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THERE IS A DIFFERENCE
DEPUY ROTATING PLATFORM KNEE
REDUCED WEAR BY 94%1

Des igned  fo r  Wear  Reduc t ion •  Improved  Func t ion  •  Opt ima l  K inemat ic s 4

1 ASTM Symposium on Cross-linked Thermally Treated Ultra High Molecular Weight
Polyethylene for Joint Replacements (data on file). Miami Beach, Florida Nov. 5 and 6, 2002.

2  Lewis, Peter; Cecil H. Rorabeck, Robert B. Bourne and Peter Devane. “Posteromedial Tibial
Polyethylene Failure in Total Knee Replacements.” CORR Feb. 1994: 11-17.

3  Cadambi, Ajai, Gerard A. Engh, Kimberly A. Dwyer and Tuyethoa N. Vinh. “Osteolysis of
the Distal Femur After Total Knee Arthroplasty.” The Journal of Arthroplasty Dec. 1994: 579-594.

* GVF - Gamma Vacuum Foil

IMPORTANT
This Essential Product Information sheet does not include all of the information nec-
essary for selection and use of a device. Please see full labeling for all necessary infor-
mation. 

INDICATIONS
The LCS® Complete – P.F.C. Sigma RP Mobile Bearing Total Knee System is indicated
for cemented use in cases of osteoarthritis and rheumatoid arthritis. The rotating plat-
form prosthesis and modular revision components are indicated for revision of failed
knee prostheses.

The porous coated Keeled and Non Keeled M.B.T. (Mobile Bearing Tibial) Tray config-
urations of the LCS Total Knee System are indicated for noncemented use in skeletally
mature individuals undergoing primary surgery for reconstructing knees damaged as
a result of noninflammatory degenerative joint disease (NIDJD) or either of its com-
posite diagnoses of osteoarthritis and post-traumatic arthritis pathologies.  The
Rotating Platform device configuration is indicated for use in knees whose anterior and
posterior cruciate ligaments are absent or are in such condition as to justify their sac-
rifice. The P.F.C. Sigma RP Curved bearings when used with the P.F.C. Sigma Cruciate
Retaining Femoral Component can be used in posterior cruciate ligament retaining pro-
cedures.

CONTRAINDICATIONS
The use of the LCS Complete – P.F.C. Sigma RP Mobile Bearing Total Knee System is
contraindicated in:

• The presence of osteomyelitis, pyrogenic infection or other overt infection of the
knee joint;  

• Patients with loss of musculature or neuromuscular compromise leading to loss of
function in the involved limb or in whom the requirements for its use would affect
recommended rehabilitation procedures.  

• Patients with severe osteoporosis or other metabolic bone diseases of the knee.  
• Patients with any of the following conditions:
• Lesions of the supporting bone structures (e.g. aneurysmal or simple bone cysts,

giant cell tumor or any malignant tumor), 
• Systemic and metabolic disorders leading to progressive deterioration of solid bone

support,  
• The presence of severe instability secondary to advanced loss of osteochondral

structure or the absence of collateral ligament integrity, fixed deformities greater than
60° of flexion, 45° of genu varus or valgus, 

• Known drug or alcohol addiction, 
• Skeletally immature individuals and the presence of allergic reaction to implant met-

als or polyethylene are also contraindications for the noncemented, porous coated,
M.B.T. and LCS Complete – P.F.C. Sigma RP Mobile Bearing device configurations,
and for the cemented use of all device configurations of the LCS Complete – P.F.C.
Sigma RP Mobile Bearing Total Knee System.

CONTRAINDICATIONS FOR USE WITHOUT CEMENT
Noncemented use of the Porous Coated Keeled or Non-Keeled M.B.T. Tray device con-
figurations  is contraindicated in patients with sufficient loss in quantity or quality of
bone stock (as determined on x-ray) such that successful noncemented fixation is
unlikely.  Additional contraindications may become apparent at the time of surgery.

These include: 

• Vascular deficiency at the bone site;  
• Inadequate bone stock to assure both a firm press fit and close apposition of the cut

bone surfaces to the prosthesis; 
• The inability to make bone cuts so as to assure both correct component position and

intimate apposition of bone and prosthetic surfaces;
• Inadequate bone quality (e.g. severe osteoporosis) and lack of stability of the

implanted components.  

In the presence of any of the above conditions the components should be fixed with
cement.

WARNINGS AND PRECAUTIONS
Components labeled for “Cemented Use Only” are to be implanted only with bone
cement.  The following conditions tend to adversely affect knee replacement implants:
excessive patient weight, high levels of patient activity, likelihood of falls, poor bone
stock, metabolic disorders, disabilities of other joints.

ADVERSE EVENTS 
The following are the most frequent adverse events after knee arthroplasty:  change in
position of the components, loosening, bending, cracking, fracture, deformation or
wear  of one or more of the components, infection, tissue reaction to implant materi-
als or wear debris;  pain, dislocation, subluxation, flexion contracture, decreased range
of motion, lengthening or shortening of leg caused by improper positioning, looseness
or wear of components; fractures of the femur or tibia.

olyethylene wear has been associated with
osteolysis in the knee.2,3

The rotating platform knee, used with GVF*

polyethylene, reduced wear by 94% when 
compared to a fixed bearing knee. Results based
on knee simulation testing.

Available only from DePuy Orthopaedics.
Trusted Innovation.
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INSTRUCTIONS FOR AUTHORS, 2006
Any original article, review article, case report, or essay relevant

to clinical orthopaedic surgery, or the basic orthopaedic sciences will
be considered for publication in The Iowa Orthopaedic Journal. Ar-
ticles will be enthusiastically received from alumni, visitors to the
department, members of the Iowa Orthopaedic Society, residents, and
friends of the University of Iowa Hospitals and Clinics Department of
Orthopaedics and Rehabilitation. The journal is published every June.
The deadline to receive articles for the 2006 edition is Friday, Febru-
ary 4, 2006.

Published articles and illustrations become the property of The
Iowa Orthopaedic Journal. The journal is peer reviewed and refer-
enced in Index Medicus. Articles previously published will not be ac-
cepted unless their content has been significantly changed.

When submitting an article, it is essential to include:
1. The original manuscript complete with illustrations. The

corresponding author must be clearly identified with mailing address,
telephone/fax numbers and e-mail address. Manuscripts for accepted
articles will not be returned.

2. A structured abstract of no more than 300 words. The
abstract will precede the text of the published paper. An abstract is
not needed for case reports.  Original papers should have the follow-
ing additional sections: Introduction, Materials and Methods,
Statistical Methods, Results, and Discussion.

3. References, presented in the text by superscript numbers. The
bibliography should list references in the order of their appearance
in the text and be double-spaced. Abstracts or meeting transactions
more than three years old should not be cited. The references should
be numbered according to the sequence of citation in the text (not
alphabetically) and should be in PubMed/Index Medicus format (for
an example of this format, go to the National Center for Biotechnol-
ogy Information [NCBI] web site www.ncbi.nlm.nih.gov/entrez/
query.fcgi and search for specific reference citations).

4. Legends for all illustrations, listed in order of appearance and
double-spaced. Explain what each illustration shows. Give magnifica-
tion of all photomicrographs. Define all arrows and other such indi-
cators appearing on the illustration. If an illustration is of a patient
who is identified by a case number, include that case number in the
legend.

5. Illustrations:
a. One set of 5 x 7-inch, black-and-white, glossy prints of all

photographs.
b. Original drawings or charts.
c. Color illustrations may be used if they convey information

not available in black and white.
d. In accordance with HIPAA, remove any writing that could

identify the patient (e.g., names, initials, patient numbers,
etc.) from radiographs and photographs.

6. Electronic copies of all items one through four above.
These should be sent to diana-johannes@uiowa.edu. Special illustra-
tions and photographs are exempt from this electronic requirement
and should be mailed to the address listed below.

Preparation of manuscripts: Manuscripts must be typewritten
and double spaced using wide margins. Write out numbers under 10
except percentages, degrees or numbers expressed as decimals. Di-
rect quotations should include the exact page number on which they
appeared in the book or article. All measurements should be given
in SI metric units. In reporting results of surgery, only in rare in-
stances can cases with less than two years of follow-up be accepted.

Preparation of photographs/illustrations: On the back of each
photo and illustration, write the figure number, author’s name and
indicate the top. Send prints unmounted—paste or glue will damage
them. Drawings, charts and lettering on prints should be done in
black using white backgrounds. Put dates or initials in the legends,
not on prints. Make lettering large enough to be read when drawings
are reduced in size. When submitting an illustration that has appeared
elsewhere, give full information about previous publication and credit
to be given and state whether or not permission to reproduce it has
been obtained.

+-+-+-+-+-+-+-+
Additional copies of these instructions may be obtained by writing

to Diana Johannes, University of Iowa Hospitals and Clinics,
Department of Orthopaedics and Rehabilitation, 200 Hawkins Drive,
01006 JPP, Iowa City, Iowa, 52242-1088 or by emailing diana-
johannes@uiowa.edu, or you may refer to the Internet site
www.uihealthcare.com/depts./med/orthopaedicsurgery/reearch/
ioj.html.

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

2005 represents a milestone for the The Iowa Ortho-
paedic Journal (IOJ). We are pleased and honored to
present an anniversary twenty-fifth edition.

This special edition symbolizes 25 years of excellence
in orthopaedic research publications. We feel privileged
to follow previous editors who have set high standards
that we hope to emulate.

This 25th edition of the IOJ is the largest and most
diverse edition to date, with collaboration from authors
around the world. In keeping with the tradition of the
IOJ, we have publications of scientific articles, reviews,
case reports, and essays of both historical and philo-
sophic interest. We foremost wish to acknowledge the
time and dedication of those who have submitted manu-
scripts. We hope those who read this special edition will
come away with increased knowledge and enthusiasm
for the field of orthopedics.

We are pleased to have a large contribution from our
own Orthopaedic Department (with submissions from
residents, faculty and alumni) and from outside clini-
cians and scientists worldwide with close ties to Iowa.

The IOJ would not be possible without the dedicated
support of our faculty and residents. Foremost, we
would like to thank Diana Johannes, who has worked
tirelessly to coordinate manuscripts, corporate adver-
tisements, and department photos, and keep us on track
(which in itself is a full-time job). We would like to rec-
ognize Dr. Jose Morcuende and Dr. Joseph Buckwalter
for their continued support and leadership as faculty
advisors for the IOJ.

A journal of this size and quality could not be pos-
sible without the tremendous support of our corporate
sponsors. We thank them for their generosity and con-
tinued support, both in the care of patients and educa-
tional forums.

We hope you find this 25th anniversary edition of
the IOJ as rewarding and stimulating as in years past.
Congratulations to all who have had a part in making
The Iowa Orthopaedic Journal a lasting icon.

Kirk D. Clifford, M.D.
Anthony V. Mollano, M.D.
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We are thrilled to dedicate
the 2005 Iowa Orthopaedic
Journal, the 25th anniversary
edition, to Dr. Lawrence D.
Dorr of the Dorr Arthritis
Institute of Centinela Hospital
in Ingelwood, Calfornia. Dr.
Dorr is dedicated to patient
care, teaching, leadership,
surgical innovation, research,
worldwide humanitarian
work, and philanthropy.

Dr. Dorr is a child of Iowa.
The formative years for his creativity, work ethic, per-
sonality, and love of medicine and research all were lived
in Iowa. His Methodist minister father and Christian
educator mother were constant role models. He grew
up in Iowa and lived at various times in Verina, Dayton,
Osage, and Des Moines. He was in Iowa for high school,
college, and medical school—at Des Moines Roosevelt
High School, Cornell College in Mt. Vernon, and The
University of Iowa School of Medicine in Iowa City, re-
spectively. While in Iowa City, he met his wife Marilyn.
She grew up in Toledo, Iowa. They have three children
and one grandchild, none of whom have had the ben-
efit of an education in Iowa or living in Iowa.

Dr. Dorr reflects, “My choice to become an orthope-
dic surgeon came after my experience in the military
following my internship. I had spent my elective time
at The University of Iowa with Dr. Hans Ehrenhaft and
had planned to be a heart surgeon! I had rotated
through the orthopedic service and recognized the
greatness of the faculty at that time, which included Drs.
Larson, Ponseti, Bonfiglio and Flatt. Each of these men
clearly had a presence about them and they were very
confident of what they did. I clearly remember Dr.
Bonfiglio’s pathology sessions at night, and I remem-
ber Dr. Flatt giving us a discussion on the hand. How-
ever, it was just another learning experience for me at
that time.

“While I was in the military, I did anesthesia because
I had obtained a master’s degree in pharmacology when
I was at Iowa. This was during the Vietnam War, and
the military was short of anesthesiologists, so I was
offered and accepted a position doing anesthesia. When
I was doing anesthesia, I realized that orthopedics was
more fun than any other surgery. I had been accepted
for a general surgery residency, but I rescinded that
prior to starting. I had to sit out one year, and then I
began my orthopedic residency at USC-LA County Hos-
pital.

DR. LAWRENCE D. DORR
IOWA ORTHOPAEDIC JOURNAL DEDICATION

“In the third year of my residency, I realized that I
wanted to continue with an academic career in ortho-
pedics, and so I wanted to do a fellowship. The chair-
man of my department was Dr. J. Paul Harvey, who had
come to Los Angeles from the Hospital for Special Sur-
gery in New York City. He called Special Surgery and
arranged an interview and following that interview I was
accepted to the Comprehensive Arthritis Fellowship
there. I really had no experience with joint replacement
during my residency, so I thought that this would be, if
nothing else, a great learning adventure.”

That fellowship was a career changing event for Dr.
Dorr. He worked with Drs. Chitranjan Ranawat, and
Allan Inglis at the Hospital for Special Surgery in New
York City. During his residency at USC, almost no total
joint replacements were done. Thereafter, total joint
replacement became his passion. His career has focused
on teaching, innovation, and performance of total hip
and knee arthroplasty. He has been a pioneer in the
design of porous-coated hip replacements. He helped
introduce the use of hydroxyapatite-coated hip stems,
and modern metal-on-metal hip arthroplasty in the
United States. He has also worked to refine the poste-
rior mini-incision hip exposure and has developed com-
puter navigation systems for hip replacement.

Dr. Dorr is the only person who will have been presi-
dent of all three United States joint replacement societ-
ies: The Knee Society (1990-1991), American Associa-
tion of Hip and Knee Surgeons (1993-1994) and the Hip
Society (2007). In 2000, the Lawrence and Marilyn Dorr
Chair for Hip Research was endowed by the Dorr fam-
ily for their gratitude to The University of Iowa Depart-
ment of Orthopaedics for enabling his career.

The religious background of his family, his commit-
ment to community learned in Iowa, and his desire to
“give back” to medicine culminated in Dr. Dorr’s for-
mation of Operation Walk. Operation Walk is an ortho-
paedic medical mission organization that performs
gratis total hip and total knee replacements in poorer
countries worldwide, and for disadvantaged people in
Los Angeles. In 2005, he received the Humanitarian
Award from the American Academy of Orthopedic Sur-
geons for this work.

Dr. Dorr is deeply thankful for his upbringing in
Iowa, the “Iowa values” ingrained in him, and the op-
portunity to contribute to the research endeavor of the
Department of Orthopedics at The University of Iowa.
He is thrilled that his legacy will be founded on being a
graduate of the University of Iowa School of Medicine.
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1985-present
James Nepola

1984-present
Fred Dietz

1984-present
James Weinstein

1983-1996
Barbara Campbell

1982-1984
Charles Clark

1980-present
William Blair

1980-1997
William Pontarelli

1980-1984,
1999-2004

Joseph Buckwalter
1979-present
Thomas Lehmann

1978-1987

The University of Iowa
Roy J. and Lucille A. Carver College of Medicine
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DEPARTMENT OF ORTHOPAEDICS AND REHABILITATION
STAFF, FELLOWS AND RESIDENTS 2004-2005

Row 1:  Matthew Anderson (fellow), Teresa Mosqueda (res I), Phinit Phisitkul (res V), Joseph Buckwalter, Reginald
Cooper, John Albright, Brian Adams

Row 2:  J. Lawrence Marsh, Mohana Amirtharajah (res III), Anthony Mollano (res IV), Anthony Frisella (res IV),
Timothy Fowler (res V), Michael Sander (res V), Aaron Altenburg (res III), Robert Kadoko (res V)

Row 3:  Stuart Weinstein, Ned Amendola, Ajay Aggarwal (res III), Jin-soo Suh, Jose Morcuende, Christina Ward (res
III), Sergio Mendoza, Michael Daines (res II), Kevin Jones (res III), Matthew DeWall (res III)

Row 4:  Neil Segal, Brian Wolf, Michael Blanchard (fellow), Ernest Found, Matthew Lavery (res II), Evan Hermanson
(res IV), Kirk Clifford (res IV), Fred Dietz, John Bell (res V)

Row 5:  Morgan Jones (fellow), Michael Salamon (fellow)
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2005 GRADUATING ORTHOPAEDIC RESIDENTS

John-Erik Bell, M.D.

John Bell was born in Chi-
cago and has lived in South
Dakota, Wisconsin, New Jer-
sey, and Maryland. He re-
ceived his A.B. in molecular
biology from Princeton Uni-
versity and then went on to
complete his M.D. at Johns
Hopkins University School
of Medicine. He met his wife,
Jessica, during his first year
at Johns Hopkins, and they
were married just before

moving to Iowa City. They now have a one-year-old son,
Charles. John’s hobbies include music, playing the cello,
spending time with his family, and sleep. He will train
next year at Columbia Presbyterian Hospital in New York
City as a fellow in shoulder, elbow, and sports medicine.
John and Jessica have enjoyed their time in Iowa greatly.
John is grateful to have had the privilege of training un-
der such outstanding faculty, alongside outstanding resi-
dent colleagues, and within a program of such rich tradi-
tion. He would like above all to thank Jessica for her sup-
port and patience through the past five years.

Timothy P. Fowler, M.D.

Tim was born and raised in
Rockford, Illinois, and re-
ceived his undergraduate
degree at the University of
Illinois in Champaign. There-
after he attended medical
school at the University of
Chicago. Tim has known his
wife, Lori, since high school,
and they now share two won-
derful children—Abby and
Josh. Hobbies include
parenting, running, movies,

and drinking coffee. Upon completion of residency, Tim
will begin a one-year fellowship at the Philadelphia Hand
Center. He hopes to find work in the northern Illinois/
southern Wisconsin area as a general orthopaedist with
an interest in hand and upper extremity.

Robert Kadoko, M.D.,
M.S.

Robert was born and raised
in a small town in Uganda,
the last of nine children, in a
strict home. After receiving
a bachelor’s degree in me-
chanical engineering, he
emigrated to New York City
where he went to City Col-
lege and received a Master
of Science in Engineering.
Robert then worked for two
years as a control systems

engineer. He then entered medical school at Yale Univer-
sity where he received an M.D. in 2000. Robert came to
Iowa City in June of 2000 and found it to be a very sophis-
ticated cosmopolitan town. Upon completion of his resi-
dency, Robert plans to practice general orthopaedics in
the outskirts of New York, where his American journey
started many years ago. Robert would like to thank the
faculty for their excellent guidance, as well as the resi-
dents for their support in times of need.
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2005 GRADUATING ORTHOPAEDIC RESIDENTS

Phinit Phisitkul, M.D.

Phinit was born in Bangkok,
the capital of Thailand. His
father is a dermatologist who
studied in Liverpool, En-
gland. His mother received
her doctorate in chemistry in
Nottingham, England. His
older and younger brothers
are also physicians training
in the United States. In 1996,
Phinit was awarded his medi-
cal degree with high honors
from Chulalongkorn Univer-

sity. He completed his internship in Prajaksillapakom
Army Hospital, where he became a 1st Lieutenant in the
Royal Thai Army. He then completed a four-year ortho-
paedic residency at Phramongkutklao Hospital, one of
the renowned orthopaedic institutions in Thailand. There,
he received the top score on the orthopaedic-in-training
examinations in 1999, 2000, and 2001, as well as the or-
thopaedic basic science examination in 1999. After com-
pleting his residency, Phinit became a staff physician at
the Phramongkutklao Hospital and the Sulprasittiprasong
Hospital. Dr. Keokarn, President of the Royal College of
Orthopaedics, helped Phinit arrange to come to The Uni-
versity of Iowa for further specialized orthopaedic train-
ing. Phint completed two years as a senior resident in the
Orthopaedics residency here. Next year, he will work as
a fellow with Dr. Charles Saltzman and the foot, ankle,
and sports services. Ultimately, Phinit plans to return to
Thailand to share his new fund of orthopaedic knowledge
garnered at The University of Iowa. Phinit, his wife, and
their baby son are enjoying Iowa City. They appreciate
all that the Orthopaedics Department has done for them.

Michael D. Sander,
M.D.

Michael was born in
Harlingen, Texas, to Mike
and Claudia Sander. He was
raised in Weslaco, Texas,
with his two younger broth-
ers and a sister. He left the
Rio Grande Valley and
headed north to Austin for
an undergraduate degree in
biology at The University of
Texas. He met Jennifer at
U.T. and they were married

in 1999. After receiving his M.D. from Baylor College of
Medicine in Houston, he and Jennifer moved to Iowa City
for his residency. Jennifer is an R.N. in the Pediatric ICU
at UIHC. They have one son who will always be part
Hawkeye, Henry, and another son on the way. Next year
Michael will do a fellowship in Sports Medicine with Dr.
Jesse DeLee in San Antonio, Texas. Michael and Jenni-
fer wish to express their gratitude to everyone in the
Orthopaedics Department and the PICU who have helped
make their stay in Iowa City a great experience.
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2004-2005 FELLOWS

Matthew Anderson,
M.D.

Matt grew up in Wakefield,
Nebraska. He attended the
University of South Dakota
in Vermillion where he
earned a Bachelor of Science
degree in Mathematics and
Biology. He then attended
the University of South Da-
kota School of Medicine,
earning his medical degree
in 1999. Matt came to Iowa
for fellowship training in

hand surgery after graduating from the orthopaedic resi-
dency program at the University of Kansas-Wichita. Matt
has enjoyed his time at the University of Iowa. Attending
Hawkeye football games has eased the pain of being a
Nebraska Cornhusker and Denver Bronco fan. After fel-
lowship, Matt plans to practice in the Midwest.

Morgan Jones, M.D.

Morgan was born and raised
in Columbus, Ohio. He re-
ceived his bachelor’s degree
at The Ohio State University
where he was a member of
the varsity swimming team,
and where he met his wife,
Molly. He stayed at Ohio
State for medical school and
then moved to the Bronx,
New York, for his or tho-
paedic residency at the
Montefiore Medical Center

and Albert Einstein College of Medicine. Morgan is ex-
cited to be at the University of Iowa for his fellowship
training in sports medicine and looks forward to pursu-
ing an academic career next year.

Michael Blanchard,
M.D.

Mike was born and raised in
Baton Rouge, Louisiana. He
attended Louisiana State
University, where he earned
a bachelor’s degree in zool-
ogy. He received his medical
degree from Louisiana State
University Medical Center in
New Orleans, Louisiana, and
completed his orthopaedic
residency at Vanderbilt Uni-
versity Medical Center in

Nashville, Tennessee. He is currently one of the Foot and
Ankle / Sports Medicine fellows at the University of Iowa.
Mike, his wife Tricia, and their children have enjoyed their
time in Iowa City. At the completion of his fellowship, they
will be moving back home to Baton Rouge, Louisiana,
where Mike will be joining the Baton Rouge Orthopaedic
Clinic.

Michael Salamon, M.D.

Mike was born in Madison,
Wisconsin and grew up in
Stockton, California. He
graduated with a Bachelor of
Science degree from the
University of Michigan. He
received his M.D. degree
from Jefferson Medical Col-
lege in Philadelphia, PA.
Mike completed a residency
in orthopaedic surgery at
University of California—
Davis in Sacramento, Califor-

nia. After completing his fellowship in foot and ankle re-
construction/sports medicine at the University of Iowa,
he will begin private practice in Louisville, Kentucky. Mike
and his wife, Beth, have two children, Alex (3 yrs) and
Jack (8 mos).



Volume 25 ix

Matthew Lovell

Matthew grew up in
Tremont, Illinois.

He attended Wheaton Col-
lege where he earned his
Bachelor of Science degree
in chemistry and met his
wife, Alyssa.

Matthew is currently a stu-
dent in the University of Iowa
Carver School of Medicine
and was accepted to the

DORIS DUKE CLINICAL RESEARCH FELLOWSHIP

Doris Duke Clinical Research Fellowship. The fellowship
allows medical students to spend a year doing clinical re-
search during their medical school career. Matthew is
spending his research year at The University of Iowa
where he is doing research in the orthopaedics depart-
ment on the treatment of clubfoot. After his year of re-
search, he will head back to medical school to finish his
clinical years. He will be graduating in May 2007 and is
looking forward to seeing where the match takes him for
residency.
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NEW ORTHOPAEDIC FACULTY

Jin-soo Suh, M.D.

Jin-soo was born and raised
in Taeieon in the center of
South Korea. He received
his medical degree from
Seoul National University
and completed his ortho-
paedic residency at Seoul
Paik Hospital. He then
served three years as a mili-
tary surgeon, including one
year in the Western Sahara
as an officer in a United Na-
tions force. In 1998, he en-

tered a year-long hand and microsurgery fellowship in
Seoul Paik Hospital. He then went to Austria as an AO
Hand Fellow at University Clinic in Innsbruck, and to
Bologna, Italy as a hand fellow at the Instituto Rizzoli. On

his return to Korea, he worked mostly in hand and trauma
surgery as a staff physician. In 2000, his interests broad-
ened to include foot and ankle surgery, which was a new
field in orthopaedics in Korea at the time. In 2003, he
came to Iowa to further his clinical and research study of
foot and ankle surgery with Dr. Charles Saltzman. He is
now joining our faculty with an interest in foot and ankle
surgery. Jin-soo’s wife studied with Dr. El-Khoury in Ra-
diology for about one-and-a-half years before returning
to Korea for work. Jin-soo and his daughter remain in
Iowa and have enjoyed Iowa life and the kindness of so
many people here. When time allows, he and his family
enjoy skiing.
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2005-2006
DEPARTMENT OF ORTHOPAEDICS AND REHABILITATION

SCHEDULE OF LECTURESHIPS AND CONFERENCES

(Larson Conference Room, 01090 JPP)

Carroll B. Larson Shrine Memorial Lecture
April 29-30, 2005

James Beaty, M.D.
Chief of Staff
Campbell Clinic
Memphis, Tennessee

Iowa Orthopaedic Alumni Meeting
October 27-29, 2005

Ken Yamaguchi, M.D.
Washington University
St. Louis, MO

Jo Hanafin, M.D.
2nd Ruth Jackson Memorial Lecturer
Hospital for Special Surgery
New York, New York

21st Annual Hawkeye Sports Medicine
Symposium
December 2-3, 2005
Sheraton Hotel, Iowa City, IA

Scott F. Dye, M.D.
Associate Clinical Professor of Orthopaedic Surgery
University of California
San Francisco, California

Tim Hewett, Ph.D.
Director, Sports Medicine Research
Cincinnati Children’s Hospital
Cincinnati, Ohio

Reginald R. Cooper Orthopaedic
Leadership Lectures
April 2006*

2006 Senior Residents and Fellows Day
June 2-3, 2006*

Eighth Biennial Johnston Lectureship
in Hip Reconstruction
October 2006*

*Please check with us at a later time for exact dates,
times and speakers.
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The Michael Bonfiglio Award
for Student Research in Orthopaedic Surgery

The Iowa Orthopaedic Society Medical Student Research Award
for Musculoskeletal Research

The University of Iowa Department of Orthopaedics
and Rehabilitation, along with the Iowa Orthopaedic So-
ciety, sponsors two research awards involving medical
students.

The first, the Michael Bonfiglio Award, originated in
1988 and was named in honor of Mike, who had an avid
interest in students, teaching and research. The award
is given annually at a medical convocation. It consists
of a plaque and a stipend to be used for the purchase of
an orthopaedic text. It is awarded to a senior medical
student in the College of Medicine who has done out-
standing orthopaedic research during his or her ten-
ure as a medical student. The student often has an ad-
visor in the Orthopaedic Department; however, the
student must have played a major role in the design,
implementation and analysis of the project. They must
also be able to defend the manuscript in public forum.
The research project may have been either clinic or
basic science, and each study is judged on the basis of
originality and scientific merit. The winner presents
their work at the April meeting of the Iowa Orthopaedic
Society.

The second award is the Medical Student Research
Award for Musculoskeletal Research for students in the
College of Medicine who provide a research project
involving orthopaedic surgery during one of their first
three years. The award consists of a $2000 stipend, $500

of which is designated as a direct award to the student
and $1500 of which is designated to help defray con-
tinuing costs of the project and its publication. The stu-
dent must provide an abstract and a progress report on
the ongoing research. The aim of this award is to stimu-
late research in the field of orthopaedic surgery/mus-
culoskeletal problems.

This year, the committee consisting of a member of
the Iowa Orthopaedic Society (Dr. Devon Goetz) as well
as members of the Orthopaedics and Rehabilitation De-
partment (Drs. Charles Clark, Curtis Steyers, Brian
Wolf, Jose Morcuende and Joseph Buckwalter) recom-
mended that the award be given to the two following
students: Jeremy Gardner won the Michael Bonfiglio
Award for Student Research for 2005 and Andrew
Lightfoot won the Iowa Orthopaedic Society Medical
Student Award for Musculoskeletal Research.

The Michael Bonfiglio Award and the Iowa Ortho-
paedic Society Medical Student Research Award for
Musculoskeletal Research are very prestigious, recog-
nizing student research on the musculoskeletal system.
These awards have indeed attained their goal of stimu-
lating such research and have produced many fine
projects over the years.

Charles R. Clark, M.D.
Michael Bonfiglio Professor of Orthopaedic Surgery
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ORTHOPAEDIC RESIDENCY RESEARCH PROGRAM UPDATE

Charles L. Saltzman, M.D.

Resident research is a cornerstone of the Iowa or-
thopaedic training program. The current program has
evolved over the years with the input of many devoted
faculty. Dr. Richard A. Brand administered the program
for many years with excellent productivity. For the last
few years, I have been able to help with the program
and now realize the enormous effort from the faculty,
residents and support staff that goes into each project.

The goals of the program are several, and include:
1) to make meaningful contributions to the field of or-
thopaedic surgery, 2) to stimulate independent scien-
tific thinking, 3) to help residents recognize the intrin-
sic value of performing laboratory or clinical research,
and 4) to familiarize residents with research method-
ologies.

The Iowa Orthopaedic Resident Research Program
involves all five years of residency. In the first two years,
the resident identifies a project and a faculty mentor,
and defines the project with the help of his “commit-
tee.” This is then presented to the entire department.
After modifications are made, the project is scheduled
for execution. In the third or fourth year, each resident
completes their project. In general, these are presented

during the fifth year at national meetings. More than
half have been published in our top journals.

All projects cost money. The current resident group
has been incredibly successful in obtaining external
funding—especially from the Orthopaedic Research and
Education Foundation. Although this helps, it does not
cover all the costs. With personal money, the faculty
has established a new fund to specifically finance resi-
dent research projects. We hope to grow this fund to
be able to cover the essential costs inherent in all
projects in the future.

We believe that resident research is as important an
educational experience as any in orthopaedic training.
This is equally true for either academic or private-prac-
tice-bound surgeons. The accompanying “long-term fol-
low-up” reports of our distinguished alumni are testi-
mony to the critical importance of a vibrant resident
research experience. With the generous financial sup-
port of our grateful patients, alumni and faculty to the
Iowa Orthopaedic Resident Research Fund, I hope that
this great tradition will continue as a cornerstone of our
training program.
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Resident research has long been a hallmark of the
University of Iowa Hospitals and Clinics Department of
Orthopaedics and Rehabilitation. The graduates of the
Iowa program and faculty appreciate well that partici-
pating in a rigorous research makes an individual a
better physician and surgeon. It prepares them to un-
derstand how new knowledge affects practice, how that
knowledge is developed, and how to critically analyze
new procedures, approaches and ideas. The three indi-
viduals whose commentaries are included in this issue
of the Iowa Orthopaedic Journal had the opportunity to
work with Dr. Ponseti as part of their research.

