Figure 18. The Flex-Walk foot requires at
least 7.0 cm.

Figure 19. The relatively low profile, high energy return Vari-Flex
foot requires much more room than in any of the patients dis-
cussed here (at least 13.6 cm).

Figure 20. The FlexFoot Modular III has a split toe and split heel
for inversion-eversion. This very dynamic foot requires at least 15.2
cm.
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In considering whether epiphyseodeses and result-
ing decreased residual limb length might later pose gait
and biomechanical problems, it has been noted that
heart rate, oxygen consumption, and walking speed are
not significantly different between children with long
residual limbs and those with short residual limbs.3

CONCLUSIONS
This small cohort study of six patients (with various

congenital and traumatic conditions requiring Syme’s
or Boyd amputation) revealed problems associated with
long residual below-knee limbs. We have always as-
sumed that the longest residual tibias would be most
mechanically advantageous. And certainly, prior to do-
ing tibial-fibular epiphyseodeses one must consider the
long-limb advantage of being able to ambulate short
distances without any prosthesis (as when going to the
bathroom at night).

However, as patients develop and mature, they may
want to participate in more demanding activities that
require more dynamic response (and larger) foot pros-
thesis. If ipsilateral proximal and distal tibial-fibular
epiphyseodeses are performed at the time of a Syme’s
or Boyd amputation, there will always be adequate tibial
length for optimum mechanical function in a prosthe-
sis, and also there will be a gradual increase in the
length distal to the end of the residual limb available
for a prosthetic foot. During the developing years, the
patient is able to acclimatize to ever more dynamic pros-
theses and activities. If epiphyseodeses are not per-
formed at the time of amputation, as early a decision as
possible for subsequent epiphyseodesis needs to be
made, since by age two for boys the mean tibial length
is already 39% of the mature length, and for girls 42% of
the mature length. Thorough discussions with patients
and their families are required in helping make these
decisions.

Waiting for skeletal maturity before revising a Syme’s
or Boyd amputation to a below-knee amputation would
require an extensive operative procedure at an age when
increasing obligations are placed on an individual
(school, sports, work, social) with the requisite period
needed for healing and adjustment to a functionally very
different biomechanical situation.

DEDICATION
For Dr. Reginald R. Cooper, M.D., who taught the

principles of amputation medicine to the senior author
of this paper.

REFERENCES
1. Anderson, M., Green, W.T.: Lengths of the Fe-

mur and Tibia: Norms Derived from
Orthoroentgenograms of Children from Five Years
of Age until Epiphyseal Closure. Am J Dis Child
75:279-290, 1948.

2. Anderson, M., Messner, M., Green, W.T.: Dis-
tribution of Lengths of the Normal Femur and Tibia
in Children from One to Eighteen Years of Age. JBJS
46-A(6):1197-1202, 1964.

3. Herbert, L.M., Engsberg, J.R., Tedford, K.G.,
Grimston, S.K.: A Comparison of Oxygen Consump-
tion during Walking between Children with and with-
out Below-knee Amputations. Phys Ther 74:943-950,
1994.

4. Krajbich, J.I.: Lower-limb Deficiencies and Ampu-
tations in Children. J Am Acad Orthop Surg 6:358-
367, 1998.

5. Moseley, C.F.:  “Growth,” in Morrissy, and
Weinstein, S.L., editors: Lovell and Winter’s Pediatric
Or thopaedics, 4th ed., Philadelphia-New York:
Lippincott-Raven, 1990, pp. 849-901.

6. Watts, H.: Personal Communication at the Annual
Meeting of the Association of Children’s Prosthetic-
Orthotic Clinics, St. Pete Beach, Florida, May 1999.



Volume 21 73

CASE REPORT
J.G. is a 44 year old male spine surgeon and recre-

ational jogger who presents with a loss of knee flexion
and a one month history of persistent left posterome-
dial knee pain that worsens with running. He had pre-
viously undergone an open partial medial meniscectomy
of the left knee at age 18 following a traumatic bucket-
handle type medial meniscus tear, sustained during a
high school football game. The original operation met
with satisfactory results as he was able to maintain full
athletic activities including the completion of three
marathons in his early thirties. Physical exam was un-
remarkable with the exception of a well-healed trans-
verse scar over the medial joint line, mild posterome-
dial joint line tenderness to palpation, and a ten degree
lack of full active and passive flexion. Plain radiographs
showed small bilateral marginal osteophytes and mild
left medial joint space narrowing. MRI showed an ob-
lique tear through the posterior horn of the medial
meniscus. Arthroscopy was performed and revealed a
degenerative tear of the remaining posterior horn of the
medial meniscus, as well as grade IV chondrosis of the
trochlea and grade II chondrosis of the patella. It was
also noted that there were superficial grade I erosions
in the central portions of the medial tibial and femoral
articular surfaces. Figure 1 shows the well-preserved
medial articular surfaces despite history of open me-
niscectomy 26 years earlier. The meniscal lesion was
excised and he recovered uneventfully.

DISCUSSION
A literature review was completed to look at long-

term follow-up of partial and total open meniscectomies.
Prior to the inception of the arthroscopic meniscectomy
in 1962, meniscectomies were performed through an
open arthrotomy. It is important to be familiar with the
long-term prognosis of partial and total open meniscec-
tomies because many middle-aged and older patients
with knee pain may have a history of an open menis-
cectomy.

A fair number of long-term follow up studies have
been done on this topic, but comparison between stud-
ies has proven difficult due to differing inclusion and
exclusion criteria such as coexisting knee pathology,
lack of a standard means of assessing patient satisfac-
tion, different lengths of follow-up, and significantly dif-

ferent patient populations. There are nevertheless sev-
eral good studies that address the issue of long-term
prognosis after open meniscectomy.

SUBJECTIVE OUTCOME
In 1969, Tapper and Hoover7 completed a retrospec-

tive questionaire study to assess long-term open me-
niscectomy outcomes after recognizing that “the ortho-
paedic literature is replete with confusing and
contradictory statements regarding the ultimate effect
of meniscectomy on the knee joint.” The assessment
tool they developed for this questionaire has been uti-
lized in many subsequent studies. An excellent result
was defined as no symptoms or disability related to the
knee. A good result was defined as minimal symptoms
such as aching, weakness, or effusion after heavy exer-
tion without disability. A fair result was defined as symp-
toms interfering with everyday activities and prohibit-
ing participation in vigorous sports with some level of
disability. A poor result was defined as all of the symp-
toms listed under fair in addition to rest pain, limited
motion, locking, and clear disability. In their study,
which was limited by its retrospective nature, they found
60-70% good and excellent results with 10-30 year fol-
low-up. Many studies found it convenient to link good
and excellent outcomes together to define a satisfac-
tory outcome. Most intermediate-term studies report
satisfactory results in 60-90% by either the Tapper and
Hoover scale or similar assessment tool.6,9,13-19 In subse-

LONG-TERM FOLLOW-UP OF OPEN MENISCECTOMY:
A CASE REPORT AND LITERATURE REVIEW

John Bell and John Glaser

Figure 1
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quent studies with mean follow-up of over 10 years, the
frequency of satisfactory ratings is 42.5-61%.2,5,10,11 One
of the most stringent outcome rating systems was de-
veloped by Johnson in 1974 at the University of Iowa,
and this resulted in only 42.5% satisfactory outcome.5

Adult studies tend to yield slightly better subjective re-
sults when compared to studies involving adolescents,
probably because adolescents who require meniscec-
tomy tend to suffer more violent injuries and have lower
subjective assessment scores because they expect a
higher level of post-operative activity and athletic per-
formance. Wroble (1992)11 from the University of Iowa
followed 39 children and adolescents for a mean of 21
years and only 27% remained asymptomatic (71% re-
ported pain, 68% stiffness, 54% swelling) and 49% had a
subjective unsatisfactory rating. McNicholas (2000)10

reported mean 30 year follow-up of 95 adolescents
(mean age of 16) who underwent total open meniscec-
tomy and the Tapper and Hoover score was good or
excellent in 60%.

OBJECTIVE OUTCOME
 Several findings on physical exam were found to be

fairly consistent across most intermediate and long-term
studies. Decreased range of motion, usually at least 5%,
was found in 11-25% of patients.5,7,10,11,14 Quadriceps at-
rophy of at least 1 cm was found in 7-22%.5,7,11,14 Pain on
exam was documented in 21-38%.7,11,14 Johnson found a
prevalence of 51% infrapatellar sensory loss.5 Crepitus
was found in 27-61%.7,11 Effusion was found in 2-5%.11,14

Instability was frequently found, with prevalence rates
of 6-36% anteroposterior instability and 3-47%
mediolateral laxity.5,7,9-11,13,14

RADIOGRAPHIC CHANGES
The first classic paper on this subject is the work by

Fairbank in 1948 describing radiographic changes af-
ter meniscectomy.1 He looked at 107 cases of total me-
niscectomy, followed them for 3 months to 14 years and
identified three radiographic changes occurring alone
or in combination, including (a) formation of an antero-
posterior ridge projecting downwards from the margin
of the femoral condyle, (b) flattening of the marginal
half of the femoral articular surface, and (c) narrowing
of the joint space on the operated side. The incidence
of radiographic changes in the literature ranges widely
from 10 to 90% in post-open meniscectomy patients com-
pared to 0.9 to 6.0% for controls.1-12 In studies with mean
follow-up of over ten years, however, the frequency of
radiographic changes is 47-90%.2,5,11,14 In subsequent
studies, some found no relationship between the degree
of radiographic changes and clinical outcome,6,13 while
others have found significant correlation between poor

results and presence of radiographic changes.3,5,7,11,14

These contradictory findings are most likely the result
of different lengths of follow-up, different means of as-
sessment, and differing radiographic methods. In stud-
ies following radiographic changes at different intervals
in the same population, it was generally found that as
time progresses, the incidence and number of radio-
graphic changes increases relative to control
knees.9,10,12,14 The incidence of Fairbank’s changes be-
tween groups undergoing either partial or total open
meniscectomies vary from no difference9 to a two–fold
increase in the total meniscectomy group.13

RISK FACTORS FOR POOR OUTCOME
Several risk factors have been found to correlate with

poor outcomes. Lateral meniscectomies tend to do
worse than medial meniscectomies,2,5,9 possibly because
the lateral meniscus bears 70% of the weight of the lat-
eral compartment while the medial meniscus bears 50%
of the load in the medial compartment.20 Johnson5 and
Veth6 found that a longer pre-operative duration of symp-
toms correlates with a worse prognosis, while Allen2,
Hede9, and Wroble11 found no such relationship. Find-
ings on physical exam that correlate with poor outcome
include pre-operative ligamentous laxity and instability,
decreased pre-operative range of motion, and contralat-
eral varus/valgus deformity.2,5

DIRECT COMPARISONS OF OPEN
PARTIAL MENISCECTOMY TO OPEN

TOTAL MENISCECTOMY
Three studies specifically compared outcomes of

open partial and total meniscectomies. McGinty13 and
Northmore-Ball18 did comparative studies of intermedi-
ate length follow-up (approximately 5 years). They found
that the number of hospital days needed for recovery,
the average time spent with walking aids, and the inci-
dence of complications were decreased in the group
undergoing open partial meniscectomies. Subjective
outcome was significantly better in the open partial
group,13,18 and objective assessment revealed increased
instability and a two-fold increase in the percent of knees
with Fairbanks changes in the open total group.13

An excellent prospective, randomized study of 200
open meniscectomies with 7.8 years follow-up was com-
pleted in 1992 by Hede et al.9 They found that the num-
ber of patients with excellent results (by Tapper &
Hoover criteria) did not differ significantly between the
treatment groups (62% excellent results for open par-
tial vs 52% for open total) nor did the incidence of ra-
diographic findings. They did, however, find more knees
to be unstable after open total meniscectomy.
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CONCLUSIONS
Open meniscectomy is an operation with few indica-

tions under the current standard of care, it neverthe-
less was a frequently performed orthopaedic operation
only 30 years ago. Many patients with knee pain may
have a history of an open meniscectomy. It is known
from long-term follow-up that specific radiographic signs
develop after many years and tend to be progressive.
Some studies link these signs to symptom progression
and others show that they are more significant follow-
ing open total meniscectomy. When studies with follow-
up of over ten years are isolated, it is found that satis-
factory results are present in only 42.5-61%, a rate lower
than that reported in most intermediate length follow-
ups. Through these long-term studies, certain risk fac-
tors for poor outcome have come to light. Younger age
at operation, concommitant ligamentous injury/knee
instability, innate contralateral varus/valgus deformity,
lateral meniscectomy, and long pre-operative duration
of symptoms all may correlate with a poor prognosis.
Head to head studies show that open partial meniscec-
tomy tends to have a more favorable outcome than open
total meniscectomy, which was the treatment of choice
for half a century. However, very long term studies are
still lacking. In the case presented here, we have docu-
mentation of the procedure 26 years ago from the op-
erative report along with subjective and objective find-
ings of a good long-term result with minimal
degenerative changes. It is still uncertain whether
Fairbanks changes and other functional sequelae of
meniscectomy uncovered by these studies will progress
in the same manner following modern arthroscopic
techniques.
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INTRODUCTION
The use of free fibular grafts has been well reported

for the treatment of various conditions. These include
reconstruction of bony defects and nonunions, osteo-
myelitis, bone loss after resection of tumors, spinal sur-
gery fusions, and congenital pseudarthrosis of the tibia
among many others.4,8,9,16 It is an ideal graft in many
circumstances because a vascular inflow can be obtained
if needed. A fibular graft has excellent strength due to
the cortical bone present, and has the potential for re-
modeling with loading.4,10 Several studies have looked
specifically at the resultant donor site morbidity follow-
ing free fibular grafting.1,2,3,7,12,19,23 The resultant morbid-
ity at the donor site has occasionally been referred to
as insignificant or inconsequential.1,9 However, several
reports have found significant functional changes fol-
lowing partial fibulectomy, including decreased range
of motion and strength at the knee and ankle, gait al-
teration, and contracture, stiffness and weakness of the
great toe.2,7,12,19,22 Several other immediate and long-term
complications of the free fibular graft donor site have
been documented as well. Donor-site wound-healing
complications, osteomyelitis and wound infection, tran-
sient peroneal nerve palsy, donor-site pain, edema, he-
matoma, ankle valgus deformity, and distal fibular os-
teoporosis are among the complications cited in the
literature.2,3,7,8,12,16,19 Only eight previous cases of tibial
stress fracture following partial free fibular graft har-
vest have been reported.6,8,10,22 Two of the eight cases
involved a vascularized fibular graft, whereas the re-
maining six did not.

We present the case of a patient who underwent vas-
cularized free fibular graft harvest for mandibular re-
construction. After six months this patient suffered a

TIBIAL STRESS FRACTURE FOLLOWING FIBULAR GRAFT
HARVESTING: A CASE REPORT

Brian R. Wolf, M. D.
Joseph A. Buckwalter, M. D.

stress fracture and subsequent complete fracture of the
tibia immediately adjacent to the fibular donor-site
prompting referral to our institution. The patient’s pre-
senting complaints, physical exam findings, radio-
graphic findings and treatment course are discussed.

CASE REPORT
An eighty-two year-old female presented to the Oto-

laryngology department on referral from a local oral
surgeon due to a mass in the anterior gingival buccal
region causing difficulty with denture fitting. She was
diagnosed with stage T4N0 squamous cell carcinoma
of the left anterior floor of the mouth. She subsequently
underwent surgical anterior alveolar ridge resection and
neck dissection. The mandible was reconstructed with
the use of a vascularized fibular free flap with skin
paddle harvested from the right leg without apparent
difficulty. The graft taken measured approximately eigh-
teen centimeters in length by radiographs of the donor
leg taken post-operatively (Figure 1). Approximately six
months post-operatively, she developed pain in the do-
nor leg. Radiographs of the involved leg were again
taken (Figure 2). An MRI was obtained revealing in-
creased signal in the tibial region adjacent to the donor
site. She was referred to a local Orthopaedic Surgeon
and diagnosed with tibial osteomyelitis. Treatment at
an outside institution consisted of a four-week course
of intravenous antibiotics and limited weight bearing on
the right extremity. Radiographs following antibiotic
completion revealed increased sclerosis and the begin-
ning of lucency in the diaphysis of the right tibia (Fig-
ure 3). Her pain had improved and she began physical
therapy with the leg in a boot immobilizer. The antibi-
otics were discontinued. The patient was ambulating at
physical therapy when a loud snap occurred with im-
mediate pain in the right leg. She was referred the next
day to Orthopaedic Surgery at our facility with a patho-
logic fracture through the area of presumed osteomy-
elitis (Figure 4).
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Figure 1. Anteroposterior radiograph of right leg one month follow-
ing harvest of vascularized fibular graft for mandible reconstruc-
tion.