George Brown left The University of Iowa for Alaska
where he enjoyed a demanding and challenging prac-
tice before returning to academic medicine at the Uni-
versity of New Mexico. More recently, George moved
to an academic position at Oregon Health Sciences
University. During his resident years, George’s excep-
tional talent, enthusiasm, and love of teaching inspired
many of his junior residents, including myself. George
is always positive and always striving to improve his
clinical skills.

IMPACT OF IOWA ORTHOPAEDIC RESIDENT
RESEARCH PROJECTS: A LOOK AT THREE PROJECTS

FROM 25 YEARS AGO—A COMMENTARY

Joseph A. Buckwalter, M.D.

Jack Lindstrom left The University of Iowa for the
Air Force and was part of the Air Force health care
delivery system for two years before entering private
practice in Appleton, Wisconsin. Jack was a role model
as a resident and taught many of his junior residents,
including myself, the satisfaction that comes from con-
stantly improving your skills and knowledge and pro-
viding exceptional care for your patients.

Sterling Laaveg was a classmate of mine in medical
school and preceded me in the orthopaedic residency.
It was always a pleasure to work with Sterling. He had
great ideas, was an excellent teacher, surgeon, and phy-
sician and like Jack and George, loved the practice of
orthopaedics. Sterling left the University to practice in
Mason City where he built a large practice and served
as President of the Iowa Medical Society. Sterling re-
cently retired, but he continues to follow events in the
department and in orthopaedics with great interest.

As their commentaries indicate, all three of these
gifted and committed orthopaedic surgeons were sig-
nificantly influenced by their research experience and
their work with Dr. Ponseti.
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DR. GEORGE BROWN—1976
RESIDENT RESEARCH PROJECT

CONGENITAL PSEUDARTHROSIS, FIBROUS DYSPLASIA, AND
NEUROFIBROMATOSIS: CLINICAL, PATHOLOGIC, AND

ULTRASTRUCTURAL STUDY

Brown, GA; Osebold, WR; Ponseti, IV. “Congenital Pseudarthrosis of Long Bones: A Clinical, Radiographic,
Histologic and Ultrastructural Study,” Clinical Orthopedics and Related Research, Vol. 128, Oct: p228-42, 1977.

One of the exciting
things about my residency
at The University of Iowa
was the opportunity to com-
bine my clinical experience
with work in pathology and
studies of the ultrastructure
of bone. I was very inter-
ested in congenital pseudar-
throsis of the long bones.
Stimulated by Dr. Jerr y
Maynard, I started working
in the or thopaedic ultra-
structural laboratory estab-

lished by Dr. Cooper.
My interest in congenital pseudarthrosis led me to

work with Dr. Ponseti, and I found that he had been
treating 17 patients in Iowa with this rare condition. By
1975, he had 20- to 30-year follow-up for these patients.
In looking at the clinical series, I was impressed that if
a patient was under age two when the leg fractured,
and the x-ray showed tapering and sclerosis of the bone
ends, nonunion universally resulted: operations and any
other procedure that attempted to achieve union failed.
Amputation of the lower leg and a standard prosthesis
allowed these children to continue their lives with few
or no further surgeries with good and excellent func-
tional outcomes. This impression was borne out by the
observation that only two of the 17 patients had healed
their tibial pseudarthroses, despite 59 operations on this
group. One of the many things I learned from Dr.
Ponseti while working on this project was a sense of
when to quit trying to fix the unfixable and instead help
the patient achieve the best possible function.

I was very pleased with the results of my basic sci-
ence and clinical study of congenital pseudarthrosis and
had the opportunity to present findings at the Interna-

tional Pediatric Orthopaedic Meeting in Chicago in
1975.

In addition to all I learned during research, I found
that this project helped me know Dr. Ponseti and learn
from him. He told me that he was once considered an
aggressive surgeon because he operated to lengthen
the heel cords of patients with clubfeet. He also taught
me that patients with idiopathic scoliosis may have less
pain than the general population. It is interesting and
satisfying to see that Stu Weinstein has pursued this
idea with his 50-year follow-up study of patients with
idiopathic scoliosis.

There is no question that working with Dr. Ponseti
on this research project affected my career. I use what
he taught me daily. I am so pleased to see that the
Ponseti Technique for clubfeet is now rapidly becom-
ing the standard of care. When I first started in prac-
tice, I bought the Turco videotape on comprehensive
clubfoot surgery because I was concerned that I did
not have enough experience with surgical treatment of
clubfeet during my residency. I found that I never
needed the Turco tape and that the Ponseti Technique
has worked well in all my years of practice. I also en-
joyed the opportunity to work closely with Dr. Bonfiglio
at Iowa and learned a great deal from him about the
importance of studying pathology and pathophysiology.
Both Dr. Ponseti and Dr. Bonfiglio taught me to be pa-
tient as a teacher.

As I look back on my resident research project and
my years at Iowa, I recognize how much both the teach-
ing I received and the research work I did have affected
my career for the better. It is great to see the continua-
tion of the Iowa traditions of resident research and
teaching that stress critical analysis, combining all avail-
able data and questioning established concepts and
ideas.
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JACK LINDSTROM—1977
RESIDENT RESEARCH PROJECT

ACETABULAR DEVELOPMENT, PROXIMAL FEMORAL DEVELOPMENT,
AND FUNCTIONAL IMPLICATIONS

Lindstrom, JR; Ponseti, IV; Wenger, DR: “Acetabular Development after Reduction in Congenital Dislocation
of the Hip,” Journal of Bone and Joint Surgery, American Vol. 61(1), p. 112-8, 1979.

As I recall, my resident
research efforts started in
the academic year of 1975-
76 which I think was Denny
Wenger’s last year in Iowa
City. The idea for the study
of acetabular development
was not mine: I believe it
grew out of discussions be-
tween Denny Wenger and
Dr. Ponseti. I had some con-
cern about star ting this
project since it was Dr.
Ponseti’s opinion that there

was great developmental potential for the acetabulum,
and that if we found this in our study we would call into
question points that had been “well established” by the
well-known authority Bob Salter.

Taking advantage of the outstanding facilities in the
department and Dr. Ponseti’s guidance and private col-
lection of patient radiographs, Denny Wenger and I
began to outline the parameters of the study and gather
x-rays in order to mark and measure the development
of the acetabulum. Needless to say, there were many
patients and each patient had numerous x-rays. When
we were residents, most of us, with or without our re-
search, felt that our lives were very busy. Looking back,
I don’t know how we found time to complete this ex-
tensive, detailed, meticulous review. I can certainly re-
member the many hours I spent feeling as though I
was drowning in radiographs and wax pencils.

When I started I was totally unfamiliar with computer
analysis, but I recall we were able to transfer our data
to “IBM cards” in order to initiate the analysis. I think
at that time the cards were then placed in an off-the-
shelf data analysis program which produced computer
print-outs that were nearly as voluminous as the radio-
graphs. The correlations that were generated were
sometimes along the lines of our investigational ques-
tions, but in other cases they seemed to be correlations

that were totally unrelated to any of our questions, or
did not make sense clinically.

When I started writing the paper, I had high hopes
that it would be accepted for publication; however my
major was biology, not English. I expect Dr. Ponseti will
readily attest to that fact. I often brought him sections
of the paper that I thought were fairly well-written and
concise and he would literally take them apart and put
them back together word for word, time and time again.
I was disappointed not to be able to learn to write as
Dr. Ponseti wanted, and the process was at times hum-
bling and frustrating, but he was always patient and I
learned how to organize my thoughts and express my-
self in writing more clearly.

As I had expected, in the spring of 1977 I found my-
self frantically trying to put the finishing touches on
my paper for presentation at the Senior Residents Day
conference and also at the Academy meeting in New
Orleans. The presentation at the Academy was a thrill.
Prior to the presentation, I had visions of Dr. Bob Salter
taking me to task on a topic that was clearly well within
his level of expertise, but not mine. Fortunately, Dr.
Ponseti had arranged for Dr. Bill Smith from Michigan
to review the paper and raise some gentle questions in
the discussion. I felt lucky to have survived the Acad-
emy presentation and the Senior Residents Day presen-
tation in the spring of 1977.

Dr. Ponseti was generous with his praise as well as
in encouraging me to continue to work and revise and
polish the paper so it could be accepted by the Journal
of Bone and Joint Surgery. If I thought writing to satisfy
Dr. Ponseti’s taste and style was a challenge, I was not
ready for the even greater challenge of writing in a style
that was acceptable to the editors of the Journal of Bone
and Joint Surgery. My recollection is that some of the
comments from the Journal of Bone and Joint Surgery
editors surprised even Dr. Ponseti, and I think he felt
some of the frustration that I was experiencing.

I left Iowa City in the spring of 1977 to start a two-
year active duty assignment with the United States Air
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Force in Rantoul, Illinois. I had just gotten married in
the fall of 1976 and our first child, a son, was born in
June 1978. This is pertinent because I will never forget
returning to Iowa City to visit with Dr. Ponseti and his
wife Helena in their home. They were kind enough to
include my wife, Ann and our son, John, who at that
point was less than a year old. Our family will always
cherish the picture of Dr. Ponseti in one of his British
driving caps, with our son John sitting in his lap and
basking in the warm glow of Dr. Ponseti’s affection.

Looking back, I was very fortunate to have been a
resident at Iowa. I gained much more from it than I
was able to return during the years I spent in the de-
partment. My skills did not then, and do not now, lend
themselves toward original research. Along with many

others, I have found myself wrapped up in the business
of the practice of medicine throughout my career. None-
theless, I will never forget my experiences in Iowa City
in the Department of Orthopaedics. I will always re-
member my outstanding colleagues who have gone on
to distinguish themselves nationally and internationally,
and I have always felt privileged to have been able to
work with them and share in the remarkable environ-
ment in Iowa City. I do look back on my resident re-
search project with great fondness, not just for all I
learned about development of the acetabulum, how to
write for publication and how to analyze data, but for
the close relationship I developed with Dr. Ponseti dur-
ing the process and the depth of understanding I gained
from working with him on this research project.
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The opportunity to
work with Dr. Ponseti
on my long-term club-
foot study was a critical
event in my career. Dr.
Ponseti continues to be
an inspiration to me.
His life story of fleeing
from Spain when
Franco arose to power,
then finding his way
from Spain to Mexico
and then to Ar thur
Steindler’s orthopaedic
program in Iowa City
still thrills me. His life-

long commitment to the science of musculoskeletal
medicine, his clinical and scientific accomplishments
and the large number of talented orthopaedists he has
taught make him one of the greatest figures in the his-
tory of orthopaedics, and I am so pleased that he con-
tinues to have the enthusiasm and zeal to pursue new
knowledge, teach and improve treatment for ortho-
paedic patients.

In 1976, I was naive when I began the study of chil-
dren treated with clubfoot and the changes that may
have occurred over time. The tasks of locating adult
patients treated as children, arranging follow-up sched-
ules, developing follow-up function questions, selecting
physical examination parameters, defining radiographic
measurements, collecting raw data, correlating mean-
ingful data and drawing appropriate conclusions were
far more formidable than I had imagined in the start.

STERLING LAAVEG—1976
RESIDENT RESEARCH PROJECT

LONG-TERM RESULTS OF CLUBFOOT TREATMENT

Laaveg SJ, Ponseti IV: Long-term results of the treatment of
congenital clubfoot. J Bone Joint Surg 62A:23-31, 1980.

Dr. Ponseti was always gracious, patient and helpful in
advising me and encouraging me to continue. At the
time I was performing this study it seemed very time
consuming, but in retrospect I realize the time was well
worth it, and it was not as much of a burden as I may
have thought at the time.

Selecting the pertinent data and drawing meaning-
ful conclusions for presentation at my Senior Residents’
Day Conference was difficult; but writing a paper, deal-
ing with the multiple revisions, and having it finally ac-
cepted for journal publication was truly daunting. Dr.
Ponseti was extremely helpful and uniformly positive
throughout this process and always gave me thought-
ful advice, support and encouragement whenever I hit
an impasse.

The opportunity to perform this study of clubfoot
treatment taught me that good quality research is diffi-
cult and hard to deliver in a meaningful format that
contributes to the science and clinical practice of or-
thopaedic surgery. The effort left me with a much bet-
ter understanding and appreciation for the work of other
clinicians and scientists and gave me throughout my
career the critical eye I needed to review scientific work.
It was clearly one of the most valuable experiences of
my residency.

Dr. Ponseti, always with his dry sense of humor, once
told me as I was putting a clubfoot cast on a newborn
baby, “Poor baby! Your hands are so big, Dr. Laaveg.”
Dr. Ponseti was smiling at me, but the mother of the
child looked nervous. My opportunity to work so closely
with Dr. Ponseti in this program allowed me to come to
know him well. He is a rare gem to me as well as to
patients, students, residents and physicians.
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SPEECH AT 90TH BIRTHDAY FOR DR. IGNACIO PONSETI,
JUNE 8, 2004

Joseph A. Buckwalter, M.D.

Welcome to the celebration of the 90th birthday of a
friend, colleague, one of the most remarkable faculty
members in the history of The University of Iowa, and
an inspiration for us all—Dr. Ignacio Ponseti.

Much can and should be said about Dr. Ponseti’s
skilled and compassionate medical care, his inspirational
teaching and his commitment to The University of Iowa
Orthopaedics Department. I want to comment on one
of his most important contributions to the specialty of
orthopaedics—his life-long effort to give orthopaedics
a firm foundation in biology, an effort that has benefited
millions of patients throughout the world.

Orthopaedics is a very physical specialty—we use
cables, saws, hammers, drills, nails, screws, plates and
cement, and from time to time, a certain amount of
physical force. I recall, several years ago, when I sent a
grant proposal to the University Vice President for Re-
search, a very thoughtful and knowledgeable person for
whom I have the greatest respect. He made a number
of very helpful comments and then said this is a pretty
good proposal, I thought you guys were over there
pounding nails into people’s bones.

If we are doing more than pounding nails into bones,
Dr. Ponseti deserves much of the credit. I remember
Dr. Ponseti’s observation that while orthopaedic sur-
geons were refining their techniques of joint fusion and
tendon transfers for the treatment of limbs paralyzed
by polio, others were finding the cause of the disease
and, eventually, a method for preventing it.

Dr. Ponseti was born in the Balearic Islands on June
3, 1914. In 1930 he entered the University of Barcelona
where he obtained a degree in biology in 1932 and an
M.D. degree in 1936. The Spanish Civil War began just
two days after Dr. Ponseti graduated from medical
school. He worked as a physician and surgeon, provid-
ing fracture and wound care for injured soldiers, from
1936 to 1939. During the war he used the “closed plas-
ter treatment” of open fractures, advocated by one of
his teachers at the University of Barcelona. His treat-
ment of open fractures consisted of washing and de-
briding the wound, excising necrotic tissue, denuding
bone fragments and foreign matter, followed by manual

reduction of the fracture, packing the wound with ster-
ile gauze and immobilization of the limb in a circumfer-
ential plaster dressing. The only inconvenience of this
method was the bad smell. Trueta reported that the
success rate of this biologic treatment was high and
stressed that internal fixation by any means was to be
avoided. Undoubtedly, this approach saved many limbs.

After the war Dr. Ponseti immigrated to Mexico
where he practiced from 1939 to 1941, and in June of
1941 he arrived in Iowa City to work with Dr. Arthur
Steindler.

Dr. Ponseti’s strong belief in the importance of un-
derstanding tissue biology has been a powerful force
in shaping The University of Iowa Orthopaedics Depart-
ment.

Along with Dr. Ernst Freund, he helped establish the
orthopaedic pathology program. He developed one of
the first connective tissue biology and biochemistry
laboratories, with the goal of discovering the causes of
skeletal deformities including scoliosis and dwarfism.
His pioneering studies of the effect of aminonitriles on
collagen cross-linking laid the foundation for much of
current understanding of collagen biochemistry and
matrix biology. Jerome Gross, the scientist recognized
for opening the field of collagen biochemistry, credited
Dr. Ponseti as the man who inspired him to study col-
lagen. Dr. Ponseti’s commitment to finding a method of
non-operative treatment of clubfoot deformity has
helped tens of thousands of patients. The success of
his method has been confirmed by multiple indepen-
dent investigators and has spread throughout the world.

I was fortunate that when I was a medical student,
Dr. Ponseti was assigned to be my advisor. He helped
me see orthopaedics as a field of great opportunity for
progress, based on advances in understanding of the
biologic processes responsible for disorders of the
musculoskeletal system. He has been my advisor,
teacher and inspiration since the first day I met him
more than 30 years ago, and not a day passes that I do
not think of him and rely on much that he taught me.

Dr. Ponseti, thank you very much for all you have
done for me and for orthopaedics.



xx The Iowa Orthopaedic Journal

SPEECH AT 90th BIRTHDAY FOR IGNACIO V. PONSETI,
JUNE 8, 2004

Stuart L. Weinstein, M.D.
Ignacio V. Ponseti Chair and Professor of Orthopaedic Surgery

Dr. Ponseti, Helena, Bill, friends and admirers of Dr.
Ponseti and distinguished guests:

How lucky we all are to be here today to celebrate
this wonderful occasion to honor a man who has pro-
foundly affected all of us in one way or another and
changed the lives of thousands of patients, not only here
in Iowa City or in the Midwest, but around the world.

Each of us in our own way has a special relationship
with Dr. Ponseti, which I’m sure all of us are reflecting
on tonight. Each of us, as we go through life, is influ-
enced by many people: our parents, our family, our life
experiences, our environment, things that happen to us
by chance, what college we attend, where we went to
medical school, etc. However, most of us can count the
one or two people who have profoundly affected us and
helped to shape who and what we are. For me that spe-
cial person is Dr. Ponseti. It is Dr. Ponseti who had the
most profound effect on shaping who and what I am.

As we come together tonight to celebrate the anni-
versary of Dr. Ponseti’s birth, it also gives us another
unique opportunity. As we go through our lives we of-
ten look back on the things that we didn’t take time to
say to our friends, colleagues and relatives, to those we
love and care about, to tell them how we feel about them
or to say thank you. We all have that opportunity here
tonight and for me it’s a unique opportunity to be able
to tell Dr. Ponseti what he has meant to me.

I came to the orthopaedic world by a circuitous route.
I was bound and determined to be a gastroenterologist.
Thanks to my advisors, Drs. Allen Mark and Phil
Schmidt, I had already secured a residency post at the
University of California, San Francisco, but I decided
to do an elective. That elective changed my life and ca-
reer goals forever. I came into the Orthopaedic Depart-
ment at Children’s Hospital, a department that was built
on the foundations laid by Dr. Arthur Steindler and fur-
ther developed, matured and enhanced by the leader-
ship of Dr. Carroll Larson. Unfortunately, as with many
medical students at that time, I had this stereotypic view
of an orthopaedic surgeon as a physician who was
strong as an ox and half as smart. However, in walking
into Children’s Hospital in late 1969, I walked into the
land of giants, legends in orthopaedics, Dr. Carroll
Larson, Dr. Mike Bonfiglio, Dr. Adrian Flatt, Dr. Don

Kettlecamp, Dr. Jerry Laros, a young Dr. Dick Johnston,
Dr. Reg Cooper and of course, the already legendary
Dr. Ponseti. Dr. Ponseti was revered by medical stu-
dents for his kindness to them and also by the fact that
he taught them something, something useful. He had a
weekly session on how to apply plaster casts, a skill
that most physicians would use in community practice.
We also all knew that Dr. Ponseti bridged the history
of the department at that time, as he had trained under
Dr. Steindler and now was a senior faculty member
under the regime of Dr. Larson. As we all know today,
Dr. Ponseti has bridged the entire history of our de-
par tment from Steindler to Larson to Cooper to
Buckwalter.

That rotation convinced me that I wanted to be like
these men and be an orthopaedic surgeon. So, after one
year in San Francisco, I came back to Iowa City to em-
bark on my orthopaedic career. When I came into the
department in 1973, I finally got to meet and study with
the man who would become my role model. What im-
pressed me most about Dr. Ponseti was his overwhelm-
ing concern for the well-being of patients and his sin-
cere desire to provide them with the best possible care.
What I saw in Dr. Ponseti was not only a master sur-
geon, but a scientist and a teacher, and I knew from
the beginning that I wanted to be like him: his caring
manner; his quixotic quest for the understanding of the
fundamentals of disease affecting children; his making
certain as we proposed treatments that we had a full
knowledge of the pathoanatomy of the condition, its
natural history, and how follow-ups of treatments had
affected this natural history with respect to outcomes;
and how patients and their families perceived this treat-
ment. I think you all realize that what we are talking
about is what is today called “evidence-based practice,”
taking the best evidence available and merging that with
the clinical skills of the physician based on careful ob-
servational follow-ups of his practice and incorporating
patient desires. This “evidence-based practice” had been
practiced by Dr. Ponseti and, in fact, by all the mem-
bers of the Department of Orthopaedic Surgery for a
very, very long time.

I was also impressed with Dr. Ponseti’s, for lack of a
better term, “anti-surgical mentality.” Most surgical
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training programs, then and now, seemed to have an
attitude of “I’m a surgeon, what surgery can I offer this
patient” as opposed to looking critically at the disease
process, knowing its natural history, knowing the known
outcomes of treatment and which of those treatment
options had promise for altering natural history in a
positive way. I was so deeply impressed by this thought-
ful caring for patients that I just wanted to be like him.
At the time I never dreamed that I would have a chance
to work with him. I think you all should know too, that
at the time I was a resident, if you read the pediatric
orthopaedic literature, you would realize that no one in
pediatric orthopaedics around the world had contrib-
uted more to the basic understanding of pediatric or-
thopaedic musculoskeletal conditions than Dr. Ponseti.

In about October of 1975, the Chairman of the De-
partment of Orthopaedic Surgery, Dr. Reginald Cooper,
called me into his office. As any resident will tell you,
that usually meant bad news. But much to my surprise
and delight, Dr. Cooper offered me the opportunity to
join the faculty to help Dr. Ponseti. What did I think
about that idea? I could hardly believe what he was say-
ing to me. What a dream! As a baseball fan, it would be
the equivalent of asking me if I want to join the 1927
New York Yankees and play alongside Babe Ruth, Lou
Gehrig, Bill Dickey and the rest of this dream team.
What a thrill and what an unbelievable opportunity.

When I joined the faculty then in 1976 I began a new
relationship with Dr. Ponseti. He became my mentor.
He was so generous and unselfish in sharing with me
his 30 years of experience in pediatric orthopaedics. I
was like a sponge trying to absorb everything I possi-
bly could. And I must tell you, I was the envy of all of
my pediatric colleagues around the world, for they knew
of his great contributions to this specialty. How they
would have loved to have this same opportunity, to be
starting their career as an apprentice to the master.
What I think is impor tant to stress about being
mentored by Dr. Ponseti is that he wasn’t looking for a
disciple, someone just to sing his praises in the ortho-
paedic community. He was truly interested in the fu-
ture of the university, the future of our department and
the future of this specialty, and I felt that he wanted me
to succeed and that he would do anything necessary to
help me in my quest.

After several years of working together, my real edu-
cation began. The Ponseti’s had invited us to come out
to Colorado with them for their annual summer hiking
adventure. So Lynn and I joined Helena, Ignacio and
Bill Ponseti and his children for about five or six sum-
mer vacations at the Longs Peak Inn in Estes Park,
Colorado. In our long hikes through the Rocky Moun-
tain National Park in Indian Peaks Wilderness, both

Helena and Ignacio taught us about literature, art, mu-
sic and wildflowers, in addition to orthopaedics. This
was in a sense, like a private two-or-three-week tutorial.
From Dr. Ponseti I learned about growing up in Spain,
his experiences in the war, his experiences as a gen-
eral practitioner in Mexico, his wonderful story about
coming to America and the changes he noticed imme-
diately as he crossed the border into Texas in June of
1941. He also taught me about the legends of the ever-
growing specialty of orthopaedic surgery that he had
seen from the 1930’s to the 1970’s. As many of you know,
the orthopaedic surgeons in Dr. Steindler’s generation
were really the first true orthopaedic surgeons who had
separated from general surgery. Most of the great cen-
ters were located in Europe until the turn of the cen-
tury, when men like Steindler, the forefathers of Ameri-
can or thopaedic surger y, established the great
departments in the United States. All of those great lead-
ers came through Iowa City and Dr. Ponseti had a
chance to meet many of them firsthand. So, I learned a
lot about Dr. Arthur Steindler and the giants who passed
through the halls of Children’s Hospital. I learned about
the other great physicians who had been members of
the faculty at University Hospital. I learned about child-
hood diseases and conditions that I would never see.
What a priceless education and privilege I had. These
little chats are things that I have treasured throughout
my 30 years of working with Dr. Ponseti. As my life has
gotten busier and busier with orthopaedic and outside
orthopaedic activity responsibilities, these are the things
that I miss most.

About 20 years ago, in 1984, Dr. Ponseti retired. I
know that’s a surprise to all of you! We had a celebra-
tion, a two-day academic symposium and a banquet held
here at the Athletic Club. The participants in that sym-
posium were the household names in orthopaedics, men
who had made great contributions to the specialty and
who were honored to come and participate in this re-
tirement celebration for Dr. Ponseti. They included Dr.
Henr y Mankin, Chairman at Har vard, Dr. Alf
Nachemson, a noted spine researcher from Goteborg,
Sweden, Dr. Sherm Colemen, a world-renown pediatric
orthopaedic surgeon who was particularly interested in
problems of the pediatric hip, Dr. Jip James, Chief of
Orthopaedics at the University of Edinburgh and a re-
nown specialist in spinal deformity, Ruth-Wynne Davies,
a researcher also from Edinburgh who was interested
in many of the genetic conditions that Dr. Ponseti had
written about, and Anthony Catterall, probably the most
famous name in Legg-Calve-Perthes disease. The event
was attended by hundreds of former residents, fellows,
and community leaders, a true attestation to the love
and respect that all of them had for Dr. Ponseti because
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he had touched their lives in such meaningful ways. I
must admit that I viewed this occasion with mixed emo-
tions. It was a wonderful celebration of the contribu-
tions by Dr. Ponseti to our specialty, but it also meant
what I thought would be the end of our working rela-
tionship. For the two years that he was absent from the
hospital, I truly missed him. I missed the opportunities
to discuss cases with him, talk about totally unrelated
matters in the world or in the department and just the
comfort of having him across the hall. However, like
Michael Jordan, his retirement was short-lived. He came
out of retirement rejuvenated and on a crusade like Don
Quixote de la Mancha aided by his squire, Sancho, in
this case his devoted wife, Helena. I apologize, Helena,
for drawing the comparison between you and Sancho
Pancha, but I must admit when Dr. Ponseti came out of
retirement and started writing his clubfoot book, you
were his inspiration, his trainer, and his coach. You kept
him on target, motivated, focused, and provided the
necessary support to bring this project to fruition. Ob-
viously you all know that Helena is one of the top
Cervantes scholars in the world. What you don’t know
about Helena is that she is probably the second-most
knowledgeable person about clubfoot in the world. Dr.
Ponseti, our modern day Don Quixote, prepared him-
self to take on the windmills, not of La Mancha, but of
the pediatric orthopaedic world, which had totally dis-
missed his previous papers which had clearly shown
the benefit of the non-surgical management of clubfoot
treatment that he developed in Iowa City. Despite the
fact that long-term results were published,
pathoanatomy was well understood and the treatment
had 20- and now 30-year follow-up documenting its suc-
cess, these surgeons, looking for the magical “surgical
bullet”, had totally dismissed this treatment saying that
it only works in Iowa. At first, like Don Quixote, Dr.
Ponseti lost many battles and actually became discour-
aged, and was beginning to teach the method to the
only group who would listen, the podiatrists. But then
several things happened. First, the Pediatric Ortho-
paedic Society of North America was having a pre-an-
nual meeting symposium on clubfoot. Thinking that Dr.
Ponseti had now long since retired from active life, they
invited me to give a presentation on clubfoot. I immedi-
ately called the chairman of the session and suggested
to him that he invite Dr. Ponseti. I told him Dr. Ponseti
was extremely active running a busy clubfoot service,
would have a lot to offer the audience, and that it would
be a treat for them to hear him make the presentation.
This presentation, although I’m sure it was shocking to
most, provided the first crack in this almost impen-
etrable clubfoot surgical treatment wall. The second and
most important breakthrough came when this man born

in the second decade of the twentieth century was
united with the most significant breakthrough in the
last decade of the century, the Internet.

It was the Internet that helped Dr. Ponseti harness
the most important force for change in the medical
world, patients. One of my clubfoot patients here in Iowa
City, noting that there was no information available on
the Internet for parents of children with clubfoot, started
a web site. Then one of Dr. Ponseti’s patients further
developed that information and the floodgates were
opened. It was essentially a “field of dreams” once again
happening in Iowa, a “build it and they will come” men-
tality. The revolution had begun and pediatric ortho-
paedic surgeons from around the United States and the
world started to come to Iowa City. It was interesting
for me to watch these individuals come to Iowa City
and almost beg for forgiveness for thirty years of “sin-
ning.” Most of them, as I see them today, have been
“born again” after their visits to Iowa City and seeing
the wonderful results firsthand in this method of club-
foot treatment.

Now, on a weekly basis pediatric orthopaedic sur-
geons from around the world come to study at the feet
of the master. Dr. Ponseti now spends countless hours
with these individuals, tutoring them on a one-on-one
basis as to the appropriate application of the method,
application of the post-treatment splints and follow-up
care. How wonderful it is for me to see the patients
coming through the clinic, as Dr. Ponseti does most of
his castings in one of the rooms in my clinic. I see these
parents come to Iowa City with despair and tremendous
anxiety, most of them misinformed about treatment of
clubfoot. Many of them feel this is their last chance to
have a normal child and to prevent them from becom-
ing crippled. To see the love and gratitude that these
parents have after the first cast is removed, and their
almost-disbelief at the end of treatment as to how nor-
mal their children’s feet are—what a sight to behold.

All of us who are physicians profoundly affect two
groups of people in our lives; we profoundly affect our
families and the patients we treat. While all of us make
contributions to medicine in different ways, few of us
will make contributions that will last a lifetime. But all
of us in this room must take great pride in seeing how
this one man, Dr. Ponseti, has helped change one as-
pect of medicine, the treatment of clubfoot, for thou-
sands of patients now and hundreds of thousands of
patients in the future.

The only sad commentary about this story is that,
thanks to the work of doctors like Shaique Pirani, the
treatment of clubfoot was solved in the developing
world, in his case, Uganda, prior to it being solved in
the first world, here in the United States. But how com-
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forting it must be to Dr. Ponseti to realize that he has
helped change the world and prevent millions of chil-
dren from being crippled by this disorder.

One of the side benefits that I have seen from this
recent success is the rejuvenation of Dr. Ponseti. To
me, he looks younger and spryer now than I think he
did twenty years ago when he retired. In fact, recently
a reporter from the Des Moines Register called me to
do an interview about Dr. Ponseti and the clubfoot treat-
ment. I told him that with each passing day, Dr. Ponseti
is getting younger and younger, and in fact it wouldn’t
surprise me if he outlives me and is someday named
the Weinstein Professor of Orthopaedic Surgery.

Finally, on a personal note, of all the wonderful things
that have happened to me in my professional life, none
has been more meaningful to me than being named the
Ignacio V. Ponseti Chair of Orthopaedic Surgery. This
wonderful honor, which was bestowed on me 17 years
ago, was a tremendous personal honor, but with that
honor came a ver y heavy responsibility. When
fundraising for this chair from alumni and friends of

the department was begun in 1984, the purpose of the
chair was to be able to honor Dr. Ponseti in perpetuity
through the actions and deeds of the chair holder. To
me, this has been a sacred responsibility.

Dr. Ponseti, I want you to know that I mention your
name everywhere I go and in every scientific lecture I
present. I thank you publicly for all you have meant to
my personal and professional life. Also, as I take care
of pediatric orthopaedic patients here at University
Hospital, I try to make certain that the patients and fami-
lies who seek our care get the best possible and most
thoughtful care available anywhere in the world. The
honor of having a chair in your honor, to me means
that you will always be by my side, in my thoughts, my
deeds and in my life. As I mentioned earlier in this pre-
sentation, life often passes by without our having the
opportunity to tell the people we care about how we
feel about them. Words really can’t express what you
have meant to me and to my life. You have been, you
are and will always be my hero. I love you very much.
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DR. PONSETI’S 90TH BIRTHDAY SPEECH, JUNE 8, 2004

Ignacio V. Ponseti, M.D., Iowa City, Iowa

Thank you, Jody Buckwalter, Stu Weinstein, and the
staff for celebrating my birthday among friends and
colleagues. My special thanks to Paul Etre for organiz-
ing the event and to Naomi Davis and Gavin DeKiwit
from England for coming from far away to give distinc-
tion to this occasion.

Throughout my life, I have had good luck. When I
was a student in the 1930s in the medical school of The
University of Barcelona, the school was one of the best
in Europe, owing to the fact that following the fall of
the monarchy in 1931, the University became autono-
mous—independent from the central government of
Madrid. The faculty was doubled, a large new hospital
was added, and a number of promising graduates were
sent to Vienna, Berlin, Boston and Chicago to bring
back the latest scientific advances in medicine.

Again, I was lucky to finish medical school one day
before the Spanish Civil War started in 1936, and to be
assigned to work for two years with Jimeno Vidal back
from Vienna, where he worked on trauma with Bohler.
Then, for one year I worked with Adolfo Ley, back from
Boston and Chicago, where he studied neurosurgery
with Cushing, Bucy, and Baily.

After my experience during the three years of the
Spanish Civil War—the exodus to Beziers in southern
France—I spent one-year-and-a-half in the village of
Juchitepec, south of Mexico City, where I had to deal
with an epidemic of typhoid fever. For me, to come to
Iowa City was a stroke of good fortune, for finally I
found myself at home.

My choice of coming to the University of Iowa was
guided by Dr. Juan Farill, professor of orthopaedic sur-
gery at The University of Mexico, who had trained in
the early 1930s with Dr. Steindler. I arrived in Iowa City
63 years ago, on my 27th birthday, a wonderful birth-
day present.

Dr. Steindler’s Orthopaedic Department was consid-
ered one of the best in the United States. Dr. Steindler
was a refined and cultured man. My first assignment,
before the start of residency in July, was to translate
into Spanish the 20 lectures he was to deliver at The
University of Mexico, and to teach him how to pro-
nounce them correctly.

The State of Iowa had a very progressive program
of medical care—the University Hospitals provided free
treatment for indigent patients. Twenty years before I
came, the Orthopaedic Department occupied the east

side of the newly built Children’s Hospital, with 100
beds. Children’s Hospital had laboratories for biochemi-
cal research, bone pathology, clinical research, physi-
cal therapy, and a brace shop. All the braces for Iowans
were made in this shop. We, the residents, lived on the
second floor.

The greatest legacy of Dr. Steindler was to establish
the basic principles of a model orthopaedic department
in a rising university with teaching, research and pa-
tient care as full-time occupations. Health care had to
be based on sound scientific and clinical research. Ex-
tensive files with records and X-rays of all patients, go-
ing back to 1920, were available through a full-time sec-
retary for research. I spent many a night studying the
natural history and results of many orthopaedic disor-
ders treated in Iowa City. Long-term results of club foot
treatment I found to be very bad. Those of congenital
dislocation of the hip, and of Legg-Perthes, were bet-
ter.

When the second world war started 6 months after
my arrival, many faculty and residents, as well as young
doctors in the state, had to enlist in the military. In
Orthopaedics, we were left with one staff and about 4
residents to take care of an increased number of pa-
tients. We worked 12 to 14 hours each day for twenty
dollars a month for the first year, with room and board.
Then, and for many years after, salary was not a sym-
bol of one’s status. Health care was not for business. At
that time, polio epidemics filled our infectious disease
area, and in fall we sometimes had over 600 patients,
40 or so needing iron lungs to breathe. How could the
afflicted families pay for this? They didn’t have to.

At the end of the war, veterans returned to complete
their orthopaedic training. Our time for research in-
creased. With Barry Friedman and the help of pediatri-
cians, neurologists and endocrinologists, we did exten-
sive clinical and laboratory studies of close to 400
patients with idiopathic scoliosis. These studies revealed
that the prognosis of the spinal deformity varied accord-
ing to age at onset and to the site of the curves in oth-
erwise normal patients. This study has been continued
by Stu Weinstein and Lori Dolan, bringing us much
useful information.

In searching for an animal model for scoliosis, I stud-
ied this deformity reproduced in rats and rabbits fed a
diet containing sweet pea seed. Early in my experiments,
I noticed that the young rats fed the sweet-pea meal
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died from dissecting aneurysms of the aorta. The skel-
etal lesions observed in very young rats occurred in
the growth plates, causing slipped epiphyses. Ky-
phoscoliosis was seen to develop as a result of slippage
in the weakened vertebral growth plate and detached
intervertebral ligaments.

The sweet pea caused the collagen in rats to be weak
and soluble in salt saline. My findings opened a new
field of study by biochemists. They discovered the struc-
ture of collagen to be formed by a triple helical protein
with three polypeptide chains wound around each other.
The aminonitrile in the sweet pea disrupted the cross-
linking, weakening the collagen. This led to the under-
standing of the molecular defects in Marfan’s, Ehlers-
Danlos syndrome, and other genetic deficiencies. Much
more work on collagen still lies ahead.

My research was possible because of the unique in-
terdisciplinary setup in this university in the 50s and
60s. I worked with Stan Wazoneck in organic chemis-
try to identify the poison in the sweet pea, with Witschy
in zoology to study the lesion in tadpoles. I worked with
Warren Nelson and Nick Halmy in anatomy, with Muir
in botany, and with Bob Shepard in physiology as he
worked on his Ph.D. under my direction. Later on, the
electron microscopy laboratory, established by Reg
Cooper, was a basic addition for research. Dr. Bonfiglio
was in charge of bone pathology. This university was a
working paradise.

The ideals of the founders of our medical school have
been maintained by men of vision, thanks to presidents,
administrators, deans, chairmen, and colleagues:
Howard Bowen, Sandy Boyd, John Colloton, Jack
Eckstein, Bob Hardin, Paul Seebom, Jim Clifton, Carol
Larson, Reginald Cooper, Jody Buckwalter, Stu
Weinstein, and many others.

Personally, I could not have worked without the com-
mitment of residents, nurses and secretaries: Miss
Gould, Gwen Rarig, Stella Horst and recently Maria
Paulsen, Susan Crimmins, Joyce Roller, Nancy Love,
Gloria Yorek and others.

It is this university’s setup that has made it possible
for our staff to lead the world in orthopaedic surgery.
Drs. Steindler, Weinstein and Buckwalter have been
presidents of the American Orthopaedic Association.
Drs. Larson, Cooper, and now Weinstein have been
presidents of the American Academy of Orthopaedic
Surgeons, and six members of our department have
been presidents of the Orthopaedic Research Society,
which I co-founded in 1954 (Ponseti, Bonfiglio, Cooper,
Brand, Buckwalter and Brown). A number of us have
been advisers to the National Institutes of Health and
members of the editorial boards of leading orthopaedic

journals. A number of seminal articles have come out
of our department.

When I turned 70, I had to comply with the manda-
tory retirement age. I was named professor emeritus.
For two years I found enjoyment in studying Renais-
sance and modern art in the Art Department. Then, I
went back to my laboratory to work on elastin in con-
sultation with Michael Solursh.

I missed my patients, however. Stu Weinstein sug-
gested I help with club foot patients. A 30-year follow-
up by Doug Cooper and Fred Dietz of patients I treated
with my technique in the 50s and 60s revealed good
functional results, whereas club foot surgery through-
out the orthopaedic world continued to bring disappoint-
ments. My papers on this subject were ignored.

My wife, Helen, suggested that I write a book on my
method of treating club feet. She offered to type it for
me on the computer. No publisher in the U.S. was in-
terested. Stu Weinstein and Jody Buckwalter, who had
contacts since his professorship in Oxford, were instru-
mental in getting my book published by Oxford Uni-
versity Press in 1996.

John Herzenberg from Baltimore was the first to read
my book and promote my method. However, only a few
orthopaedic surgeons were willing to give up surgery.
Charles Saltzman advised me to summarize my work
in our Virtual Hospital on the Internet.

A developer in Las Vegas, Martin Egbert, whose sixth
child was born with club feet, was horrified, reading
for three months the variety of operations performed
on babies with this deformity. After calling Herzenberg
and others to inquire about my technique, he called me
on the phone several times. Finally, I just told him to
stop shopping around and let me fix his baby.

After three weeks in Iowa City, his son’s feet were
corrected. On the way home with his wife, Allyson, they
determined to start a web site to inform parents that
surgery is unnecessary to correct club feet. Today,
hundreds of web sites by parents here and abroad have
been instrumental in turning around club foot treatment.
John Mitchell, a master craftsman, and I, constructed a
club foot model to show doctors and physician assis-
tants how to move the joints to correct the deformity.
Today, John Buchanan, a brilliant adviser on the estab-
lishment of new enterprises, is making it possible for
John Mitchell to expand the production of his new foot
appliances to maintain the club foot correction.

It has been touching to me to witness how parents
know from the first manipulation and removal of the
first cast, that their baby’s feet are on the way to nor-
mality. This is in shocking contrast to surgeons who
cut ligaments, lengthen tendons, open joints and pin
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bones to align the foot, unaware of the irreparable dam-
age they do.

Today, after half a century, I feel vindicated as
Shafique Pirani and Norgrove Penny, backed by the
Rotarians, are introducing my technique throughout
Africa, India, and China. Naomi Davis and Gavin
DeKiwit are disseminating the treatment throughout
Great Britain and beyond, as have Ernesto Ippolito in
Italy, Ana Ey in Spain, Berard in France, Sinclair in

Germany, Romanus in Scandanavia, and other doctors
in Israel, Turkey, Portugal, Brazil, Uruguay, Argentina,
Chile and Japan. Translations of my procedure are be-
ing made in seven languages.

I want to express my most profound gratitude to the
outstanding leaders, professionals, and friends of this
wonderful university for their support and contributions
to my work throughout the years. It could not have been
done anywhere else. Thank you.
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ABSTRACT
The purpose of this study was to develop an

imageless (without preoperative computerized to-
mography (CT) scans or intraoperative fluoros-
copy) computer navigation system for total hip
replacement. One-hundred and ninety-five hips
were operated with imageless computer naviga-
tion. Eighty-five hips were operated prior to ob-
taining precise results, with precision refined in
the subsequent 110 hips. Computer accuracy for
cup-adjusted anteversion was achieved in 100%
of the final 40 hips, and for adjusted inclination
in 96.6%. The factors necessary for accurate mea-
surements are mechanical stability of the tools with
the light-emitting diodes, adjusted computer an-
teversion and inclination for the tilt of the pelvis
(tilt in the AP plane), and check-and-balance tech-
niques for confirmation of measurements of tilt,
anteversion and inclination.

INTRODUCTION
In 1998, DiGioia et al.2 won the Aufranc Award of

the Hip Society for his pioneering work using computer
navigation for cup placement. He used preoperative
computed tomography scans to define the desired po-
sition of 40 degrees abduction and 20 degrees antever-
sion for an individual patient, and then use this infor-
mation intraoperatively to achieve this goal. After
DiGioia presented his findings, there was an enthusi-
asm born for computer navigation methods. DiGioia
continued to report his results, which showed precision
of cup placement with his image-driven navigation even
with small incisions. Jolles et al.4 had the same preci-
sion with plastic pelvis models which had image-driven
navigation and the average error of 1.5 degrees ante-
version and 2.5 degrees abduction. Nogler et al.9 used
an imageless system in cadavers and found more con-
sistent placement of the cup than with mechanical
guides.

The necessity for a preoperative CT scan, or even
intraoperative fluoroscopy, has been a deterrent to the
use of navigation for many surgeons. This technique
seems cumbersome and impractical to most surgeons
in their busy practice. For this reason, interest in an
imageless navigation system for total hip replacement
became prevalent among those interested in navigation.
This study was initiated with the hypothesis that an
imageless computer navigation system could be devel-
oped which would be more accurate than manual meth-
ods and would be easy and efficient to use with little
risk of complication. This system would then be practi-
cal for the practicing orthopedic surgeon and would
provide the surgeon with “real time” knowledge of the
component position. This knowledge would reduce the
risk of impingement of the total hip replacement which
was being performed.

MATERIALS AND METHODS
In February 2003, with approval of the Institutional

Review Board and with informed consent of the patients,
a clinical investigation was begun of an imageless com-
puter navigation system. This imageless computer-as-
sisted navigation was approved by the Federal Drug
Administration (FDA) in November of 2003. The antici-
pated complaints were mostly associated with the use
of percutaneous pins for placement of the base supports
for the antennae which held the light emitting diodes.
The operation was performed identical to a surgery
without computer assisted navigation. The intraopera-
tive registration of the acetabulum was non-invasive.
Component placement could be performed by the sur-
geon, as needed, if there was mechanical or computer
malfunction.

All operations were performed by a single surgeon
(LDD). None were performed by residents or fellows.
The operations were performed with a posterior mini-
incision measuring 8-10 cm as previously described1.
Implants used were the anatomic porous replacement
stem (APR, Zimmer, Warsaw, IN), the Converge cup
(Zimmer, Warsaw, IN) with either a Metasul (Zimmer,
Warsaw, IN) or Durasul liner (Zimmer, Warsaw, IN). In
these patients, the largest femoral head which could be
used was used. The only head sizes available for
Metasul was 28 mm, so its use was limited to 49-51 mm
sockets. For Durasul, 32 mm heads were used for 51-
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55 mm sockets, 38 mm for 57-61 sockets, and above 61
mm a 44 mm head was used. No extended liners were
used.

Technical Aspects of Imageless Computer
Navigation

The tools to be used during surgery for registration
of anatomy and components must be calibrated prior to
use. The calibration allows the computer software to
identify the tools during use. Calibration is accom-
plished by the scrub technician and the circulating
nurse while the patient is being prepared for anesthe-
sia, and requires approximately 5 minutes.

Navigation data is recorded using a Polaris Optical
Localization System (Polaris, Northern Digital Instru-
ments) using light emitting diodes (LED) (Figure 1).
Surgical instruments and patient references are
equipped with reflective spheres allowing tracking of
their location during the surgery. The navigation soft-
ware is image-free. The coordinate system and other
reference points of the patient are digitized using a dedi-
cated instrument, the registration pointer. All landmarks
are digitized in relation to a patient reference that is
rigidly fixed to the relevant bone of the patient.

The registration of the anteroposterior (AP) plane of
the pelvis (anatomic coordinate system) is done after
the patient is anesthetized (Figure 2). This can be done
while the anesthesiologist is completing the prepara-
tion, such as inserting arterial lines. The skin over the
pelvis is sterilized with Betadine (Purdue Pharma L.P.,

Stamford, CT). A metal base plate is attached to the
iliac crest with three percutaneous threaded 1/8-inch
pins (Zimmer, Warsaw, IN). This metal base holds the
pelvis antenna with the light emitting diodes (LED) for
registration of pelvic information. The pelvic reference
used for navigation is a unique modular design allow-
ing removal of the antenna from its base and placing it
back later in the exact same location. The registration
pointer guide is touched to each anterior superior iliac
spine (ASIS) and the pubis. The pointer touching the
ASIS does not need to puncture through skin to the
bone, but this should be done if there is fat over the
ASIS obscuring the prominent bone. The pointer should
always puncture through skin to the pubic bone because
of the thickness of fat over the pubis. The cephalad
border of the symphysis pubis is palpated and the
pointer is directed to the pubic bone just below this
border so that it contacts the pubic bone near the left
or right pubic tubercle. The pubic tubercle is not pal-
pable in many patients because of the thickness of fat.
This process of registration of the AP plane requires
no more than ten minutes to accomplish.

 The patient is turned to the lateral decubitus posi-
tion and secured with pelvis and chest supports to mini-
mize pelvis motion during the operation. The long axis
of the body in the lateral position is registered by touch-
ing the pointer to the posterior pelvic and chest sup-
ports (Figure 3). The computer software mathematically
computes the tilt of the pelvis (tilt of AP plane) in the
lateral position. This process takes one minute of time.

Figure 1. The AP plane of the pelvis is being registered with the
pointer guide on the anterior iliac spine. The pelvic base with the
light-emitting diodes on the tracker and the pointer are seen by the
optical camera at the head of the table which is attached to the
hardware for the navigation system. The computer screen is on a
separate piece of equipment.

Figure 2. The AP plane of the pelvis is registered with the patient
in the supine position by touching the digitizing probe to the bone
of the two ASIS and pubis.
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If just the acetabulum is to be navigated (no femoral
navigation), the leg length and offset of the hip can still
be determined. After incision to the level of the greater
trochanter and prior to dislocation, the greater tro-
chanter is touched with the pointer to register the pre-
operative position. A divot in the trochanter bone is
made so the initial site can be located after the recon-
struction. When the replacement is completed and the
hip relocated, the change in offset and leg length are
recorded by touching the same site on the greater tro-
chanter (Figure 4). The software can then compare the
preoperative and post-implantation positions.

There are three registrations of the acetabulum done
intraoperatively (Figure 5). After exposure of the ac-
etabulum, and removal of the pulvinar to expose the
cortical bone of the cotyloid notch that represents the
medial wall, the pointer is used to touch the acetabular
bone. The first registration locates the center of rota-
tion (CR) of the hip and is performed with 16 touches
of the inner wall, avoiding the cotyloid notch. The sec-
ond registration is named ‘the Mosaic.’ By touching the
periphery of the bone, the medial wall and cotyloid
notch, the outline of the acetabular anatomy is obtained.
The third set of points is named the ‘fit plane’ and the
data is obtained by six points on the periphery of the
acetabulum that defines the inclination and anteversion
of the natural bone. Osteophytes and the cotyloid notch
need to be avoided with this registration.

Three-dimensional change of the center of rotation
during acetabular preparation and implantation is given
by numerical changes in the superior-inferior,
mediolateral and anterior-posterior planes during ream-
ing (Figure 6). The medialization of the center of rota-
tion can be anticipated from preoperative planning.
When the cup is implanted, the inclination and antever-
sion, adjusted for the tilt of the AP pelvis, are visual-
ized on the computer screen and the surgeon can ad-
just the cup position to the numerical position required
(Figure 7).

The cup position is known because of the LED on
the cup holder. If the antenna attachment becomes
loose, the values can be wrong. For this reason, we al-
ways confirm the reading from the cup holder by per-
forming a fit-plane measurement of the metal edge of

Figure 4a. The point of registration on the greater trochanter is
marked with methylene blue so that it can be easily found at the
completion of the hip replacement.

Figure 4b. The change in leg length and offset are measured by
touching the same point on the greater trochanter with the regis-
tration pointer.

Figure 3. The patient is in the lateral position for the operation and
supported by two pelvic and two chest supports. The two posterior
supports are those touched by the registration pointer to register
the longitudinal axis of the body. The registration of the long axis of
the body is done by creating a triangle on the two posts. This figure
illustrates the triangle with two points on the pelvic post. A second
tilt measurement is done with the triangle reversed with two points
on the chest post. The pelvic and femoral antennae with light-emit-
ting diodes are shown.
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cup. Furthermore, if a screw is used, it is possible to
change the final position. A fit plane should be done to
record any change in position that occurred. The fit
plane is also done after the liner is impacted into place
to determine any change that occurs with that impac-
tion.

Figure 7. The cup implantation is shown in the lower left quadrant.
The upper quadrant shows the position of the cup relative to the
acetabular bone including medial wall. The CC, ML and AP num-
bers provide the center of rotation superior displacement (CC),
medialization (ML) and AP displacement (AP). The numbers on
the left give the numerical inclination and anteversion, and AdjAV
and AdjI. The lower right quadrant gives the native acetabulum
values, and the gray lines show what portion of the cup would be
uncovered. The amount of coverage is only illustrative.

Figure 8. The measurement of the fit plane of the acetabular cup is
done by touching the metal edge of the cup at six points with the
registration pointer.

the cup after the cup holder is removed (Figure 8). Six
points are touched on the circumference of the metal
edge to confirm the inclination and anteversion of the

Figure 5. The acetabular bone is touched by the pointer guide as
seen in the lower left-hand quadrant. The computer screen shows
the outline of the AP and ML dimensions of the acetabulum with
the medial bone marked by yellow dots. The lighter central dot
measures the center of rotation of the hip. This is seen in the up-
per two quadrants. The lower right quadrant shows the inclination
and anteversion of the native acetabulum as determined by the fit
plane.

Figure 6. The reamer in the acetabulum is shown in the lower left-
hand quadrant. The position of the reamer relative to the acetabu-
lar peripheral bone and medial wall is shown in the upper two
quadrants. The CC is center of rotation (positive number means
superior displacement); ML is mediolateral displacement from the
center of rotation by the reaming (negative number means medial
displacement); AP is the anterior-posterior position of the reamer
(negative number means posterior displacement). The numbers
on the left give the angular position of the reamer in the acetabu-
lum both by inclination and anteversion, which is also adjusted.
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Data Collection
One-hundred and ninety-five total hip replacements

were performed with computer navigation between
February 2003 and October 2004. Eighty-five hips were
operated on in 79 patients in 2003 (group 1), and 110
hips in 100 patients in 2004 (which were divided into
70 patients operated on between January and July 2004,
group 2; and 40 patients operated on between July and
October 2004, group 3). The demographics of the pa-
tients in these groups were not different.

The first 85 hips from 2003 (group 1) included 53
men and 38 women. The 110 hips (groups 2 and 3) in
2004 included 54 men and 56 women. The age aver-
aged 63 + 11 years (37-89) versus 63 + 13 years (32-90);
the body mass index (BMI) was 28 + 5 (20-44) versus
26 + 5 (17-45). The diagnosis in 85 hips (group 1) ver-
sus 110 hips (group 2 and 3) was osteoarthritis in 76
versus 91, post-trauma in three versus one, osteonecro-
sis in three versus 11, and congenital disease of the hip
in three versus seven.

Accuracy of a measurement is comparison of the
measured value to the true value (i.e., the computer
anteversion vs. the true anteversion of the cup). Preci-
sion is the agreement between two measured values to
demonstrate reproducibility of a test. If the values tested
are the same as the true value, then both values are
also accurate. To determine the accuracy of the radio-
graphic technique, and the computer navigation tech-
nique, postoperative CT scans were obtained which
were considered the true value of cup anteversion.

The radiographic technique used for measurement
of anteversion was published in 1996.12 It requires an
AP pelvis radiograph centered over the symphysis pu-
bis, and an AP hip radiograph centered over the hip.
Centering the AP hip radiograph was difficult with the
immediate postoperative radiograph, so it was only used
to confirm anteversion versus retroversion. Data from
comparison of 100 radiographs showed an average dif-
ference of 3.6 + 2.0 degrees, so that the radiographic
anteversion used for comparison to the computer ante-
version was that of the AP pelvis radiograph plus four
degrees.

Postoperative CT scans were obtained from 15 pa-
tients in group 2 to validate the radiographic and com-
puter numbers. The CT scan images were segmented
using Navitrack CT-based hip software (Orthosoft,
Montreal, Canada) to reconstruct the 3-D model of the
pelvic bone with the implanted cup. The planning mod-
ule of the Navitrack CT-based hip software is used to
evaluate the implanted cup orientation based on the
coordinate system used during the surgery. The coor-
dinate system is defined by aligning the frontal plane
to both the ASIS and the pubic tubercles, and the lat-

eral axis through the ASIS. Generic cup models can then
be superimposed to the postoperative reconstruction of
the implanted cup. The resulting inclination and ante-
version angles can then be compared to the navigation
data.

Precision of the measurements were given a margin
of error of five degrees so that the radiographic and
computer values had to be + 5 degrees of each other or
the computer number was considered an outlier. Five
degrees was the margin of error because: 1) The dif-
ference between AP pelvis and AP hip radiographs was
four degrees; 2) The range of difference between post-
operative CT scans of cup position and postoperative
radiographs in 15 patients was 0-5 degrees (average 1.8
degrees); 3) The average range between the 15 postop-
erative CT scans and computer navigation cup position
was 0-6 degrees (mean 2.7 degrees); and 4) The stan-
dard deviation in postoperative radiographs for inclina-
tion and anteversion by this same radiographic tech-
nique for 105 hips performed without navigation was
38.4 + 6.3 degrees for inclination and 20.1 + 5.7 degrees
for anteversion. The authors felt the computer must
have better accuracy than their data from manual im-
plantation of the identical cup.1

Development of Precision of Anteversion and
Inclination

Four lessons were learned during the nearly one-year
time period during which the first 85 hips were oper-
ated. The first 17 hips in this group had 13 (76%) outli-
ers. In these hips, the pins holding the base for the
pelvic antenna would loosen with anterior retraction of
the femur and/or impaction of the cup. The base was
moved to the thickest bone of the iliac crest, about 5
cm posterior to the ASIS, and secured to the bone with
horizontal 1/8-inch threaded pins. The pin site was lo-
cated by marking it with methylene blue through the
pin holes on the base plate, a stab wound with a #15
scalpel blade was done, and the pins inserted.

The second lesson was that the tilt of the pelvis must
be calculated into the anteversion and this was mea-
sured in the next 40 hips (hips number 18-57) with the
patient supine on the operating table. Tilt of the pelvis
(which reflects tilt of the AP plane) means flexion (an-
terior tilt) or extension (posterior tilt) to the longitudi-
nal axis of the body (Figures 9A and 9B). The actual
anteversion decreases with flexion (anterior tilt) and
increases for extension (posterior tilt). The effect on
anteversion is not 1:1 for the degree of tilt, so the com-
puter software calculates a true anteversion and this is
expressed as the adjusted anteversion (AdjAV). After
measurement of tilt in the supine position, the patient
was turned to the lateral position for a posterior ap-
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proach and precision improved with this AdjAV to 50%
(20 of 40) outliers. However, in 16 of 40 patients (40%)
the tilt value did not make sense, (i.e., anterior tilt re-
sulted in an increase of the anteversion) so the tilt mea-
surement was still not accurate.

The third lesson was that the registration of the AP
plane had to be done by contact with the registration
pointer to bone. The fat layer over the pubis is always
thick so it is necessary to puncture the skin over the
pubis and contact the pubic bone with the tip of the
registration pointer. If the bone of the ASIS was cov-
ered by more than just thin skin, then the probe was
punctured through skin to contact this bone also. Pre-
cision improved to 30% outliers for AdjAV in the next
13 hips (numbers 58-70), but the tilt was still not accu-
rate.

The fourth lesson was that the precision would not
be within five degrees unless the AP plane was regis-
tered in the lateral position, so that the correct pelvic
tilt in the position of operation was known. However, in
the next 15 hips (numbers 71-85) it proved too techni-
cally difficult to access the downside ASIS and the pu-
bic bone for accurate registration of the AP plane in
the lateral position. The engineers at Orthosoft discov-
ered that the AP plane could be registered supine, the
patient turned to the lateral position, and the longitudi-
nal access of the patient registered from the posterior
supports (Figure 4).

One-hundred and ten hips (numbers 86-195) had the
AP plane of the pelvis registered supine and the tilt of
the pelvis registered with the patient positioned later-
ally. In 51 of these patients, the tilt of the pelvis was
registered in both the supine and lateral positions to
confirm that there was a change in the tilt. The pelvis
was flexed (anterior tilt) in 40 of 51 hips (78%) while
supine, and in these 40 hips the pelvis extended when

changed to the lateral position. In 30 hips (60%), this
extension was more than five degrees and the pelvis
was absolutely extended (posterior tilt beyond 0) in 26
of 51 (50%) when laterally positioned.

In the first 70 hips operated with this registration
technique, seven (10%) were outliers for computer an-
teversion and 16 (23%) for inclination (Table 1). Four
additional causes of outliers were determined to be: 1)
The inclination had to be adjusted for tilt of the pelvis
(AdjI); 2) The tilt measurement itself had to be correct
100% of the time; 3) The security of the LED on the cup
holder, or the attachment of the cup holder to the cup,
could loosen which would distort the measurements;
and 4) A change in cup position could occur by place-
ment of a screw, testing the stability of the cup, or hit-
ting the liner into its locked position (all of these being
done after the cup holder was removed).

In the final 40 hips (numbers 71-110), the tilt was
tested in 23 patients by measuring it on both the poste-
rior pelvic and chest supports (Figure 3). The final po-
sition of the cup was measured by the fit-plane mea-
surement (Figure 8) as a confirmatory test for the cup
holder after insertion of a screw or insertion of the liner.

Data Evaluation
Data analysis was performed on the 110 hips of

groups 2 and 3. The mean inclination and anteversion
for the computer and the radiographs was computed
for all 110 hips. The first 70 hips (group 2) did not have
the fit-plane measurements performed and did not have
AdjI, so the effect of these two techniques was mea-
sured in the last 40 hips (group 3). The means for AdjAV
and AdjI, and the individual match of computer AdjAV
and AdjI to radiographic anteversion and inclination
were done for each hip.

The fit plane was measured in all 40 hips of group 3
by touching the edge of the cup after the cup holder
was removed and nothing else had been done to the
cup. This value was used just to confirm the numbers
obtained with the cup holder. The fit plane was also done

TABLE 1
Outliers

Group 1 Group 2 Group 3
Cup Position 85 hips 70 hips 40 hips

Inc. 48 16 1*
AV 35 7 1

Inc = inclination
AV = anteversion with AdjAV being for supine tilt for group 1, and
in the lateral position for groups 2 and 3.
* In group 3 this data is for 29 hips with AdjI

Figure 9a.  Anterior tilt of the pelvis means that the pelvis is flexed
(forward facing) from the longitudinal axis of the patient.

Figure 9b.  Posterior tilt of the pelvis means that the pelvis is
extended (facing backward from the longitudinal axis of the body).
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in all 40 hips after the acetabular liner was malletted
into place by touching six points on the periphery of
the liner. In 18 hips, a screw was inserted through the
cup and a fit plane was performed after the screw in-
sertion to measure any change in position caused by
the placement of the screw.

Statistics
SPSS Statistical Software (SPSS Inc., Chicago, IL) was

used to analyze the data. Statistical analysis consisted
of a descriptive analysis (mean, standard deviation, and
range) for inclination, AdjI, anteversion, AdjAV, and fit
plane, as well as a paired t-test to evaluate the differ-
ence between computer navigation and radiographs. All
of these data had normal distribution.

RESULTS
Clinical results have shown no complications with the

use of the computer system. There have been no com-
plications with the use of pins in the pelvis and femur.
One patient had complaints of a keloid-like scar of the
pin sites of the femur. There were no dislocations in
the 110 hips and no reoperations.

CT scans in 15 hips showed radiographic and CT
anteversion differed by a mean 1.8 degrees (range 0-5
degrees); radiographic and CT inclination differed by a
mean 2.0 degrees (range 0-5 degrees). These results
validated the accuracy of the radiographic technique.
Computer AdjAV had a mean difference from CT ante-
version of 2.7 degrees (range 0-6 degrees) and com-
puter versus CT inclination was 2.8 degrees (range 0-
10 degrees). Computer variance was one degree greater
than radiographic, because AdjI and fit plane were not
done in these hips.

The overall group of 110 hips had a mean computer
inclination of 39.1 + 4.4 degrees (range 28-53 degrees),
and radiographic inclination of 41.1 + 5.0 degrees (range
31-51 degrees). The AdjAV was 23.6 degrees + 3.8 de-
grees (range 15-35 degrees) and radiographic antever-
sion was 23.4 + 4.1 degrees (12-32 degrees). To deter-
mine outliers, each computer measurement was
matched to its radiographic measurement and was con-
sidered an outlier when these measurements were not
within five degrees of each other.

Inclination
Computer inclination of the cup in 70 hips (group 2)

was a mean 38.0 + 3.8 degrees (range 28-46 degrees);
radiographic inclination was 40.0 + 5.0 degrees (range
31-51 degrees) (p = 0.006). Sixteen of 70 hips (23%) were
outliers (range 6-12 degrees).