Figure 2. Anteroposterior radiograph five months after surgery with
onset of leg pain.

Figure 3. Six months after fibulectomy and one month after onset of leg pain, anteroposterior and lateral radiographs reveal sclerosis,
periosteal reaction and lucency in the diaphyseal tibia consistent with a stress fracture.
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On presentation to our facility she had a main com-
plaint of pain in the afflicted extremity. She denied any
history of fevers, chills, night sweats or other systemic
manifestations of infection during the course of her leg
discomfort. Her laboratory results on presentation in-
cluded a C-Reactive Protein of 1.9 mg/dl, WBC of 8.9
K/mm3 and Sedimentation rate of 49mm/Hr. Physical
exam was consistent with a fracture through the dia-
physis of the tibia. There was minimal warmth, swell-
ing and erythema consistent with a minimally displaced
tibia fracture. The skin was intact. Radiographs revealed
a complete fracture through the diaphysis of the tibia
adjacent to the donor site for the fibular graft. The area
of the fracture showed increased bony sclerosis and
significant periosteal reaction consistent with a stress
fracture. There were no bony erosions present. Retro-
spective review of prior radiographs sent with the pa-
tient from her local physicians revealed a gradual ap-
pearance of bony sclerosis and stress fracture lucency
at the region of the eventual complete fracture.

The patient was placed into a long leg plaster cast
after minimal closed reduction was performed. She was
kept non-weight bearing for two months. This was then
changed into a short-leg-cast with partial-weight-bear-
ing at two months. At three and one-half months she
was placed into a Sarmiento-type fracture brace and al-

Figure 5. Anteroposterior and lateral radiographs five months after complete fracture show healing and minimal residual deformity.

Figure 4. Anteroposterior and lateral radiographs of right leg re-
veal complete fracture through previous stress fracture site.
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lowed weight bearing as tolerated. Her radiographs
have shown progressive callus formation toward heal-
ing during her recovery (Figure 5).

DISCUSSION
The development of a stress fracture of the tibia is

not an infrequent occurrence, especially with young and
active individuals. The association of tibial stress frac-
tures with athletes and military recruits has been well
documented.5,14,15,17 However, the occurrence of tibial
stress fracture after free fibular graft harvest from the
ipsilateral leg is a rare occurrence. Emery et al reported
on five stress fractures among 350 patients who had
undergone free fibular graft for use in anterior recon-
struction of the spine at two institutions.6 Each of these
patients developed pain in the donor leg between ten
weeks and sixteen months post-operatively. None of
these patients developed a complete fracture of the
tibia. Diagnosis was sometimes made retrospectively
upon finding resolving periosteal reaction and sclero-
sis. Ivey et al reported the case of a sixty-two year-old
female who developed a stress fracture and subsequent
complete tibia fracture four months after she under-
went vascularized fibular grafting to the humerus for
atrophic non-union.10 This patient healed her tibia frac-
ture uneventfully in a long-leg cast. Han et al reported
one “spontaneous” tibia fracture in a diabetic osteopenic
patient after vascularized fibular harvest amongst 132
vascularized fibular grafts performed.8 The specifics of
this case were not presented in detail, but rather listed
as one of the complications encountered in a large se-
ries of vascularized graft procedures. Lastly, Westesson
reported a tibial stress fracture in an elderly diabetic
female patient after vascularized fibular grafting for
mandibular reconstruction after tumor resection, simi-
lar to our patient.22

The mechanism of stress fracture of the tibia has
been postulated to result from excessive tensile forces
on the bone at a given location. Tibial stress fractures
were demonstrated in a rabbit model and studied his-
tologically. Analysis revealed disruption of the cortical
microvasculature causing osteocyte death and subse-
quent osteoclastic resorption, which weakens the
bone.13 The fibula has been shown to carry approxi-
mately 6-16% of the load applied to the leg during weight
bearing.11,18,20,21 This percentage can be altered by the
position of the ankle.22 As shown by Lambert, removal
of the fibula results in increased loads on the tibia and
alters the fashion in which the tibia carries that load.11

It is unclear whether removing a portion of the tibia’s
blood supply, as occurs when harvesting a vascularized
graft, increases the risk of stress fracture.

The presentation of a stress fracture can be deceiv-
ing, especially early in the process. The clinical and
radiographic picture can be misleading and misinter-
preted as infection or muscle pain amongst other diag-
noses. Regardless, it is important to recognize that
stress fracture is a potential etiology when donor leg
pain occurs. Early recognition likely will prevent pro-
gression to a complete fracture, for which the treatment
carries additional potential morbidity and significantly
greater disability for the patient.

The majority of the reported cases of tibial stress
fractures have occurred in patients at higher risk for
insufficiency type fractures. Six of the seven case re-
ports where patient age was given, including the case
presented here, involved women older than fifty-five.
The eighth patient, reported by Han without mention
of age, suffered from Diabetes and osteopenia as well.
It is likely that more elderly, and possibly osteoporotic,
females are at increased risk for such a complication.
The likely role of osteoporosis in these fractures was
emphasized by Emery et al in their report of five cases.6

Heightened awareness of this potential complication,
especially in this high-risk population of elderly, diabetic
and osteoporotic patients, is recommended.
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Shoulder dislocation is a common consequence of
athletic activity in the younger population, occurring in
up to 7% of this population.1  Bankart and Hill-Sachs
lesions, where the glenoid fractures or impales the
posterolateral humeral head, are frequently seen when
the dislocation is anterior.1  Dislocation, more common
in males, has not been associated with rotator cuff tears
in the younger population.2  However, rotator cuff tears
are often seen in shoulder dislocations in patients older
than 35 years. 2 We present a young athlete with a rota-
tor cuff tear that occurred concurrent with a shoulder
dislocation and Bankart lesion. The purpose of this case
is to emphasize the need to look for rotator cuff tears
when evaluating shoulder dislocations in this popula-
tion and to detail the management plan that success-
fully returned him to action.

An 18 year old football player presented to our clinic
five days following an initial left anterior shoulder dis-
location. He was recovering a fumbled ball when he was
struck by two other players and felt his left shoulder
dislocate. When on the field reduction was unsuccess-
ful, he was taken to the local ER where reduction was
performed under conscious sedation. He noted persis-
tent numbness and tingling in his left hand and over
his left deltoid, as well as a significant amount of pain
after the reduction. However, at presentation to our
clinic 7 days later he was experiencing only occasional
paresthesias in the left ring and little finger.

Exam revealed a muscular 315 pound, eighteen year
old collegiate football player with minimal left shoulder
swelling. His range of motion on the left was signifi-
cantly decreased, particularly to abduction and exter-
nal rotation. His supraspinatus was also weak and very
painful to strength testing but both anterior and poste-
rior portions of the deltoid were intact. Neurovascular
exam revealed no deficits. His shoulder was protected
in a sling and he performed limited pendulum exercises
for the first six weeks. Preliminary x-rays showed an
anterior shoulder dislocation without bony Bankart le-
sion. An MRI was done to evaluate the patient’s rotator
cuff and glenoid which showed an anterior labral tear,
a supraspinatus tendon tear, and a possible posterior
labral tear (Figure 1).

CASE REPORT: CONCURRENT ANTERIOR SHOULDER DISLOCATION
AND ROTATOR CUFF TEAR IN A YOUNG ATHLETE

Thomas Throckmorton, B.A.
John Albright, M.D.

Figure 1B. Coronal view of the same shoulder demonstrating a
complete tear in the supraspinatus tendon. At the time of surgery,
this proved to be a 2 cm tear in the central portion of the tendon
leaving the anterior and posterior borders intact.

Figure 1A. Axial view of the right shoulder arthrogram-MRI dis-
playing an anterior labral tear. Also noted is the subscapularis ten-
don traversing anterior to the glenoid and inserting onto the hu-
merus.
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Exam under general anesthesia revealed no shoul-
der instability, but some crepitus with range of motion.
Arthroscopic evaluation showed an extensive detach-
ment of the anterior labrum and a 2 cm full thickness
supraspinatus rotator cuff tear, but no evidence of a
posterior labral tear or Hill-Sachs lesion. No SLAP le-
sion was identified. The labral tear was repaired
arthroscopically followed by mini-open rotator cuff re-
pair.

Postoperatively, the patient did well with no compli-
cations. By the time of the initial follow-up examination
there had been an obvious reduction in the level of
shoulder pain. His range of motion continued to improve
without apprehension but his shoulder girdle muscles
did undergo noticeable atrophy. At 12 weeks, the pa-
tient progressed through physical therapy from passive
to active exercises. At seven months post-op, the pa-
tient was back to full strength with a full range of mo-
tion except for a mild decrease in external rotation and
some residual weakness without pain in his supraspina-
tus. This continued over the following three months
despite an off-season rehabilitation program. The pa-
tient was then started on an aggressive PT program for
supraspinatus strengthening. At one year post-op, the
patient showed no instability, 90-95% supraspinatus
strength, full range of motion, and no pain. He was re-
leased to resume football practice with a shoulder brace.
He completed the entire season with any problems.

DISCUSSION
A case concerning a young athletic patient with an

anterior shoulder dislocation and concurrent rotator cuff
tear has not been reported in the English literature to
our knowledge. While this dual lesion is common in
older individuals, possibly due to the weakening of pos-
terior structures in this population, younger patients,
particularly athletes, have stronger posterior shoulder
structures and are thus less prone to a rotator cuff tear
when a shoulder dislocation is sustained.1

Three recent studies have examined shoulder dislo-
cations in young patients. Taylor and Arciero have re-
ported a series of anterior shoulder dislocations in pa-
tients less than 24 years old at the United States Naval
Academy. Of the 63 patients managed arthroscopically,
97% had evidence of a Bankart lesion, but no rotator
cuff tears were found.3  Norlin’s series of 24 initial ante-
rior shoulder dislocations did not identify any rotator
cuff tears.4  Finally, Baker et al reported a similar se-
ries on 45 young patients. This study found a 12% inci-
dence of rotator cuff tears with acute anterior shoulder
dislocations. However, this study failed to detail the pre-
sentation, post surgical management or outcome of any
of these patients.5

The data in the older population is strikingly differ-
ent, where rotator cuff tears commonly occur in con-
junction with anterior shoulder dislocation. The current
literature reports incidences ranging from 35% to 86%
in patients over 40 years old.2  For instance, Penvy et al
reported a series of 52 initial dislocations in patients
older than age 40 and found that 18 (35%) had concur-
rent rotator cuff tears.6  Toolanen et al reported the
same incidence using ultrasound as the diagnostic test.7

Neviaser et al used arthrograms to find an 86% incidence
of rotator cuff tears in first-time anterior dislocators over
the age of forty.8  Finally, Ribbans et al found an inter-
mediate incidence of 61% in an older population.9

Magnetic resonance imaging and arthroscopy were
used to confirm diagnosis in this case. When diagnos-
ing suspected anterior dislocations of the shoulder, plain
films are the confirmatory diagnostic test of choice.
Anteroposterior, lateral scapular, and axillary views are
usually sufficient to diagnose anterior dislocations. CT
scan may be used to better identify bony lesions.1  How-
ever, Iannotti el al have shown MRI to be both sensi-
tive and specific for diagnosing labral tears, making it
an attractive option when a concurrent rotator cuff tear
is suspected.1 0 Further, because MRI may not differen-
tiate between partial and full-thickness rotator cuff tears,
arthroscopy is suitable for subsequent diagnostic in-
quiry.1 1 Thus, both methods were used in making this
unusual diagnosis.

Because of the size of the patient and the nature of
the combined injury, an extensive incision would have
been necessary for repair of both lesions on an open
basis. Therefore, we elected to perform arthroscopic
repair of this patient’s Bankart lesion and mini-open
rotator cuff repair in hopes of minimizing the tissue
damage and maximizing the chance of regaining full
motion. It has been previously shown that conservative
management of shoulder dislocations in young athletes
results in a poor outcome with very high recurrence
rates; most require surgery to return to activity.1  Fur-
ther, Gumina and Postacchini have shown that surgery
is superior to conservative management for dislocations
and rotator cuff tears in patients over forty.1 2 Consider-
able controversy still exists in the literature regarding
open versus arthroscopic management for traumatic
anterior shoulder instability.1 3 Upon review of five se-
ries, Cole and Warner concluded that open stabilization
of the anterior shoulder is superior to arthroscopic
management when recurrence rates are the outcome
of primary interest.1 2 However, Arciero et al1 4 and Uribe
and Hechtman1 5 reported excellent results in active,
young, West Point Cadets who were first-time traumatic
dislocators where arthroscopy was performed early.
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Following repair of this patient’s Bankart lesion, a
mini-open, or arthroscopically assisted, repair was per-
formed. Though conservative treatment for rotator cuff
tears is often attempted first, particularly in older pa-
tients, young and athletic patients are indicated for early
operative intervention.1  Further, most series report su-
perior results with rotator cuff repair as compared with
arthroscopic debridement.1 1 The mini-open technique
has become well-accepted for small and medium-sized
full-thickness rotator cuff tears, particularly of the su-
praspinatus as in this case. It has achieved results that
compare favorably to those of the traditional open pro-
cedure. For instance, Levy et al reported all patients
managed with mini-open repair achieved satisfactory
outcomes with 80% of those being good or excellent.1 6

Weber and Schaefer subsequently conducted a retro-
spective trial comparing the mini-open and traditional
open methods. There was no significant difference in
outcomes between the two groups but the mini-open
group suffered significantly less peri-operative morbid-
ity.1 7 Baker and Liu conducted a similar trial. The open
repair group achieved 80% good or excellent results and
88% satisfaction. Comparatively, the mini-open group
achieved 85% good or excellent results and 92% satis-
faction.1 8 Thus, when comparing mini-open and tradi-
tional open methods of rotator cuff repair, it appears
that outcomes do not significantly differ. However, the
advantages of mini-open repair, which include preser-
vation of the deltoid origin, lower peri-operative mor-
bidity, enhanced cosmesis, shortened rehabilitation, and
arthroscopic evaluation of the glenohumeral joint for
additional pathology, make it an overall superior
method.1 9 Finally, though fully arthroscopic rotator cuff
repair is promising, studies comparing this method to
mini-open repair are not yet available, making the mini-
open technique the preferred procedure for rotator cuff
repair in this young, high demand athlete.

In conclusion, we present the case of a traumatic
anterior shoulder dislocation with Bankart lesion and
concurrent rotator cuff tear in a young patient. The rela-
tively unique nature of this case derives from the
patient’s young age and status as a competitive athlete.
Thus, rotator cuff tears are not an exclusive complica-
tion of anterior shoulder dislocations in the older popu-
lation. Indeed, rotator cuff tear should not be excluded
based solely on the patient’s age. Instead, careful clini-
cal evaluation is needed to avoid neglecting this associ-
ated injury. The significant finding that should raise the
examiner’s index of suspicion for coexistence of a rota-
tor cuff tear is persisting severe pain after reduction of
the dislocation. While the results were excellent, no
treatment recommendations can be made based on this
single case. Finally, it is of note that the twelve month
period to full recovery and return to competition was
limited by healing of the rotator cuff tear.
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WORK IN PROGRESS:
LABORATORY UPDATES

This section is new to the Iowa Orthopaedic Journal this year and serves primarily as an
update on current projects in our basic science laboratories

ORTHOPAEDIC BIOMECHANICS LABORATORY
The Orthopaedic Biomechanics Laboratory serves as a resource for the conduct of basic
and applied musculoskeletal research for which mechanical analysis and/or mechanical
measurements are appropriate. Within this framework, studies of varying scope conducted
in the laboratory seek to address problems of interest to Orthopaedic faculty members,
and serve to train fellows, residents, and students in the principles of scientific investiga-
tion. Several well-established collaborations with the other departmental research labora-
tories, with other departments of the College of Medicine, with the Colleges of Engineer-
ing and Dentistry, and with other institutions complement our own work.