Computer inclination of the cup in 40 hips of group
3 was a mean 41.0 + 4.8 degrees (range 33-53 degrees);
radiographic inclination was 43.1 + 4.4 degrees (range
31-51 degrees). Three of 40 hips (7.5%) were outliers.
Two of the three did not have AdjI. AdjI in 29 hips was
a mean 41.6 + 4.8 degrees (range 32-48 degrees) ver-
sus radiographic AdjI of 43.1 degrees + 4.2 degrees
(range 31-49 degrees) with one outlier (computer 32
degrees, radiograph 43 degrees).

Improvement of outliers by use of AdjI and fit-plane
computer inclination was from 23% in group 2, to 3.4%
in group 3. The singular inclination outlier with AdjI
was considered an incorrect tilt measurement, so com-
puter accuracy was 97%.

Anteversion (AdjAV)
Computer AdjAV of 70 hips (group 2) was a mean

21.5 degrees + 5.7 degrees (range 15-35 degrees); and
radiographic anteversion was 22.4 + 4.4 degrees (range
12-31 degrees). Seven of 70 hips (10%) were outliers
between 6-10 degrees. Computer AdjAV of 40 hips
(group 3) was a mean 26.6 + 3.7 degrees (range 19-30
degrees); and radiographic anteversion of these hips
was 25.0 + 3.0 degrees (range 16-31 degrees). One of
40 (2.5%) hips was an outlier (computer 19 degrees,
radiograph 25 degrees). The use of the fit plane as a
confirmation of the acetabular AdjAV reduced outliers
from 10% in group 2 to 2.5% in group 3. Computer accu-
racy was considered 100% because the single outlier
(computer 19 degrees, radiograph 25 degrees) was
deemed a radiographic variation as all four computer
values were 19 degrees.

Fit Plane
Fit-plane measurements are listed by mean of AdjAV

and AdjI for any maneuver that could change the posi-
tion of the cup (Table 2). Using one of the fit-plane
measurements of inclination allowed the computer/ra-
diographic precision to be within five degrees in three

TABLE 2
Fit Planes

Fit plane AdjI AdjAV

(cup holder)* 41.4 + 3.4 degrees 23.6 + 3.8
Cup 41.3 + 3.5 degrees 25.8 + 4.5

After 1 screw 42.5 + 3.5 24.2 + 3.2
After liner 42.7 + 4.0 25.1 + 3.5

* The values for cup holder are those obtained with the cup holder
and are listed to be able to compare to the values obtained with
the fit planes
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hips in which the cup holder measurements did not have
precision. With AdjAV, the fit plane also corrected three
hips. The range of movement of inclination of the cup
with placement of a screw was 0-9 degrees (mean 2.5
degrees); with insertion of the liner after screw place-
ment, it was 0-6 degrees (means 2.0 degrees). Change
in AdjAV after screw placement was 0-6 degrees (mean
2.3 degrees); with liner impaction after screw placement
the range was 0-5 degrees (mean 2.4 degrees). A sol-
idly press-fit cup moves on average 2-3 degrees with a
range of 0-6 degrees for any maneuver done to the cup
after implantation. This movement can affect the corre-
lation between computer and radiograph when the pre-
cision is five degrees or less.

DISCUSSION
This study was per formed to determine if an

imageless computer-navigated acetabular cup position
would be more accurate than our experience with
manual implantation of 11% outliers with inclination and
8% with anteversion as measured on radiographs.1 By
the criteria for this study, the final 40 computer cup
placements had 2.5% outliers from the radiographic
measurement for inclination and anteversion. The CT
scans verified the accuracy of the radiographic and com-
puter techniques for inclination and anteversion within
2-3 degrees. The precision for outliers with the com-
puter was five degrees whereas with the radiographic
study,1 the precision was 15 degrees. If a precision of
15 degrees was used for this computer study, then the
precision would have been 0 outliers. This imageless
computer navigation reduced the outliers even while
improving the range to 5 degrees within which the ac-
etabular component was implanted. DiGioia et al3 re-
ported that with a CT-image planned navigation, they
also achieved acetabular cup alignment within five de-
grees of the preoperatively planned position. Therefore,
the first hypothesis of this study proved that an accu-
rate imageless computer system for acetabular compo-
nent placement could be developed.

The precision with this computer program can be
compared to the results of mechanical guides of DiGioia
el al3 who had 78% outliers, of Hassan et al.5 who had
42% outliers, and our own experience1 of 11% inclina-
tion and 8% anteversion outliers. This computer program
can eliminate outliers for even the most experienced
hip surgeon and is accurate in its expression of the cup
position. All surgeons would benefit by use of this com-
puter program because it provides “real time” intraop-
erative information that reduces the variables the sur-
geon must consider when making judgment decisions
within the time and stress constraints of the operating
room.

The computer number cannot be accurate unless
mechanical and computer variables are controlled.
Mechanical factors that must be insured are: 1) The
pins that secure the base to the pelvis (or the femur)
are secure and remain so during the operation. The
quality of bone into which these are placed is impor-
tant so that the pin fixation can withstand the vibration
of the retraction of the femur and the malleting of the
trial and cup into the pelvis; 2) The tools used must
have secure fixation of the antennae, which hold the
light emitting diodes, because a loose antenna will give
incorrect information to the computer and thus there
also needs to be a “check and balance system” for the
accuracy of the tools (such as the fit plane for the cup
holder).

The computer factors that can affect the precision of
measurement are: 1) the registration of the AP plane.
The thickness of fat over a bone can distort the mea-
surement, so the registration pointer must always be
punctured through skin to the pubic bone and likewise
through the skin to the ASIS when this bone is not
prominent; 2) the fit plane must be measured to con-
firm the numbers from the cup holder. The fit plane
must be measured after any technical maneuver that
can change the cup position, particularly if the computer
position is to be compared to the radiographic position;
3) The most important factor which improved accuracy
was the tilt of the pelvis in the position the operation is
performed. Precision of the computer within 5 degrees
of the radiographic numbers—and particularly accuracy
of the computer to the true position of the cup—cannot
be known without knowledge of the flexion/extension
tilt of the pelvis. The registration of tilt must be con-
firmed by two measurements. When all these mechani-
cal and computer variables are controlled, the accuracy
of the computer is near 100% for anteversion and incli-
nation.

Another lesson learned was the importance of the
software, which has to be mathematically correct and
provide three-dimensional measurements. This is par-
ticularly evident with measurement of inclination of the
cup. Several studies have suggested that 30 to 50 de-
grees of inclination was a safe range for stability and
impingement.7,8,10,11 However, this study defined inclina-
tion according to the center of rotation and medialization
of the cup. The finite element studies assume a normal
osseous acetabulum, but this is seldom so with arthritic
hips. Most common is superior-lateral subluxation of
the femoral head which enlarges the acetabulum and
requires a larger cup, the implantation of which elevates
and medializes the cup position.

Reaming of the abnormal acetabular anatomy can-
not be predicted preoperatively and may be more supe-
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rior or medial than anticipated. The reamed position for
the acetabular component must provide osseous cover-
age without anterior-superior protrusion of the metal
of the cup (to prevent cup-neck impingement in flex-
ion). Medialization may be necessary for osseous cov-
erage of the cup in many hips because the native ac-
etabulum has a mean inclination of 60 degrees.5

Therefore, inclination with proper osseous coverage was
related to the elevation and medialization of the CR by
reaming. AdjI ranged from 33-48 degrees according to
the center of rotation and medialization of the cup. In-
traoperative technical adjustment of inclination requires
three-dimensional measurements in the software of the
imageless computer navigation system.

This imageless computer navigation for total hip re-
placement will be accurate at 97-100% if the following
factors are done: 1) Mechanically, the fixation of the
pins to the pelvis must be secure and fixation of the
antenna for the light emitting diodes to the cupholder
is secure; 2) The computer registration of tilt has a
check and balance of two measurements on two posts;
3) The fit plane is measured after the removal of the
cup holder to provide a check and balance of any ma-
nipulation of the cup and the mechanical stability of the
tools; 4) The tilt of the pelvis is known in the position
of operation.

An important requirement for successful use of the
computer is a knowledgeable, trained operating room
team. Use of the computer in the operating room re-
quires dedication by a circulating nurse (YH) who thor-
oughly understands the system. The scrub technician
must calibrate the tools correctly or all values are in
error. With a dedicated team, and using the checks and
balance listed in this study, the learning curve for a
surgeon should not be more than 5-10 operations. Trust
in the accuracy in any operating room can be validated
by insuring that the precision of the computer measure-
ments to the radiographic technique used by us is within
five degrees for those 5-10 operations.
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ABSTRACT
The metal-on-metal articulations in total hip

arthroplasty (THA) were widely used between
1960 and 1975. The McKee-Farrar and other
first-generation prostheses failed at a high rate
because impingement caused early component
loosening. The problem of early component loos-
ening was corrected by improved component de-
sign and better manufacturing quality. Second-gen-
eration metal-on-metal total hip replacements have
experienced short and medium-term success as
assessed by Harris Hip Scores and patient self-
assessment. The combined annual linear wear of
the metal-on-metal femoral head and acetabular
insert is less than 10 mm and osteolysis has only
rarely been observed in association with well-fixed
metal-on-metal total hip replacements. Hypersen-
sitivity is not a common cause of loosening with
second-generation hip replacements and remains
to be proven as a definitive diagnosis in unusual
cases of unexplained pain. More than 40 years of
use has demonstrated no increase in the incidence
of renal failure or cancer in patients with metal-
on-metal total hip replacements. The scientific
evidence of the results using the metal-on-metal
articulations would recommend its continued use
in any patient who does not have compromised
renal function.

INTRODUCTION
A high rate of early component loosening with metal-

on-metal total hip replacements and the superior clini-
cal results of the Charnley prosthesis during the 1970s
discouraged the continued use of the metal-on-metal
articulation. August1 reported a high loosening rate in
patients with the McKee-Farrar total hip arthroplasty
and concluded that equatorial bearing and high friction
moments contributed to failure at the bone-cement in-

terface. Evans et al.2 suggested that metal sensitivity
caused obliteration of the blood flow to bone and bone
necrosis was responsible for aseptic loosening. Walker
et al.3 demonstrated that mechanical failure caused loos-
ening when impingement of McKee-Farrar femoral neck
against the rim of the acetabular component compro-
mised component fixation. Retrieved total hip replace-
ment components and periprosthetic tissue provided
important information to determine what caused the
high rate of aseptic loosening observed with the use of
first-generation metal-on-metal hips. Equatorial bearing
and jamming was suspected but the study of retrieved
implants never demonstrated this mechanism of failure.
All of the retrieved total hip prostheses had polar bear-
ing and a diametral clearance of 120 mm or greater
between the ball and socket.4,5 Low wear has been a
consistent finding with cobalt-chrome on cobalt-chrome
total hip articulations. Anissian et al.6 found that the
metal-on-metal hip prosthesis generates 100-fold less
wear debris than metal-on-polyethylene in hip simula-
tor studies. The combined annual linear wear rate for
both first and second generation metal-on-metal articu-
lations is reported to be from 1 to 6 mm according to
implant retrieval studies.7,8,9,10 Low in vivo wear rates
were measured in both the McKee-Farrar and Metasul
retrievals and durability of the bearing surface was es-
tablished by the study of implants retrieved from pa-
tients more than 20 years after the index operation.11

The histological response of tissues around metal-on-
metal hips is dif ferent than the response of
periprosthetic tissues to polyethylene wear debris.11,12

Macrophages and giant cells that are associated with
osteolysis are not prevalent around retrieved metal-on-
metal components.

Periprosthetic tissue specimens around revised
metal-on-metal hips demonstrated fibrous tissue and
little inflammation in some hips and perivascular lym-
phocytic infiltrates with plasma cells in others. Hyper-
sensitivity reaction has not caused a high rate of com-
ponent loosening or a high incidence of unexplained
pain with the use of second-generation metal-on-metal
total hip replacements.13,14,15,16 There is growing evidence
that the smaller volume of wear debris generated by
metal-on-metal bearing couples results in a lower inci-
dence of osteolysis.17 Bone loss observed in association
with well-fixed metal-on-metal hips has been limited to
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calcar resorption from stress shielding. The radio-
graphic findings with metal-on-metal bearings do not
resemble those seen in patients with osteolysis from
polyethylene debris.13 There is one published case re-
port of osteolysis in a patient with a well-fixed metal-
on-metal hip.18

Zimmer reports that more than 250,000 of the
Metasul articulations have been sold worldwide since
November 1988 and eight manufacturers currently of-
fer metal-on-metal articulations for hip replacement and
surface replacement arthroplasty.16,17

The purpose of this review is to describe causes of
component loosening and describe the improvements
that corrected the problem, review current in vivo wear
data, provide evidence that the incidence of overall os-
teolysis has decreased with the use of metal-on-metal
articulations, and show that hypersensitivity is not
proven to be a definitive diagnosis in unusual cases of
unexplained pain.

We have experience with 582 patients (619 Metasul
articulations), and the majority of published data of four
years or more are on this articulation couple, so the
results of Metasul will be the focus of this review.

LOOSENING
First generation metal-on-metal THAs failed due to

acetabular and femoral component loosening at a higher
rate than Charnley’s prosthesis. Dandy and Theodorou19

reported the loosening rate in 739 McKee-Farrar THRs
with 3.1% for the femoral component and 4.4% for the
acetabular component at 2 to 7 year follow-up. In a study
of 230 McKee-Farrar prostheses, August1 reported 50%
femoral component loosening, 51% acetabular compo-
nent loosening, and 67.7% overall loosening at an aver-
age follow-up of 13.9 years. Dobbs20 introduced survi-
vorship to the orthopaedic literature with a study of 273
Stanmore THRs. The Stanmore femoral component had
a similar design to the McKee-Farrar and a similar poor
survival rate of 53% at 11 years. Despite the similar pat-
tern of early failure reported by each of these investi-
gators, the cause of loosening was poorly understood.

In 1974, Peter Walker3 suggested that impingement
was a reason for loosening and demonstrated that the
neck of the femoral component made repeated contact
against rim of the acetabular component. The design
flaw was the large diameter femoral neck and unfavor-
able head/neck ratio of the McKee Farrar, Stanmore,
and similarly designed total hip prostheses.
Szuszczewicz21 observed that metalosis, component
loosening, and progressive bilateral pelvic osteolysis was
caused by impingement in one patient with failed bilat-
eral McKee-Farrar hips. During the past two decades,
designers of total hip prostheses have come to under-

stand that bearing surface damage, component loosen-
ing, and hip dislocation are all potential consequences
of hip component impingement.

Second generation metal-on-metal THAs were intro-
duced with more favorable head-neck ratios and the
incidence of impingement and aseptic loosening has
decreased. Second-generation metal-on-metal hips do
not have a high failure rate due to aseptic loosening.17

Recent studies with second-generation metal-on-metal
prostheses show a low rate of aseptic loosening that is
not higher than the rate reported with metal-on-poly-
ethylene.22,23 Improved component design has dimin-
ished, but not eliminated impingement as a contribut-
ing factor in cases of aseptic loosening.

Inadequate diametric clearance can contribute to
loosening by causing equatorial contact, high torque,
and jamming. In a hip simulator wear test, Farrar et
al.24 demonstrated that a complete seizure was observed
after 20,000 cycles for the samples having a negative
diametral clearance (-40 and -74 µm). Semlitsch25 re-
ported the analysis of six retrieved Huggler and 11
Muller prosthesis and demonstrated diametral clearance
in the range 120-200 µm, with one bearing couple hav-
ing a diametral clearance of 500 µm. McKellop et al.8

retrieved McKee-Farrar hips and reported a diametral
clearance of 127-386 µm, with one outlier with an ex-
treme clearance of 1.75 mm. None of these specimens
had equatorial contact and the author is not aware of
any report of retrievals with inadequate diametral clear-
ance that caused jamming and loosening.

Jones et al.26 believed that cobalt toxicity was respon-
sible for component loosening in a series of loose
McKee hip arthroplasties. Willert27 continues to sup-
port the possibility of a lymphocyte-dominated immu-
nological response as an uncommon cause of loosen-
ing. The experience with second-generation metal-
on-metal hip prostheses suggests that if hypersensitiv-
ity is a cause of loosening, then its prevalence is low.17,27

Both first and second-generation metal-on-metal total hip
replacements generate a similar volume of wear debris,
but the high loosening rate that was observed with first-
generation metal-on-metal hips was not been observed
with the use of second-generation hips.7,17 The low loos-
ening rates observed with second-generation metal-on-
metal hips suggest that it is unlikely that the high rate
of loosening with the use of first-generation implants
was caused by an allergic reaction to metal debris. Bet-
ter component design, including a more favorable head-
neck ratio, and a decreased incidence of impingement
probably contributed most to the improved loosening
rates, and components designed with an unfavorable
head/neck ratio are no longer used.
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WEAR
Cobalt-chrome bearings demonstrate wear well be-

low the annual linear wear of 100 µm per year that is
considered to be the threshold for osteolysis.16,27,28,29 A
combined annual linear wear below 10 µm has been
observed in hip simulator wear tests and substantiated
by analysis of retrieved first and second-generation hip
replacement articulations.9,31,33 Wear of this magnitude
cannot be measured radiographically, so assessment of
wear in vivo has been done on implants obtained dur-
ing revision hip surgery and on autopsy retrievals. The
earliest reports of wear from metal-on-metal retrievals
were anecdotal in character and based of small num-
bers of failed implants. Smith32 described eight patients
revised for loosening of Gaenslen cups mated to Aus-
tin-Moore femoral prostheses. The retrieved prosthe-
ses showed virtually no visible signs of wear and the
tissues involved about the metal showed little staining,
discoloration, or pathologic changes to indicate wear.
Walker et al.3 analyzed wear of 12 retrieved McKee-
Farrar prosthesis using low power microscopy, scan-
ning electron microscopy, and surface profilometry.
Three types of wear were described: type 1, a surface
with initial scratching, type 2, a surface in which the
scratches had been smoothed or polished, and type 3,
a smoothed surface (after scratching) showing signs of
deterioration. The depth of wear estimated by stylus
profilometry was estimated to be 1 µm. When modern
techniques to analyze wear were applied to retrieved
first-generation implants similar low wear measurements
were obtained. Jantsch et al.31 reported an annual lin-
ear wear of 1 µm for three McKee-Farrar hips retrieved
14 years after implantation. Using a coordinate measur-
ing machine Schmalzreid et al.33 found a combined an-
nual linear wear of 4.2 µm more than 20 years after im-
plantation of five McKee-Farrar hips. The annual linear
wear rate was below 5 µm for 11 Mueller, and for six
Huggler prostheses that were implanted for an average
of 11 years (range 3-20).25 The consistently low in vivo
wear rates established by retrieval studies of first-gen-
eration metal-on-metal total hip replacements stimulated
interest in reintroducing metal-on-metal as wear resis-
tant articulation.

Second-generation metal-on-metal hip prostheses
were manufactured using modern techniques in order
to promote lubrication and further decrease wear.7 The
Metasul bearing sur face was manufactured as a
wrought-forged, high-carbon cobalt-chrome, and the
diametral clearance was approximately 100 µm.7,17

Wrought-forged cobalt chrome alloys are harder, and
have better abrasive and adhesive wear characteristics
than cast alloys.7 High-carbon cobalt-chrome (0.20-0.25%
C) alloys were developed to induce a lower wear rate

than a low-carbon cobalt-chrome (0.05-0.08% C) alloys.7

Hip simulator studies have shown that a small clear-
ance decreases the wear of metal-on-metal bearings, but
clearance must be sufficient to prevent jamming. Seiber
et al.9 reported the wear of 118 retrievals with the
Metasul articulation couple as 5 µm 3 to 8 years after
implantation. Rieker et al.7,34 reported the results of 172
Metasul couples with an annual linear wear rate of 6.2
µm. Recent published reports have all shown that the
annual linear wear is below 10 µm with the use of sec-
ond-generation implants. Although laboratory studies
indicated that the wear of second-generation metal-on-
metal THRs should be lower than that of first-genera-
tion devices, retrieval analyses do not indicate superi-
ority in this regard.34,35

OSTEOLYSIS
Metal-on-metal articulations were reintroduced to

address the emerging problem of osteolysis. August1

defined bone erosions adjacent to the components and/
or a change position of the McKee-Farrar components
as loosening. In that study, bone erosions were not con-
sidered to be osteolysis. Using those criteria, 67.7% of
the patients had radiographic evidence of loosening and
none had osteolysis. In a study by Zahiri et al.11 of 15
hips with McKee-Farrar THAs still in place at 21 to 26
years postoperatively, only 4 of the 15 (25%) had some
osteolysis. In that study, 10 periprosthetic tissue speci-
mens were obtained from a group of 15 patients that
had revision of a McKee Farrar hip replacement.
Chronic inflammation (lymphocytes, and plasma cells)
was minimal to absent in all cases. Multinucleated his-
tiocytes (foreign body-type giant cells) were mostly
found along the edges of polymethylmethacrylate glob-
ules. These radiographic findings and the histological
findings demonstrated that the response of the human
body to metal debris from the McKee-Farrar total hip
replacements could be distinguished from the response
to polyethylene wear debris.

Published reports with the use of second-generation
metal-on-metal prostheses indicate that osteolysis is only
rarely observed in association with well-fixed compo-
nents. In our report of 156 patients (161 hips),13 only
calcar resorption in nine hips (5.5%) (with no other os-
teolytic lesions) was observed at an average of seven
years follow-up. Calcar resorption was a focal radiolu-
cent area seen immediately beneath the collar of the
femoral stem, identified by its location between the cal-
car cortical bone, and the medial stem.35 The radio-
graphs of eight of the hips showed radiolucencies that
had a maximum size of 2 x 2 mm. One patient had a
lesion that grew to 2 x 2 cm five years after the index
hip operation. Nine other recent clinical studies with
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radiographic follow-up of second-generation metal-on-
metal hip replacements report no osteolysis.13,14,15,23,35,40,41

Beaule18 reported one case of osteolysis in a patient with
a well-fixed, cementless, Zweymuller stem coupled with
a Metasul metal-on-metal bearing. In that report, local-
ized osteolysis was identified on the plain radiographs
at the tip of the Zweymuller, Ti alloy stem. At the time
of revision surgery minimal bearing surface wear was
visible and there was no metallic staining of the cap-
sule or acetabular membrane. Specimens of tissue from
the hip capsule and the femur in the area of osteolysis
showed only small numbers of inflammatory cells, such
as macrophages and no lymphocytic infiltrations or
granulomas. The authors concluded that this was not a
typical case of particulate-induced osteolysis as seen
with polyethylene wear debris. Joint fluid pressure
within the effective joint space was implicated as the
cause of the osteolytic lesion. The predominantly his-
tiocytic inflammation with abundant giant cells that is
associated with metal-on-polyethylene debris is a not
observed in association metal-on-metal wear debris.

HYPERSENSITIVITY
Evans et al.2 were recognized as the first to draw at-

tention to the possibility that metal toxicity occurred
after total hip replacement using metal-on-metal bear-
ings. They suggested that in certain patients, the re-
lease of metal from a prosthesis may resulted in tissue
sensitization and that this was detected clinically by a
skin patch test in which a soluble salt of the metal was
used as the test object. They reported that the release
of metal from prostheses in metal-sensitive patients
caused obliterative changes in blood vessels supplying
the bone into which the prosthesis was implanted. Ac-
cording to this theory, metal sensitivity caused bone
necrosis and loosening of the McKee-Farrar prosthe-
ses. Jones et al.26 reported cobalt toxicity in seven pa-
tients that had failure due to aseptic loosening after
McKee hip arthroplasty from nine months to four years
after the index total hip replacement. Six of these pa-
tients were cobalt-positive, but nickel- and chrome-nega-
tive on patch testing. In patients with McKee-Farrar or
Charnley prostheses, these authors suggested that
cases of aseptic loosening were caused by sensitivity of
the tissues to one of the metals in the alloy of which
the prosthesis is composed.

Several authors have reported on the histological
appearance of periprosthetic tissues obtained from the
area around early metal-on-metal joint replacements and
they did not identify any lymphocytic or plasma-cell in-
filtration of the periprosthetic tissues.11,26,32 Wilert et al.30

analyzed tissues that had been retrieved from fourteen
hips in which a contemporary metal-on-metal joint re-

placement had failed after an average of thirty months
in vivo. The investigators found a perivascular lympho-
cytic infiltrate, which they suggested was similar to that
found in association with a type-IV hypersensitivity re-
action. The histopathological changes in the soft tissue
were characterized by few wear particles and granulo-
mas compared to tissues obtained from patients with
osteolysis from polyethylene debris. Davies et al.12 also
reported an unusual lymphocytic perivascular infiltra-
tion in tissues around contemporary metal-on-metal joint
replacements. The lymphocytic infiltration was more
pronounced in samples obtained at the time of revision
for aseptic loosening than in samples retrieved at the
time of autopsy or during arthrotomy for reasons other
than aseptic failure. The authors did not know the preva-
lence or clinical implications of the findings, but sug-
gested that they may represent a novel mode of failure
for some metal-on-metal joint replacements.

The diagnosis of hypersensitivity was considered as
a possible explanation for the high rate of failure of first-
generation metal-on-metal total hip replacements. The
low incidence of loosening or clinical symptoms re-
ported with the use of second-generation metal-on-metal
prostheses suggests that hypersensitivity is not a com-
mon problem that leads to failure and that it should only
be considered a diagnosis of exclusion in a small num-
ber of patients with unexplained pain. In a study by Dorr
et al.16 of 213 hips with a Metasul articulation, two pa-
tients (1%) were explored and had exchange of a metal-
on-metal bearing surface with a preoperative diagnosis
of hypersensitivity. Tissue and serum samples were sent
to the laboratory for examination and neither patient
had positive serum levels that indicated allergy to the
implant. One patient had perivascular lymphocytes in
only one of seven tissue samples, and the other patient
had lymphocytes in four of five specimens. Neither pa-
tient had relief of pain more than one year after ex-
change of the metal-on-metal bearing surface for a
metal-on-ceramic bearing. Pain was completely relieved
in one patient two years the index hip operation follow-
ing an operation for degenerative disease of the lumbar
spine. The authors concluded that neither case quali-
fied as a definitive diagnosis of hypersensitivity. There
have never yet been reported cases of hypersensitivity
that included a symptomatic patient, positive serologic
testing for hypersensitivity, and tissue specimens that
substantiated the diagnosis of a hypersensitivity reac-
tion.

DISCUSSION
The clinical results of metal-on-metal have been stud-

ied for more than 40 years, including second-genera-
tion metal-on-metal results that are approaching 20 years



W. T. Long

14 The Iowa Orthopaedic Journal

in Europe and 10 years in the United States. We here
review the status of metal-on-metal total hip articula-
tions based primarily on the clinical performance re-
ported in human subjects. It is now generally accepted
that the early loss of fixation observed with first-gen-
eration metal-on-metal hips was due primarily to poor
component design, and this problem was corrected by
improved second-generation implants designs. The com-
bined annual linear wear rate for metal-on-metal hip
replacements in vivo is well established and it has been
consistently reported to be below 10 µm. Osteolysis has
been a rare radiographic finding during the first 10 years
of reports with the use of second-generation metal-on-
metal hips. Tissue specimens demonstrate that the his-
tological response that defines polyethylene induced
osteolysis is not found in association with well-fixed
metal-on-metal total hip replacements. Hypersensitivity
is currently a diagnosis based on pathological findings
of lymphocytes adjacent to blood vessels in capsules of
retrievals and it is not a common cause of hip pain or
component loosening.

For more than three decades, the problem of asep-
tic component loosening was poorly understood and
several theories were proposed. The Charnley prosthe-
sis was referred to as a low friction arthroplasty and
the relatively higher friction of metal-on-metal articula-
tions demonstrated by the pendulum that lead some
investigators to suspect that high friction was the cause
of early loosening.7 Retrieval studies that examined both
first and second-generation metal-on-metal hips did not
identify increased friction as a cause of failure. All metal-
on-metal specimens retrieved during the past 40 years
have demonstrated polar bearing.7 Polar bearing and
increased diametral clearance have been shown in simu-
lator studies and by retrievals to cause higher bearing
surface wear rates, however, none of the retrieved
couples that had a wide diametral clearance failed as a
direct result of excessive wear. The optimal diametral
clearance for total hip replacement articulations is re-
ported to be between 50 and 100 µm.7 Retrieved speci-
mens with diametral clearances greater than 100 µm
demonstrated more wear than couples with smaller
clearance, however, combined annual linear wear was
still below 10 µm. It is now generally accepted that the
high rate of early loosening observed with first-genera-
tion total hip replacements was not due to clamping or
jamming of the articulation couple. The problem of early
metal-on-metal component loosening was corrected
when implants were redesigned.

The low wear of metal-on-metal articulations was
established both in vitro and in vivo. There are no re-
ports of catastrophic failure or wear-through. Based on
the published annual linear wear rates established for
metal-on-metal, a well-fixed hip replacement could func-

tion in an active patient for more than thirty years with-
out wearing out. Attention has turned away from the
problems of early failure due to loosening or late fail-
ure due to wear. The focus today is on evaluating po-
tential problems that might occur as the result of metal-
on-metal wear debris and metal ions. It is well
established that small cobalt and chromium particles
and ions are generated by the metal-on-metal bearing
surface, widely distributed throughout the body through
the bloodstream and the lymphatics, and excreted in
the urine. Serum, blood, and urine samples consistently
demonstrate elevated levels of chromium and cobalt
compared to the levels measured in patients with metal-
on-polyethylene implants. The clinical significance of
these elevated ion levels is unknown. Long-term follow-
up of patients with first generation metal-on-metal total
hip replacements, and short-term follow-up of patients
with second-generation metal-on-metal implants have
not demonstrated any unique complications. In spite of
the concerns of some authors that complications such
as cancer or hypersensitivity would occur, currently
none have been reported clinically. It is likely that large,
long-term, multi-center studies will be necessary to iden-
tify any increased risk of local or systemic disease
caused by the use of metal-on-metal bearing surfaces
for total hip replacement.

There is no radiographic evidence the wear debris
being produced at the metal-on-metal interface leads to
the occurrence of osteolysis. In the author’s study of
161 total hip arthroplasties (154 patients), the only bone
erosion that was measured was calcar resorption.13 It
was not possible to determine whether this calcar re-
sorption was from stress shielding or particulate debris.
Other authors have not classified calcar resorption as
osteolysis.42 Small focal radiolucent areas that were seen
under the collar of 9 out of 161 hips were not consid-
ered in the definition of osteolysis. Maloney et al.43 de-
fined relatively small punched-out areas of bone loss
under the collar as typical zone 7 osteolytic lesions.
Goetz’s description of osteolysis included only those
lesions that caused scalloping of the endosteal cortex.
These findings are in agreement with other authors who
have reported cementless metal-on-metal hip arthro-
plasty without any osteolysis at five and six year follow-
up. Longer follow-up is necessary to determine if the
low incidence of osteolysis will continue beyond the first
decade. The Metasul articulation has been implanted
in patients in Europe since 1988. The author is not aware
of any reports of the incidence osteolysis.

Hypersensitivity has been suggested as a possible
unique complication and cause of failure for metal-on-
metal hip arthroplasties. Hypersensivitity is a diagno-
sis described by Willert, based on the occurrence of
lymphocytes adjacent to blood vessels in capsules of
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1996.

9. Siber HP, Rieker CB, Kottig P: Analysis of 118
second-generation metal-on-metal retrieved hip im-
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wear performance of metal-on-metal hip arthroplas-
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hocken (Pa): ASTM Spec. Tech. Publ 1346, 144, 1998.
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Farrar metal-on-metal total hip replacement. J Arthro-
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perivascular infiltration in tissues around contempo-
rary metal-on-metal joint replacements. J Bone Joint
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can experience with metal-on-metal total hip arthro-
plasties. A 7 year followup study. J Arthroplasty. Vol
19(8), Suppl 3: 29-34, 2004.

14. Migaud H, Jobin, A, Chantelot C, Giraud F, et
al: Cementless metal on metal hip arthroplasty in
patients less than 50 years of age. Comparison with a
matched control group using ceramic-on-polyethyl-
ene after a minimum 5 year followup. J Arthroplasty
Vol 19(8), Suppl 3: 23-28, 2004.

15. Delaunay CP:  Metal-on-metal bearings in
cementless primary total hip arthroplasty. J Arthro-
plasty. Vol 19(8), Suppl 3: 35-40, 2004.

16. Dorr LD, Long WT, Sirianni L, Campana M,
Wan, Z: The argument for the use of Metasul as an
articulation surface in total hip replacement. Clin
Orthop 429:80-85, 2004

17. Dumbleton JH, Manley MT: Metal-on-metal total
hip replacement. What does the literature say? J Ar-
throplasty, Vol 20(2): 174-188, 2005.

18. Beaule’ PE, Campbell P, Mirra J, Hooper JC,
Schmalzried TP: Osteolysis in a cementless second
generation metal-on-metal hip replacement. Clin
Orthop 386:159-165, 2001.

19. Dandy DJ, Theodorou BC: The management of
local complications of total hip replacement by the
McKee-Farrar technique. J Bone Joint Surg 57B(1):30-
35, 1975.

retrievals from failed metal-on-metal hip arthroplas-
ties.27,30 Hallab et al.44 described a triple assay technique
for the evaluation of metal induced, delayed type hy-
persensitivity responses in patients with total joint ar-
throplasty. The most conclusive result using this assay
would be a strongly positive response to all three as-
pects of the triple assay technique to both cobalt and
chromium ions. To our knowledge, there have been no
reports of unexplained pain associated with radiographic
evidence of implant loosening, supported by a positive
response to the triple assay technique. Reports with the
use of second-generation metal-on-metal prostheses in-
dicate that unexplained pain occurs only rarely and loose
prostheses are uncommon and therefore the diagnosis
of hypersensitivity as a clinical problem remains elu-
sive.

The potential for permanent biological fixation with
noncemented components, combined with a bearing
surface that does not fail due to wear or osteolysis,
makes it conceivable that total hip replacements im-
plants could survive in active patients for more than 30
years. If the clinical results are as good as metal-on-
polyethylene articulations, the mechanical complications
are no greater, and there is no observed increased inci-
dence of adverse biological reactions, then continued
use of metal-on-metal articulation couples is justified.
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national and international meetings and symposia. I have
the utmost respect for Dr. Dorr’s many contributions to
the field of adult reconstructive surgery, his intellectual
integrity, his enthusiasm and curiosity, and, finally, his
sincere and on-going effort to help his fellow man. I look
forward to many more years of continued academic in-
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Bill Capello, M.D.

ABSTRACT
This retrospective study aimed to explore the

effects of smoking on hip implant survivorship.
The study included 147 patients (165 hips) from
1985 to 1991 who underwent total hip arthro-
plasty (THA) with a particular uncemented cup,
and either a cemented or uncemented femoral
component of the same design. Thirty-one patients
(34 hips, 21 percent of study group) smoked at
the time of surgery. Of 13 components (seven
cups, five cemented and one cementless stem)
revised for aseptic loosening, eight (8/68, 11.8
percent) were revised in six smokers, and five
(5/262, 1.9 percent) were revised in four non-
smokers (p=0.0012). Multivariate covariate analy-
sis revealed a 4.5 times greater risk of implant
loosening in smokers (p=0.0662). Based on this
preliminary study, further larger studies should
be performed to determine the extent that smok-
ing may contribute to THA survivorship.

INTRODUCTION
Nearly 50 million or 23 percent of people in the

United States are smokers.1 Health risks associated with
smoking are numerous and well documented. Smokers
are at increased risk of heart attack, stroke, respiratory
disease and some cancers. In addition, there is a grow-

ing body of evidence of deleterious effects of smoking
on the musculoskeletal system.2 Smoking has been
shown to increase the risks of developing osteoporo-
sis,3-6 hip fracture,7 and exercise-related injuries.8-9 In
addition, smoking has been shown to have a detrimen-
tal effect on fracture and wound healing.10-12 In one study
of 202 total hip and knee arthroplasties, patients who
smoked cigarettes had longer surgical and anesthetic
times and consumed more health resources.13 Recently,
Møller et al, in a study of 811 consecutive patients who
underwent hip or knee arthroplasty, found that smok-
ing was the single most important risk factor for the
development of postoperative complications, particularly
those relating to wound healing, cardiopulmonary com-
plications, and the requirement of intensive care post-
operatively.14

Cigarette smoking has been shown to interfere with
bone metabolism, revascularization and bone forma-
tion.2,15-16 In particular, nicotine decreases bone healing
strength as well as revascularization of bone grafts, and
slows the production of osteoblasts or the bone-form-
ing cells necessary for fracture healing.3,17-18 Willert and
Buchhorn recently described a three-phase, overlapping
healing process in the osseointegration of cemented and
noncemented hip implants in which they describe that
primar y fixation is achieved during implantation,
whereas secondary fixation is a result of repair and bone
remodeling during the healing process, comparable to
fracture healing.19 Results from one retrieval study im-
plicated vascular injury and subsequent diminished
blood supply at the implant-host interface as a reason
for insufficient osseointegration in total hip implants.20

Since both cemented and cementless hip implants must
be stabilized long-term by a bond between living bone
and the prosthesis, the question arises about the effect
of smoking on hip implant survivorship over time.
Therefore, this study aims at examining the effects of
smoking on hip implant survivorship for cemented and
cementless implants.

MATERIALS AND METHODS
Patients

One hundred eight-seven consecutive patients (205
hips) meeting our inclusion criteria were culled from
the database of a single arthroplasty surgeon (WC) at
a large midwestern medical center for participation in
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this retrospective study. All patients underwent primary
total hip arthroplasty between 1985 and 1991 and had a
diagnosis of osteoarthritis or avascular necrosis of the
hip. In addition, the implants used were limited to the
Omnifit® porous-coated acetabular component and the
Omnifit® cemented or porous-coated femoral compo-
nent (Str yker Howmedica Osteonics Corporation,
Allendale, NJ). These components were selected be-
cause of their reported low rates of aseptic loosening
at an average ten years follow-up.21,22 The component
and diagnostic limitations were intended to diminish the
effects of extraneous factors on the primary indepen-
dent variable in this study, that is, the effect of smok-
ing on implant survivorship.

Of the 187 patients (205 hips), 35 patients (35 hips)
died and another five patients (five hips) were lost be-
fore five-year minimum follow-up, leaving 147 patients
(164 hips), or 80 percent of the total group for partici-
pation in the study. Statistical comparisons between
those who had less than five-year follow-up (40 patients,
40 hips) versus those in the study group who had a
minimum five-year follow-up indicated that those in the
lost-to-follow-up group were, on average, eight years
older at the time of their THA; had a greater percent-
age of cemented versus cementless stems; and had
more postoperative complications. Average length of
follow-up in the dropout group was 20 months (range,
one to 61 months), and during that time period there
were no component revisions and one reoperation, an
incision and drainage secondary to sepsis. The percent-
age of smokers did not differ between the dropout and
study groups.

116 patients (131 hips) were categorized as either
smokers or non-smokers at the time of THA. 31 patients
(34 hips) or 21 percent of the group were smokers. Of
the 147 patients (165 hips) with a minimum of five-year
follow-up, 39 patients (42 hips) died at an average of
10.6 years after THA (range, 5.2 to 17.3 years). Attempts
to contact a living relative who had first-hand knowl-
edge of the smoking habits, as well as reoperation or
revision surgery in the deceased patient group, were
futile. Of the 108 patients (123 hips) in living patients, a
valid follow-up interview was conducted with 93 patients
(106 hips) or 86 percent of the living patients. Within
the study group, there were no differences in demo-
graphic variables between those who completed the
telephone interview and those who did not. All patients
who participated in the follow-up aspect of this study
gave informed consent to participate. Our Institutional
Review Board approved this study.

All patients were routinely treated with prophylactic
antibiotics prior to and 48 hours after THA, and with
325mg enteric-coated aspirin post-THA for deep vein
thrombosis (DVT) prophylaxis.

Statistical Analysis
Descriptive statistics were calculated on all study

variables for the total study group. Comparisons be-
tween groups (dropouts versus study group, smokers
versus nonsmokers, and revision for aseptic loosening
versus stable implants) were per formed using a
student’s t-test for continuous variables and the Fisher
exact test for nonparametric variables. A p-value of 0.05
was considered statistically significant. Kaplan-Meier
survivorship analyses for two samples (smokers versus
nonsmokers) were run using two different endpoints,
(1) revision for aseptic loosening of one or both com-
ponents, or (2) revision for aseptic loosening of one or
both components or reoperation for osteolysis. Cox’s F
test was used to determine statistical differences be-
tween survivorship endpoints between smokers and
nonsmokers. Multivariate Cox regression modeling,
using the variables of age and body mass index at the
time of surgery, gender, diagnosis, stem fixation, alco-
hol use, and smoking was performed to determine the
estimated hazard risk regarding the endpoint of com-
ponent revision for aseptic loosening.

RESULTS
Clinical Outcomes

The study group consisted of 147 patients (165 hips)
with a minimum of five-year follow-up. Average age at
time of the index arthroplasty was 60.5 years (range,
21 to 83). Fifty-four percent of the hip arthroplasties
(89 of 165 hips) were done in females, and sixty-one
percent (100 of 165) had cemented femoral components.
Seventy-nine percent had a diagnosis of osteoarthritis
(131 of 165 hips). Of the remaining 27 patients (34 hips)
with a diagnosis of avascular necrosis, six patients (nine
hips) were post renal transplant, six patients (seven
hips) were steroid-related, five patients (seven hips)
were alcohol-related, and the remaining 10 patients (10
hips) were post-traumatic, post femoral neck fracture,
post radiation necrosis, or of unknown etiology. Aver-
age body mass index at the time of arthroplasty was 28
(range, 18 to 55) with 37 hips (22 percent) in patients
having a body mass index greater than 30. Seventy-one
hips (43 percent) were done in non-drinkers, with the
remaining reporting either occasional or regular use of
alcohol socially. Breakdown of demographic character-
istics by smoking and nonsmoking is seen in Table 1.
As a group, the smokers included more males, more
patients with avascular necrosis, and more patients with
cementless stems. Smokers were also younger and used
alcohol more often than did nonsmokers.

At the time of the primary THA, 28 of the 31 smok-
ers consumed an average 1.2 packs of cigarettes per
day (range, 0.25 to two packs per day) for an average



Volume 25 19

Does Smoking Affect Implant Survivorship?

34 years (range, two to 60 years). Two patients smoked
only cigars or pipes, and one patient chewed tobacco.
As part of the follow-up interview, patients were asked
to verify their smoking status since the time of their
THA. No nonsmokers had taken up smoking, and five
smokers had quit smoking between one and 14 years
after THA.

Patients representing 50 THAs (30 percent) had no
comorbid conditions at the time of surgery. The remain-
ing 70% had comorbid conditions. The most frequently
reported condition was hypertension (73 hips, 44 per-
cent), followed by heart disease (32 hips, 19 percent),
and gastrointestinal problems (20 hips, 12 percent).
Eighteen of 31 (42 percent) smokers had one or more
comorbid conditions compared to 77 of 116 (33 percent)
of nonsmokers (p=0.26). There were no differences in
the number or type of comorbid conditions between the
two groups.

Average length of hospitalization for the study group
was 9.2 days (range, six to 36 days). Seven patients
underwent staged bilateral THA between seven and 11
days apart within the same hospitalization, accounting
for the majority of the longer hospitalizations. One pa-
tient had a hospitalization greater than 18 days. That
patient was a nonsmoker who developed an infection
postoperatively and underwent incision and drainage 14
days post-THA and subsequently remained hospitalized
for intravenous antibiotics. There was no difference in
average number of hospital days between smokers and
nonsmokers (8.9 and 9.2 days, respectively, p=0.58).

Twenty-four patients experienced a perioperative
complication including three intraoperative fractures,
one wound infection, one postoperative dislocation, and
one femoral nerve injury. Twenty perioperative compli-
cations occurred in nonsmokers and four occurred in
smokers. Complications in the smokers included two
of the intraoperative fractures, the femoral nerve injury,
and postoperative atrial fibrillation. A complication oc-
curred in nine of 34 (26 percent) hips in smokers com-
pared to 24 of 131 (18 percent) of nonsmokers (p=0.20).

Radiographic Outcomes
Radiographic review was completed on the most re-

cent films on all non-revised components. Five-year
minimum radiographs were unavailable on 15 hips (nine
percent); therefore, the average radiographic follow-up
was 10.5 years (range, one to 17 years). One hundred
forty-nine (90 percent) cups remained stable. One cup
was stable fibrous, and three cups were unstable and
unrevised to date. On the femoral side, 150 (91 percent)
stems were stable, and five cementless stems were
stable fibrous. There were no radiographically loose
cemented or cementless stems. Two of the five stable
fibrous stems were in smokers. The remaining stable
fibrous stems and stable fibrous or unstable cups were
in nonsmokers.

Survivorship
Thirty-five patients (24 percent) underwent 45 addi-

tional procedures on the index THA. Thirteen patients
with cementless stems underwent 15 reoperations for
acetabular and/or proximal femoral osteolysis involv-
ing exchange of the femoral head and polyethylene liner
and bone grafting of accessible bone lesions. Average
time to reoperation for osteolysis was 127 months
(range, 57 to 189). Ten of the 13 patients were male,
and all were under the age of 60 at the time of the in-
dex procedure. Twenty-three smokers and 42 nonsmok-
ers had cementless stems. Of that cementless group,

TABLE 1
Comparison of Demographic Characteristics

Between Smokers And Nonsmokers

Variable Nonsmokers Smokers
Patients/Hips 116/131 31/34

Deceased 34 8
Gender 54 male, 77 female 22 male, 12 female *

Age (years) 62.7 52.2 ***
Diagnosis 110 OA, 21 AVN 21 OA, 13 AVN **

Body Mass Index 28.0 27.9
Stem Type 89 C, 42 CL 11 C, 23 CL ***

Alcohol Use 61 none 10 none
40 occasional 9 occasional

21 regular 13 regular *

OA=Osteoarthritis
AVN=Avascular Necrosis
C=Cemented
CL=Cementless (porous-coated)
*p < 0.05
**p < 0.01
***p < 0.001

TABLE 2
Comparison of Reoperations and Revisions

Between Smokers and Nonsmokers

Reason for Smokers Nonsmokers P value
Procedure (N=31 patients) (N=116 patients)

Infection 2 5 0.456
Dislocation 3 2 0.063
Osteolysis 3 10 0.545

Aseptic Loosening 6 4 0.0063**

**p < 0.01
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three smokers and ten nonsmokers under went
reoperation for osteolysis with no difference between
groups (p=0.30).

There were ten reoperations in seven patients due
to sepsis (six incision and drainage, and four compo-
nent removal). One smoker underwent two incision and
drainage procedures and another smoker underwent an
incision and drainage and subsequent component re-
moval. The remaining procedures related to sepsis were
in nonsmokers with no dif ference between groups
(p=0.59). There were five reoperations secondary to
dislocation; three femoral head and polyethylene liner
exchanges and two cup revisions. Three patients un-
derwent removal of heterotopic bone due to pain, and
one patient had a stem revision secondary to stem frac-
ture. The number of patients in each group (smokers
and nonsmokers) who underwent a surgical procedure,
either reoperation or revision, are summarized by rea-
son for reoperation or revision procedure in Table 2.
Although there was a trend toward a greater number
of reoperations for dislocation in the smoking group,
there was no difference in the number of patients who
suffered a dislocation during the follow-up period. In
addition to the five reoperations or revisions due to dis-
location, another 11 patients suffered a dislocation
treated successfully with closed reduction. In total, five
smokers and 11 nonsmokers suffered a dislocation
(p=0.23).

Thirteen components in ten patients were revised for
aseptic loosening (seven cups, five cemented stems, and
one cementless stem). One patient had both the cup
and stem revised at a single operation. Another bilat-

eral THA patient had both cups revised at a single op-
eration and a third patient had a cup revision and ap-
proximately five years later had a stem revision.

The aseptic revision rate for the porous-coated ac-
etabular components was seven of 165 (4.2 percent).
The aseptic revision rate for the cemented stems was
five of 100 (5 percent) and one of 65 (1.5 percent) for
the porous-coated stems. Although there was no differ-
ence with regard to revision rate for aseptic loosening
of porous coated stems, there was a significant differ-
ence between smokers and nonsmokers with regard to
cemented stem revisions for aseptic loosening. Two of
11 cemented stems were revised for aseptic loosening
in smokers compared to three of 89 cemented stems in
nonsmokers (p=0.0335). The aseptic loosening rates for
acetabular plus femoral components were eight of 68
components (11.8 percent) in smokers compared to five
of 262 components (1.9 percent) in nonsmokers
(p=0.0012). Aseptic revision rates by patient, regardless
of whether one or both components were revised, was
six of 31 smokers (19.4 percent) compared to four of
116 nonsmokers (2.5 percent) (p=0.0063). The compo-
nent mechanical failure rates (component revision for
aseptic loosening plus radiographically loose cup and/
or stem) for each group are seen in Table 3.

Kaplan-Meier survivorship with an endpoint of cup
and/or stem revision for aseptic loosening was 93.7
percent ± 4.3 percent, 75.3 percent ± 9.1 percent, and
37.6 percent ± 27.0 percent at 10, 15, and 18 years for
smokers compared to 96.7 percent ± 1.6 percent at each
of the same time intervals for nonsmokers (F=7.0886,
p=0.00081) (see Figure 1). Analyses of demographic

TABLE 3
Mechanical Failure Rates Between Smokers and Nonsmokers

Smokers Nonsmokers p value
Cup Revision for Aseptic Loosening 5 2
Radiographically Loose Cup 0 3
Acetabular MFR 5/34 (14.7%) 5/131 (3.8%) 0.032*

Stem Revision for Aseptic Loosening 2 C, 1 CL 3 C, 0 CL
Radiographically Loose Stem 0 0
Femoral MFR 3/34 (8.8%) 3/131 (2.3%) 0.103

Cup or Stem Revision for Aseptic Loosening 8 5
Radiographically Loose Cup or Stem 0 3
Combined Component MFR 8/68 (11.8%) 8/262 (3.1%) 0.007**

MFR=Mechanical Failure Rate
C=Cement
CL=Cementless (porous-coated)

*p < 0.05
**p < 0.01
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factors between patients who had a revision for aseptic
loosening (n=10) and those who did not (n=137) found
no dif ferences in age, body mass, number of
comorbidities, alcohol use or stem type, with a statisti-
cal trend toward more males (p=0.05) and more diag-
noses of avascular necrosis (p=0.09) in the revised
group. The only statistically significant variable was
smoking (p=0.006).

Results of multivariate Cox regression modeling us-
ing the covariates of gender, age and body mass index
at the time of the index procedure, diagnosis, stem fixa-
tion, alcohol use and smoking found that smokers had
a 4.5 times higher risk hazard than did non-smokers
with regard to the endpoint of component revision for
aseptic loosening (p=0.0662). Male gender yielded an
11.3 times greater risk (p=0.0391), and no other factors
approached statistical significance.

DISCUSSION
There have been no prior studies examining the ef-

fect of smoking on intermediate- or long-term implant
survivorship in THA. We hypothesized that there would
be an increased aseptic loosening rate in smokers, re-
gardless of whether the implant was cemented or
cementless, and this hypothesis was supported, within
the limitations of this study design. Interestingly, there
was also no difference between smokers and nonsmok-
ers with regard to reoperation rates for osteolysis in
the case of cementless implants.

Although smokers had a higher percentage of im-
plant failure due to aseptic loosening than did non-smok-

ers, a larger proportion of smokers also had other de-
mographic features which have previously been re-
ported as associated with higher failures rates, specifi-
cally younger age, male gender and a diagnosis of
avascular necrosis of the hip.31-33 Since those reported
relationships are correlational in nature, it is possible
that the higher failure rates were incorrectly attributed
to those factors if smoking history was not considered.
In multivariate analysis, controlling for other covariates,
smokers were found to have a 4.5 times greater hazard
risk than did non-smokers with regard to the endpoint
of component revision for aseptic loosening in this study.
The only variable that posed a significantly greater risk
was male gender.

This retrospective study is the first to explore the
possible deleterious effect of smoking on total hip im-
plant survivorship, and although the results indicated
only a statistical trend in multivariate analysis, the per-
centage differences in failure noted between smokers
and nonsmokers are compelling and, we believe, wor-
thy of further study. Until factors contributing to im-
plant failure, including smoking, are studied in greater
depth, it is recommended that the arthroplasty surgeon
consider smoking status only in conjunction with other
accepted risk factors such as age, gender, and bone
quality when selecting hip implants for a given patient.

Smoking alone may or may not be a major contribu-
tor to implant failure, but in combination with other
known or unknown variables, may be worthy of at least
discussion between the surgeon and the patient. As an
example, although cemented stems failed at a higher
rate in smokers than in nonsmokers and there was no
difference between groups with respect to revision for
aseptic loosening of the porous coated stem in this
study, because of the limited number of cases in this
study, at this time the authors would not recommend
the use of cementless implants over cemented implants
based purely on whether the patient is a smoker or not.

Two relatively recent studies13-14 examined the effect
of smoking on the incidence of perioperative complica-
tions following total hip or knee arthroplasty with some-
what differing results. Lavernia and his colleagues13

found that smokers had more comorbidities, longer
surgical times, and higher hospital charges with no dif-
ference in the percent of complications, whereas Møller
and her colleagues14 found that smokers had a higher
risk of postoperative complications, in particular wound-
and cardiopulmonary-related ones. In this study, we
found no differences in the average number or type of
comorbid conditions or in the incidence of postopera-
tive complications.

The effect of smoking has been studied extensively
relative to fracture and osteotomy healing and in bony

Figure 1. Kaplan-Meier survivorship using the endpoint of compo-
nent revision for aseptic loosening. Solid line represents survivor-
ship for nonsmokers. Dashed line represents survivorship for
smokers.
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fusions. In an animal model, Lau and colleagues23 found
the incidence of nonunion or delayed union to be twice
as great in smokers, and Schmitz and colleagues24 re-
ported that grade I open tibial shaft fractures took 62
percent longer to heal in smokers. Similarly, Chen and
colleagues18 found that smokers had longer healing
times and more nonunions after ulna-shortening os-
teotomy, and Hilibrand et al25 found that smoking had a
significant negative impact on healing and clinical re-
covery following anterior cervical arthrodesis with strut-
grafting. It was this growing body of literature on the
negative effects of smoking on various orthopaedic pro-
cedures that prompted the question of the effect of
smoking on hip implant survivorship over time.

The process of osseointegration of cemented and
cementless implants was described by Willert and
Buchhorn19 as occurring in three overlapping phases
involving the destruction and necrosis of bone followed
by repair with integration of the implant into the bone
and finally a stabilization and adaptation of the implant
to load transfers and other factors. Furthermore, pri-
mary fixation is achieved during implantation, whereas
secondary fixation is a result of repair and bone remod-
eling during the healing process, a process comparable
to that of fracture healing. Al-Saffar,26 in a histologic
study of osseointegration of implants, concluded that a
negative balance between the rate of bone growth and
resorption around the prosthesis is central to the patho-
genesis of aseptic loosening. Yet another histologic
study of osseointegration focused on the microvascula-
ture around implants and concluded that vascular in-
jury and decreased blood supply at the host-implant
interface may be one reason for insufficient implant
osseointegration and loosening.20 These studies may
provide theoretical support for the clinical results seen
in this study. However, although osteolysis can lead to
implant loosening, osteolysis may be more specifically
related to particle disease whereas aseptic loosening
may be more multifactorial.

In this study, to control as many extraneous variables
as possible, we chose to limit the surgeon to a single
experienced arthroplasty surgeon; to limit the diagnoses
to osteoarthritis and avascular necrosis only; and to limit
the implants in the study to those which have docu-
mented good outcomes at least ten years post-implan-
tation. In our own published work, the aseptic revision
rates for the porous-coated cup and stem were 1.3 and
2.6 percent, respectively, at an average ten-year follow-
up, and 2.0 percent for the cemented stem at an aver-
age nine-year follow-up.21-22 In this study, at an average
13-year follow-up and with the population limited to a
diagnosis of osteoarthritis or avascular necrosis of the
hip, the aseptic loosening rates were 4.2 percent, 1.5

percent, and 5.0 percent for the porous-coated cup, po-
rous-coated and cemented stems, respectively. These
failure rates for the porous-coated cup and cemented
stem, although higher than those reported for the same
components at an average three-to-four year shorter
time period, include revision surgeries performed out-
side of the primary institution and are in concert with
other reports of implant loosening at greater than ten-
year follow-up.27-30 In fact, five of the seven porous-coated
cups that failed in this study group were revised be-
tween ten and 14 years post implantation.

While the overall component aseptic loosening rates
are in concert with other implants in the literature, there
is a striking difference in the aseptic loosening rates
between smokers and nonsmokers in this study. Ac-
etabular aseptic revision rates were 14.7 percent for
smokers and 1.5 percent for nonsmokers. On the femo-
ral side, the aseptic revision rates were 8.8 percent for
smokers and 2.3 percent for nonsmokers. Differences
in the numbers of smokers (n=34 hips) and nonsmok-
ers (n=131 hips) and the relatively overall small sample
sizes may magnify the percentage differences, however
the proportion of smokers in this study population (31
of 147 patients, 21 percent) is similar to the 23 percent
reported by the National Center for Health Statistics in
2000.1

Studies of the relationship between smoking, drink-
ing, and the development of femoral head necrosis in-
dicate a cumulative effect of alcohol use and an in-
creased risk in current smokers with no cumulative
increased risk.34 Because of the small sample number
of smokers in this study, no attempt was made to ana-
lyze cumulative dose effects of smoking on aseptic loos-
ening. However, anecdotally, of the five patients who
quit smoking at various times in the follow-up period,
the three who quit at one, two and four years postop-
eratively had no component failures. One patient who
quit smoking nine years postoperatively had a cup revi-
sion for aseptic loosening at 17 years postoperative, and
one patient who quit smoking at 14 years postopera-
tively had undergone revision for aseptic loosening of
both the cup and stem at 10.5 years postoperative. Be-
cause of the time elapsed between implantation and fail-
ure, and time of last follow-up, many other factors could
have intervened which may or may not have affected
our results. However, there is no known reason to sus-
pect that intervening variables differed between the
smokers and nonsmokers in this study.

Limitations of this study are the small sample size,
the inability to obtain smoking and outside revision data
on the deceased patients, and the retrospective nature
of obtaining the smoking histories of the patients. None-
theless, follow-up interviews were obtained on 86 per-
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cent of the living patients and no statistical differences
were found between those patients who completed the
follow-up interview and those who did not due to death
or inability to contact. The authors acknowledge the
limitations of this study and consider this work a pre-
liminary effort in determining the potential deleterious
effect of smoking on total hip arthroplasty outcome. The
authors recommend that future studies utilize a prospec-
tive design and a much larger number of subjects to
allow for the study of multiple contributing variables
including both patient and implant factors.

In summary, in this series of 147 patients (165 hips)
followed an average 13 years after total hip arthroplasty,
there was a significantly greater rate of component re-
vision for aseptic loosening in patients who smoked at
the time of THA and who continued to smoke for years
afterward. Further study is needed to determine the
extent to which smoking contributes to aseptic loosen-
ing in relationship to other known contributing factors,
and whether there is a smoking dose relationship. For
now, the American Academy of Orthopaedic Surgeons
Fact Sheet for patients preparing for joint replacement
surgery currently states that patients who smoke should
try to cut down or quit prior to the arthroplasty as smok-
ing changes blood flow patterns, delays healing, and
slows recovery.35
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ABSTRACT
Over the last three centuries, treatment of hip

arthritides has evolved from rudimentary surgery
to modern total hip arthroplasty (THA), which is
considered one of the most successful surgical
interventions ever developed. We here review the
history of the early hip arthroplasty procedures
for hip arthritis that preceded Charley total hip
arthroplasty. An evaluation of such past enter-
prises is relevant, and reminds us of the ephem-
eral nature of human industriousness, and how
medical research and procedures are not isolated
developments, but correlate to the social, economi-
cal, and cultural framework of their time.

INTRODUCTION
“Comme le Medecin, qui desire trencher
Quelque member incurable, avant que d’aprocher
Les glaives impiteux de la part offense,
Endort le patient d’une boisson glacee,
Puis sans nulle douleur, guide d’usage et d’art,
Pour sauver l’homme entier, il en coupe une part . . .”
—Guillaume de Saluste Seigneur Du Bartas.
La Sepmaine ou Creation du Monde,

Le sixiéme jour (960-65). 1581

Arthritides have defied the effectiveness of many
interventions for several thousand years.1 Joint patholo-
gies have been evidenced in Homo sapiens from Saxon,2

medieval2 and Roman3 excavations. Homo sapiens
neanderthalensis bones also harbor the pathological
marks of articular disease.4

EARLY HIP ARTHRITIS SURGERY
IN THE 1800s

Toward the end of the eighteenth century, the field
of operative orthopaedics was considerably advanced

as a result of the progress made in identifying the physi-
ology of the skeletal tissues that occurred during the
first half of that century.

Excision of the joints was practiced liberally for many
types of joint diseases. Liverpool, in the United King-
dom, had gained notoriety for its skilled surgeons,
where Henry Park (1744-1831) worked at The Royal
Infirmary. In a letter to Percival Pott (1717-88), a lumi-
nary of surgery and his teacher, Dr. Park described his
principles of treatment:5

The resource I mean is the total extirpation of the articu-
lation, or the entire removal of the extremities of all the
bones which form the joints, with the whole, or as much
as possible of the Capsular Ligament; thereby obtaining
a cure by means of Callus.
The enthusiasm shown at that time for joint excision

was, as with all surgical innovations, the result of spe-
cial circumstances. It was a reaction to the appalling
frequency with which amputation was being practiced
in Europe and America. Liverpool was a large commer-
cial port and sailors arrived with wounded limbs, in
many instances injured months before. These types of
injuries required a radical treatment, which in the late
1700s meant amputation. Amputation of the extremity
in these cases often offered a simple but, as Park
thought, unnecessary solution to the problem.

Because of warfare that afflicted some of Europe,
military surgeons were applying amputation too. As a
matter of fact, amputations became so common that
Johann Ulrich Bilguer (1720-96), surgeon-general of the
Prussian army, wrote De membrorum amputatione
rarissime admnistranda6 in 1761, pleading for the con-
servation of injured extremities among the unfortunate
soldiers who crowded the military hospitals after every
great victory. However, the technical ease of amputa-
tion when compared to joint excision slowed the accep-
tance of this technique by Park’s colleagues. During the
pre-anesthesia era, expeditiousness of a procedure was
most valued.

Anthony Whitei (1782-1849) of the Westminster Hos-
pital in London, is credited with the first excision ar-
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throplasty in 1821 though he did not make a personal
report of the operation. This procedure ameliorated pain
and preserved mobility, but at the expense of stability.
It was this surgery that gained him recognition in the
medical community, as described in his obituary that
appeared in Lancet.8

He who first excised the head, neck and trochanters of
the femur, the patient surviving the operation twelve years,
and then dying consumptive . . . . Mr. White had been
unable, from his extensive practice, to contribute any lit-
erary work to the advancement of medical science . . .
although he did deliver an Hunterian Oration before the
Royal Society.
However, John Rhea Bartonii (1794-1871) in Philadel-

phia, is credited with performing the first osteotomy
on an ankylosed hip in 1826.9 He performed an inter-
trochanteric osteotomy without anesthesia in only seven
minutes. After twenty days, he manipulated the extrem-
ity to provoke a fibrous reaction at the ends of the sev-
ered bone, and thus created a pseudarthrosis. Barton
reported the surgery in the North American Medical
and Surgical Journal.9

. . . to divide the bone through the great trochanter and
part of the neck of the bone

. . . to extend the [adducted] limb and dress the wound.
After the irritation from the operation shall have passed
away, to prevent, if possible by gentle and daily move-
ment of the limb, the formation of bony union, and to
establish an attachment by ligament only, as in cases of
ununited (sic) fractures, or artificial joints as they are
called.
Three months after the operation, the patient walked

reasonably well with a cane, but six years later all mo-
tion had been lost. Barton provided the first evidence
that motion would prevent the fusion of bone. This popu-
larized hip osteotomy as a rational plan for overcoming
bony ankylosis, a hitherto untreated lesion. However,
although there were some spectacular successes, the
outcome was generally disconcertingly unpredictable.
Most of the operated joints eventually became
ankylosed, a disappointing outcome for such a perilous
procedure that had a mortality rate of approximately
50 percent, high even by the day’s standards.iii

Although Auguste Stanislas Verneuil (1823–95), from
Paris, France, performed soft tissue hip interpositions
in 1860, it was Léopold Ollier’siv (1830-1900) work at
the Hôtel-Dieu hospital in Lyon, France, that generated
tremendous interest in the concept of interpositional ar-
throplasty. In 1885, he described the interposition of
adipose tissue in uninfected joints.11 However, he did
not fix the interposed material to the subjacent bone
and his procedures were generally ineffective.