IGNACIO V. PONSETI BIOCHEMISTRY AND CELL BIOLOGY LABORATORY
This laboratory serves as a resource for the conduct of basic and applied biological re-
search directed toward investigating the normal structure and function of the musculo-
skeletal system. Current areas of investigation include the molecular biology of interver-
tebral disc development, aging of articular cartilage, osteoarthritis, spondylo-epiphyseal
dysplasias, chondrocyte-matrix interactions, response of chondrocytes to cartilage matrix
proteins and age-related changes in chondrocyte function. The laboratory serves ortho-
paedic faculty members, fellows, residents, and medical students.

January 2001
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FINITE ELEMENT STUDIES OF TOTAL HIP DISLOCATION

Dislocation is a frequent complication following total
hip arthroplasty, ranking second only to late aseptic loos-
ening as a reason for implant failure and revision sur-
gery. Inappropriate motion by the patient (e.g., leg
crossing) can lead to impingement, setting up a fulcrum
around which the femoral component is levered out of
the socket. The impingement can be between implant
components (e.g., femoral neck and acetabular liner),
between bony prominences (e.g., greater trochanter and
pelvis), or a
combination
of the two.

Ongoing
r e s e a r c h
employs a
large dis-
placement,
non-l inear,
sliding con-
tact finite el-
ement com-
puter model
to simulate
the disloca-
tion of vari-
ous implant
a r r a n g e -
ments. One
por tion of
the research
is studying
several de-
sign modifi-
cations spe-
cific to
small-head-
size (22 or 26 mm) implants, toward the goal of increas-
ing dislocation resistance. Another aspect is to model
the bone-on-bone as well as component-on-component
impingement phenomena, and to comparatively evalu-
ate the effectiveness of design improvements for each
impingement paradigm. A third aspect of the research
involves the effects of surgical placement on disloca-
tion. There the aim is to establish criteria for optimal

surgical placement, for the distinct goals of avoiding
impingement versus avoiding frank dislocation. A fourth
aspect is to expand our library of input data to broaden
how we can examine dislocations, using data from THA-
aged healthy patients undergoing several maneuvers
known to elicit anterior or posterior dislocations.

Additional dislocation research is ongoing
collaboratively with the engineering design group of one
of the leading orthopaedic device manufacturers. The

focus is on
evaluating de-
sign proto-
types for prod-
uct lines
currently un-
der develop-
ment. One
such study is
investigating
the head-to-
neck diameter
ratios of the
femoral com-
p o n e n t .
Against the
competing de-
sign con-
straint of ac-
ceptably low
neck stresses,
various head-
to-neck diam-
eter ratios are
being studied
to determine
the range of

motion prior to impingement and dislocation. For the
acetabular component, current work is investigating the
range of motion prior to impingement, and the moment
required to cause dislocation for various liner chamfer
angles and cylindrical bore depths. Lastly, a novel uni-
fied scoring algorithm has been developed to assist in
quantitatively comparing all variants of design or surgi-
cal placement.
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MOTION ANALYSIS OF THA DISLOCATION CHALLENGES

Collaboratively with the Physical Therapy Depart-
ment, we are studying range of motion and joint reac-
tion forces for maneuvers associated with dislocation
of total hip arthroplasty (THA).  These motion data are
utilized in finite element models that examine how de-
sign and surgical placement affect THA dislocation pro-
pensity. Subject motion is captured with an Optotrak
System (Northern Digital, Inc.).  This system consists
of active infrared emitting diodes (IREDs) attached to
the subject at various positions corresponding to key
bony landmarks (Figure 1).  The body is viewed as a

linkage of rigid segments, with the relative position of
the IREDs defining the position and orientation of each
body segment at each instant. During the motion of in-
terest, three cameras capture and record the positions
of the IREDs.  Simultaneously, ground reaction forces
and moments are recorded from a force plate recessed
in the floor beneath the subject’s foot. An inverse dy-
namics formulation calculates intersegmental moment
and contact forces. In an optimization model, these re-
action moments in turn are allocated to 47-muscles
crossing the ankle, knee, and hip joints, in such a man-
ner as to minimize muscle forces, thus allowing calcu-
lation of the resultant joint contact force.

The current database consists of ten THA-aged sub-
jects (49.7 ± 4.97, range 44 to 59 y.o.), each of whom
repeatedly performed eight dislocation-prone activities
of daily living.  Posterior dislocation prone maneuvers

include leg crossing, bending over to tie a shoe from a
seated position, and standing and bending over to pick
up an object.  An example of anterior dislocation kine-
matics involves a pivot maneuver, where the hip is ro-
tated externally during a single-leg stance. Anterior dis-
location-prone motion is of particular interest, because
this mode of THA dislocation has not been previously
studied biomechanically.  To date, roughly 400 motion
trials have been obtained. An impingement prediction
algorithm has been developed to screen these trials in
accordance with the likelihood of resulting in a disloca-
tion.  For “promising” cases, the kinematic and kinetic
data (Figure 2) are input into our full finite element
model of THA dislocation. We have succeeded in ob-
taining dislocations for multiple trials of each of our
study maneuvers, including anterior dislocations for the
pivots.  Compared to previous studies of just leg cross-
ing, these new data provide a much more robust basis
for identifying dislocation-resistant design features, and
optimal surgical placement.

Figure 2. Typical motion data for a pivot trial, and the resisting
moment computed in the corresponding finite element model of
(anterior) dislocation.

Figure 1. Typical data capture set-up.
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MECHANICAL PROPERTY MEASUREMENT OF HIP CAPSULE

Computational models are used extensively within
our research group to study impingement and disloca-
tion phenomena following total hip arthroplasty (THA).
The current finite element method (FEM) model incor-
porates finite-deformation elastoplastic contact treat-
ment, large displacement interfacial sliding, complex
multi-axial physiologic motion input, and case-specific
component-component/component-bone/bone-bone
impingement.

The next development phase is to incorporate soft
tissues into our existing FEM model (Fig 1). The soft
tissue structures surrounding the hip joint influence
THA dislocation (i.e., passive joint capsule restraint, liga-
ment distention, and active musculature forces). Quan-
titative anatomical and mechanical mapping of the liga-
mentous and capsular structures is a prerequisite for
representing these in the computational model.

Fresh cadaver specimens are dissected so as to en-
sure that the ligamentous and capsular hip structures
remain intact. The capsular tissue and ligaments are
sub-divided into eight strip-like specimens. Each speci-
men is mounted in cryo-clamps (to avoid gripping slip-
page) and instrumented with DVRT’s to record local-
ized tissue distention (Fig 2a). After a pre-conditioning
regime, a quasistatic uniaxial tensile test stretches the
specimens to failure (Fig 2b).

The load-displacement data collected during the test-
ing regime (Fig 3) reveals a non-linear material response
with a distinct yield point followed by complete failure
of the specimen. Apparent stiffness values of the hip
capsule are obtained from the slope of the linear por-
tions of this load-deformation curve.

The addition of capsulo-ligamentous restraints to the
THA dislocation model will improve the model’s accu-
racy in assessing dislocation resistance of specific con-
structs. And, it should provide insight into the stability
compromise associated with alternative surgical ap-
proaches.

Figure 2a Figure 2b
Figure 3
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CEMENTATION OF A POLYETHELYNE LINER INTO A FIXED ACETABULAR SHELL:
A LABORATORY MODEL AND CLINICAL FOLLOW-UP STUDY

A common clinical dilemma encountered by ortho-
paedic surgeons is a patient with a secure cementless
acetabular shell and severe wear of the polyethylene
liner – the acetabular shell is fixed, but the liner needs
to be replaced. Additionally, the liner locking mecha-
nism on the shell is frequently damaged when the origi-
nal liner is removed, such that a new liner cannot be
locked into place. One treatment option is to cement a
new liner into the fixed shell. The purpose of this ongo-
ing research is to determine the optimal shell/cement/
liner construct for this situation, and to evaluate the
early results of this treatment option in patients.

To evaluate the contribution of the various interfaces
to the cemented liner construct, the following experi-
mental groups are being used: 1) Unscored vs. scored
acetabular shells (Figure 1), 2) Smooth vs. textured lin-
ers (Figure 2), and 3) 4 mm vs. 2 mm cement mantles.
The liners are cemented into the shells (Figure 3), tak-
ing care to precisely control cement mantle thickness
and liner centering within each shell. For torsional test-
ing, the specimens are placed in a materials testing
machine (Figure 4), an axial load is applied to the liner,
and the liner is then rotated about its symmetry axis
until failure occurs. Failure torque and interface are
noted.

The most important variable for the surgeon to con-
trol, to optimize the torsional strength of the cemented
liner construct, is the cement/liner interface. Textured
liners have a higher failure torque than do the smooth
liners. Scoring the shell and cement mantle thickness
has little effect on failure torque or failure interface.
The cement/liner interface is by far the most vulner-
able interface. This suggests that the current practice
of scoring the acetabular shell, to improve cement/shell
interfacial strength, is unnecessary, at least for this fail-
ure mode and these implant designs. Testing of lever-
out strength of the cemented liner construct is in
progress.

Seventeen cases where this surgical approach was
utilized were evaluated at an average of 2.5 years post-
operatively. In the one (5.9%) clinical failure, the failure
occurred at the same site as occurred in the mechani-
cal model: the cement/liner interface. This treatment
approach appears capable of providing a durable con-
struct with minimal morbidity.

Figure 3. Cemented liner
with 4mm cement mantle
thickness. The cement/
liner interface is outlined
for clarity.

Figure 4. Torsional testing of cemented liner.

Figure 1. Unscored and scored acetabular shell.

Figure 2. Smooth and textured liner.
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REVISION THA IMPACTION GRAFTS: EFFECTS OF BONE FUSION

Impaction grafting with morselized cancellous bone
(MCB) has recently become of high clinical interest in
revision total hip arthroplasty (THA). In this procedure,
cancellous bone is ground up into small morsels, and
inserted at the surgical site to build up bone stock. On
the femoral side, MCB creates a “neomedullary canal”
for a new femoral stem (Figure 1). On the acetabular
side, MCB substitutes for missing bone stock in the
pelvis, allowing the acetabular cup to be inserted in a
normal anatomic position. Ideally, bone remodeling pro-
ceeds from the adjacent live host bone, into the bone
graft, such that eventually the MCB graft is fused into
a new cancellous lattice that is contiguous with the host
bone.

Effective clinical usage of impaction grafting depends
on appropriate biomechanics, including surgical tech-
nique, graft preparation, and implant design, and on how
these biomechanical aspects affect stability of the in-
serted implant. Current laboratory physical models, un-
fortunately, are only useful for studying the immediate
postoperative situation of individual (non-fused) MCB
particles, rather than when the MCB has fused into a
contiguous mass. Therefore, we have developed a
method to simulate MCB fusion in the laboratory.

Dried and defatted MCB is mixed with an amine-
based epoxy (Figure 2). The mixture is impacted into
the physical construct of interest, then allowed time to
fuse. The MCB/epoxy mixture forms a continuous
structure within the construct. Testing of cylindrical
specimens showed that this structure has a compres-
sive modulus comparable to that of virgin, unmorselized
bone (Figure 3). This innovation opens the way for sys-
tematic investigation of biomechanical aspects of im-
paction grafting in revision THA, spanning the full time
period from the immediate postoperative situation
(unfused MCB particles) to the final clinical target stage
(fused MCB).

We hypothesize that for prostheses with fused MCB,
subsidence will be less, steady-state subsidence will be
reached with fewer loading cycles, and micromotion will
decrease, as compared to prostheses with similarly
impacted non-fused MCB. Clinically, this would be a
more stable construct. Furthermore, in cases of partial
fusion, the hypothesis is that the location of fused vs.
non-fused areas will also affect the stability of the im-
paction grafted construct. We aim to provide biome-
chanical data to assist in the optimization of impaction
grafting, thus improving the clinical success rate of this
evolving procedure.

Figure 1. Impaction grafted MCB used in a femoral stem revision.

Figure 3. Compressive modulus of fused MCB specimens, varying
the MCB:epoxy weight proportion and impaction pressure.

Figure 2. Morselized cancellous bone/epoxy mixture, 2:1 weight
proportion. A millimeter scale is along the bottom.
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LOCAL HEAD ROUGHENING EFFECT ON WEAR: A FINITE ELEMENT ANALYSIS

Polyethylene wear debris-induced aseptic loosening
is the leading cause of long-term failure in total hip ar-
throplasty (THA). The wear of polyethylene in THA is
a complex, multifactorial process involving (but cer-
tainly not limited to) implant design, patient activity lev-
els, scratching due to counter surface roughening, and
damage due to third body debris. A discretized form of
Archard’s sliding wear equation (which states that the
total volumetric wear is a function of contact stress,
surface roughness, and sliding distance) serves as the
foundation of this wear analysis.

Our development of a sliding-distance-coupled con-
tact finite element model of THA wear allows us to in-
vestigate possible relationships between regional head
roughening and extensive variability of acetabular wear
observed in clinical studies. The model consists of a
28mm femoral head articulating against a chrome-co-
balt-backed acetabular liner. The femoral head surface
is zoned with 1,656 triangular Bezier facets, and the
acetabular liner zoned with 1,800 continuum elements
and 439 contact nodes, which equates to 3,684 degrees
of freedom. One million duty cycles are simulated for
each run, with the acetabular component finite element
mesh being adaptively updated at case-specific intervals,
so as to reflect the conformity/contact changes accom-
panying progressive material removal.

The sliding-distance-coupled contact finite element
wear algorithm reports acetabular bearing surface node
displacements, which reflect the distribution of local
polyethylene thickness change due to the simulated
wear. Volumetric wear rates and wear direction (quan-
tities typically reported in clinical studies) are easily
obtained from the nodal alteration history. The volumet-
ric wear rate was calculated simply by numerical inte-
gration, over the entire bearing surface, of local poly-
ethylene thickness change, normalized to the service
period.

Parametric series permit study of the sensitivity of
wear to local head roughening. One influence is the
wear coefficient varied for a small, roughened region
of fixed size and fixed location on the head. Alterna-
tively, with the wear coefficient and centroidal location
of the wear patch held constant, the roughened patch
size is varied. A third effect is to vary the location of
the wear patch (as shown in Figure 1) while maintain-
ing a constant wear coefficient and patch size.

The computational results strongly suggest that pa-
tient-to-patient variability in sites and severity of head
roughening can account for a very appreciable degree
of clinically observed variability in the wear process.
Currently, direction-dependent wear characteristics (i.e.,
instantaneous local direction of relative motion of metal
and polyethylene surfaces, local direction of metal sur-
face damage, and local direction of polyethylene fibrils)
are being incorporated into this wear algorithm.

Figure 1. Finite Element Zoning and Roughened Patches

Figure 2. Wear Depth Distribution for two different wear
coefficients
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THE EMU AS AN ANIMAL MODEL FOR OSTEONECROSIS

Approximately 25,000 new cases of femoral head os-
teonecrosis (ON) present each year in the U.S. Osteone-
crosis occurs due to blood perfusion abnormalities in
the weight-bearing cancellous bone in the femoral head,
causing cell death. This is often a result of trauma, al-
coholism, or steroids. The natural repair process weak-
ens the bone, and bearing weight eventually causes
structural collapse. This is painful, and eventually re-
sults in secondary osteoarthrosis. Because the typical
ON patient is young and active (age 25-55), total hip
replacement unfortunately has high failure rates in this
population. Means to protect the natural femoral head
from collapse are
therefore desirable.

To better under-
stand the pathology
and improve treat-
ment of this disor-
der, animal models
used by other re-
search groups have
included dogs,
horses, goats, and
rabbits. Although
these species histo-
logically evidence
early ON, none
progresses to femo-
ral head collapse as
humans do. We hy-
pothesize that a bipedal animal would be more biome-
chanically similar to humans, and we are continuing our
work to establish the emu (Figure 1) as an animal model
for ON. Emus are farmed in Iowa and therefore are easy
to obtain. Their femoral heads are about 60% as large
as those of humans.