Subsequently, Czech surgeon Vitezlav Chlumsky
(1867-1943), working in Breslau, Germany (now
Wroclaw, Poland) systematically experimented with
many interpositional materials. Among the wide variety
of materials he used was muscle, celluloid, silver plates,
rubber struts, magnesium (which had the detestable
characteristic of fomenting exactly the opposite of what
it was supposed to do, this being consolidation of bone
osteotomies or fractures), zinc, glass, pyres, decalcified
bones, wax and celluloid.v

Berliner Professor Themistocles Glück (1853-1942)
led the way in the development of hip implant fixation.
In 1891, Glück produced an ivory ball and socket joint
that he fixed to bone with nickel-plated screws.13 Sub-
sequently, he experimented with a mixture of plaster of
Paris, and powdered pumice with resin to provide fixa-
tion. The resemblance between his craftwork and the
work of a carpenter or sculptor is remarkable.

Eventually, around the turn of the century, a more
reasonable approach was advocated by John Benjamin
Murphyvi (1857-1916) from Chicago, to just alter symp-
toms of localized osteoarthritis of the hip joint.vii He de-

ii Barton’s name is also associated with a fracture of the dorsal ulnar
articular surface of the distal radius; a figure-of-eight bandage that
provides support to the lower jaw; and an obstetrics forceps with
one fixed curved angle and a lunged anterior blade for application to
a high transverse position of the fetal head during complicated
labors.
iii Asepsis, which was the most important of Joseph Lister’s (1827-
1912) contributions to the surgical setting, was introduced in the
second half of the nineteenth century. Anesthesia was around the
corner, but until William Morton’s sulphuric ether miracle in 1846,
the most appreciated quality of a surgeon was, besides precision,
speed. So, with such expedited procedures, and with the almost
certain fate of infection, it was surprising that some patients actually
survived many operations. For a marvelously written review of the

loud and bloodier world of English surgery in the last decade of
eighteen and the first half of nineteenth century, see Stanley P. For
Fear of Pain, British Surgery, 1790-1850. Amsterdam: Editions
Rodopi B.V.; 2003.
iv Léopold Ollier has been referred to by some as “The Father of
Orthopaedic Surgery.” He was born in Les Vans, Ardèche, France
and developed his professional life in Lyon, France. He pioneered
the use of skin grafts, and his research on periosteum allowed him
to devise new surgeries for the management of joints and extremity
pathologies. He was also the first to demand bone surgery be
recognized as a separate discipline, in a speech at the 1867
Congress of French Surgeons.
v Chlumky’s experiments are described in Chlumsky V. Zentralblatt
für orthopaedische Chirurgie (Continued Centralblatt für
orthopaedische Chirurgie un mechanik from 1887-1890). 1896. He
used laboratory animals for testing before actually implanting the
materials in his patients. Not all surgeons at that time were as
considerate as he, and most of them, without hesitation, introduced
their ideas directly into their clinical practice.
vi John Benjamin Murphy was born in Wisconsin, in a log cabin in
1857. Murphy eventually became chief of surgery at the Mercy
Hospital in Chicago, a position he held from 1895 until his death in
1916. A controversial figure for his flamboyant style, Murphy held
an immense range of interests. He is most famous for his work on
appendicitis, where he described the clinical sign that would
eventually bear his name.
vii Murphy called the disease by its Latin name malum coxae senilis.
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scribed neither implant surgery, nor resection, but just
removed overhanging bone osteophytes from the base
of the head of the femur and the rim of the acetabu-
lum, a procedure described as hip cheilotomy.14

INTERPOSITIONAL HIP ARTHROPLASTY
IN THE 1900s

Earlier in the 1900s, Murphy,15 along with Erich
Lexer (1867-1937) from München, Germany, had advo-
cated the hip interposition of fascia lata.16 This was a
modification of the technique described in 1893 by an-
other German surgeon, Heinrich Helferich (1851-
1945),viii who worked in Tübingen and performed a simi-
lar procedure for the treatment of temporomandibular
joint arthritis.18

Other interesting interpositional material was intro-
duced at the turn of nineteenth century by a French
surgeon, Foedre (b. ca. 1860), who noted that pig blad-
der was sufficiently strong to withstand the stresses of
weight bearing and intra-articular pressure.19 By 1918,
William Steven Baer (1872-1931)ix had popularized pig
bladder arthroplasty at the Johns Hopkins Hospital.20,21

The modern concept of informed consent authorizing
surgical procedures was, obviously, nonexistent at the
time and surgeons acted in the best Hippocratic tradi-
tion, with authoritative decisions that most times were
not discussed with the patient.

During the same period, Sir Robert Jones (1855-
1933)x used a strip of gold foil to cover reconstructed
femoral heads. Twenty-one years later, he was able to
report that the patient still retained effective motion at

the joint.22 This was the longest follow-up report re-
corded, to that point, in the history of arthroplasty.

In 1924, Royal Whitman (1857-1946), from The Hos-
pital for Ruptured and Crippled (now The Hospital for
Special Surgery) in New York City, published the first
description of hip osteoarthritisxi surgery by means
other than fusion. He described his surgery in Annals
of Surgery.23

The reconstruction operation may be defined as a me-
chanical adaptation of a hip joint disabled by injury or
disease to the essential requirements of locomotion. . . .
In this operation, the head of the femur is removed and
the trochanter is cut from the shaft in an oblique direc-
tion with all its attached muscles so that the additional
area thus obtained, together with the part of the neck
that remains, may provide a secure weight.
Following this, several modifications of the procedure

were attempted with variable, but not definitive success,
as it was necessary to sacrifice either mobility or stabil-
ity of the joint in order to achieve remission of pain.

It was the Norwegian-born American surgeon Marius
Smith-Petersen (1886-1953) from Boston, Massachusetts
who in 1923 provided synthetic interpositional arthro-
plasty with a mold prosthesis. This arthroplasty was
intended to facilitate bone-implant movement both at
the femoral and the acetabular sides of the implant. Ini-
tially, Smith-Petersen had observed a smooth membrane
around an excised piece of glass during an unrelated
procedure. Encouraged by this finding, he designed a
glass mold to be placed between the femoral head and
the acetabulum. This device, according to Smith-
Petersen’s reasoning, would “guide nature’s repair” of
the joint. He also described the anterior surgical ap-
proach to the hip for use in this procedure, which bears
his name, and began implanting the devices in 1932.
Unfortunately, some of the molds broke, and although
he was extremely excited during the revision surgeries
to find glistening linings on the broken pieces of glass,
the stubbornness of his patients, who persisted in their
ailments regardless of the surgical evidence of success,
convinced him to abandon such material. He subse-
quently experimented with celluloid, Bakelite, and
Pyrex. In 1937, his dentist suggested he try Vitallium®,
which had been recently introduced to the dentistry
market. Smith-Petersen implanted 500 Vitallium®

moulds in the ensuing ten years with good clinical re-
sults. This device provided the first predictable result
in interpositional hip arthroplasty.24

viii In 1882, Helferich presented an eloquent defense for use of
muscular interposition in the treatment of joint afflictions during the
German Surgical Congress, Helferich H. ‹ber
Muskeltransplantation beim Menschen. Paper presented at:
Verhandlungen der deutschen Gesellschaft für orthopaedische
Chirurgie, 1882. His subsequent work advocated use of that
technique in the hip. Murphy’s and Lexer’s use of the fascia lata are
based on his original work.
ix Baer founded the Orthopaedic Surgery department at Hopkins
after an invitation by William Halsted, Chief of Surgery at that
hospital in 1900. He also developed new procedures for low back
pain and the treatment of osteomyelitis.
x The most important orthopaedic surgery figure at the turn of the
century, Sir Robert Jones, grew up in Liverpool, United Kingdom,
where he worked as an apprentice of Hugh Owen Thomas. He
organized and systematized the diagnosis and treatment of bone
and joint injuries during his service in World War I, when he
worked as Director of Military Orthopaedics in the British Army.
He was a champion of crippled children. He also produced several
of the most important books in orthopaedic history such as
Orthopaedic Surgery of Injuries (Oxford Medical Publications,
London: Henry Frowde, 1921), Injuries of Joints (London: Henry
Frowde, 1915) and Notes on Military Orthopaedics; with an
Introductory Note by Sir Alfred Keogh (London: Cassell and Co.,
1917).

xi In his paper, he called this disease arthritis deformans of the hip.
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EARLY PROSTHETIC HIP ARTHROPLASTY
IN THE 1900s

The first to use a rubber femoral prosthesis was at
Pierre Delbet (1861-1925) at La Fer té Gaucher,
Departement Seine-et-Marne, France. He used a rub-
ber femoral prosthesis in 1919 to replace one-half of the
hip joint. In 1927, British surgeonxii Ernest W. Hey-
Groves (1872-1944) preferred ivory, with dubious re-
sults. In 1933 he described what, in his opinion, was a
preferable method to treat hip arthritis.

A better method of altering the disproportion between the
ball and the socket of the joint, is to enlarge the socket by
cutting away its lower and anterior margins.
However, a lot of attention for early prostheses was

garnered by the Judet brothers—Robert (1901-80) and
Jean (1905-95), from Paris, France. They used an acrylic
prosthesis in 1948.25 The Judet prostheses turned out
to be exceptionally susceptible to wear, and failed even
before the general acclaim had ceased. In the often
quoted words of Francis Darwin (1848-1925):26

In science the credit goes to the man who convinces the
world, not to the man to whom the idea first occurs.
In the 1940s, resection of the femoral head, especially

for tuberculosis and infection, was popularized by
Gathorne Robert Girdlestone (1881-1950) from the mili-
tary orthopaedic center that was established at the
Wingfield Convalescent Home in Headington, Oxford,
United Kingdom.27 It was Girdlestone who, following the
precepts of the biblical references, decreed:28,xiii

If thine femoral head offend thee, pluck it out and cast it
from thee.
The radical excision arthroplasty that bears his name

is occasionally used today as last resort in failed THA,
a procedure that is euphemistically called “conversion
to a Girldestone.”

The Judet brothers’ concept29 was refined by
Frederick Röeck Thompson, (1907-83) who developed
a Vitallium® prosthesis in 1950 which featured a dis-
tinctive flared collar below the head and a vertical in-
tramedullary stem,30 by Harold R. Böhlman (1893-1979)
from Nebraska, and Austin Moore (1899-1963). Dr.
Moore inserted the first such metal prosthesis at John
Hopkins Hospital in 1940.31 The procedure replaced the

proximal twelve inches of a femur, destroyed by a re-
current giant cell tumor, with a custom made Vitallium®

prosthesis. Böhlman and Moore refined their implant
and in 1952 described a model that featured a fenes-
trated stem to allow bone ingrowth. Both designs were
produced in collaboration with Howmedica Inc., (at the
time, Austenal Laboratories, now merged with Stryker®

Corporation) East Rutherford, New Jersey, United
States. These were the first hip arthroplasty products
that were widely distributed. They eventually became
legendary and are still widely used for replacement of
the femoral head and neck, especially following femo-
ral neck fractures in the elderly.

In 1938, Philip Wiles (1899-1966)xiv of the Middelsex
Hospital in London described the first THA using pre-
cisely fitted stainless steel components which were fixed
to the bone with screws and bolts.32 However, he did
not achieve satisfactory results.

Edward J. Haboush (1904-1973) of the Hospital for
Special Surgery, and Kenneth McKee (1905-1991) of
Norwich, England, developed prostheses in the late
1940s and experimented with dental acrylic cement for
fixation. In the early 1950s, McKee, who had trained
with Wiles in London, started using the Thompson pros-
thesis on the femoral side that articulated with a three-
claw type cup that was screwed into the acetabulum.
His high incidence of failure resulted from loosening
of the components.33 Another Briton, Peter Ring (b.
1922), working in parallel with the Russians, in Redhill,
Surrey, started his clinical experience with cementless
components with a metal-on-metal articulation in 1964.
Some of his early arthroplasties provided surprisingly
good results with up to 97% of implants surviving at 17
years of follow up.34 Both the McKee-Farrar and the
Ring models were abandoned in the 1970s in favor of
Charnley’s model. Nevertheless, these implants contin-
ued functioning extremely well and were “rediscovered”
in the 1980s by Swiss and British surgeons. Today an-
other wave of metal-on-metal bearings is on the rise.

However, the stage was set for Sir John Charnley to
drive the evolution of a truly successful operation in
orthopaedics, modern Total Hip Arthroplasty.

xii Indeed, Hey-Groves was not considered eligible to be a member
of the British Orthopaedic Association because of his activities in
general surgery. Regardless, he introduced several main
orthopaedic procedures such as intramedullary nailing of fractures,
repair of the ACL of the knee and the described ivory arthroplasty
of the hip.
xiii Girdlestone’s life was governed by deep religious precepts. He
was also a strong advocate on social causes.

xiv Wiles served in both World War I and II, and achieved the grade
of Brigadier Colonel in the British Army Medical Corps. Similar to
Sir Robert Jones, Dr. Wiles gained most of his knowledge about
traumatic injury care during his service at the battle front. Origins
of modern trauma surgery can be traced to their experiences in the
military. Orthopaedic surgery owns a great part its development as
a medical specialty to the military conflicts that occurred during the
first half of the century.
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ABSTRACT
In the 1960s, Sir John Charnley pioneered

modern total hip arthroplasty (THA) and spent
the next two decades refining all aspects of the
procedure, working with the commercial firm of
Chas F. Thackray Limited, now a subsidiary of
DePuy Orthopaedics, a Johnson and Johnson
Company. We review here that relationship, in light
of the complex relationships today that exist among
industry, researchers, surgeons, and the public.

OVERVIEW OF TOTAL HIP ARTHROPLASTY
ECONOMICS AND INDUSTRY

Osteoarthritis disables about 10% of people older than
sixty, compromises the quality of life of more than
twenty million Americans, and costs the United States
economy more than 60 billion dollars per year.1 There
are now close to 300,000 THAs performed per year in
the United States. The cost associated with each opera-
tion is approximately $13,339 in the United States,2 and
the cost of each implant has been reported to be ap-
proximately $8,017.2 The calculated total cost of THA
procedures performed in the United States during 1995
(a year in which 250,000 arthroplasties were done), was
five billion dollars.3

Overall, THA has been found to be quite effective in
terms of improvement in quality of life indices.4 THA
ranks highly among health care interventions, with a
1140/cost-per-quality-adjusted-life-year,5 and compares
favorably with the medical treatment of hypertension,
coronary artery bypass graft surgery and hemodialy-
sis for chronic renal failure.6 Among all surgical proce-
dures, only coronary bypass compares to THA in terms
of effectiveness and improvement of life quality.

However, one recent paper evaluating the adequacy
of economic evaluations in THA literature found only
two correctly performed investigations out of 68 papers
in the subject.7 The significance of this percentage is
highlighted when compared to 11,078 papers about THA
published in journals indexed in the National Health
Library of Medicine of The United States. In addition,
existing cost-effectiveness studies have generally been
limited to the evaluation of hospital expenses7 and have
not included a global substantiation of THA use in
today’s cost-constrained health environment.

The orthopaedic industry has gone from a six bil-
lion dollar market ten years ago to seventeen billion
dollars in revenues last year.8 Five companies hold the
majority of the THA market in America. These five are
DePuy, Inc., a Johnson & Johnson Company,i Warsaw,
Indiana, USA; Zimmer, Inc.,ii  Warsaw, Indiana, USA;
Stryker® Corporation,iii Rutherford, New Jersey, USA;
Biomet Orthopedics, Inc.,iv Warsaw, Indiana, USA; and
Smith & Nephew,v Inc., Memphis, Tennessee, USA.

A HISTORICAL AND ECONOMIC PERSPECTIVE ON SIR JOHN
CHARNLEY, CHAS F. THACKRAY LIMITED, AND THE EARLY

ARTHOPLASTY INDUSTRY
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iDePuy, Inc., was established in 1895 by Revra DePuy, on a
promising fiber splint to replace the wooden barrel staves then used
to treat fractures. They became the first commercial orthopaedic
manufacturer in the world. After more than a century, the company
has change ownership several times, the last owner being Johnson
& Johnson Corporation. The same year that Müller give exclusivity
rights to his prosthesis to DePuy, Inc., the company was acquired
by the Indianapolis-based diagnostics company Bio-Dynamics,
giving the veteran firm a needed economic boost.3

ii J.O. Zimmer initially began as the first DePuy sales representative.
After several failed attempts to purchase DePuy Manufacturing, in
1924 Zimmer founded the company that bears his name. In
Orthopaedics Today. Edited by Jackson, D. W., SLACK Incorporated,
2000.
iii Homer Stryker from Kalamazoo, Michigan, United States, was
appalled by the lack of adequate instruments to operate upon his
patients. He started this company in 194, which evolved into one of
the leaders in the medical implant industry. In December 1998,
Stryker, Inc., acquired Howmedica, Inc., from Pfizer, Inc., and
doubled its size. Ibid. Edited.
iv Dane Miller, Niles Noblitt, Jerry Ferguson and M. Ray Harroff
created Biomet, Inc., in 1977. After, a rough start, Biomet expanded
and acquired several other manufacturing companies, which
allowed it to consolidate and reach its position as one of the main
players in today’s orthopaedic industry. Ibid. Edited.
v Although the origins of this company can be traced back to 1851,
Smith & Nephew (Pty) Ltd, Durban S.A., firmly started its
orthopaedic venture in only 1931. Originally, Smith & Nephew
manufactured only Plaster of Paris bandages. However, over the
years it would buy Richards, Inc., and become one of the largest
corporations for orthopaedic implants. Ibid. Edited.
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Nevertheless, there are still reported opportunities for
the orthopaedic arthroplasty industry’s growth, as the
trend toward expansion will continue for at least another
two decades, according to investor analysts.8

SIR JOHN CHARNLEY (1911-1982)
AND THE ROAD TO DEVELOPING

MODERN TOTAL HIP ARTHROPLASTY
It was John Charnley who dominated the develop-

ment of modern THA. In 1956 he noted:10

The cart has been put before the horse; the artificial joint
has been made and used, and now we are trying to find
out how and why it fails.

Charnley was born in Bury, Lancashire, United King-
dom in 1911. In 1929, he entered medical school at the
Victoria University of Manchester, where he qualified
with MB ChB MRCS and LRCP in 1935.vi During that
time Charnley also obtained a BSc in anatomy and physi-
ology. At twenty-five years of age he became a Fellow
of the Royal College of Surgeons at Guy’s Hospital in
London, the youngest physician to receive that honor.
He was trained as a general surgeon, acquiring excel-
lent wide-ranging diagnostic judgment and operative
skill at the Salford Royal Hospitals, where he started
January 1, 1937. During his period in Salford he worked
with Mr. Garnett Wright and started to manufacture
small apparatuses in Bury, England, where he had ac-
cess to a lathe. After a year, he followed the advice of
one of his professors in Manchester, Professor Rapper,
and went to London to work in physiology with Profes-
sor RJS McDowallvii at King’s College, London, where
he was appointed as demonstrator in physiology in
October 1938. However, when the opportunity pre-
sented, he returned to Manchester in 1939 and joined
The Manchester Royal Infirmary as resident casualty
officer. This was Charnley’s first contact with ortho-
paedics, which at the time, even with the efforts of Sir
Robert Jones and Gathorne Girdlestone, was considered
a minor specialty.viii

Charnley’s medical career was interrupted by the
outbreak of war on September 3, 1939; he entered the
Royal Army Medical Corps as a volunteer, beginning
as a lieutenant. His postings included Northern Ireland,
the Middle East and Dover, England, where he attended
the wounded soldiers from the evacuation of Dunkirk,
France. After this experience, he was posted as an or-
thopaedic officer to the Middle East as a major and of-
ficer in charge of No. 2 Orthopaedic Centre at Cairo.12

During his stationing in Egypt, he met Dudley Buxton
who was the consultant orthopaedic surgeon to the
Middle East forces. Buxton opened an orthopaedic
workshop at No. 4 BOW (Base Ordnance Workshop)
and recommended that Captain Charnley to be in
charge. Charnley made the workshop a success and
designed, among other things, a walking caliper,13,14 a
modified Thomas splint,15 and various other surgical
instruments. This period was critical for Charnley, who
had a febrile inventiveness. His workshop was a unit of
the Royal Electrical and Mechanical Engineers, and he
had the opportunity to work with skilled technicians.
Following the war, he returned to England. Sir Harry
Platt, later first baronet (1886-1986), acted as Charnley’s
and David Lloyd Griffiths’ mentor.ix Platt was of the opin-
ion that although Charnley had a great deal of experi-
ence with war surgery, he needed training in cold
surgery.x Platt sent Charnley to a six-month rotation in
the Robert Jones and Agnes Hunt Orthopaedic Hospi-
tal (founded as the Shropshire Hospital) at Gobowen,
near Oswestry, in Shropshire, England.xi

It was in Gobowen that Charnley further became
curious about the role of periosteum in bone healing.
He persuaded a junior colleague to operate on him, re-
moving a piece of cancellous bone from the upper end
of his tibia, and implanting one piece above and other
beneath the periosteum. Eventually, he developed osteo-
myelitis in his tibia and needed several surgeries for a
cure.

vi These qualifications are the college degrees of the Britannic
Medical Education curriculum. MB (Bachelor of Medicine) and
ChB (Bachelor of surgery) are the primary qualifications. MRCS
(Member of the Royal College of Surgeons) and LRCP (licentiate of
the Royal College of Physicians) were considered secondary
degrees and functioned as a safety net for medical students in case
they failed in their MB degree.
vii Professor McDowall is best known for being a whisky
connoisseur. He wrote one of the classic guides on the subject,
McDowall, R. J. S.: The whiskies of Scotland. Edited, Chicago, Ivan
R. Dee, 1987. He also gave numerous conferences about this
beloved spirit.
viii Despite Sir Robert Jones’s efforts during the First World War,
orthopaedics was not completely established, as the general
surgeons, a powerful guild, wanted to keep practicing orthopaedics,
too. Manchester, however, was at the lead of the final consolidation
of orthopaedics as a specialty in itself.

ix Lloyd Griffith was three years older than Charnley and was his
senior practitioner. Although they were great friends, the
relationship developed an uncomfortable tension when Lloyd
Griffith was appointed as Chief of the Service at the Manchester
Infirmary. Charnley’s personality was not built to be the second in
charge, and this, among other reasons, convinced Charnley to leave
that hospital and look for an independent post in Wiles; see Waugh,
W.: John Charnley: The man and the hip. Edited, London, Springer,
1990.
x Cold Surgery was the name given to elective surgical procedures in
the British surgical jargon, in contrast with emergency surgeries
that provided a totally different set of circumstances, and
consequently, approaches.
xi Both names were judged too long for use, and the hospital is
usually spoken of as Oswestry, and by the local inhabitants The
Orthopaedic.
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When Charnley finally returned to Manchester, he
was appointed as observer in the orthopaedic depart-
ment at the Manchester Royal Infirmary. For a few
months he acted as chief assistant, and then replaced
Miss Willis and became consultant orthopaedic surgeon
in the department. Plat said of Charnley:17

The young men who, after such experience [training in
general surgery] ultimately entered any one of the divi-
sions—the so-called specialties—carried the hallmark of
the generalist throughout their active surgical lives. This
was especially true of John Charnley. His roots in the
principles and units of surgery were deep and lasting.

Charnley also had an powerful command of the En-
glish language. He describes the required qualities to
be an orthopaedic surgeon, published in the Manches-
ter University Medical School Gazette:18

The Orthopaedic Surgeon’s faculties must be adaptable
to a wide compass; the delicacy of a neurosurgeon, re-
quired in nerve and tendon surgery; the power and accu-
racy of a sculptor wielding the osteotome and heavy mal-
let; the engineering skill of a fitter, in using precision
tools in bone grafting and internal fixation; the indefin-
able art of closed reduction in manipulating a fracture
with the touch and craft of a bonesetter; pleasure in per-
fect dissection under a tourniquet, and satisfaction in the
carnage of hindquarter amputation.

At the suggestion of Harry Platt, and after fully com-
mitting himself to the study of hip arthritis,xii Charnley
developed a hip center at Wrightington Hospital in
Wigan, near Manchester, where he started as a visiting
orthopaedic surgeon in 1949. The center, formally in-
augurated in 1961, became the focus of Charnley’s pro-
fessional career. Charnley’s early experiments on joint
function were directed to understanding the friction and
lubrication of animal and artificial joints.21 He financed
these studies and the materials involved, as with the
lathe he bought in 1946, with royalties from his previ-
ous inventions, such as the walking calipers for soldiers
he designed during the war. He considered the low fric-
tion principle to be the basis of THA design.22 Seren-
dipity occurred when he noted that a patient, whose
left femoral head had been replaced with an acrylic
Judet prosthesis, reported that “his left hip squeaked
every time he leaned forward.”xiii Charnley recognized

the increased frictional resistance as the cause of this
phenomenon and deduced the necessity to reduce the
friction at the articular interface of the implant. Also,
by applying hip biomechanical concepts that had been
developed in the German school,xiv during the 1930s,
he understood that in addition to maintaining low fric-
tional resistance at the articular interface, it was neces-
sary to minimize the turning force (torque) transmit-
ted from the metal femoral head to the socket. This can
only be achieved by reducing the diameter of the femo-
ral head component. Charnley therefore introduced a
22.2 millimeter femoral head. He believed that anything
smaller was associated with an unacceptably high inci-
dence of dislocation.22

In 1956, he started using polytetrafluoroethylene
(PTFE), which was self lubricating. Initially, he em-
ployed it as synthetic articular cartilage, lining the ac-
etabulum with a thin shell of the plastic and covering
the femoral head (which he reshaped) with a hollow
cup of the same material. The chemical structure of
PTFE is similar to that of Ultra High Molecular Weight
Polyethylene (UHMWP) except that the pendant hydro-
gen atoms on the carbon backbone of the polymer
molecule are replaced by fluorine (PTFE belongs to the
family of fluoropolymers). As a consequence, PTFE has
a density of 2.2 f/cc, higher than the 0.94 f/cc of the
UHMWP. PTFE is often (and incorrectly) referred to
in the orthopaedic literature as Teflon®, which is the
trade name for a family of PTFE resins produced by
DuPont, Wilmington, Delaware, USA. Charnley’s ac-
etabular components were fabricated from Fluon resin
produced by Imperial Chemical Industries in Great Brit-
ain.23 Subsequent universal failures after spectacular
early successes persuaded him to remove the femoral
head and replace it with a metal prosthesis. Unexpect-
edly, the PTFE defied laboratory predictions and ex-
hibited significant wear within the first few years. Two
main disadvantages of PTFE were discovered only af-
ter implantation in three hundred patients. First, the
PTFE exhibited elevated wear rates in vivo of up to 0.5
mm per month.24 Second the PTFE wear debris elicited
an “intense foreign-body reaction.” Charnley understood
the basis for this from experiments on himself years

xii Charnley’s contributions to orthopaedic surgery were not limited
to his invention of THA. He also published landmark treatises in
trauma and compression arthrodesis: Charnley, J.: The Closed
Treatment of Common Fractures. Edited, Edinburgh, Livingston,
1974.; and Charnley, J.: Compression arthrodesis: Including Central
Dislocation as a Principle in Hip Surgery. Edited, Edinburgh,
Livingston, 1953. Paradoxically, the father of modern joint
replacement initiated his academic career studying and succeeding
in the fusion of joints.
xiii Charnley always acknowledged the importance of serendipity.
One of his favorite aphorisms said “You have got to be able to see

where others do not appreciate the importance of fortuitous facts.”
Waugh, W.:  John Charnley: The man and the hip. Edited, London,
Springer, 1990.
xiv During the first decades of the twentieth century, German
medicine provided many advances in the understanding of body
physiology and disease etiology. Friedrich Pauwels (1885-1980), for
instance, described the basic concepts of hip biomechanics, such as
transmission of loads around the articulation, lever length and
gluteus medius’ role in the torque forces around the hip, and gravity
center variation during limp.
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ago while in Gobowen. In addition to the experiment
on his own tibia, he had also experimented on himself
and injected two specimens of “finely divided” PTFE
into his own thigh25 where he described in himself that
the particles excited an aggressive foreign body reac-
tion. In patients, he pointed to this inflammatory pro-
cess as a possible loss of bone stock:26

After surgery, then came the dreadful weeks . . . PTFE
proved unsuitable, not so much by its low resistance to
wear, as by the adverse tissue reaction caused by wear
debris.

Colleagues reported that every time Charnley did a
PTFE revision it was “like observing a monk pouring
ashes over his own head.”27 Charnley also attempted to
use glass-filled PTFE (under the trade name of
Fluorosint), but despite promising in vitro test results
the composite also performed poorly in vivo.

Subsequently he was offered a new material, ultra
high molecular weight polyethylene, but he despised
this, depressed by PTFE’s failure. UHMWP produced
by Hoechst (Oberhausen, Germany) was first widely
adopted in the textile industry and was distributed
throughout Europe during the 1950s for use in the im-
pact bearings of mechanical looms. Despite Charnley’s
refusal, one of his more resilient assistants mechani-
cally tested the material and found it to have superior
wear properties to PTFE. Extensive testing demon-
strated that UHMWP was a more suitable plastic for
the construction of artificial joins and Charnley inserted
the first UHMWP socket, labeled RCH 1000, in Novem-
ber 1962.24

RCH was Hoechst’s early trade name for UHMWP.
RCH designated the resin manufacturing location
(RuhrCHemie AG, Oberhausen, Germany) and 1000
indicated that the polymer was UHMWP. The qualities
that made this material the choice for early THA, namely
its excellent wear resistance, low friction and high im-
pact strength (relative to other polymers), have not
changed substantially during the last four decades.28 The
microstructure complexities of UHMWP give rise to a
range of mechanical behaviors, depending upon the
processing, thermal and radiation exposure, storage and
prior mechanical history of the polymer. Today, over
90% of the UHMWP used in orthopedics is produced in
the form of a fine white powder, or resin, which is then
consolidated through ram extrusion, slab molding, or
direct compression.

Orthopaedic surgeons borrowed from the dental
community a form of acrylic cement suitable for sur-
gery, PMM. Kiaer and Jansen of Copenhagen reported
attaching plastic cups to femoral heads with acrylic bone
cement in 1951, and Haboush of New York used bone

cement to secure a femoral prosthesis. It was Charnley,
however, who noted that the points of direct contact
between an implant and bone, requisite for a tight fit,
were the points where the bone would absorb and leave
the implant inadequately supported. His momentous
publication, Anchorage of the Femoral Head Prosthesis
to the Shaft of the Femur,29 signaled a turning point in
hip arthroplasty. He suggested that the bone cement
acted as a “grout,” not as glue, so that fixation was
achieved by interlocking and not by adhesion. The ce-
ment was forced into all available interstices, so the
weight of the body was dispersed over a large area of
bone. This bold and generous use of cement improved
fixation by a factor of two hundred. Heat generated
during polymerization was absorbed by the metal pros-
thesis, which acted as a heat sink.