Results from a pilot series of 38 birds showed that
after ON is induced with liquid nitrogen injection into
the femoral head, lameness ensues in 12-16 weeks, due
to bony collapse (Figure 2). To improve lesion localiza-
tion in this model, a C-arm fluorscope is now being used
during the surgery for more precise cryo-insult deliv-
ery, and an improved, closed-circulation liquid nitrogen
probe has been developed (Figure 3a). A finite element
(FE) model (Figure 3b) and physical bench simulations
are in use to further refine the freeze protocol.

Additionally, for the purpose of finite element struc-
tural model development, the mechanical characteris-
tics of emu bone are under study. A set of 39 cortical
bone specimens had an average flexural elastic modu-
lus of 13.05 GPa, yield stress of 113.1 MPa, and ulti-
mate stress of 146.9 MPa. These values are only slightly
below the range of mammalian bone, and offer prom-
ise that load transmission through emu hips is reason-
ably analogous to that in humans.

Figure 1. Emu (Dromaius novaehol-
landiae)

Figure 3. (a) Liquid and gaseous N2 circulation in the close cyroprobe. (b) Finite element model of temperature field (Kelvin) surrounding
cyroprobe after 2 minutes of nitrogen circulation.

Figure 2. Cross sections of collapsed emu (left) and human (right)
necrotic femoral heads, with subchondral crescent fractures.
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MULTI-CONTACT-SURFACE FINITE ELEMENT MODEL OF A WIDELY USED ROTATING
PLATFORM TOTAL KNEE

Unlike condylar total knees, mobile bearing total
knee replacements have multiple bearing surfaces, and
therefore potentially offer more conformity and free-
dom. However, recent fluoroscopic data suggest that
bearing motion actually may not occur in a substantial
fraction of patients, implying alteration of the intended
articulation kinetics. Although this class of devices theo-
retically produces lower stresses than their non-mobile
counterparts, we are concerned about possible stress
concentrations within the polyethylene, especially at the
pivoting mechanism. High stresses can cause delami-
nation at the bearing surface. Moreover, stresses at the
rotating interface might cause abrasive/adhesive wear,
leading to aseptic loosening.

Our three-di-
mensional finite
element model of
the Depuy LCS
Standard rotating
platform total
knee (right) is
created using the
PATRAN mesh-
ing pre-processor.
Nonlinear contact
analysis is per-
formed using
ABAQUS. This
p a r t i c u l a r
implant ’s tibial
tray has a bev-
eled hole that ac-
cepts the mating
stem of the mo-
bile polyethylene insert, thus providing rotational free-
dom about the vertical axis. The metal components have
an elastic modulus more than 300 times higher than
that of the polyethylene. Therefore, to simplify the
model, only the polyethylene insert is treated as a de-
formable body, whereas the femoral component and
tibial tray are modeled as completely rigid. What makes
this model unique is that there are two distinct sets of
large-displacement nonlinear contact surface interac-
tions, one at the bearing surface between the femoral
component and the polyethylene, and the other at the
rotation interface between the polyethylene and the
tibial tray. A friction coefficient derived from ongoing
physical testing is used for the interfaces. Parametric
analyses, such as the amount of torque resisting endo/

Contact stresses developed in the polyethylene at 2060 N and 30˚
of flexion

exorotation, contact stresses and contact area, are be-
ing performed at physiologically relevant axial loads,
condylar load allocations, and flexion angles.

Peak levels of computed resisting torque approach
the range of peak torques developed during normal level
walking, lending credibility to observations of bearing
non-motion during functional loading. The level of com-
puted resisting torque is comparable to that of comple-
mentary experimental measurements, confirming that
this finite element model is valid under the imposed
loading conditions. This two-contact-surface finite ele-
ment model provides a unique analytical vehicle for
parametric design studies, to improve performance in
this increasingly used class of implants.
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ROTATIONAL MOBILITY OF A WIDELY USED ROTATING PLATFORM
TOTAL KNEE REPLACEMENT

In principle, mobile bearing total knee replacements
provide an attractive means to avoid the conformity/
constraint tradeoff of condylar total knees. Mobile bear-
ing designs increase conformity between the compo-
nents (reducing contact stresses) while also reducing
constraint (reducing component loosening and allow-
ing for more latitude in surgical placement). In prac-
tice, however, recent fluoroscopic data suggest that
bearing motion actually may not occur in a substantial
fraction of patients. Defeat of bearing motion implies
alteration of the intended articulation kinetics, perhaps
with adverse consequences in terms of accelerated wear
and/or loosening. Understanding the conditions under
which bearing surface motion does or does not occur
is therefore important to the success of this increas-
ingly used class of devices.

We are studying this
issue for the specific case
of the Depuy LCS Stan-
dard rotating platform
total knee replacement,
currently the most widely
used such design. This
particular implant’s tibial
tray has a beveled hole
that accepts the mating
stem of the mobile poly-
ethylene insert, thus pro-
viding the insert with ro-
tational freedom about
the vertical axis. Compo-
nents are potted, secured
to a custom made MTS testing fixture that allows the
tibial component to undergo A/P and M/L translation,
and varus/valgus rotation, and immersed in bovine se-
rum. For various levels of axial load, condylar load allo-
cation, and knee flexion, torque resisting insert rota-
tion with respect to the tibial tray is being studied as a
function of endo/exorotation. Coupled with Fuji-film
contact stress mappings, the apparent static and dy-
namic friction coefficients at the “mobile” interface are
determined.

Torque resisting the imposed endo/exorotation is
proportional to the axial load applied. The amount of
torque required to initiate mobility (static) is much
greater than the torque required to sustain mobility
(dynamic). The apparent static and dynamic friction
coefficients are typically 0.154 and 0.089, respectively.
An unequal condylar load allocation (60% and 40% of
the load transferring through the medial and lateral
condyles, respectively) produces slightly less resisting
torque than an equal condylar load allocation. After 15°
of flexion, the level of re-
sisting torque dips
slightly, caused by
changes in the load distri-
bution at the “mobile” in-
terface.

At peak physiologic
joint load (2750 N), the
static frictional torques
measured extend well
into the range of peak
endo/exorotation torques
reported for level walking
for knee arthroplasty pa-
tients. This lends cre-
dence to the observations
of bearing non-motion in
about half of the patients
studied by fluoroscopy, and opens the way for system-
atic study of design improvements to achieve more re-
liable bearing mobility.
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EVALUATION OF THE STAR AND AGILITY PROSTHETIC ANKLES

Historically, ankle joint replacement as a treatment
for end-stage ankle arthritis has been disappointing.
Loosening of the prosthesis, continued pain, and lim-
ited joint motion are some of the problems that have
prevented success on the order of that achieved in hips
and knees. Because of the generally poor results for
ankle joint replacement, arthrodesis (fusion) has re-
mained the treatment of choice. However, arthrodesis
can have several long-term complications, including
severe limitation to the patient’s mobility, infection, and
development of arthritis in the surrounding joints.
Therefore, work to develop successful ankle joint pros-
theses is continuing. The Scandinavian Total Ankle
Replacement (STAR) and the Agility Ankle, both non-
cemented, low-constraint designs, have shown encour-
aging clinical results.

We are conducting a series of studies to gain insight
into the biomechanics of the STAR and Agility prosthe-
ses. Clinical experience suggests that precise initial
positioning of a prosthesis and correct initial tensioning
of the ligaments across the joint will improve the long-
term outcome. For the STAR and Agility, we are exam-
ining the effects of these factors on three predictors of

eventual failure of the implant: (1) migration and loos-
ening; (2) excessive stresses within the implant and at
the bony interface; and (3) abnormal ankle ligament
strain and ankle joint motion.

The first predictor, implant migration and loosening,
is being addressed primarily via radiographic assess-
ment of a large, multi-surgeon clinical series of ankle
replacements. Immediate postoperative radiographs are
examined and the surgically achieved position of the
implant measured and recorded. On new radiographs
taken at multiple future time points, comparison of the
position of the implant to its initial position allows de-
termination of any migration or loosening. We seek to
determine if certain initial positions are more likely to
put an implant at greater risk of eventual failure.

The second predictor, implant and bone stresses, are
being examined via three-dimensional finite element
stress analysis of the implant construct, including the
surrounding bone. Excessive stress within the implant
increases its likelihood of failure due to elevated wear,
whereas the distribution of stress within the surround-
ing bone is important in predicting the implant’s likeli-
hood of loosening.

 The third predictor, ankle ligament strain and joint
motion, are being assessed via mechanical testing of
below-knee cadaver legs in a load applicator. Normal
specimens are first subjected to a full range of foot flex-
ion/extension, during which ankle ligament strain and
relative tibio-talar motion are recorded. After implant-
ing the prosthesis (STAR or Agility), in ideally correct
alignment, the test is repeated. Changes, if any, from
the normal ligament strain or joint motion are attribut-
able to the presence of the implant. Through subse-
quently repeated tests, each time with a small, con-
trolled per turbation of implant position or initial
ligament tension, we seek to determine the degree of
misalignment or mis-tensioning that first produces ab-
normal ligament strain or joint motion, and is therefore
more likely to lead to eventual failure of the prosthesis.

STAR Prosthesis AGILITY Prosthesis
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STABILITY OF DUAL-CURVATURE TOTAL WRIST IMPLANTS

Unconstrained total wrist arthroplasty has emerged
as an attractive design strategy from the standpoint of
fixation longevity.  However, a trade-off is vulnerability
to dislocation, particularly in the presence of soft tis-
sue insufficiency.  Concurrently with ongoing clinical
trials, we are evaluating the stability of a design having
a convex carpal component residing in a radial concav-
ity.  The concavity of the articulating radial surface, al-
though intended to provide immediate stability when
the components are inserted under appropriate tension,
is relatively shallow.  As a result, stability of the im-
plant relies heavily on soft tissue balance.  Computa-

tional and experimental investigations are underway in
hopes of identifying component design modifications
that lead to an increased resistance to dislocation.

Initiating in neutral position, dislocation is induced
through either a rotational displacement about an axes
parallel to the stem of the carpal component, through a
purely translational displacement volarly, or via combi-
nation of the two.  Furthermore, departures from the
neutral position, such as flexion-extension and radial-
ulnar deviations, are under parametric investigation.

                

                

a                                                      b
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Figure 1. Dual-radius-curvature total wrist implant (a) CAD model
in the neutral position, and (b) FE mesh of the articulating
UHMWPE and radial surfaces. When the components are highly
congruent, contact convergence requires extremely high degrees
of mesh refinement in regions of potential contact. Square A, signi-
fies a region where the UHMWPE mesh density is approximately
215 elements/mm2, whereas densities in non-critical areas (square
B) are as coarse as 1 element/mm2
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Figure 2. Experimental comparison (rotation vs. resisting moment)
between the device positioned in neutral and deviated (15 degrees
extension + 15 degrees radial deviation), each subjected to a 30N
compressive load.
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Figure 3. Von Mises stress (MPa) contour plost at (a) 0, (b) 0.3,
and (c) 0.7 degrees rotation, for a 50N compressive load. The
white oval delineates the perimeter of the articulating radial
surface.
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DYNAMIC CONTACT STRESS AND KINEMATIC CHANGES FOLLOWING A MALREDUCED
POSTERIOR MALLEOLAR FRACTURE

The etiology of arthrosis following intraarticular frac-
tures is unclear. Both elevated contact stresses and in-
stability from residual malreductions have been impli-
cated. However, previous static studies have failed to
show significantly elevated contact stresses around ar-
ticular incongruities. No previous kinematic or dynamic
contact stress studies have investigated malreductions
following intraarticular fractures. An unrestrained,
loaded posterior malleolar fracture model has been cre-
ated to measure dynamic contact stress and kinematic
aberrations at the tibiotalar joint as the ankle moves
through its range of motion.

Fresh cadaver specimens are placed in a custom 6
degree-of-freedom motion apparatus. The apparatus is
loaded into an MTS machine and one body weight (680
N) of axial force is applied (Figure 1). An electromag-
netic motion tracking system (Flock of Birds) is at-

tached to the talus and tibia to track tibiotalar motion,
and a dynamic contact stress sensor (Tekscan) is in-
serted into the tibiotalar joint. The ankle is passively
moved through a full range of motion (25°  of
plantarflexion to 15°  of dorsiflexion) while data are col-
lected at 28 Hz. Each ankle is tested with the articular
surface intact, with a 50% articular fracture, with 2-mm
step and gap malreductions, and with an anatomic re-
duction.

There appear to be no significant differences in ankle
motion regardless of the size of fracture or degree of
malreduction. Contact stress patterns vary among speci-
mens. In general, the contact area of the normal ankle
joint tends to bias to the anterior 1/2 of the articular
surface. As the ankle moves toward dorsiflexion, the
contact area moves from the middle to the anterior
margin of the joint. Contact stresses at the edge of the
(posterior) fracture do not appear to be elevated. How-
ever, the contact stress distributions tend to move an-
terior and medial relative to those of the intact ankle.
Anatomic reduction of the fracture improves the stress
distribution, but does not seem to return the contact
stresses to normal.

Figure 1. Apparatus used to apply load and motion to the ankle
specimen

Figure 2. Typical contact stress distribution for a 50% fracture at a
neutral flexion angle
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IMAGE ANALYSIS TECHNIQUES TO QUANTIFY CT-APPARENT
FRACTURE COMMINUTION

While treatment of low-energy fractures is largely
successful, management of high-energy injuries with
extensive fragment comminution is less predictable. For
high-energy fractures, consistent comparison of treat-
ment methods is hampered by the lack of an objective
means to quantify comminution (a critical variable in
prognosis and treatment). In engineering fracture me-
chanics, the energy absorbed in propagating a crack
through a material continuum is proportional to the frag-
ment surface area liberated. Thus, if it were possible to
measure interfragmentary surface area, a quantitative
measure of energy absorbed during fracture could be
obtained. Computed tomography (CT) provides the nec-
essary source data for making these fracture energy
estimates.

Currently, we are refining a digital image analysis
program that we have developed to compute
interfragmentary surface area from CT scans of clini-
cal fractures. Our immediate goal is to apply these new
analytical techniques to quantify injury severity in an
ongoing multi-center clinical study of tibial plafond frac-
tures.

Conventional thresholding proves inadequate when
segmenting fragment CT data for quantitative purposes,
due to the high variability in fragment versus back-
ground signal intensity. Our detection algorithm com-
mences with a manually selected seed point (cross, Fig.
a). Based upon the pixel graylevel intensity at this point
and immediately surrounding points, a small region is
nucleated. In an iterative process, the region is progres-
sively “grown” (Fig. b) as points contiguous to its pe-
riphery are tested for inclusion. As new points are an-
nexed into the region, their graylevels are used to
update the fragment grayscale inclusion criterion, via a
logarithmic weighting function. Once the fragment is
fully grown (Fig. c), a bit-mapped (‘on’ or ‘off ’) image
is created, and the binarized fragment image is then
high-pass filtered to identify edge (border) points (Figs.
d and e). Border points are ordered, and pixel-to-pixel
Euclidean distances (Fig. f) are then summed. Pixel dis-
tances are converted to physical length based on scal-
ing information embedded in the CT scan header file.
Finally, multiplication of the perimeter times the slice
thickness yields (sectional) fragment surface area. Ob-
viously, there are limits to the fragment size whose sur-
face area is reliably quantifiable. Fragments as small as
4 mm can typically be measured to within 11% error.
Work currently in progress involves correlation of frag-
ment surface area with known fracture energy of sur-

rogate specimens and transcortical bone segments.  We
anticipate next extending the energy validations to
whole human tibiae and lower limb cadaver prepara-
tions. In these applications, local bone properties at the
fracture site will need to be incorporated into the algo-
rithm.  Also, algorithm refinement is underway to deal
with several other features of clinical CT images, in-
cluding cancellous bone regions and confluent frag-
ments.