Charnley’s surgical skills were remarkable. He had
the capacity to complete an operation two to three times
faster than his colleagues. His postoperative care was
carried out through distinctive clinical pathways. Pa-
tients were encouraged to return for evaluation at regu-
lar inter vals. Data were meticulously collected.
Charnley’s registrars and fellows advanced through a
program of steady responsibilities, first observing, then
assisting, and finally performing the operation. He
would not permit the use of his prosthesis by an inex-
perienced surgeon, and insisted on the personalized
training of his fellow colleagues.

His contributions to orthopaedic surgery were rec-
ognized both nationally and internationally with numer-
ous awards, including the Knighthood in 1977, and a
Lasker Foundation Clinical Medical Research Award,
also known as the “American Nobel Prize” in 1974 (join-
ing an elite group of luminary surgeons who had re-
ceived the award—Alfred Blalock in 1954, and Michael
DeBakey in 1963), and knighthood in 1977. The Lasker
award committee in 1974 stated:

Combining his talents as an orthopaedic surgeon and
biomedical engineer, Professor Charnley conducted origi-
nal laboratory and clinical research . . . the introduction
of the use of methyl-methacrylate as a plastic cement to
firmly af fix the prosthetic components to the bone . . .
While the pioneering work on joint prosthetics, going back
to 1908, cannot be ignored, the present advances were
made possible by Professor Charnley’s unique concepts. . . .
it is estimated that 50,000 Charnley-type hip operations
are performed annually in the United States alone . . .
For his combination of engineering skill and clinical acu-
men, and for his development of the concept and tech-
nique of total hip joint replacement . . . this 1974 Albert
Lasker Clinical Medical Research Award is given
(www.laskerfoundation.org)
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CHARNLEY AND CHAS. F. THACKRAY LIMITED
Charnley was quite conscious of the importance the

industry had in the development of his prosthesis:24

In Britain it is not considered good form to acknowledge
commercial undertakings in too glowing terms, even
though the work would not have been possible without
their collaboration.

The relationship between John Charnley and the
commercial firm of Chas. F. Thackray Limited (now a
subsidiary of DePuy Orthopaedics, Inc., a division of
DePuy, Inc., a Johnson & Johnson Company),xv Leeds,
England, provided grounds for the growth of Charnley’s
implants. The successes and frustrations of the process
are recorded in the abundant correspondence main-
tained between Charnley and the company until
Charnley’s death in 1982.xvi

In 1902, Charles Frederick Thackray (1877-1934) and
H.S. Wainwright bought from Samuel Taylor a phar-
macy he had established in Leeds in 1862. They had
bigger plans than just the pharmaceutical retail busi-
nesses, and in 1905 bought a sterilizer for dressings,
initiating the expansion of the businesses. From 1918
on, the focus of the company was surgical equipment.
Initially, they fabricated instruments for Lord Moynihan,
one of Leeds’ most prominent surgeons. Thackray Sr.
died in 1934, and his two sons C. Noel and W.P. (Tod)
took over the commercial and manufacturing operations.

 The first description of orthopaedic implants by the
company dates from 1947. At that time Charnley was
looking for a firm to develop hip fracture devices after
he quarreled with Down Brothers Ltd, of London, his
previous associate. The instrument curator at the
Manchester Royal Infirmary put him in contact with
Thackrays, and the company worked the first gadgets
of what would prove to be a fructuous partnership.30

With the help of Arthur Hallman,xvii the chief of de-
velopment in Thackrays, the firm started producing low
friction arthroplasty devices in 1963; they were in
charge of the manufacture of the UHMWP sockets and
the femoral prostheses. However, the heads were pol-
ished at Charnley’s lathe in Wrightington. Importantly,

the firm contributed £1 to the research fund at the hos-
pital for every prosthesis used.16

Charnley was demanding with the company. He
wrote at least two letters a week to them. This was not
particularly pleasant for Thackray’s technicians and ex-
ecutives because, aside from perfection in the workman-
ship, he also demanded low prices (from a letter dated
January 26, 1968):

. . . your firm may have been influenced by my desire to
keep the cost of the implant as low as possible. . . . I now
feel that you have plenty of latitude in the price . . . com-
pared with world prices, to cover a considerable capital
investment looking towards a long-term dominance in
this field.

However both parties remained loyal to each other.
The label distributed with every implant sold, summa-
rized the philosophy behind its production:

The Total Hip Prosthesis contained in this package con-
sists of a plastic socket made of High Density Polyethyl-
ene for the acetabulum and a stainless steel femoral head.
Both components have been developed by Mr. J. Charnley
Dsc, FRCS, at Wrightington Hospital. Chas. F. Thackray
Ltd., has been granted sole rights of manufacture in re-
turn for which they contribute to the Wrightington Hip
Centre Research Fund. All prostheses are manufactured
under carefully controlled production techniques which
meet rigid requirements as laid down by Mr. Charnley.
Quality control of the product includes a final inspection
of a representative proportion in the Research Labora-
tory at Wrightington Hospital. Mr. Charnley has autho-
rized the issue of this statement.

Chas. F. Thackray Ltd

Neither Charnley nor the company patented their
invention,xviii not that this would have prevented dupli-
cation, and numerous variations on the implant began
to be produced around the world. Initially, Charnley, in
his idealism, did not think there were any problems
because his name was associated with those products,
but the reality proved to be quite different.

Later, Maurice Müller (b. 1918), founder of AO
(Arbeitsgemeinschaft für Osteosynthesefragen), would
visit Wrightington on multiple occasions during the
1960s, and in 1967 he started large-scale production of
his own version of a Charnley type prosthesis through
Protek AG, Münsingen, Switzerland (later merged withxv In 1990 Chas. F. Thackray Limited merged with DePuy, Inc.,

Warsaw, Indiana, United States, and became DePuy International
Inc., still based in Leeds. After the acquisition of DePuy, Inc., by
Johnson & Johnson Corporation in 2000, DePuy, Inc., and DePuy
International were merged and became DePuy Orthopaedics Inc.
Hereafter, I will be referring to the original company when using
the term Thackray, as the actions I am describing took place during
the 1960s and 1970s.
xvi This correspondence was reviewed in a comprehensive book
about John Charnley and his life, written by Waugh, W.: John
Charnley: The man and the hip. Edited, London, Springer, 1990.
xvii An excellent instrument maker and craftsman, Hallman was
deeply appreciated by Charnley, who learned from him many of the
techniques used in the manufacturing of his ideas. After Hallman’s

retirement, and when defective material arrived at Wrightington, he
commented “I am quite sure that this defective workmanship would
not have occurred in the days of Mr. Hallman.” Ibid. Edited.
xviii Charnley never thought it would be necessary. He had a vision of
medicine as a profession formed by idealistic individuals looking
over interests different from monetary ones. This attitude explains
his willingness to share his name and credit. Nevertheless, at that
time, litigation processes were extremely slow and in many cases
unproductive, in an epoch where copyright issues were still in their
infancy.
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Sulzer Medica) a company that distributed the implants
made by Mathys and Sulzer (now Centerpulse, a
Zimmer, Inc., company)xix Münsingen, Switzerland.
Charnley became a personal friend of Müller and
agreed to give his name to the implant, so the Charnley-
Müller prosthesis was born. However, Müller changed
some of the features of the prosthesis, making the head
bigger (30mm) and increasing the available number of
neck lengths, but he also modified the surgical tech-
nique. Importantly, Müller did not use osteotomy of the
great trochanter for application of the femoral compo-
nent, something that Charnley considered a basic fea-
ture of the surgery. Partly because of this, Müller’s tech-
nique and implant became preferred by some in North
America over Charnley’s laborious procedure. Also,
Müller was extremely entrepreneurial and ambitious.
He recognized an opportunity, and instead of trying to
directly sell his products in America through his com-
pany Protek AG, as Charnley and Thackrays were try-
ing to do, in 1968 he associated with an American com-
pany, DePuy, Inc.31 to distribute his prosthesis in the
United States. DePuy, Inc., had been the pioneer of or-
thopaedic implant manufacturers in the United States,
and was an established local industry, exceeding
Thackrays in financial resources, and experience.

This situation affected Charnley, as we can infer from
one of his letters to Thackrays expressing new doubts
about the utilization of his name:

Müller attached my name to his prosthesis out of cour-
tesy because we are close personal friends and because he
was acknowledging my pioneer work. . . . The situation
has now changed in so far as my operation is certainly a
more extensive mechanical procedure than his . . . those
manufacturers who in the past have made the Charnley-
Müller with the 30 mm head should now drop my name
. . . . (10-28-1970)16

A typical example of the situation Charnley and
Thackrays was experiencing was the 1968 visit to
Wrightington of Charles Bechtol (1912-98), from The
University of California at Los Angeles, Los Angeles,
California, United States. He, along with three other
California surgeons, were planning to start a 100-bed
centre for hip surgery and had decided to choose
Charnley’s low friction arthroplasty as their starting
model. Both Charnley and Thackrays expected the de-
velopment of franchise arrangements. But the transac-
tion was never completed. Bechtol’s group never used
Thackrays’ prosthesis, but developed their own modifi-

cation of Charnley’s model with Richards Medical Com-
pany, Memphis, Tennessee, United States (acquired by
Smith & Nephew Inc., in 1986).32

Eventually, this type of situation put enormous pres-
sure on Thackrays as they saw business leaving them,
evidenced in a letter sent to Charnley four years later:16

It is certainly not our wish to produce a larger headed
model, but all the time we are being pressed by our for-
eign agents who seem to insist that there is as much de-
mand for the Müller type, as for your small-headed vari-
ety, mainly required by the not-so-good surgeon, where he
can use an easier operative technique.16

Charnley never gave up and did not alter the design
of the implant, its material nor the size of the femoral
component head (22 mm). What did change, in the early
1970s, was the direction of the company. After C.N.
Thackray Sr. died, his brother W.P. (Tod) took control
of the company. If there was any change in the partner-
ship with Charnley, it was positive. The new manage-
ment was committed to being competitive, and by 1971
they were producing five different types of stems and
four sockets, with an output of approximately nine to
ten thousand hip implants a year.30

Low friction arthroplasty devices had been in use for
at least eight years when the Food and Drug Adminis-
tration of the United States asked for laboratory testing
of their toxicity. Frustrated, Charnley expressed that the
best proof he could provide was his own healthy pa-
tients, alive and without signs of disease several years
after THA, and that it was an error to exclusively rely
on laboratory tests, something that in his opinion was
symptomatic of modern scientists and technicians.xx

The unregulated North American medical world of
the 1970s provided a sharp contrast to British circum-
stances. Thus, different companies began trying Co-Cr
and titanium alloys for the production of their implants.
This put Thackrays on the spot due to Charnley’s re-
luctance to use material other than stainless steel. How-
ever, after the financial difficulties of the company in
the American market became evident, Charnley con-
curred with the decision to use Co-Cr alloys for a por-
tion of the prostheses intended for the North American
market. Nevertheless, he never used the new alloys in

xix Sulzer Medical, in an effort to recover from a highly publicized
lawsuit over defects found in its artificial hips and knees, changed
its name to Centerpulse AG, just before it was bought by Zimmer,
Inc., on October 2, 2003.

xx Charnley’s position in this respect was well known. He was a
staunch skeptic of the AO techniques and principles for the
treatment of fracture. He maintained that the best experimental
model was inferior to an adequate clinical judgment. I must note,
however, that this position was fundamental in Charnley, and it was
developed well before any personal schism developed between him
and AO’s founder, Maurice Müller. Charnley’s positions in this
matter can be reviewed in an excellent recount of AO history by
Schilich. Schilich, T.: Surgery, Science and Industry. A Revolution in
Fracture Care, 1950s-1990s. Edited, 349, New York, Palgrave
Macmillan, 2002.
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his surgeries, and felt that implant failures attributed to
stainless steel were the result of implant misuse and
poor indications:

I have indicated from time to time that Thackrays will
be overtaken in the United States by the build-up of pub-
licity against stainless steel in favour of very sophisticated
and expensive alloys . . . many of my loyal pupils can no
longer risk using stainless steel . . . a number of surgeons
who are on the bio-engineering bandwagon are teaching
that stainless steel is no longer acceptable . . .(3-3-79)16

In the end, Thackrays were unable to conquer a sig-
nificant share of the American market, not even in the
early 1980s when most THA sales were cemented im-
plants. Its sales never represented more than two per-
cent of the United States total market. Fortunately for
both surgeon and company, the story was different in
England, and stainless steel implants are still in use in
Wrightington. By 1990, the year when Thackrays was
overtaken by DePuy, Inc., and became DePuy Interna-
tional, Inc., it had about 50% of sales in the British mar-
ket. This allowed Thackrays to maintain a continuous
funding of research at Charnley’s laboratory.

 Charnley benefited economically from his implant
and at his death had accumulated wealth of over
£300,000. Nevertheless, money was never his main con-
cern, and he commonly sacrificed personal benefits in
favor of what he thought was right.

SUMMARY
The history of total hip arthroplasty is particularly

interesting because it mirrors dramatic changes in pri-
orities and values in Western culture over the last de-
cades. Every implant design and company is a world
with its own tale. The necessary involvement of the in-
dustry has provided invaluable resources for solutions
to problems associated with the use of arthroplasty
implants. It has also fomented a competitive environ-
ment driving the development of multiple approaches
to THA design and technique. Orthopaedic surgeons
need to act as checkpoints and critical evaluators of
developments in the specialty, especially when economic
interests are so closely related to the development of
products, surgery, patient care, and medical education.
Industry has become a partner in, and an important
shaper of orthopaedics. Orthopaedic surgeons and cor-
porations should be able to together turn the corner
into a new century of progress.
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INTRODUCTION
A high incidence of osteoarthritis in the hip and knee

joints has been reported in lower limb below-knee am-
putees.1 However, there is limited literature about the
outcomes and role of total hip arthroplasty (THA) as a
surgical option for amputee patients. Salai et al.2 re-
ported on five below-knee amputee patients who were
treated with total hip ar throplasty for displaced
subcapital femoral head fractures. Their results suggest
that total hip arthroplasty in below-knee amputee pa-
tients may prevent functional deterioration and preserve
functional capacity.2

Nevertheless, patients with lower extremity amputa-
tions in need of contralateral or ipsilateral total hip ar-
throplasty present with additional challenges with re-
gard to their acute postoperative care, and need a
modified rehabilitation program. The purpose of this
brief case series is to describe four patients with lower
extremity amputations who subsequently underwent
total hip arthroplasty. We also review the rehabilitation
challenges that these patients present.

MATERIALS AND METHODS
To identify patients who met the criteria for our study,

a cross-reference of diagnosis and procedure codes was
used against the hospital’s patient database. Patients
with lower extremity amputations who underwent total
hip arthroplasty were identified. Retrospective chart
reviews were performed on four different patients who
had lower extremity amputations and who later under-
went total hip arthroplasty at our institution. Procedures
were performed between 1998 and 2001 on patients
ranging in age from 39 to 79 years of age.

Two patients had ipsilateral total hip arthroplasties
with respect to the amputated limb (in one below-knee
amputee and one Symes-level amputee), one had a con-
tralateral total hip arthroplasty, and one patient with
bilateral below-knee amputations had right total hip ar-
throplasty. Two patients underwent total hip arthro-
plasty for osteoarthritis, one for post-traumatic osteoar-
thritis after acetabular fracture, and one patient required
THA for avascular necrosis. The patient with avascular
necrosis had a previous Symes-level amputation, but the
other three patients had conventional below-knee am-
putations. A different surgeon using a posterior ap-
proach with regional anesthesia performed each total
hip arthroplasty.

Retrospective chart analysis included review of pa-
tient demographics, preoperative diagnosis, type and
time of amputation, type of prosthesis, radiological ex-
amination, length of hospital stay, postoperative physi-
cal therapy notes and milestones, and follow-up office
visit notes. Achievement of physical therapy milestones
was compared against the average for all other patients
who underwent total hip arthroplasty surgery during
the same time period (1998-2001).

CASE STUDIES
Patient One

The first patient was a 66-year-old woman who had
amelia of both fibulae and the lesser toes resulting in a
series of operations and eventually, at the age of 20,
bilateral below-knee amputations. Forty-six years later,
she developed severe osteoarthritis of the right hip and
failed conservative treatment. She ultimately underwent
a successful right hybrid total hip arthroplasty in 2000.
Prior to surgery, she ambulated with a cane two to three
blocks, and negotiated stairs in a non-reciprocating
manner. On postoperative day number one, she trans-
ferred from a supine to a sitting position. On postop-
erative day number two, she required assistance with
her below-knee prostheses, and then was able to am-
bulate with a walker. On postoperative day number five,
she progressed from the walker to Canadian crutches
and on postoperative day number six she was dis-
charged to a rehabilitation facility. Seven months post-
operatively, she returned to work 40 hours per week.
She used a cane only in snowy and icy weather.
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Patient Two
The second patient was a 79-year-old man who un-

derwent a left below-knee amputation in 1979 for se-
vere peripheral vascular disease. Two years later, he
underwent a total hip arthroplasty of the contralateral
limb due to debilitating osteoarthritis. Prior to surgery
the patient was able to ambulate three to four blocks
with a cane. He negotiated stairs in a non-reciprocating
manner. On postoperative day number one, he was able
to place his contralateral below-knee prosthesis with
assistance. He transferred with moderate assistance and
was able to ambulate with a walker. By postoperative
day number four, he transferred without assistance and
progressed from ambulation with a walker to ambulation
with two canes. On postoperative day number five, he
was able to ascend and descend stairs in a non-recipro-
cating manner. He was discharged home the next day,
on postoperative day number six. His three-month fol-
low-up visit indicated that he was doing well clinically
and radiographically and was ambulating with a cane.

Patient Three
The third patient had a congenital dysgenesis of the

left femur creating an inequality in leg length. Subse-
quently, in 1967 she underwent a left Symes amputa-
tion. Ten years later, in 1977, she underwent a left total
hip arthroplasty for avascular necrosis. A revision was
performed in 1983 secondary to a loose acetabular com-
ponent. In 1993, the patient underwent a second revi-

sion, this time for the femoral component. In 1998, the
patient underwent a third revision for a failed femoral
component. Prior to admission for the latest revision
the patient was able to ambulate half a block with a cane
and was able to reciprocate stairs. On postoperative day
number one the patient required minimal assistance for
transfers and was able to ambulate with a walker after
donning her prosthesis. On postoperative days number
two and three the patient increased her ambulation with
the walker. On postoperative day number four the pa-
tient progressed to axillary crutches and was able to
negotiate stairs in a non-reciprocating fashion. On post-
operative day number five the patient was discharged
home with crutches. At her last follow-up, she did not
need ambulatory aids.

Patient Four
The fourth patient was a 39-year-old woman with a

past medical history significant for congestive heart
failure, cerebrovascular accidents, seizures and end-
stage renal disease secondary to hypertension. In June
of 2000 she had a seizure while having dialysis. She fell
and sustained a right acetabular fracture treated
nonoperatively. A right heel ulcer with osteomyeltis
developed, for which she subsequently underwent be-
low-knee amputation. The patient eventually developed
post-traumatic arthritis status post acetabular fracture,
and in October 2001 underwent right total hip arthro-
plasty as treatment for the acetabular fracture. Prior to

PATIENT NUMBER 1 2 3* 4
Non-amputee 
THA average

Sex F M F F
Below Knee Amputee Bilateral Left Left Right

Total Hip Arthroplasty Right Right Left Right
Time period between Below Knee Amputee & Total Hip 

Arthroplasty  (in years) 46 22 10 0.058

Total Hip Arthroplasty indication Osteoarthritis Osteoarthritis
Avascular 
necrosis

Failed total 
hip 

arthroplasty
Transfer assisted:  postoperative day 1 1 1 Did not 1.4

Ambulation with walker:  postoperative day 2 1 1 Achieve 1.2
Ambulation with cane / crutches:  postoperative day 5 4 4 PT 4.2 / 4.5

Reciprocation of stairs:  postoperative day - 5 4 goals 4.9
Length of Stay  (in days) 6 6 5 15 5.5

TABLE 1
Summary of Patient Demographics and Physical Therapy Milestones Compared to Hospital Average

*Data after third revision
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THA, the patient was debilitated and wheelchair bound.
Since the below-knee amputation was performed only
three weeks prior to the total hip arthroplasty, the pa-
tient had not yet been fitted for a prosthesis. Although
she received physical therapy daily, she was unable to
ambulate mainly due to weakness in her left uninvolved
leg. On postoperative day three, she was able to stand
with the walker and by discharge she stood for a maxi-
mum of three minutes. She did not achieve physical
therapy goals and was discharged to a rehabilitation
facility on postoperative day 15. Three months postop-
eratively, she was ambulating well with a walker and
prosthesis.

The number of days to achieving physical therapy
milestones and total length of stay were examined and
compared to our institution’s physical therapy database.
This information is summarized in Table 1 and individu-
ally presented in Figure 1.

DISCUSSION
Physical therapy following total hip arthroplasty in

patients who have an ipsilateral or contralateral ampu-
tation is important to obtain optimal physical function.
Patients one, two, and three recovered well compared

to non-amputee patients. The patients were ambulating
independently with a cane prior to surgery and this may
be correlated with their outcomes. Patient one dangled
at the bedside and was able to ambulate with a walker
on postoperative day number two, while patients two
and three were able to ambulate with a walker on post-
operative day number one. Our institution’s figures for
non-amputee total hip arthroplasty patients from 1998
to 2001 show an average of 1.2 (n=1172) days before
ambulation with a walker. Patient one was discharged
on postoperative day number six to a rehabilitation fa-
cility. Patients two and three were discharged home on
postoperative day number five. The average length of
stay for a total hip arthroplasty patient at our institu-
tion is 5.5 days.

Patient four, unlike the others, was not ambulatory
at the time of admission. Her situation was unique in
that her below-knee amputation was only three weeks
prior to her total hip arthroplasty. She was only able to
stand with a walker while in our hospital. Her length of
stay was 15 days, approximately ten days greater than
our institutional average (see Table 1).

An aggressive inpatient physical therapy regimen has
been demonstrated as effective in lower limb amputees.

Figure 1. Achievement of physical therapy milestones (i.e. assisted/unassisted transfer into and out of bed, assisted/unassisted ambulation
with the appropriate assistive device and the ability to negotiate stairs in a non-reciprocating manner) and total length of stay of patients one
through four, compared to the average for total hip replacement patients who underwent surgery from 1998-2001.

Patients ONE THROUGH FOUR Compared to Hospital Average
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In particular, Turney et al4 demonstrated that below-
knee amputees generally gain better mobility than above
knee amputees (p=0.002). In an effort to establish guide-
lines for suitable methods of treatment and expected
functional results, Bowker et al5 evaluated a series of
patients with fractures of the lower limbs, who had prior
amputations. The authors concluded that the most im-
portant surgical goal in treating this group of patients
with either below- or above-knee amputations, was to
restore the normal angle between the neck and shaft
of the femur. This objective further restores the hip
abductor function. In addition, Bowker et al found that
after the fracture healed, 97.0 percent of below-knee
amputees resumed the use of their prosthesis, however
the proportion of patients requiring the use of supple-
mental aids, i.e. cane or crutches, increased from 26 to
35 percent.5 Total hip arthroplasty to treat subcapital
fractures of the femoral head has been demonstrated
to be effective in below-knee amputees. Salai et al2 found
that total hip arthroplasty in these patients may prevent
functional deterioration and preserve functional capac-
ity.

In amputees undergoing THA, there are important
factors to consider. In one of the four patients, the total
hip arthroplasty was contralateral to the below-knee
amputation. Therefore, the role of the contralateral limb
in below-knee amputee gait must be considered. Hurley
and McKenney et al6 found that below-knee amputation
patients demonstrate a lesser degree of limb symmetry
during gait than non-amputees. In studies with below-
knee amputations, J. Breakey7 found that the stance
phase in gait was longer in the normal limb and shorter
in the amputated limb. Perron et al8 found that follow-
ing total hip arthroplasty, patients had a four-percent
decrease in single-limb stance on the surgical side. A
possible rationale for why the second patient required
more external support (two canes) may be due to de-
creased single-limb support time bilaterally. In the two
patients whose surgeries were ipsilateral, the combina-
tion of the below-knee amputation and total hip arthro-
plasty on the same side may decrease single limb sup-
port time even further and explain why the third patient
required crutches rather than a cane.

Our study has demonstrated that lower extremity
amputee patients present a challenging acute postop-
erative rehabilitation course status post total hip arthro-
plasty relative to non-amputee patients. The first six
weeks after surgery are critical with respect to enforc-
ing the standard hip precautions. These precautions are
important in order to avoid dislocation and are espe-
cially critical for amputees while placing and removing
their prostheses.
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ABSTRACT
A case of a total hip arthroplasty infection with

Staphylococcus aureus, co-infected with Salmo-
nella choleraesuis was treated with two-stage ex-
change and administration of vancomycin and
ciprofloxacin. No signs of re-infection have ap-
peared fourteen months after surgery. Cases of
salmonella infection of hip prostheses are quite
rare, with only a handful of reports in the litera-
ture.

CASE REPORT
A 79-year-old pig farmer presented to our hospital

with chronic hip wound purulent drainage eight months
following a right total hip arthroplasty. He had a total
hip arthroplasty performed for degenerative joint dis-
ease at an outside hospital. He otherwise was in good
health, with mild chronic obstructive pulmonary disease
and benign prostatic hyperplasia. Roughly three months
after the index operation, he underwent superficial ir-
rigation and debridement for drainage. The patient had
initially been treated with a prolonged course of intra-
venous vancomycin, but the wound drainage persisted
after discontinuation of the antibiotics.

Aspirations of his hip demonstrated heavy growth of
gram-positive cocci in clusters consistent with Staphy-
lococcus aureus, as well as gram-negative rods later iden-
tified as Salmonella choleraesuis. A two-stage exchange
arthroplasty was recommended to attempt eradication
of this chronic infection. A resection arthroplasty using
an extended trochanteric osteotomy was performed to
remove both the loose cemented stem and cementless
cup. This included the excision of two areas of draining
sinus tracts that extended into the hip joint containing

a moderate amount of intra-articular purulence. Intra-
operative hip joint fluid demonstrated a cell count of
109,000 cells/cm2 with multiple positive frozen cultures.
Gram stain was negative. Cultures demonstrated light
growth of presumptive Salmonella species on aerobic
culture, later determined to be Salmonella choleraesuis.
Both the acetabular and femoral components, which
were grossly loose, were removed, followed by place-
ment of a Prostalac® cement spacer. The spacer con-
tained 1 gm tobramycin and 3 gm vancomycin with
Surgical Simplex P bone cement (Howmedica-
Osteonics, Allendale, New Jersey).

Infectious disease was consulted, and the patient was
placed on vancomycin and ciprofloxacin during his hos-
pital stay. Stool culture post-resection failed to demon-
strate Salmonella. By time of discharge one week later,
his wound was sealed and dry. He was discharged on
intravenous vancomycin and oral ciprofloxacin, which
he remained on for six weeks.

Eight weeks after resection arthroplasty, his labora-
tory values had normalized, included an erythrocyte
sedimentation rate of 28 mm/hr, white blood cell count
of 5.3 k/cm2, and C-reactive protein of 0.4 mg/dl. The
patient underwent second-stage re-implantation arthro-
plasty with cementless components. At the time of re-
reimplantation, intra-operative fluid demonstrated a
white cell count of 625 cells/cm2, and frozen sections
from three separate locations were all without acute
inflammation. Cultures were also taken, which later re-
vealed no growth. After re-implantation surgery, the
patient was discharged five days after surgery with scant
serous wound drainage, which resolved.

At latest follow-up sixteen months after resection
(fourteen months after re-implantation), the osteotomy
site was completely healed, and components were in
proper position with radiographic signs of osseous in-
tegration.

DISCUSSION
Infection rates following total hip replacement have

been reported between 0.5% to 2%, with Staphylococcus
aureus being the most common agent. Cases of Salmo-
nella infection of hip prostheses are quite rare, with only
a handful of reports in the literature.1-6
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Case Report: Salmonella Infection Follwoing Total Hip Arthroplasty

By mid-2002, only 12 case reports of Salmonella com-
plication of total hip arthroplasty had been reported in
the English-language literature. Almost all of the 12
cases did not involve patients with an underlying illness,
such as systemic lupus erythematosis (SLE) or malnu-
trition, which have typically been associated with na-
tive joint Salmonellosis. With the exception of re-occur-
rences in two cases, the Salmonella infections were
cured. The authors pointed to the use of prompt debri-
dement, early component replacement and appropriate
antibiotics in the cure of Salmonella prosthetic joint in-
fection.2

Two-stage exchange is a standard procedure for treat-
ment of infection of total joint arthroplasty. In one study
of 50 patients, two-stage exchange for infected total hip
arthroplasty to cementless components, with minimum
three-week placement of antibiotic-impregnated spacer
with beads, and three months of follow-up antibiotics
kept the re-infection rate at 8% at 5.8 years mean fol-
low-up.7

The present case demonstrates the use of two-stage
exchange in the treatment of total hip arthroplasty com-
plicated by Salmonella infection. In the present case,
the implants used in the index procedure had already
become grossly loose at the time of resection, presum-
ably from the chronic infectious process. A routine six-
week course of antibiotics appeared to be sufficient.

In this patient, a potential source of infection was
occupational, with his exposure to farm animals. A bo-
vine-specific Salmonella was described in a man who
tended infected calves up until the time of his hip re-
placement operation.4 The present case involved a co-
infection of both a Staphylococcus and Salmonella spe-
cies. Either a direct inoculation to the hip or a
hematogenous route could have been involved in either
case. It is unclear whether one organism or both were
initially involved in the septic joint.

This patient requires continued follow-up for any new
signs of infection. At fourteen months after re-implan-
tation, the clinical and radiographic signs are good so
far.

Prevention of infection in the first place is the most
important consideration in the discussion of infection
management. It appears that the use of contemporary
aseptic methods such as perioperative antibiotics, lami-
nar air-flow operating rooms, and body-exhaust systems,
can help keep incidence of infection very low, even for
complex total hip operations.8 While keeping peri-op-
erative sources of infection at bay is important, the
source of infection in the present patient was more likely
related to his occupational environment.
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ABSTRACT
The purpose of our study was to identify the

cause of symptomatic ankle arthritis in a consecu-
tive series of patients presenting in a tertiary care
setting. Between 1991 and 2004, 639 patients
with Kellgren grade 3 or 4 ankle arthritis pre-
sented to the University of Iowa Orthopaedic Foot
and Ankle Surgery service. The cause of the ar-
thritis was determined based on medical history,
physical examination, and imaging studies. To get
a sense of the relative prevalence of the etiologies
of lower extremity arthritis in our setting, we evalu-
ated the cause of arthritis of all new patients pre-
senting to the University of Iowa Orthopaedic
Department from 1999-2004 with arthritis of the
ankle, to those with arthritis of the hip or knee
during one year. Of the 639 arthritic ankles, 445
(70%) were post-traumatic, 76 (12%) were rheu-
matoid disease and 46 (7%) were idiopathic (pri-
mary osteoarthritis). The post-traumatic ankle
arthritis patients were most commonly associated
with past rotational ankle fractures. The majority
of ankle arthritis is associated with previous
trauma, whereas the primary cause of knee or
hip arthritis is idiopathic. Unique strategies to
prevent or treat post-traumatic ankle arthritis are
needed.

INTRODUCTION
Primary or idiopathic osteoarthritis (OA) is the most

common joint disease, and is a significant source of pain
and disability for middle-aged and elderly people
throughout the world. It occurs rarely in people under

the age of 40. Secondary causes of joint degeneration
include dysplasia, inflammatory conditions, traumatic
injury, infection, hemophilia and vascular or neurologi-
cal insults.1 Primary osteoarthritis is known to occur
commonly in the hand, spine, hip and knee. However,
it occurs much less frequently in the elbow, shoulder,
wrist and ankle.2 The reasons for this are not completely
understood, but differing anatomical, biomechanical,
and biological factors likely contribute to this variabil-
ity. Primary osteoarthritis is the most common indica-
tion for total hip and total knee arthroplasty, whereas
post-traumatic arthritis is the most common indication
for ankle arthrodesis.