(a) (b)

(c)  (d)

(e)

(f)
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BONE FRACTURE COMMINUTION WITH A NOVEL
SURROGATE MATERIAL

Bone and joint injuries with comminution (multiple
small fragments) present a challenge to orthopaedic
traumatologists. The presence of many fragments
makes it difficult to classify such injuries into clinically
meaningful groups. In order to improve treatments for
patients who suffer these injuries, it is imperative that
outcomes be evaluated against the backdrop of quanti-
tative injury severity. Toward the goal of quantifying
injury severity, we are developing rigorous measures
of fracture energy absorption, using a laboratory model.
In systematic investigations, this model circumvents
potentially confounding biological variation, an impor-
tant step towards demonstrating the feasibility of en-
ergy-based fracture severity assessments. The ideal
surrogate for studying bone impact fractures should not
only replicate the morphology and relative size of bone
fragments, but its fracture characteristics should also
be easily discernable radiographically. In addition, the
surrogate should undergo brittle failure, and it should
consistently cleave completely under impact.

To meet these criteria, we have developed high-den-
sity polyetherurethane foam that shatters on impact, and
that qualitatively mimics the fragmentation behavior of
cortical bone. Like bone, it exhibits viscoelasticity, and
it undergoes a degree of comminution (smaller and
sharper fragments) which rises monotonically with en-
ergy input (Fig. 1), thereby encompassing the range of
comminution observed clinically. We dope the foam with
barium sulfate in order to also match the radiographic
properties (Hounsfield number) of human bone (Fig.
2).

To reliably create fractures with prescribed energy
input, we have constructed an instrumented drop tower
(Fig. 3). This allows us control of kinetic energy input,
by varying impactor mass and/or velocity. We have uti-
lized the polyetherurethane as a gold standard (phan-
tom) calibration material in the development of digital
image analysis routines, by means of which
interfragmentary surface area can be computed from
CT scans of the comminuted polyetherurethane, and
corresponding clinical (Fig. 2) fractures. We have al-
ready shown that there is a statistically significant cor-
relation in measured de novo fragment surface area with
increase in fragmentation energy in polyetherurethane
specimens. The next phase of this research (ongoing)
involves drop tower tests of natural bone.

Figure 2. Comminution pattern in a tibial plafond fracture.

Figure 3. Drop Tower System.

Figure 1. Polyetherurethane comminution patterns for progres-
sively higher impact energies.
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SEGMENTAL BONE DEFECT REPAIR USING SINTERED,
POROUS CERAMICS

Primary bone repair, associated with a traumatic in-
jury, is often delayed due to the loss of tissue, segmen-
tal bone loss, contamination at the fracture site, or any
combination of these. Autograft (bone from the injured
person) is the gold standard for treatment of segmen-
tal defects. However, autograft has a number of disad-
vantages: 1) limited supply, 2) additional surgery re-
quired, and 3) increased postoperative complications,
including weakened donor bone sites. We are conduct-
ing studies to determine if implantation of a sintered
hydroxyapatite (HA) or tricalcium phosphate (TCP)
implant with fully interconnected porosity induces suf-
ficient tissue regeneration and new bone ingrowth to
allow bone healing, thus substituting for autograft.

 We are studying
the use of these mate-
rials for healing of a
segmental defect in a
rabbit tibial model. A
1-cm diaphyseal defect
is created in the left
tibia of each rabbit,
using an oscillating
saw. The defect is filled
with either the tibial
bone segment itself,
the segment crushed,
or one of two porous
implants (HA or TCP).
The control groups are
sacrificed at 6 weeks
and the HA and TCP
groups are sacrificed at 6 and 8 weeks post-op. Follow-
ing sacrifice, the operated and internal control tibias
are either tested to failure in torsion (Fig. 1) or evalu-
ated histologically. Torsional strength results are ex-
pressed as a ratio of operated limb over internal con-
trol limb.

Currently, the crushed control
group has a mean torsional strength
ratio of 1.14 and the intact control
group 1.12 (no statistical difference;
p=0.984). At six weeks, the HA im-
plant group has a mean torsional
strength ratio of 1.76 and the TCP
group mean is 1.71 (no statistical
difference; p=0.991). At eight weeks,
there is no statistical dif ference
(p=0.413) between the HA implant
group (1.78; Fig. 2) and the TCP
group (1.87). Statistically significant
differences are seen between the
two control groups and the two im-
plant groups at six weeks. HA im-
plant mean torsional strength is significantly higher than
the crushed control (p=0.027) and intact control
(p=0.003) groups. The TCP group at six weeks also has
significantly higher torque values when compared to the
crushed control (p=0.039) and intact control (p=0.015)
groups. Histology reveals woven bone filling the pores
of the implant with very little unmineralized osteoid vis-
ible, even at 6 weeks. The bone growing into the im-
plant is continuous with the cut surface of the tibial
cortex.

 In summary, normal torsional strength is achieved
in each animal regardless of treatment by six weeks.
The performance of crushed cortical autograft is not
different from the intact segment group. HA and TCP
implants have significantly higher torque to failure val-
ues when compared to the two cortical autograft treat-
ments. Therefore, in this animal model, the porous HA
and TCP implants used appear to be a good alternative
to autograft. In a follow-up study, we are implanting
these two constructs in a posterolateral lumbar fusion
model in a sheep.

Fig. 1. Torsional testing of rabbit
tibia.

Fig. 2. HA im-
plant, 8 wks.
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CARTILAGE RESPONSES TO STRESS IN A NOVEL TRIAXIAL STRESS
MECHANICAL CULTURE SYSTEM

Many investigators are currently doing in vitro stud-
ies of the cellular and molecular pathways through
which mechanical loadings influence articular cartilage.
Previous devices for mechanically loading articular car-
tilage have imposed either axial or hydrostatic compres-
sion, thus creating mechanical environments very dif-
ferent from that experienced by cartilage in vivo.
Articular joint loading imposes a complex stress state,
involving simultaneous solid matrix deformation, fluid
flow, and hydrostatic compression. We have developed
a device capable of simulating these conditions by si-
multaneously and independently controlling both axial
and transverse stress – a triaxial compression vessel
(Figure 1).

The cartilage explant is located in the cartilage hous-
ing, which holds the explant in position and keeps it
chemically isolated (Figure 1a). The water chamber
applies transverse compression to the cartilage through
a liquid pump. A piston applies axial compression to
the cartilage upon application of external air pressure.
A DVRT measures piston deflection. Culture nutrient
medium is pumped to the cartilage; the platens through
which axial compression is applied are porous, allow-
ing the nutrient to flow through.

We are currently using this device to study osteoar-
thritic cartilage. We hypothesize that there may be an
appropriate stress regime which helps to maintain car-
tilage by stimulating the production of a strong, durable
cartilage matrix. This stimulus might then be replicated
clinically, to help repair osteoarthritic cartilage. Prelimi-
nary testing demonstrates a statistically significant in-
crease in cartilage matrix synthesis for equal axial plus
transverse compression, as compared to axial compres-
sion alone. We are also studying varying combinations
of the axial and transverse pressures, to determine the
mechanical environment which results in the greatest
stimulation of cartilage matrix synthesis, and the best
cartilage matrix retention.

We expect these studies will help to determine which
stress conditions are likely to optimize cartilage matrix
synthesis. These data may then serve as a basis for
manipulating stress conditions in vivo to promote ma-
trix synthesis and cartilage repair. We also expect the
triaxial compression vessel will benefit tissue engineer-
ing projects that involve cell-seeded synthetic lattice
materials (e.g., osteochondral grafts). The vessel is well-
suited for testing the durability of such materials under
stress conditions likely to be encountered by grafts in
vivo, and determining optimal stress conditions for in
vitro graft maturation.

b)
Figure 1. a) Schematic and b) physical appearance of triaxial com-
pression vessel.

a)
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N.I.H. BIOENGINEERING RESEARCH PARTNERSHIP

The Orthopaedic Biomechanics Laboratory serves
as the host site for the University of Iowa’s N.I.H.
Bioengineering Research Partnership in Nonlinear
Computational Biomechanics of the Hip. This is a large,
five-year program of applied computational modeling
research, focusing on the development of new finite el-
ement capabilities for studying load transmission anoma-
lies in several orthopaedic disorders of the hip. The
Partnership’s collaborating investigators include re-
search bioengineers from our laboratory, faculty sur-
geons from our University’s Department of Orthopaedic
Surgery, an industry-based biomaterials engineer, and
a veterinary orthopaedic surgeon from Iowa State Uni-
versity.

Five specific lines of investigation are being pursued.
Two of these involve new computational formulations
targeting current research problems in total hip replace-
ment. First, regarding abrasive wear of polyethylene,
we are extending our laboratory’s sliding-distance-
coupled finite element wear simulations, to account for
how the damage texture (scratches, fibrillation) and the
relative motion patterns at the bearing surface interact
to accelerate polyethylene wear. Second, regarding the
problem of total hip dislocation, we are extending our
laboratory’s large-displacement contact finite element
dislocation formulation, to study the mechanisms by
which muscle weakness and surgical compromise of the
hip capsule act to reduce the in vivo stability of total
hip constructs. The Partnership’s third and fourth ar-

eas of work address computational simulation of surgi-
cal interventions aimed at reducing the adverse carti-
lage stress elevations that accompany joint surface in-
congruity. For incongruities resulting from central
acetabular fractures, we are combining CT image analy-
sis with a voxel-based contact finite element formula-
tion, for purposes of patient-specific surgical planning
of optimal fragment reduction. For incongruities result-
ing from developmental hip dysplasia (a common but
poorly understood childhood skeletal deformity), a re-
lated approach combining CT image analysis and voxel
contact finite element modeling is being developed to
help plan reconstructive osteotomies (surgical alter-
ations of bony anatomy). The Partnership’s fifth focus
area involves a new porous tantalum implant that is
being developed to resist the tendency for femoral head
collapse in osteonecrosis (bone death). The computa-
tional formulation involves optimal design and optimal
surgical placement of the implant. The osteonecrosis
computational work is being pursued concurrently with
in vivo studies of implant performance, using bipedal
experimental animals (emus) owing to their unique
similarity to humans in terms of necrotic femoral head
collapse. Also, a wide range of experimental work is
ongoing in direct support of the various finite element
formulations, including model input data collection
(material properties, geometry, loading conditions) and
model output validation.
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GROWTH FACTOR COCKTAILS FOR TREATING INTERVERTEBRAL DISC DEGENERATION

SUMMARY
With aging, intervertebral disc cells of the nucleus

pulposis fail to secrete sufficient extracellular matrix to
prevent disc degeneration. Nucleus pulposis cells are
sensitive to growth factors which stimulate matrix se-
cretion and cell proliferation, leading to the hopes that
growth factor treatments might be devised which would
stimulate disc regeneration. Efforts to date have focused
on finding a cocktail of multiple growth factors that
optimizes in vitro cell proliferation or matrix synthesis.
TGF-ß1 and IGF-I are frequently included in such cock-
tails and have been suggested as candidates for direct
gene transfer via viral infection of the disc in vivo. This
strategy is based on limited in vitro data showing syn-
ergistic or additive stimulation with IGF-I and TGF-ß1.
These studies did not consider effects on annulus cells
and focused narrowly on proteoglycan synthesis as a
growth factor response. To build broader basis for the
design and use of growth factor cocktails we studied
the effects of a wide range of TGF-ß1 and IGF-I combi-
nations, measuring collagen as well as proteoglycan
synthesis as responses. Nucleus pulposis and annulus
fibrosis cells were studied separately to determine if
responses of these two distinct disc cell types differed.

PROGRESS AND DISCUSSION
We found that maximum proteoglycan synthesis was

achieved in both annulus and nucleus cultures with IGF-
I and TGF-ß1 combinations. This response was sensi-
tive to the dose of both factors and a distinct peak was
reached at high IGF-I doses and low TGF- ß1 doses.
IGF-I and TGF- ß1 combinations also stimulated maxi-
mum collgen synthesis in nucleus cells but TGF- ß1
supressed collagen synthesis in annulus cells and
blocked the stimulatory effect of IGF-I. The basis of
supression was investigated by measuring the effects

Figure1. Induction of IGF-I Binding Proteins by TGF-ß1 in
Annulus Cells. Western Ligand Blot

of TGF-ß1 on the expression of IGF-I binding proteins
which are known to inhibit IGF responses. As shown
in the figure, TGF- ß1 stimulated binding protein ex-
pression in annulus cells by several fold. In contrast,
IGF binding proteins in nucleus cells were unaffected
by TGF- ß1. These results show that optimal growth
factor concentrations for stimulating matrix synthesis
are different for different disc cell types and that what
is good for the nucleus pulposis may cause problems
for the surrounding annulus. The findings underscore
the need for detailed understanding of growth factor
responses and interactions before cocktails for interver-
tebral disc degeneration are attempted.
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TELOMERASE EXPRESSION IN HUMAN CHONDROSARCOMA CELL LINES

SUMMARY
Most somatic cells reach growth arrest or senes-

cence after a characteristic number of population
doublings. This fundamental barrier to unbridled
growth, termed the Hayflick limit, is common to cells
that lack an enzyme called telomerase which is respon-
sible for replacing telomere sequences lost during DNA
replication. Telomerase permits indefinite growth of
many types of tumors where its expression correlates
with metastatic potential. Human chondrosarcomas
have not been evaluated for telomerase activity. We
hypothesized that telomerase expression in chondrosa-
rcoma cell lines correlates with the aggresiveness of
the original tumor from which the lines are derived. To
test this idea telomerase activity was measured in chon-
drosarcoma cell extracts using the telomere repeat
amplification protocol (TRAP). Western blots were used
to determine if lesions in major tumor suppressor pro-
teins also correlated with tumor aggresiveness.

PROGRESS AND DISCUSSION
A total of 5 chondrosarcoma cell lines (JJ, FS, CS-2,

BG, and 105) have been processed to date. Relative

telomerase activity was determined by TRAP assay (Fig-
ure 1). Primary chondrocytes were used as a negative
control. A chondrocyte cell line transfected with hTERT,
the human telomerase cDNA, was used as a positive
control. The results revealed that 2 of the 5 chondrosa-
rcoma lines (JJ and FS) had high levels of telomerase
activity. Telomerase activity was undetectable in primary
chondrocytes and and in 3 of the five chondrosarcoma
lines.

Western blot analyses for the tumor supressor pro-
teins Rb, p53, p21waf, and showed that all 5 chondrosar-
coma lines expressed normal levels of Rb, p53, and
p21waf, however, 4 of the 5 lines did not express detect-
able levels of p16ink4 Primary chondrocytes (1°) and
E6E7 (positive control chondrocytes transfected with
HPV E6 and E7) served as controls (Figure 2). These
data indicate that the primary molecular lesion leading
to uncontrolled growth in chondrosarcomas is to p16.
The loss of p16, however, probably does not lead to
metastatic growth in the absence of telomerase activity
which is required for immortalization. These data will
be correlated with tumor grade when pathology reports
become available.

Figure 1. Relative Telomerase Activity Figure 2. Western blot for p16ink4.
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TELOMERASE EXPRESSION AND REPLICATIVE SENESCENCE
IN HUMAN CHONDROCYTES

SUMMARY
In vitro, chondrocytes from elderly donors are slower

growing, and have a more limited potential for popula-
tion growth, than chondrocytes from young adults.
Moreover, “old” cells are more likely to enter senes-
cence, a non-functional state of terminal growth arrest
and metabolic quiescence. Senescence is associated
with damage to a variety of cell structures but is trig-
gered by extreme telomere-erosion in its most com-
monly observed form, replicative senescence. We pre-
viously showed that mean telomere length declines and
senescent cells accumulate with donor age in primary
human chondrocytes, suggesting that gradual mitotic
activity over decades of life depletes telomeres to the
point that old cells have a limited potential for further
growth. This hypothesis suggests that initial mean te-
lomere length in a primary chondrocyte population will
determine the population doubling limit or replicative
lifespan of the population in vitro. Moreover, it suggests
that preventing telomere erosion during in vitro growth
should prevent or delay the onset of senescence. To
test the latter hypothesis we stably transfected normal,
adult chondrocytes with the cDNAfor human telomerase
(hTERT), the enzyme which maintains telomeres in
most immortal cell lines. Population doubling limits
(PDLs) were determined for control and telomerase

expressing cells. This analysis was also carried out with
cells transfected with the human papilloma virus
protooncogenes E6 and E7, or cells transfected with
hTERT and E6 and E7.

PROGRESS AND DISCUSSION
We found that while telomerase extended PDL by

25-30%, the population nevertheless stopped growing
after 30 population doublings (PD). E6E7-expressing
cells grew substantially longer than this but reached a
limit at 60 PD. In contrast, double transfectants bear-
ing both hTERT and E6E7 continued to grow vigorously
with stable chromosomes past 80 PD. These data clearly
show that telomerase expression was required to ex-
tend PDL beyond 60 PD, the probable point of telom-
ere exhaustion in this population. The data also show
that growth arrest at 20-30 PD was independent of
telomerase activity or telomere length. E6E7 allowed
cells to surpass this limit probably by blocking the ac-
tivity of tumor supressor proteins that would otherwise
have led to growth arrest. We conclude that the in vitro
growth of this chondrocyte population was limited by
factors unrelated to telomere length and speculate that
other forms of cumulative cell damage triggered early
senescence.
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TELOMERE EROSION AND SENESCENCE
IN HUMAN ARTICULAR CARTILAGE CHONDROCYTES

SUMMARY
Aging and the degeneration of articular cartilage in

osteoarthritis are distinct processes but a strong asso-
ciation exists between age and the incidence and preva-
lence of osteoarthritis. We hypothesized that this asso-
ciation is due to in vivo replicative senescence which
causes age-related declines in the ability of
chondrocytes to maintain articular cartilage. To test this
hypothesis, senescence-associated markers were mea-
sured in human articular chondrocytes from donors
ranging in age from one to 87 years. These measures
included in situ staining for senescence-associated ß-
galactosidase activity, 3H-thymidine incorporation assays
for mitotic activity, and Southern blots for telomere
length determinations.

Figure 1. Age-Related Decline in Mean Telomere Length (MTL)

Figure 3. Age-related Increase in Senescence-associated ß-galac-
tosidase Activity (% of cells stained)

PROGRESS AND DISCUSSION
We found that both mean telomere length and mi-

totic activity declined with age (figures 1 and 2), while
senescence-associated ß-galactosidase activity increased
with age (Figure 3). These findings indicate that chon-
drocyte replicative senescence occurs in vivo and sup-
port the hypothesis that the association between os-
teoarthritis and aging is due in part to replicative
senescence. The data also imply that transplantation
procedures performed to restore damaged articular
surfaces could be limited by the inability of older
chondrocytes to form new cartilage after transplanta-
tion.

Figure 2. Age-related Decline in Mitotic Activity (3H-thymidine in-
corporation- CPM/cell)
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MOLECULAR BASIS OF PERIPHERAL NERVE HEALING,
SPECIFICITY AND REGENERATION

Axotomy and avulsion of peripheral nerves are com-
monly associated with injuries of the hand. Frequently,
only partial recovery of the function is obtained. We
are utilizing the classic sciatic nerve crush model in
rodents to study this process of nerve injury and re-
covery. In particular, identifying the molecular basis for
neuronal recovery will lead to a therapeutic approach
in the intervention of peripheral nerve damage.

Experimentally induced injury to the sciatic nerve
of the mouse provides an excellent model to study the
process of nerve recovery (Figures 1 and 2). Inability
to walk on the limb is observed for 48 hours followed
by a predictable recovery of motor function 7 days post-
crush of the nerve. We have developed a semi-quanti-
tative reverse transcriptase polymerase chain reaction
assay for constructing time courses of genes expressed
in the dorsal root ganglion following sciatic nerve in-
jury. In addition, a comparative gene array approach is

being applied to identify patterns of gene expression
after nerve injury. Sciatic nerve dorsal root ganglions
(L3-L6) cDNA libraries have been generated from dif-
ferent stages of neuronal damage and recovery (3 hours,
3 days and 7 days post-crush) and of uncrushed nerve
control mice. cDNA libraries are amplified by a novel
application of polymerase chain reaction, augmenting
the low quantity of dorsal route ganglion cells and sat-
isfying the need for microgram quantity of material re-
quired for gene array analysis. With this technique, we
have the ability to screen all known mouse genes (7500),
as well as gene products yet to be identified (an addi-
tional 20,000). Utilizing these sophisticated molecular
techniques, the process of nerve healing, regeneration
and specificity can be better characterized, with the
hope that new therapeutic strategies will be developed
to aid in treatment of peripheral nerve injuries.

Figure 1. Crush of sciatic nerve. Figure 2. Complete injury of the sciatic nerve.
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PSEUDOACHONDROPLASTIC DYSPLASIA

The molecular basis of pseudoachondroplastic dys-
plasia was dramatically advanced with the identification
of its linkage with mutation of the extracellular matrix
cartilage oligomeric matrix protein (COMP). However,
an explanation of how reduced endochondral ossifica-
tion (the hallmark of pseudoachondroplastic dysplasia)
eludes us. We have established cell culture lines ex-
pressing a pseudoachondroplastic dysplasia-linked mu-
tant COMP (Figure 1). With this system we are able to
generate large quantities of cells, otherwise not feasible
from human samples, to clarify the mechanism by which
mutant COMP alters the chondrocyte extracellular
matrix assembly as seen in pseudoachondroplastic dys-
plasia growth plate.

Figure 1.  Abnormal intracellular retention of the mutant cartilage
oligmeric matrix protein.

Since this system parallels the inability to transport
proteoglycans seen in pseudoachondroplastic dysplasia
growth plate cells it provides a model to study extracel-
lular matrix interactions and hopefully endochondral os-
sification in the dwarf state.

To provide an in vivo system for this process,
transgenic mice containing the mutant gene of COMP
have been developed to evaluate the effects on skeletal
development.
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Resident 1948-1951

Dr. W. Timothy Ballard
Chattanooga Orthopaedic Group
2415 McCallie Ave.
Chattanooga, TN 37404
Resident 1990-1995

Dr. James M. Banovetz
Rice Medical Center
824 Illinois Avenue
Stevens Point, WI 544481
Fellow 1995-1996

Dr. M. Bruce Bardenstein (Retired)
6420 Hills Drive
Bloomfield Hills, MI 48301
Resident 1954-1957

Dr. Samuel Barley
145 Hospital Avenue
Box 601
Dubois, PA 15801

Dr. Robert M. Barnett
5616 Highway 61
Silver Bay, MN 55614
Resident 1953-1956

Dr. Jorge M. Basora
Address Unknown

Dr. Robert L. Bass
Univ. of Texas SW Med Schl
5323 Harry Hines Blvd
Dallas, TX 75235
Resident 1988-1993

Dr. George S. Bassett
Mid-County Orthopaedics &
Sports Med.
621 S. New Ballas Road
St. Louis, MO 63141
Resident 1976-1981

Dr. Jerry R. Becker
1489 State Street
Salem, OR 97301
Resident 1962-1966

Dr. Lawrence Bell
173 Evergreen Tr
Beaver Falls, PA 15010-1174
Fellow 1983-1984

Dr. Richard A. Berger
Mayo Clinic, Orthopaedic Surgery
200 First Street SW
Rochester, MN 55905
Resident 1984-1989

Dr. J. Sybil Biermann
Comprehensive Cancer Center
University of Michigan
1500 East Medical Center Drive
Ann Arbor, MI 48109-0328
Resident 1987-1992

Dr. John E. Bishop
1075 N Curtis Rd, #300
Boise, ID 83706-1309
Resident 1969-1972
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Dr. Arcelino C.M. Bitar
R. Eduardo Guinle 23, Apt. 204
Rio de Janeiro
RJ 22260-090, BRAZIL
Fellow 1944-1945

Dr. Donald W. Blair
3600 30th St., VMAC
Des Moines, IA 50310
Resident 1948-1951

Dr. William F. Blair
Steindler Orthopaedic Clinic
2403 Towncrest Drive
Iowa City, IA 52240
Staff 1980-1997

Dr. Jamie Isidoro Blumenfeld
BERUTI 3340 P.16, H
Buenos Aires
ARGENTINA 1425

Dr. William G. Boettcher
1221 Madison #1012
Seattle, WA 98104
Resident 1966-1969

Dr. Susan K. Bonar
Rock Hill Medical Plaza North
6675 Holmes Rd. Suite 360, Floor 3
Kansas City, MO 64131
Resident 1989-1994

Dr. Daniel F. Borgen
103 Oakdale Bldg
Robbinsdale, MN 55422
Resident 1970-1974

Dr. Wouter J. Bosch
2525 S. Union Avenue, Suite 300
Tacoma, WA 98405
Resident 1964-1969

Dr. Thomas R. Boyce
1530 N. 115th Street, #303
Seattle, WA 98133
Resident 1972-1975

Dr. David W. Boyer
2805 5th Street #120
Black Hills Orthopaedic Clinic
Rapid City, SD 57701
Resident 1970-1975

Dr. Richard A. Brand
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1974-Present

Dr. Celio D. Brandao
Universidade Federal Do Rio De

Janeiro
Rio de Janeiro
RJ Cep 20531-070, BRAZIL
Resident 1954-1957

Dr. Mark P. Brodersen
4500 San Pablo Rd.
Jacksonville, FL 32224

Dr. John D. Broms
1308 Hanover Land
Ventura, CA 93001
Resident 1962-1965

Dr. Andew W. Brown
1501 North Campbell Ave
PO Box 245064
Tucson AZ 85724-5064
Fellow 1996-1998

Dr. George A. Brown
The University of New Mexico
Health Sciences Center
Dept. of Orthopaedics &
Rehabilitation
Albuquerque, NM 87131-5296
Fellow 1972-1976

Dr. S. Pearce Browning III
5 Case Street
Norwich, CT 6360
Fellow 1961

Dr. Joseph A. Buckwalter
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Fellow 1975-1978
Staff 1979-Present

Dr. Suhall D. Bulos
American University Medical Ctr.
590 Rue Hamra
Beirut
LEBANON

Dr. Ronald K. Bunten
VA Medical Center
30th & Euclid
Des Moines, IA 50310
Resident 1965-1968

Dr. John J. Callaghan
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Resident 1978-1983
Staff 1990-Present

Dr. Barbara J. Campbell
RD 4, P.O. Box 283
Somerset, PA 15501
Fellow 1984-1985

Dr. William N. Capello
541 Clinical Drive, Room 600
Indianapolis, IN 46202
Resident 1970-1973

Dr. Brian Carney
Shriners Hosp. for Crippled

Children
1900 Richmond Rd.
Lexington, Kentucky 40502
Fellow 1986-1987

Dr. Ronald D. Carter
400 Kenne St.
Columbia, MO 65201
Resident 1970-1974

Dr. Charles Cassel
1414 W. Lombard St.
Davenport, IA 52804
Resident 1980-1985

Dr. William Catalona
1608 Cedar St.
Muscatine, IA 52761
Fellow 1954-1955

Dr. George H. Chambers (Retired)
4476 Rodnay Road
Jordan, AR 72519
Fellow 1951-1952

Dr. Joseph B. Chandler
5671 Peachtree Dunwoody Rd.,
Suite 700
Atlanta, GA 30342
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Dr. Laurette Chang
Address Unkown

Dr. Joseph A. Chen
Univ. of Iowa Hospital & Clinics
Dept. of Orthopaedic Surgery
200 Hawkins Drive
Iowa City, IA 52242
Staff 2000-Present

Dr. Christopher S. Chenault
1015 East 32nd Street, Suite 101
Austin, TX 78705
Resident 1968-1971

Dr. Marvin L. Chernow
1600 Esplanade, #G
Chico, CA 95926
Fellow 1954-1955

Dr. Charles R. Clark
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1979-Present

Dr. Winfred H. Clarke (Retired)
950 Atwater Road
Lake Oswego, OR 97034
Resident 1945-1947

Dr. John A. Glaser
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
200 Hawkins Drive
Iowa City, IA 52242
Staff 2000-Present

Dr. Elliott A. Cobb
202 Lee Blvd.
Savannah, GA 31405
Fellow 1944-1944

Dr. Lisa Coester
PCI, Inc.
600-7th St. SE
Cedar Rapids, IA 52401-2152
Fellow 1999-2000

Dr. Nathan Cohen
55 Lake Avenue N.
Worcester, MA 01609

Dr. Herbert G. Cohen
945 5th Avenue
New York, NY 10021
Fellow 1946-1947

Dr. Don A. Coleman
University of Utah Med. Center
50 No. Medical Dr.
Salt Lake City, UT 84132
Resident 1980-1984

Dr. Patrick M. Collalto
1100 Wescott Drive, Suite G-6
Flemington, NJ 8822
Fellow 1985-1986

Dr. Dennis K. Collis
1200 Hilyard, Suite 600
Eugene, OR 97401
Resident 1967-1970

Dr. Ben Colloff
1333 Jones St., #1510
San Francisco, CA 94109
Fellow 1946-1946

Dr. Ralph H. Congdon
1414 W. Lombard St.
Davenport, IA 52804
Resident 1969-1972

Dr. Rololfo Consentino
Diagional 173 #2575
La Plata
ARGENTINA

Dr. Neil A. Conti
204 Clear Lake Drive
Simpsonville, SC 80396

Dr. William F. Conway
Medical Univ. of South Carolina
Dept. of Radiology
171 Ashley Ave
Charleston, SC 29425
Resident 1981-1983

Dr. Douglas Cooper
312 E. Main St.
Marshalltown, IA 50158
Resident 1988-1993

Dr. Reginald R. Cooper
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1962-Present

Dr. Ralph L. Cotton
Dept. of Orthopaedic Surgery
130 Vine St.
Denver, CO 80206-4627

Dr. Lewis N. Cozen
P.O. Box 351567
1133 S. Alfred St.
Los Angeles, CA 90035
Fellow 1935-1936

Dr. Haemish A. Crawford
Auckland Bone and Joint Surgery
Ascot Hospital, Level 1
90 Geelane Rd East,
Private Bag 28912
Remuea Auckland, New Zealand
Fellow 1998-1999

Dr. Mark G. Creighton
182 West Montauk Hwy
Hampton Bays, NY 11946
Resident 1991-1996

Dr. William F. DeCesare
431 E. Clairemont Ave
Eau Claire, WI 54701
Resident 1973-1977

Dr. Thomas DeCoster
Department of Orthopaedics
Univ. of New Mexico Medical Ctr
2211 Lomas Blvd NE
Albuquerque, NM 7131
Fellow 1985-1986

Dr. Donald W. Delahanty (Retired)
77 Nelson Street
Auburn, NY 13021
Resident 1952-1956

Dr. Randy G. Delcore
1335 Northfield Road
Cedar City, Utah 84720
Resident 1990-1995
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Dr. Frederick R. Dietz
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Resident 1977-1984
Staff 1984-Present

Dr. Matthew Dobbs
Shriner’s Hospital for Children
2001 S. Lindberg Blvd.
St. Louis, MO 63131
Resident 1995-2000

Dr. Julie Dodds
Michigan State University
Dept. of Surgery
2900 Hannah Blvd., Suite 104
East Lansing, MI 48823
Fellow 1990-1991

Dr. Richard B. Donaldson
Suite E 580 Memorial Medical Bldg.
725 Glenwood Drive
Chattanooga, TN 37404

Dr. William J. Dougherty
520 Valley View Drive
Moline, IL 61265
Resident 1964-1968

Dr. Daniel M. Downs
Jackson County Orthopaedics, Inc.
801 N.W. St. Mary’s Drive, Suite 101
Blue Springs MO 64014
Fellow 1981-1982

Dr. Randall F. Dryer
6818 Austin Center Blvd, #200
Austin, TX 78731-3165
Resident 1977-1982

Dr. Marvin H. Dubansky (Retired)
3660 Grand Aven, # 540
Des Moines, IA 50312
Resident 1951-1954

Dr. John W. Durham
Northern Arizona Orthopaedics, Inc.
77 West Forest Avenue, Suite 302
Flagstaff, AZ 86001-1489
Fellow 1990-1991

Dr. Raymond L. Emerson
250 S. Cresecent Drive
Mason City Clinic
Mason City, IA 50401
Resident 1976-1979

Dr. George J. Emodi
Immanual Plaza West
6828 N. 72nd St., Suite 75
Omaha, NE 68122
Resident 1990-1995

Dr. William D. Engber
Univ. of Wisconsin Med Ctr
600 Highland Avenue
Madison, WI 53792
Fellow 1976

Dr. Bobbi Farber
St. Francis Park Bldg. H, Suite 104
Columbia, GA 31904
Resident 1983-1988

Dr. C. Baring Farmer
Orthopaedic Medical Clinic
PO Box 13560
San Luis Obispo, CA 93406
Fellow 1965

Dr. Margaret J. Fehrle
312 E. Main St.
Marshalltown, IA 50158
Resident 1991-1996

Dr. Joseph Feinberg
Kessler Institute for Rehabilitation
Pleasant Valley Way
W. Orange, NJ 7052
Fellow 1986-1987

Dr. Ray H. Fenner
1103 38th East
Seattle, WA 98122
Resident 1964-1967

Dr. Richard Fitzsimmons
16661 Loie St.
Yorba Linda, CA 92886

Dr. Adrian E. Flatt
Baylor Univ. Medical Center
3500 Gaston
Dallas, TX 75246
Staff 1956-1979

Dr. Ernest M. Found
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1987-Present

Dr. Thomas J. Fox
12738 Spruce Pond Rd
Town & Country, MO 63131
Resident 1979-1984

Dr. Kermit W. Fox (Retired)
2809 Townes Lane
Austin, TX 78703
Post Graduate 1945-1946

Dr. Albert L. Freedman
10044 S Ocean Dr, #1102
Jensen Beach, FL 34957-2450
Resident 1941-1944

Dr. Morris S. Friedman
1522 Meadow Trl
South Bend, IN 46614
Fellow 1940-1041

Dr. Barry A. Friedman (Retired)
12396 Grande Ct.
San Diego, CA 92128
Resident 1947-1950

Dr. Edgar Frigerio
Arroyo 863
Buenos Aires
ARGENTINA
Fellow 1957-1958

Dr. Michael N. Fulton
3127 W. Int’l Speedway Blvd
Daytona Beach, FL 32124
Resident 1974-1978

Dr. Thomas M. Fyda
845 Aitken St.
Reno, NV 89502
Resident 1991-1996

Dr. Kyle Galles
411 Laurel St., Suite 3300
Des Moines, IA 50314
Resident 1987-1991



Volume 21 109

 Alumni and Faculty List

Dr. Webster B. Gelman
2403 Towncrest Drive
Iowa City, IA 52240
Fellow 1946-1947

Dr. Timothy A. Gibbons
Mason City Clinic
250 S. Cresent
Mason City, IA 50401
Fellow 1994-1995

Dr. Robert Gitchell
1215 Duff Ave.
Ames, IA 50010
Resident 1968-1972

Dr. John A. Glaser
U. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
200 Hawkins Drive
Iowa City, IA 52240
Fellow 1988-1989
Staff 2001-present

Dr. James L. Gluck
Kansas Ortho Center
1507 West 21st Street
Wichita, Kansas 67203
Fellow 1990-1991

Dr. Devon Goetz
Des Moines Orthopaedic Surgeons
6001 Westown Parkway
West Des Moines, IA 50266
Resident 1987-1992

Dr. Walter E. Gower
1000 E 1st Street, #404
Duluth, MN 55805
Resident 1968-1971

Dr. Abron A. Grandia
2710 College Avenue
Alton, IL 62002
Resident 1958-1961

Dr. Avrum V. Gratch
1459 Greenwood
Berkeley, CA 94701

Dr. Robert Greenberg
41 Wahconah St
Pittsfield, MA 01201
Fellow 1999-2000

Dr. Leon J. Grobler
Sun Valley Ortho. Surgeons
14506 W. Granite Valley Drive, #205
Sun City West, AZ 85375
Staff 1996 -1999

Dr. Arnis B. Grundberg
6001 Westown Pkwy
West Des Moines, IA 50266
Resident 1966-1969

Dr. Gregory P. Guyton
1509 137th Avenue
San Leandro, CA 94578
Resident 1993-1998

Dr. James L. Guyton
1400 S. Germantown Rd.
Memphis, TN 38138
Resident 1985-1990

Dr. James G. Hackett
N84 W16889 Menomonee Ave.
Menomonee Falls, WI 53051
Resident 1974-1978

Dr. Nancy Hadley-Miller
Johns Hopkins Medical Center
Department of Orthopaedics
601 N. Caroline St.
Baltimore, MD 21287-0882
Fellow 1987-1989

Dr. Robert F. Hall
790 Wellington, #204A
Grand Junction, CO 81501

Dr. William R. Hamsa, Jr.
409 Doctors Bldg.
Omaha, NE 68108
Fellow 1930-1931

Dr. Eugene J. Hanavan
Address Unkown

Dr. Harris D. Hanson
1 Medical Park Drive
Helena, MT 59601
Fellow 1993

Dr. T. C. Harper
541 West Second Street
Reno, NV 89503
Fellow 1947

Dr. Irwin E. Harris
VPMA Good Samaritan Health System
10 E 31st St. PO Box 1990
Kearney, NE 68848
Resident 1978-1982

Dr. William B. Harris
7445 Soland St.
Carlsbad, CA 92009
Resident 1956-1958

Dr. Robert A. Hart
Oregon Health Sciences University
Section of Spine Surgery
3183 S.W. Sam Jackson Park Rd, L-477
Portland, Oregon 97201
Resident 1992-1997

Dr. Mark R. Harwood (Retired)
407 University Ave
Syracuse, NY 13210-1834
Fellow 1947-1948

Dr. James W. Hayes
552 Isley Place
Burlington, NC 27215
Resident 1959-1962

Dr. Richard C. Henderson
CB # 7055
University of North Carolina
Division of Orthopaedic Surgery
Chapel Hill, NC 27599
Resident 1980-1985

Dr. Ronald L. Henderson
Medford Orthopaedic Group
840 Royal Ave., Suite #1
Medford, Oregon 97504
Resident 1989-1990
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Dr. Edgar O. Hicks
Ihle Orthopaedic Clinic, Ltd.
836 Richard Drive
Eau Claire, WI 54701
Resident 1974-1978

Dr. Daniel T. Hinkin
2600 Anderson Avenue
Manhattan, KS 66502
Fellow 1988-1989

Dr. Robert D. Hoffman
Naval Hospital—Naples, Italy
PSC827 Box 45
FPO, AE 09617
Resident 1994-1999

Dr. Howard P. Hogshead
1325 San Marco Blvd
Jacksonville, FL 32207
Resident 1960-1963

Dr. Jon D. Hop
370 N 120th Avenue, Suite 20
Holland, MI 49424
Resident 1992-1997

Dr. Gerald W. Howe (Retired)
8 Heraldia Lane
Hot Springs Village, AR 71909-6721
Resident 1954-1959

Dr. John W. Hugus
3000 Westhill Dr., #300
Wausau, WI 54401
Resident 1982-1987

Dr. David D. Hunt
14684 Pike Rd.
Saratoga, CA 95070-5345

Dr. Shiro Inoue
Dept. of Orthopaedic Surgery
Kyoto Prefectural Univ. of Me.
Hirokog Kawaramachi
JAPAN

Dr. Richard L. Jacobs
Albany Medical College
M620
Div. of Orthopaedic Surgery
Delaware NY 12208
Resident 1959-1965

Dr. Paul A. Jacobson
1016 Keystone Drive
Cleveland Heights, Ohio 44121
Fellow 1993-1994

Dr. Sylwester Jacubowski Piekarska
5-9
00-264 Warsaw POLAND

Dr. Stanley L. James
1200 Hilyard St., #5-600
Eugene, OR 97401
Resident 1964-1967

Dr. Jay C. Jansen
American Sport Medicine Institute
1313 13th St. South PO Box 550039
Birmingham, AL 35255
Resident 1992-1997

Dr. Peter Jebson
Univ. of Michigan Med Center
Box 0328 Second Level Taubman Ctr
Ann Arbor, MI 48109-0328
Fellow 1995-1996

Dr. Jerry L. Jochims
N. 600 Main Street
Burlington, IA 52601-5012
Resident 1971-1975

Dr. Robert J. Johnson III
University of Vermont
Stafford Hall, RM 426A
Burlington, VT 05405-0084
Resident 1965-1969

Dr. Richard C. Johnston
University of Iowa
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Resident 1964-1967

Dr. Darron M. Jones
250 S. Crescent
Mason City, IA 50401
Resident 1994-1999

Dr. Michael L. Jones
5848 S. Fashion
Orthopaedic Specialty Hosp.
Murray, UT 84107
Fellow 1989-1990

Dr. Mark Kabins
600 So Racho Drive, Suite 107
Las Vegas, Nevada 89106
Resident 1986-1991

Dr. R. Kumar Kadiyala
University of Iowa
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1998-Present

Dr. David B. Kalayjian
51 S. Main Ct.
Middletown, CT 6457
Resident 1968-1972

Dr. Sean B. Kaminsky
Premier Orthopaedics &

Sports Medicine
Summit Care Center
5651 First Blvd, Suite 500
Hermitage, TN 37076
Resident 1994-1999

Dr. Nathan Kaplan
945 Corsica Drive
Pacific Palisades, CA 90272-4011

Dr. Ralph P. Katz
Westside Orthopaedic Clinic
4500 10th St.
Marreo, LA 70072
Resident 1990-1995

Dr. George Kemble, Jr.
P.O. Box 470305
Fort Worth, TX 76147-0305

Dr. Donald B. Kettelkamp
(Retired)
103 Windhover Drive
Chapel Hill, NC 27514
Resident 1958-1961

Dr. John J. Killeffer
4610 Chestnut St.
Signal Mountain, TN 37377

Dr. John P. Kim
1771 Rose Street
Regina, Saskatchewan
CANADA S4P 1Z4
Resident 1955-1958
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Dr. Sydney Klein
3715 Warrensville Center Road
Beachwood, OH 44122-6330

Dr. Thomas K. Kobayashi
7342 Northwest 38th Place
Coral Springs, FL 33065-2107

Dr. Robert J. Kolasky
4760 Belgar St, NW
Box 36959
Canton, OH 44735
Resident 1975-1979

Dr. Leo J. Koven (Retired)
340 Henry St.
Brooklyn, NY 11201
Fellow 1949-1950

Dr. James C. Krieg
501 N Graham St., Suite 250
Portland, OR 97227
Resident 1990-1995

Dr. Frank E. Kugler
2934 Timbercrest Drive
Cincinnati, OH 45238
Fellow 1939-1941

Dr. Salvatore J. La Pilusa
858 Avenue C
Bayonne, NJ 7002
Fellow 1950-1951

Dr. Sterling J. Laaveg
250 S. Crescent Drive
Mason City, IA 50401
Resident 1974-1978

Dr. Michael D. Lahey
Parkside Professional Village
700 West Kent
Missoula, Montana 59801
Fellow 1985-1986

Dr. Edward R. Lambert
1931 Tiari Drive
Ojai, CA 93023

Dr. Thomas A. Lange
Regents Hospital
640 Jackson Street
St. Paul, MN 55101-2595
Fellow 1992-1993

Dr. Keith J. Lassen
6015 Pointe West Blvd
Bradenton, FL 34209-5532
Resident 1970-1973

Dr. Edward G. Law
2403 Towncrest Drive
Iowa City, IA 52240
Resident 1979-1984

Dr. John W. Leabhart
N 2500 Van Dorn Street
Alexandria, VA 22302-1626
Resident 1955-1960

Dr. Thomas R. Lehmann
Louisville Orthopaedic Clinic
4130 Dutchman’s Lane
Louisville, KY 40207

Dr. Paul D. Lesko
PO Box 485
Vidalia, GA 30475

Dr. Robert L. Lillo (Retired)
275 Darrell Road
Hillsborough, CA 94010
Resident 1956-1959

Dr. Thomas N. Lindenfeld
Cincinnati Sports Medicine
311 Straight St.
Cincinnati, OH 45219
Resident 1980-1984

Dr. John R. Lindstrom
820 E. Grant St.
Appleton, WI 54911
Resident 1972-1977

Dr. Paul R. Linquist
1720 El Camino Real, Suite 116
Burlingame, CA 94010
Resident 1966-1970

Dr. M. F. Longnecker
P.O. Box 4729
Biloxi, MS 39535
Fellow 1967-1968

Dr. Juan C. Lorenzo
37 Copernino
Barcelona, SPAIN

Dr. Chester S. Lowendorf
284 Granada Avenue
Youngston, OH 44504-1820

Dr. Don A. Lowry
2 Celeste Dr.
Johnstown, PA 15905
Resident 1979-1984

Dr. James R. MacKenzie
Suite 401
1228 Kensington Road NW
Calgary, Alberta
CANADA T2N 4D9

Dr. Steven M. Madey
14250 Amberwood Circle
Lake Oswego OR 97035
Resident 1991-1996
Fellow 1996-1997

Dr. Thomas P. Malvitz
W. Michigan Hip & Knee Ctr., P.C.
515 Lakeside Drive SE, Suite 200
Grand Rapids, MI 49506
Resident 1982-1987

Dr. J. L. Marsh
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1987-Present

Dr. E. Byron Marsolais
University of Cleveland
Dept. of Orthopaedic Surgery
11100 Euclid Avenue
Cleveland, OH 44106
Resident 1961-1970

Dr. Joseph G. Martin
Orthopaedic Surgery Assoc, PC
1414 W. Lombard
Davenport, IA 52804
Resident 1988-1993

Dr. James S. Martin
100 Regent Court
State College, PA 16801
Resident 1993-1998
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Dr. Mark McAndrew
Vanderbilit University
T-4311 Medical Center N.
Nashville, TN 37232-2550
Resident 1978-1983

Dr. Andrew A. McBeath
G5/327/CSC,
600 Highland Avenue
Madison, WI 53792-3228
Resident 1963-1966

Dr. Donovan L. McCain
655 Sibley Memorial Hwy
St. Paul, MN 55118
Fellow 1940-1941

Dr. Edward F. McCarthy
The Johns Hopkins Hospital
Dept. of Pathology
600 North Wolfe Ave.
Baltimore, MD 21287

Dr. Thomas D. McClain
Orthopaedic Associates Inc.
2115 South Freemont, Suite 1000
Springfield, MO 65804
Resident 1985-1990

Dr. Robert S. McClintock
Orthopaedic Surgeon Med.
Consultant
2110 E. Flamingo Road, #105
Las Vegas, NV 89119
Resident 1952-1955

Dr. Stuart B. McConkie
215 Ridge Once Cir.
Hot Springs, AR 71901
Resident 1955-1958

Dr. Robert E. McCoy
431 First St SE
Mason City, IA 50401
Resident 1956-1960

Dr. Fred J. McGlynn
1800 Glenside Drive, Suite 101
Richmond, VA 23226
Resident 1976-1981

Dr. Todd O. McKinley
Univ. of Iowa Hospital & Clinics
Dept. of Ortopaedic Surgery
Iowa City, IA 52242
Staff 1999-Present

Dr. Robert F. McLain
Cleveland Clinic Foundation
9500 Euclid Ave Desk A41
Cleveland, OH 44195
Resident 1984-1990

Dr. Orin P. McMillan
9859 W IH 10, Ste 600
San Antonio, TX 78230-2295

Dr. Paul D. McNally
Red Cedar Clinic
211 Stout Road
Menomonie, WI 45751
Fellow 1997-1998

Dr. Fred G. McQueary
Orthopaedic Associates, Inc.
2115 South Freemont, Suite 1000
Springfield, MO 65804
Resident 1980-1985

Dr. Gerald L. Meester
444 N. Grandview Ave.
Dubuque, IA 52001
Resident 1971-1975

Dr. Steven D. Meletiou
1915 Randolph R.
Charlotte Orthopaedic Specialists
Charlotte, NC 28207
Resident 1993-1998

Dr. Paul M. Melvin
2800 11th Ave. South
Great Falls, MT 59405
Resident 1968-1971

Dr. Alan C. Merchant
2500 Hospital Drive Bldg. #7
Mountain View, CA 94040
Resident 1959-1962

Dr. Thomas C. Merchant
151 N. Sunrise Ave., #1005
Roseville, CA 95661-2930
Resident 1983-1988

Dr. Albert J. Meyer
3760 Groves Place
Somis, CA 93066
Resident 1955-1959

Dr. Michael R. Mickelson
560 Memorial Drive
Pocatello, ID 83201
Resident 1973-1977

Dr. Ron Midura
Biomedical Engineering Dept.—
Wb3
The Cleveland Clinic Foundation
9500 Euclid Ave
Cleveland, OH 44195

Dr. William R. Miely
3600 Olentangy River Road
14 Bldg B
Columbus, OH 43214
Fellow 1987-1988

Dr. Thomas R. Miller
1250 Lakewood Drive
Lexington, KY 40502-2528

Dr. Ray F. Miller
P. O. Box 3026
Cedar Rapids, IA 52406
Resident 1969-1972

Dr. Leslie Mintz
S 701 Tico Road
Ojai, CA 93023-3553
Fellow 1990-1991

Dr. Sinesio Misol
411 Laurel St., #3300
Des Moines, IA 50314
Resident 1966-1971

Dr. Craig Mohler
Orthopedic & Fracture Clinic
1200 Hilyard
Eugene, Oregon 97401-8820
Resident 1986-1991

Dr. William J. Montgomery
21 SW 23rd TER
Gainesville, FL 32607-3156
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Dr. John T. Moor
2075 S. Tamiami Trl
Sarasota, FL 34239-3802

Dr. Gordon M. Morrison
Box 1026
Pinecrest, CA 95364

Dr. J. Michael Moses
2  Celeste Drive
Johnstown, PA 15905
Resident 1971-1975

Dr. Joseph C. Mulier (Retired)
Schapenstraat 101
B 3000 Leuven
BELGIUM
Resident 1950-1954

Dr. Brian Mulliken
8322 Bellona Ave
Towson, MD 21204
Resident 1988-1993

Dr. Joseph E. Mumford
3110 Briarwood Cricle
Topeka, KS 66611
Resident 1986-1991

Dr. David G. Murray
550 Harrison Center #130
Syracuse, NY 13202
Resident 1959-1962

Dr. Peter M. Murray
Mayo Clinic
4584 Swilcan Ridge Lane N 2
Richland Medical Park, #404
Jacksonville, FL 32224
Resident 1985-1990

Dr. Mark Mysnyk
Steindler Orthopedic Clinic
2403 Towncrest Drive
Iowa City, IA 52240
Resident 1983-1988

Dr. Charles I. Nadel
9 Colt Rd.
Summit, NJ 7901
Fellow 1947-1948

Dr. David Naden
1515 Highland Farm Drive
Suwanee, GA 30024
Resident 1968-1971

Dr. David A. Neal (Retired)
4501 Mission Bay Drive, #35
San Diego, CA 92109
Fellow 1973-1974

Dr. Duane K. Nelson
Nelson Orthopaedics PC 2918
Hamilton Blvd, Lower D
Sioux City, IA 51104
Resident 1978-1981

Dr. Benjamin Nelson
101 Marilyn Avenue
Goshen, IN 46526
Resident 1981-1986

Dr. James V. Nepola
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1984-Present

Dr. Kenneth E. Newhouse
560 Memorial Drive
Pocatello, ID 83201
Resident 1987-1992

Dr. Mary Lynn Newport
22 Avon Rdg.
Avon, CT 06001-4039
Fellow 1988-1989

Dr. Jeroen G. Neyt
Chase Farm Hospital
The Ridgeway, Enfield
Middlesex
UNITED KINGDOM
EN2 KJL
Fellow 1997-1998

Dr. Nina Njus
4248 Granger RD.
Akron, OH 44313
Resident 1980-1986

Dr. Kenneth J. Noonan
Indiana University Med Cntr
Dept. of Orthopaedic Surgery
702 Barnhill Drive
Indianapolis, IN 46202-5215
Resident 1989-1994
Fellow 1994-1995

Dr. Benjamin E. Obletz (Retired)
20 Westchester Rd
Buffalo, NY 14221-5021
Resident 1935-1937

Dr. Larry D. Olson
940 N. Marr Rd.
Columbus, IN 47201
Resident 1975-1980

Dr. William R. Osebold
Sacred Heart Doctors Bldg, #6060
W 105 8th Avenue
Spokane, WA 99204
Resident 1975-1979

Dr. David M. Oster
Denver Orthopaedic Clinic, P.C.
1601 E. 19th Avenue, Suite 500
Denver, CO 80218
Resident 1984-1989

Dr. Lewis Oster
Hand Surgery Associates, P.C.
2535 S. Downing, Suite 500
Denver, CO 80210
Fellow 1987-1988

Dr. Gregory R. Palutsis
1144 Wilmette Avenue
Wilmette, IL 60091
Fellow 1986-1987

Dr. Kent M. Patrick
2715 K St., #A
Sacramento, CA 95816-5113
Resident 1973-1977

Dr. Luis Piedrahita
P.O. Box 2821
Orthopedia-Traumatologia
Quito, ECUADOR
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Dr. Raymond O. Pierce Jr.
960 Locke Street
Indianapolis, IN 46202
Fellow 1961-1962

Dr. Patrick A. Plunkett
1231 Blair Avenue
South Pasadena, CA 91030-3505

Dr. Fred A. Polesky
414 N. Camden Dr., # 1000
Beverly Hills, CA 90210
Resident 1937-1939

Dr. Ignacio Ponseti
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
200 Hawkins Drive
Iowa City, IA 52242
Staff 1946-Present

Dr. William Pontarelli
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
200 Hawkins Drive
Iowa City, IA 52242
Staff 1999-Present

Dr. David Pope
308 Park Place Dr.
Alexandria, LA 71301

Dr. Howard W. Popp
343 Walmar Drive
Bay Village, OH 44140
Fellow 1991-1992

Dr. Robert E. Porter
Hilltop Old Coach Rd
Norwich, UT 5055
Resident 1963-1967

Dr. Laura J. Prokuski
University of Wisconsin
Division of Orthopaedic Surgery
600 Highland Ave
Madison, WI 53792
Resident 1992-1997

Dr. Michael T. Pyevich
Orthopaedic & Rheumatology Assoc.
1414 West Lombard
Davenport, IA 52803
Resident 1993-1998

Dr. Robert M. Rankin (Retired)
4441 SW Greenlead Dr.
Portland, OR 97221
Resident 1950 -1954

Dr. Douglas S. Reagan
Des Moines Orthopaedic Surgeons
6001 Westown Pkwy
W. Des Moines, IA 50266
Resident 1973-1978

Dr. Williams J. Robb III
1000 Central St., #880
Evanston, IL 60201-1702
Resident 1972-1975

Dr. Edwin G. Robinson
3777 Parkwood Way
West Linn, OR 97068

Dr. Andrew P. Robinson
4601 Henry Hudson Pkwy, #A-15
Riverdale, NY 10471
Fellow 1992-1993

Dr. Bertil Romanus
Orthopaedic Department
Ostra sjukhuset
S-416 85 Goteborg
SWEDEN
Visiting Prof. 1981-1982

Dr. Irwin E. Rosen
42208 Forsythia Drive
Fremont, CA 94539
Fellow 1954-1955

Dr. Robert T. Rosenfeld
Address Uknown

Dr. Randy N. Rosier
Dept. of Ortho., Univ. of Rochester
601 Elmwood Avenue
Rochester, NY 14642
Resident 1978-1984

Dr. Francis B. Roth
1165 Park Ave.
New York, NY 10128

Dr. Richard A. Ruffin
Orthopaedic Associates, Inc.
3301 Northwest, 50th Street
Oklahoma City, OK 73112-5691
Resident 1985-1990

Dr. Richard E. Saar
Address Unknown
Resident 1956-1959

Dr. Charles L. Saltzman
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1991-Present

Dr. Jan C. Sarnecki
630 Wheeler St.
Neenah, WI 54956
Resident 1970-1973

Dr. Andrea Saterbak
St. Croix Orthopaedics
1701 Curve Cross Blvd
Stillwater, MN 55082
Resident 1992-1997

Dr. John J. Schaffer
4024 N Witchduck Dr
Virginia Beach, VA 23455-5615
Fellow 1987-1988

Dr. David D. Scherr
725 Kaylyn Drive
Jefferson City, MO 65101
Resident 1960-1967

Dr. Maurice D. Schnell
2919 E. 44th St. Ct
Davenport, IA 52807
Resident 1961-1964

Dr. Kary R. Schulte
6001 Westown Parkway
West Des Moines, IA 50266
Resident 1989-1994
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Dr. Kim R. Sellergren
8913 Rearden Rd.
Richmond, VA 23229
Resident 1976-1981

Dr. William O. Shaffer
St. Louis University
3635 Vista at Grand Blvd.
St. Louis, MO 63110-0250
Fellow 1986-1987

Dr. Nathan Shechter
5701 W. 119th St, Ste 308
Overland Park, MO 66209

Dr. Russell N. Shroyer
1575 W. Celeste Avenue
Fresno, CA 93711
Resident 1950-1953

Dr. John J. Silensky
Address Unknown

Dr. Herbert M. Simonson
10 Tower Drive
Maplewood, NJ 07040-1008

Dr. John E. Sinning, Jr.
25 McClelllan Blvd.
Davenport, IA 52803
Resident 1961-1964

Dr. Bruce D. Smith
3107 Frederick Ave
St. Joseph, MO 64506
Fellow 1987-1988

Dr. Koert R. Smith
PO Box 1084
Burlington, IA 52601-5012
Resident 1972-1976

Dr. Eugene N. Smoley
PO Box 2794
Rancho Santa Fe, CA 92067
Resident 1958-1961

Dr. David Sneller
3216 Tupelo Circle
Ames, IA 50014
Resident 1995-2000

Dr. Robert P. Soiseth (Retired)
726 Old North Shore Road
Two Harbors, MN 55616
Resident 1962-1965

Dr. Earnest E. Somers
355 Roland Avenue
Chambersburg, PA 17201-1447

Dr. Edward C. Spencer
3260 E. 9425 St.
Sandy, UT 84092-3594
Resident 1971-1975

Dr. Adrienne A. Spirit
Address Unknown
Fellow 1993-1995

Dr. Mark Spoonamore
Ctr. of Orthopaedic Spinal Surgery
USC
1500 San Pablo St.
Los Angeles, CA 90033
Resident 1995-2000

Dr. Bruce L. Sprague
148 East Ave.
Norwald, CT 6851
Fellow 1958-1968

Dr. Scott Stevens
2441 Northridge Drive
Mankato, MN 56003

Dr. Curtis M. Steyers
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Staff 1985-Present

Dr. S. Jack Sugar
Address Unknown

Dr. Patrick Sullivan
Des Moines Orthopaedic Surgeons
6001 Westown Pkwy
W. Des Moines, IA 50266
Resident 1981-1986

Dr. Stanley S. Tanz
E. 5309 7th St
Tucson, AZ 85711-2314

Dr. Jorge Tapia (Retired)
Eurogar B 20 Las Rozas
Madrid, SPAIN

Dr. David S. Tearse
PIC, Inc.
600-7th St. SE
Cedar Rapids, IA 52401-2152
Staff 1989-2000

Dr. Kathi F. Teixeira
Auburn Memorial Med. Bldg.
77 Nelson St. PO Box 157
Auburn, NY 13201
Fellow 1993-1994

Dr. Joff G. Thompson
Bend Orthopaedic & Fracture Clinic
2600 NE Neff Rd.
Bend, OR 97701
Resident 1994-1999

Dr. L. Eugene Thornburg
20 McDowell Street
Asheville, NC 28801
Resident 1989-1994

Dr. Jeffrey Tiedeman
GIKK 7710 Mercy Rd, #224
Omaha, NE 68124
Fellow 1992-1993

Dr. James E. Tozzi
106 Irving St., N.W., #318
Washington, D.C. 20010
Fellow 1984-1985

Dr. Laura Trombino
3722 Greysolon Rd.
Duluth, MN 55804
Resident 1984-1990

Dr. Steven L. Tuck
9715 Medical Center Dr. #415
Rockville, MD 20850
Resident 1975-1980
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Dr. James W. Turner
Iowa Medical Clinic 600 7th ST SE
Cedar Rapids, IA 52401-2112
Resident 1967-1970

Dr. James Van Olst
3855 NW Lincoln Avenue
Corvallis, OR 97330
Resident 1959-1963

Dr. John A. Vann
1050 Grove Rd
Greenville, SC 29615
Fellow 1946

Dr. Mark D. Visk
303 E. Wood St.
Spartanburg, SC 29302
Resident 1981-1986

Dr. Edward M. Voke
3340 Providence Drive, #564
Anchorage, AK 99508
Resident 1963-1966

Dr. Donald J. Walla
Lincoln Orthopedic & Sports Med.

Clinic
6920 Van Dorn
Lincoln, NE 68506
Fellow 1982-1983

Dr. Robert J. Walsh
2300 Manchester Expy H-104
Hughston Clinic
Columbus, GA 31904
Fellow 1966

Dr. Thomas R. Walsh
St. Francis Medical Park
Building H, Suite 104
Columbus, GA 31904-7991
Resident 1983-1988

Dr. Harry D. Wassel
6352 33rd Avenue Court, N.
St. Petersburg, FL 33710-2410

Dr. Paul Watson
Orthopaedic Healthcare Northwest
1435 G. Street
Springfield, OR 97477
Resident 1994-1999

Dr. Kristy L. Weber
Univ. of Texas MD Anderson

Cancer Center
Dept of Surg Oncology
Box 106 1515 Holcombe
Houston, TX 77030
Resident 1991-1996

Dr. Marwan A. Wehbe
988 Garrett Mill Rd.
Newtown Square, Penn 19073

Dr. Dennis Weigel
Alexander Orthopaedic Associates
1500 Irving
Alexandria, MN 56308
Resident 1999-2000

Dr. James N. Weinstein
Dartmouth Medical School
7251 Strasenburgh Hall, Rm 309
Hanover, NH 03755-3863
Staff 1983-Present

Dr. Stuart L. Weinstein
Univ. of Iowa Hospitals & Clinics
Dept. of Orthopaedic Surgery
Iowa City, IA 52242
Resident 1973-1976
Staff 1976-Present

Dr. Andrew B. Weiss
556 Eagel Rock Ave, # 207
Roseland, NY 7068
Resident 1968-1970

Dr. Dennis R. Wenger
3030 Childrens Way, #410
San Diego, CA 92123
Resident 1971-1975

Dr. Mark E. Wheeler
2616 Pierce St.
Sioux City, IA 51104
Resident 1975-1980

Dr. William R. Whitmore
Orthopaedic & Rheumatology

Associates, PC
1414 W. Lombard
Davenport, IA 52804-2148
Resident 1960-1963

Dr. Leo V. Willett
140 Green Road
Meriden, CT 6450
Fellow 1963-1964

Dr. Eugene S. Willett Jr.
38 Peach Knob Drive
Asheville, NC 28804
Resident 1970-1974

Dr. Todd M. Williams
Rice Clinic
Stevens Point, WI 54481
Resident 1993-1998

Dr. Lenita Williamson
2116 E. Orangeburg Avenue, #A
Modesto, CA 95355
Fellow 1993-1994

Dr. Cathy Jo Wilson
Department of Anesthesiology
Bristol Royal Infirmary
Bristol BS28HW
ENGLAND

Dr. Randall R. Wroble
Sports Medicine Grand
323 East Town St.
Columbus, OH 43215-4676
Resident 1982-1987

Dr. Thomas K. Wuest
Ortho & Fracture Clinic of

Eugene, P.C.
1200 Hilyard Street, Suite 600
Eugene, Oregon 97401
Resident 1987-1992

Dr. Stephen A. Yoder
1100 Surrey Circle
Ashland, Ohio 44805
Resident 1977-1982

Dr. William Zaayer (Retired)
175 Fairview St.
Laguna Beach, CA 92651
Fellow 1962- 1966

Dr. Debra Zillmer
Gundersen Clinic
1836 South Avenue
LaCrosse, WI 54601
Fellow 1989-1990