Review of published reports of the treatment of ankle
osteoarthritis indicate that primary osteoarthritis in the
ankle is rare, and that secondary osteoarthritis that fol-
lows rotational ankle fractures or recurrent ligamentous
instability is much more common.3,4,5,6 Some patients
report sustaining no more than a single major ankle
sprain, suggesting an undiagnosed chondral injury as
the inciting event. The purpose of our study was to iden-
tify the cause of symptomatic ankle arthritis in a con-
secutive series of patients presenting in a tertiary care
setting, and to compare the cause of ankle arthritis to
that of the hip and knee. The purpose of this subset of
data is to report a “snapshot” of a group of patients pre-
senting to the University of Iowa Orthopaedic Depart-
ment with lower extremity osteoarthritis and to com-
pare the differences between these groups.

METHODS AND RESULTS
Between 1991 and 2004, 639 patients with Kellgren

grade 3 or 4 ankle arthritis presented to the University
of Iowa Orthopaedic Foot and Ankle Surgery service
(Tables 1, 2, and 3). The cause of the arthritis was de-
termined based on medical history, physical examina-
tion and imaging studies. Only ankles with Kellgren/
Lawrence grade 3 or 4 changes were included. The
cause of ankle arthritis was determined whenever pos-
sible. If no cause could be elucidated, then by a pro-
cess of elimination the case was classified as primary
osteoarthritis.

In addition, during a one-year period (April 1998-
March 1999) we collected data on patients who pre-
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sented to all of the University of Iowa Orthopaedic clin-
ics with symptomatic Kellgren grade 3 or 4 arthritis of
the hip, knee or ankle (Table 4).

DISCUSSION
The majority of clinical and basic science research

has focused on hip and knee osteoarthritis. The ankle
joint has received relatively less attention. Ankle osteoar-
thritis has characteristics that distinguish it from os-
teoarthritis occurring in other joints, resulting in dif-
ferences in prevalence, clinical presentation, natural
history and possibly even response to treatment. This
study is one of the first to characterize the epidemiol-
ogy of ankle arthritis.

The ankle joint possesses unique epidemiological,
anatomic, biomechanical and biologic characteristics
when compared to other joints in the lower extremity.
While primary hip and knee arthritis is common, ankle
arthritis has been characterized as usually secondary,
and the result of another initiating event or underlying

pathologic process.7 These differences are supported
by our data.

Ankle articular cartilage is different from that of the
hip and knee in several ways. The anatomy and motion
characteristics of the ankle joint are unique and the
ankle has a much smaller articular surface area than
the hip or knee. Ankle articular cartilage is thinner (1-
2mm) and better preserves its tensile stiffness and frac-
ture stress with aging than hip articular cartilage. There
are also metabolic differences between ankle and knee
articular cartilage that may also help explain the rela-
tive rarity of primary ankle osteoarthritis. All of these
differences may protect the ankle from developing pri-
mary osteoarthritis.8

Studying the prevalence of osteoarthritis is fraught
with limitations and biases. Our data is limited in that
our sample was gathered from patients presenting to a
tertiary orthopaedic department with complaints of
ankle pain, thus limiting the generalizability of our data.
This approach has been used by others working in ter-
tiary rheumatology clinics by Cushnaghan and Dieppe,2

and allows a sample of convenience.
Despite these limitations, our data helps define the

etiology of ankle arthritis in the largest consecutive,
unselected series of patients published. The prevalence

TABLE 1
All ankle arthritis patients

presenting to the University of Iowa
Orthopaedics Department

Type No. % of total Avg. Age SD Age
Septic 10 1.6 56.7 16.94

Rheumatoid 76 11.9 58.7 12.6
Osteonecrosis 14 2.2 49.5 14.91
Neuropathic 31 4.9 53.8 13.95
Hemophiliac 12 1.9 24.3 16.86

Gout 5 0.8 46.0 18.1
Primary 46 7.2 67.2 12.4

Post-traumatic 445 70.0 51.5 14.4
639

September 1991 to August 2004

TABLE 3
Subset with primary ankle arthritis

Causes No. % total
Congenital foot deformity 7 15
Planovalgus foot 6 13
Cavovarus foot 10 22
No foot deformity 23 50

(N=46)

TABLE 2
Subset with post-traumatic ankle arthritis

% of
Causes No. total Avg. Age SD Age

Tibial and fibular shaft 18 4.0 54.9 11.5
Tibia fracture 38 8.5 49 16.3
Plafond fracture 40 9.0 43.1 11.5
Rotational ankle 164 37.0 50.8 14.2
Talar fracture 38 8.3 46.9 14.5
Osteochondritis dissecans 21 4.7 44.6 12.62
Recurrent ankle instability 65 14.6 57.7 13.29
Single sprain with cont’d pain 61 13.7 50 16.17

445

TABLE 4
Demographics of lower extremity arthritis

in the hip, knee and ankle

Hips Knees Ankles
Total 167 424 48
Primary 109 (65%) 347 (82%) 9 (19%)
Post-traumatic 14 (8%) 53 (12.5%) 26 (54%)
Rheumatoid 3 (2%) 15 (3.5%) 7 (14.6%)
Neuropathic 0 3 (0.7%) 3 (6%)
Dysplastic 18 (11%) 2 (0.5%) 3 (6%)
Avascular Necrosis 18 (11%) 2 (0.5%) 0
Other 5 (3%) 2 (0.5%) 1 (2%)

(N=639 total)
April 1998 to March 1999
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of primary osteoarthritis in our sample was only 7.2%,
and half of these patients had substantial malaligment
of the hindfoot, predisposing the ankle joint to eccen-
tric wear and degenerative disease. The data further
suggests that the proper alignment and function of the
subtalar joint remains crucial in the proper long-term
durability of the human ankle.

Previous reports suggest that trauma is the most
common cause of ankle osteoarthritis; this is supported
by our data (70%). Among the prevalent sub-causes are
recurrent ankle sprains and a single ankle sprain with
continued pain. The former suggests the absolutely criti-
cal importance of spatially well-distributed loading of
cartilage, whereas the latter likely represents unrecog-
nized full-thickness cartilage injury. The differences in
the causes of lower limb arthritis are striking. The one-
year data also shows a much higher percentage of post-
traumatic ankle osteoarthritis (54%) as compared to the
hip (8%), and the knee (12.5%).

In conclusion, arthritis of the ankle is unique com-
pared to the other major lower extremity arthritidies.
The relatively young average age of presentation of
painful, post-traumatic ankle OA to our tertiary center
is concerning because of the lack of available long-last-
ing treatments. Future research is needed in order to
help better understand the prevention and treatment of
ankle OA, particularly in light of the burden of this dis-
ease to society and the health system.9
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ABSTRACT
Salvage of diffuse ankle osteomyelitis, especially

in compromised hosts, is a challenging problem.
The purpose of this report was to evaluate early
complications and results using a standardized
salvage protocol. Eight patients with diffuse ankle
osteomyelitis were treated by resection of all in-
fected tissue and hybrid-frame compression ar-
throdesis. At presentation, five had open wounds.
According to the Cierny/Mader classification, all
had diffuse anatomic involvement and six of eight
were compromised hosts. Seven had central dis-
tal tibial column involvement and one had prima-
rily talar involvement. Surgical technique involved
a two-incision approach, removal of all infected
material and application of a compression circum-
ferential frame with five thin wires across the foot,
two across the tibia and two half-pins in the tibia.
Fusion of eight ankles and four subtalar joints was
attempted. All patients received six weeks of in-
travenous antibiotics. Open wounds were treated
with wound vacuum assisted closure (VACs) de-
vices until closure was achieved. Frames were
removed at three months and walking casts were
applied for one to two more months. Ankle sep-
sis was eradicated in all patients. Seven of eight
ankles fused at an average of 13.5 weeks (range,
10 to 16 weeks). One limb required below-knee
amputation (BKA) at five weeks due to
nonreconstructible vascular insufficiency. Three of
four subtalar joints fused. Fixation problems in-
cluded two pin-track infections cleared with oral
cephalexin and one broken half-pin. Two diabetic
Charcot patients required long-term ankle-foot

orthosis (AFO) use due to subtalar instability. At
average 3.4-year follow-up, none of the seven fused
ankles has required further surgery. Use of this
standardized salvage treatment protocol for these
difficult problems in selected patients was effec-
tive with a relatively low associated complication
rate.

INTRODUCTION
Salvage of diffuse ankle osteomyelitis, especially in

compromised hosts, is a challenging problem. Although
transtibial-level amputation is a treatment option, many
patients would like to preserve their limb. Options for
salvage surgery are several, and most involve multiple
surgeries and long term treatment.3,6,10,11,13,15 The author
has used a protocol utilizing some well-described tech-
niques including complete debridement of all infected
or involved tissue,11 application of a modified Ilizarov
compression frame,8,9 use of vacuum-assisted wound
closure7 and intravenous antibiotics. The purpose of this
report is to evaluate early complications and results
using a standardized salvage protocol in a selected case
series.

METHODS
Between 2000 and 2002, medical records and radio-

graphs of patients with diffuse ankle infection treated
by single-stage debridement/arthrodesis were reviewed
under an IRB-approved protocol. Data collected included
age, gender, major co-morbidities, previous treatment,
presence of open wounds, location of osteomyelitis, mi-
crobiological data, adjunct procedures and outcome
from surgery. All patients were given informed consent
preoperatively and understood that the surgical treat-
ment choices were either a transtibial-level amputation
or an attempted resection/arthrodesis. They were fur-
ther informed of the projected period of major conva-
lescence with each (average six weeks for amputation
versus six months for resection/arthrodesis salvage)
and the higher predictability of results with amputation.
Patients were followed until ultimate resolution of the
presenting problem.
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Surgical Technique
The ankle was approached with medial and lateral J-

type incisions, which are longitudinal across the mal-
leoli and horizontal in the hindfoot. A transfibular ap-
proach to the ankle was used and the lateral malleolus
was removed. If the medial malleolus was not involved,
it was left intact, otherwise, it was removed. All hard-
ware, infected bone and soft tissue were removed. The
incisions were extended up the calf as needed to com-
pletely expose and debride the infection. After the
wounds were completely irrigated and dÈbrided, the
ankle and subtalar joints were placed in the optimal
position for fusion and two temporar y smooth
Steinmann pins were driven through the heel across
the hindfoot into the tibia.

We applied a pre-built circular fixation frame. Three
tensioned 1.8 mm wires were placed in the hindfoot. If
the talus was preserved and the subtalar joint was not
included in the fusion, one of these wires was placed
across the talus and two were placed through the cal-
caneus. Two more wires were tensioned across the
metatarsals. The tibia was fixated at two levels with cir-
cular rings. At each level, a tensioned thin wire and half-
pin were used. The sole of the foot was placed perpen-
dicular to the anterior crest of the tibia, with the foot
externally rotated five degrees more than the opposite
side. Open wounds were left open; all surgical wounds
were closed in one layer with monofilament.

Postoperative Care
Open wounds were treated with vacuum assisted clo-

sure (Kinetic Concepts, Inc, San Antonio, TX) until com-
plete epithelialization. Pin care involved removing ban-
dages on the second day after surgery and removing
heavy crusts around the half-pins with a cotton-tipped
applicator. Daily showering and towel-pad drying were
encouraged. Intravenous antibiotics were used for six
weeks. Frames were removed around three to four
months and a plaster below-knee cast was applied.
Weight bearing was permitted after radiographic fusion
was apparent. Casts were removed one month after
apparent radiographic fusion, and patients were pro-
gressed to a removable walker and then to a shoe in
another month. Patients with continued instability of the
hindfoot were placed in an ankle-foot orthosis. Follow-
up was a minimum of two years.

RESULTS
Eight patients were identified who underwent treat-

ment of diffuse ankle osteomyelitis with this protocol
during the study period. Mean age was 58.3 years
(range, 51 to 72 years); three were female and five were
male. Five had open wounds. Five patients had diabe-

tes mellitus. One had rheumatoid arthritis and a his-
tory of chronic steroid use. According to the Cierny/
Mader staging system of osteomyelitis, all had type IV
(diffuse permeative lesions), and six of eight were con-
sidered type B, “systemically compromised” hosts.6

Therefore, the clinical staging of this group of patients
was six type IV-B, and two type IV-A. Localizing the
osteomyelitis by structural column6 revealed seven pa-
tients had central column destruction, four had addi-
tional medial column involvement, four had additional
lateral column involvement and one had an infected,
collapsed, necrotic talus.

Most patients had had previous surgery. One patient
had two attempts at an open reduction/internal fixation
(ORIF) of an ankle fracture, one had talar fracture ORIF,
one had an attempted ankle fusion, and one had an in-
fected total ankle replacement component removal. Two
previous soft tissue flaps failed on a single patient, and
two patients had previous incision and drainage proce-
dures. At presentation to our center, two patients had
completed a six-week course of intravenous antibiotics,
two had been treated over six weeks on oral antibiot-
ics, and four were not pretreated with antibiotics.

At surgery, intraoperative specimens were sent for
culture and sensitivity on all ankles. Five grew out Sta-
phylococcus aureus, one grew out Morganella morganii
and two did not grow out an organism. All patients were
treated with culture-specific intravenous antibiotics, and
the two patients with no identifiable organisms were
treated with a first-generation cephalasporin (Cefazolin).

In these eight patients, compression arthrodesis of
eight ankles and four subtalar joints was attempted. One
patient required a below-knee amputation for non-recon-
structible vascular insufficiency five weeks after sur-
gery. Fixation problems included two pin track infec-
tions successfully treated with oral Cephalexin for ten
days, and one broken half-pin that was treated by re-
moving the external portion of the pin, leaving the in-
ternal portion within the tibia.

Frames were removed at an average of 12.7 weeks
(range, 10 to 16 weeks). Cast or boot immobilization
was used for an average of 6.9 weeks (range, 4 to 10
weeks). Seven of eight ankles radiographically fused at
an average of 13.5 weeks (range, 10 to 16 weeks) (Fig-
ure 1), while the other limb required transtibial ampu-
tation at five weeks due to non-reconstructible vascular
insufficiency. Three of four subtalar joints fused in the
same time frame. Two diabetic Charcot patients re-
quired long-term AFO use due to clinical subtalar joint
instability (Figure 2); neither had pain. No patient com-
plained of problems with limb shortening. At average
3.4 years follow-up, none of the seven fused ankles have
required further surgery.
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Figure 1. AP (a) and lateral (b) radiographs of massively swollen (closed) ankle of a 54-year-old type II diabetic male. He had received six
weeks of IV nafcillin. According to the Cierny/Mader classification, he has diffuse involvement (IV) and is a systemically compromised host
(B). The central and lateral columns are involved. He was treated with debridement of all infected tissue, removal of joint cartilage from the
ankle and subtalar joints, and (c, d) modified Ilizarov external fixation. AP (e) and lateral (f) radiographs at two years show solid fusion of
both joints.

Figure 1A Figure 1B

Figure 1C

Figure 1D

Figure 1E Figure 1F



C. Saltzman

50 The Iowa Orthopaedic Journal

DISCUSSION
This retrospective case

study series shows promise
with the use of a simple
single-stage protocol for
treatment of diffuse ankle
osteomyelitis in mostly
compromised hosts. The
approach requires meticu-
lous care with debridement
and frame application. The
results reveal a high rate of
limb salvage. The key ele-
ments are 1) complete re-
section of all infected tis-
sue, 2) application of a
circular frame with pins
and wires out of the zone
of infection, 3) using only
tensioned thin wires in the
foot, 4) six weeks of intra-
venous antibiotics post-op-
eratively, and 5) use of a
wound VAC to close all

open wounds. With this strategy, we had a
high success rate despite the poor condition
of the ankles and the systemically debilitated
state of six out of eight of our patients.

Cierny et al. developed important con-
cepts for classifying ankle sepsis and re-
ported their results in 36 patients.6 They pre-
sented two impor tant concepts: 1) the
concept of a biological classification of adult
osteomyelitis, and 2) the concept of an ana-
tomical classification of three columns of the
distal tibia and ankle. The first is a generic
system intended to give clinical information
on prognosis and treatment. This system has
been widely adopted for use to describe the
results of treatment throughout the muscu-
loskeletal system. Stage IV (diffuse) lesions
fare the most poorly, especially in systemi-
cally compromised hosts (B). The second
system is an anatomical classification used
by Cierny et al. to guide fixation strategies.

In the present series, all eight patients had
diffuse osteomyelitis: Six were systemically
compromised hosts, seven had central tibial
column loss, and the other had complete
talar body collapse. In the original series of
36 patients studied by Cierny et. al., using
aggressive reconstructive techniques for that
time period, the limb salvage rate was 74

Figure 2. AP (a) and lateral (b) radiographs of swollen (closed) ankle of a 59-year-
old type I diabetic female. She had two previous open reduction and internal fixa-
tions of her ankle complicated by Staphylococcus aureus infection. She had re-
ceived seven weeks of intravenous vancomycin and was advised to have an ampu-
tation. She was treated with debridement of all infected tissue, removal of hard-
ware and joint cartilage from the ankle and subtalar joints, and circular ring com-
pressive fixation. At two years (c, d), she has a solid ankle fusion, but requires
AFO use for coronal plane subtalar joint instability.

Figure 2A Figure 2B

Figure 2C Figure 2D
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percent.6 Patients with substantial central column in-
volvement were treated with staged reconstruction in-
volving antibiotic bead placement, multiple bone
graftings and liberal use of free muscle transfers. They
reported a rate of 86 percent with major complications.
All of their treatment failures occurred in type B hosts.
In that series, of the 12 non-amputated ankles classi-
fied as Cierny/Mader stage IV-B, the average number
of procedures per patient was 4.9, eventually eradicat-
ing infection in 83 percent and attaining union in 92
percent.6

Several different salvage strategies have been used
for limited numbers of patients with these challenging
problems.1,2,6,10,11,13,15 Before the Cierny/Mader classifi-
cation system was developed, Lortat-Jacob et al. re-
ported successful fusions in 18 of 24 (75 percent) ankles
with external fixation and multiple Papineau graftings.11

Thordarson et al. reported their center’s experience
with staged reconstruction of five patients with distal
tibial osteomyelitis with open wounds. The treatment
protocol involved staged debridements, soft tissue trans-
fers, unilateral external fixation and a six-week course
of intravenous antibiotics. These authors had a high rate
of salvage and infection eradication.15 Richter et al. re-
ported the results of 45 ankle and/or subtalar infections
treated by debridements, a combination of internal and
simultaneous large-pin external fixation, and selective
iliac crest grafting.13 Their patients required an aver-
age of 2.8 surgical procedures until fusion. Solid fusion
was achieved in 39 of 45 patients with this protocol, six
requiring further pin track surgery for continuous in-
fectious drainage. Their cohort of patients was differ-
ent from that in our present study, as only five of 45
patients in their study had diabetes mellitus. The com-
plication rates were higher in their patients with sys-
temic comorbidities.

Kollig et al. presented a series similar to our present
study.10 In their series of 15 patients with septic ankles,
12 were treated with hybrid external fixation and three
with a combination of external fixation and internal
screw fixation. Open wounds were treated with dress-
ing changes, and skin grafting as needed. Tensioned
thin wires were used in the foot and distal tibia. Sys-
temic comorbidities were present in six of 15 patients,
and one other was noted to have “mental illness.” In
Kollig’s series, one patient required revision ankle ar-
throdesis, and two required extension of fusion to the
subtalar joint. Fourteen of 15 (93 percent) of ankles ul-
timately fused, but three patients had a persistently
draining fistula.10

Our present study follows the lead of past studies in
defining a protocol to treat these challenging problems.
The importance of a complete debridement of all devi-

talized and potentially infected tissue was emphasized
by other authors.2,4-6,10-15 In the present series, a simple
circular frame was used. This frame’s basic features
were described by Johnson et al.,9 and has a relatively
low incidence of hardware failure or bone cut-out, even
in debilitated patients. The addition of a wound VAC
has substantially improved our ability to obtain second-
ary closure without the need for free tissue transfer or
skin grafting, and appears to hasten closure, thereby
reducing the incidence of persistently draining sinuses.

Even with a complex practice in a tertiary center,
these cases are relatively rare. Patients with life-threat-
ening limb infections or clear-cut non-reconstructible
vascular insufficiency are directly treated with an am-
putation and are not given the option of limb salvage
by this protocol. Others have limb-threatening infections
with adequate vascularity, and are possible candidates
for limb salvage. When I give informed consent for this
procedure, I tell the patient that a transtibial-level am-
putation will likely restore ambulatory function more
quickly and reliably. Some patients decide to have an
amputation. They are usually systemically debilitated
from infection, have undergone multiple previous sur-
geries, need or want to get back to work sooner, and
financially cannot risk possible failure of the salvage
protocol. Therefore, a major limitation of this study re-
lates to the retrospective design. I have not specifically
kept records of how many patients were possible can-
didates, but decided to have an amputation of their limb
rather than undergoing an attempted salvage ankle fu-
sion/reconstruction with this protocol. Undoubtedly,
there was inherent selection bias as patients who were
unwilling or unable to consider extensive salvage sur-
gery are likely different from those willing to have the
surgery.

Another limitation relates to antibiotic coverage. All
patients were given a six-week course of intravenous
antibiotics after surgery. Swiontkowski et al. showed
that a shorter course of intravenous antibiotics followed
by culture-specific antibiotics is effectively equivalent
to a six-week course of intravenous antibiotics in the
treatment of chronic osteomyelitis.14 In that series, how-
ever, local antibiotic-impregnated polymethylmethacry-
late bead treatment and soft tissue transfers were used
liberally, and these two techniques were not used in our
present series. In the present series, a six-week course
of intravenous antibiotic therapy may not always have
been necessary to eradicate infection. Further study of
the optimal time-course and route of antibiotic treatment
is clearly needed.

In conclusion, patients with severe, diffuse peri-ankle
osteomyelitis may be treated effectively with a single-
stage resection and circumferential frame compression
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arthrodesis. The tensioned thin wires in the foot con-
fer good mechanical stability and are associated with
low infection rates. The use of a wound VAC for open
wounds may have been one major reason there were
no persistent sinuses or need for soft tissue transfer/
grafting surgeries. The author believes this is a reason-
able alternative to below-knee amputation in selected
patients.
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ABSTRACT
We report a patient who presented with three

months of foot pain, lytic bone lesions in the foot,
and a painless ipsilateral leg skin ulcer. Bone and
skin biopsies revealed organisms compatible with
Blastomyces. Systemic blastomycosis is rare, es-
pecially with bone involvement in the foot.

CASE REPORT
The patient is a 27-year-old woman who presented

to our foot outpatient clinic with three months of wors-
ening right midfoot pain, worst with weight-bearing.
Non-steroidal anti-inflammatory agents and tramadol did
not help. There was no history of trauma. A few weeks
after the foot pain onset, she also noticed a quarter-sized
painful nodular skin lesion in the popliteal fossa that
subsequently started to drain clear fluid.

Several weeks before the foot pain onset, she was
diagnosed with a “pneumonia” for which she was treated
locally as an outpatient with two weeks of amoxicillin,
with resolution of her respiratory symptoms. A micro-
biologic diagnosis was not attempted. Past medical his-
tory was otherwise significant for depression and child-
hood asthma. She had no fevers, chills, weight loss or
change in appetite. She was a 1.5 pack-per-day smoker
for 15 years. She denied a history of sexually transmit-
ted diseases, cancer, immunocompromise, drug abuse
or frequent or recurrent infections. She had multiple
tooth caries in the past, with multiple extractions. She
lived in a farm house. She had a monogamous partner.
She was not pregnant.

On examination, she was obese, in no acute distress,
and with normal vital signs. Lung examination revealed
clear breath sounds. Left foot examination revealed
exquisite tenderness throughout the medial midfoot.
She could not tolerate any midfoot passive or active
motion due to pain. The skin was normal in the foot
with minimal swelling. A left popliteal fossa examina-

tion revealed a 4 x 2 cm
beefy red granulomatous
plaque with mild creamy
exudate (Figure 1). There
was no inguinal or
popliteal adenopathy.

Plain radiographs (Fig-
ure 2) of the foot, per-
formed at an outside insti-
tution two months prior to
her evaluation at our clinic,
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Figure 1. Left leg popliteal fossa skin plaque (top), and closeup
(bottom).

Figure 2. Normal foot lateral ra-
diograph one month after onset
of pain.
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Figure 3. Sagittal MRI one month after onset of pain, revealing
diffuse signal change in navicular with associated soft tissue edema.

Figure 4. Lateral foot radiograph at presentation in our clinic, three
months after onset of pain, revealing destructive lytic lesion in proxi-
mal navicular.

Figure 5. CT scans revealing dif fuse foot and ankle lytic lesions
with the largest erosive lesion in the proximal navicular on coronal
and sagittal images.

Figure 6. Microscopic blastomycosis from foot navicular biopsy:
spherical yeast forms with budding apparent.

were normal. MRI (Figure 3) at that time revealed sig-
nal changes throughout the navicular bone with sur-
rounding edema in the soft tissue. The MRI would have

been consistent with possible infection, malignancy,
stress fracture, or avascular necrosis of the navicular.

At our evaluation, plain radiographs revealed a proxi-
mal navicular well-demarcated cyst that had eroded into
the talonavicular joint (Figure 4). There was osteopenia
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throughout the foot. Foot computerized tomography
(CT) scan revealed multiple lytic lesions throughout the
foot, and a large focal cyst of the proximal navicular
with intra-articular involvement (Figure 5).

Laboratory data revealed a CRP of 2.0 (normal < 0.5),
an ESR of 30, and a normal CBC.

The most likely etiology on our dif ferential was
chronic multi-focal infectious process, more likely of
fungal or tubercular etiology, rather than bacterial eti-
ology.

She underwent small open incisional biopsy of the
navicular bone. The navicular cyst was filled with white
gelatinous material; cultures and pathology were ob-
tained. Cultures were also obtained from the talonav-
icular joint synovial fluid. Intraoperative frozen pathol-
ogy revealed granulomatous chronic and acute
inflammation. The wound was irrigated and closed. She
was casted and remained non-weight-bearing.

Blastomyces dermatitidis (Figure 6) was seen on gram
stain and Calcoflor stain, and later grew from cultures
of the navicular cyst material, and the talonavicular syn-
ovial fluid. Histology of bone revealed abundant acute
inflammatory cells with multiple necrotizing granulo-
mas, and spherical yeast forms were present with thick
walls and broad-based budding, compatible with Blas-
tomyces.

Further workup included a chest radiograph show-
ing right upper-lobe linear opacities, and a chest CT with
right upper-lobe scarring. Pathology of the left leg skin
popliteal lesion shave specimens revealed chronic sup-
purative inflammatory infiltrate with giant cells, scat-
tered plasma cells, and scattered broad-based budding
yeast forms, again compatible with Blastomyces. Periph-
eral blood immunopathology revealed normal T-lympho-
cytes and B-lymphocytes. Electrolytes and liver enzymes
were normal. HIV testing was negative.

Clinical diagnosis was North American blastomyco-
sis involving lung, bone, and skin. She most likely had
respiratory inoculation resulting in the pneumonia that
was diagnosed prior to the onset of foot pain, with sub-
sequent hematogenous involvement of bone and skin.
Primary bone or skin inoculations are not likely. Treat-
ment with oral itraconazole was initiated at 200 milli-
grams orally, twice daily.

DISCUSSION
Blastomyces dermatitidis is a dimorphic fungus. In its

natural soil habitat, it exists as a mold in multi-cellular
colonies composed of branching hyphae. The mold re-

leases spores (conidia) into the air. At body tempera-
ture, the fungus grows in a yeast unicellular form, ap-
pearing spherical or elliptical, and reproduces by bud-
ding. The yeast cell has a thick refractile cell wall.
Pulmonary infection occurs after the spores are inhaled.
The respiratory infection could be asymptomatic, or
result in self-limited acute pneumonia, or chronic pneu-
monia. Systemic involvement infrequently occurs over-
all, but when it does, it can manifest in any organ, most
commonly the bone and joints, skin and central ner-
vous system. In North America, Blastomyces is endemic
in Southeastern and Southcentral states, especially
those bordering the Mississippi and Ohio river basins.

Our patient demonstrated several uncommon mani-
festations of this infection. She had multi-organ involve-
ment: lung, skin, and bone. A large series of 326 blasto-
mycosis cases revealed that a single organ was involved
in 82.8% of cases (lung 91.4%; skin 18.1%; bone 4.3%;
genitourinary 1.8%; nervous system 1.8%).1 Bone involve-
ment has been reported in the literature from 19502 to
recently.3 However, bone involvement in many cases has
been at the distal ends of long bones.3 It is unusual for
foot involvement to occur, as in this patient.

The pneumonia that occurred prior to her foot symp-
toms likely represented blastomycosis, resulting from
pulmonary inoculation. Her pulmonary symptoms were
self-limited. However, the chest CT showing chronic
scarring could be compatible with chronic pulmonary
infection. She then likely proceeded to disseminate to
involve the skin and bones of the foot. Eventually, di-
agnosis required pathology examination of the foot nav-
icular cyst. The skin lesion was not appreciated initially
to be fungal, nor was it related to the foot bone lesion,
but its realization may have initially made us more sus-
picious for Bastomycosis.

The diagnosis of skeletal blastomycosis is frequently
delayed. In our patient, she had three months of symp-
toms before a bone biopsy was obtained. This is simi-
lar to the reported literature, where diagnosis of blas-
tomycosis is delayed due to low suspicion, and greater
consideration given to malignancy or tuberculosis. In a
study from the University of Mississippi, only 18% of
123 patients with blastomycosis were correctly diag-
nosed early.4 In our patient, once the bone diagnosis
was made, the skin lesion was confirmed to be fungal.

The plan for therapy of this patient will involve oral
itraconazole for at least one year. Amphotericin B is only
indicated in cases of either life-threatening disease, or
central nervous system involvement.5
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ABSTRACT
We present the case of a 5-year-old boy pre-

senting with a 54-degree scoliosis secondary to a
Chiari I malformation with a holocord syringomy-
elia extending from C1 to T10. Neurosurgical treat-
ment involved posterior fossa craniectomy with
decompression, and partial C1 laminectomy. At
follow-up 7 years later, at age 12, radiographs
revealed only a 4-degree scoliosis, and follow-up
MRI revealed a deflated syrinx. We report this
case to reveal the most significant scoliosis re-
gression seen in our experience that may occur
in younger patients after neurosurgical syringo-
myelia decompression for Chiari I hindbrain her-
niation.

CASE REPORT
A five-and-a-half year-old Caucasian boy presented to

his pediatrician with rounding of his shoulders and
scoliosis noticed over the course of one month. A pedi-
atric orthopaedic surgeon (S.L.W.) evaluation revealed
abnormal neurologic exam findings, including a dimin-
ished gag reflex, and 3+ knee hyperreflexia. Radio-
graphs demonstrated a 54-degree right thoracic scolio-
sis (Figure 1), and a 42-degree thoracic kyphosis. Given
the rapid onset scoliosis and kyphosis, and the abnor-
mal neurologic exam, an MRI was indicated to evaluate
for primary central nervous system pathology. MRI
identified a Chiari I malformation with a holocord sy-
ringomyelia extending from C1 to T10 (Figure 2).

Successful neurosurgical treatment (A.H.M.) in-
volved posterior fossa decompression via craniectomy
and partial C1 laeminectomy (Figure 3A). The superior
two-thirds of the C1 lamina were removed. Intraopera-
tively, the cerebellar tonsils were found to be shrunken

and medially approximated, and had descended below
the C1 lamina (Figure 3A). A pathologic “veil” was oc-
cluding the egress of cerebrospinal fluid (CSF) from
the fourth ventricle to the subarachnoid space (Figure
3B). The “veil” was surgically opened to restore CSF
outflow from the fourth ventricle (Figure 3C). A fascia
duraplasty was then performed.

The patient gradually returned to all activities. The
scoliosis regressed. Six month post-operative radio-
graphs showed a scoliosis decrease to 33 degrees; and
at 7 years after surgery, a further decrease to 4 degrees
(Figure 4). After 9 years, the curve clinically increased
slightly, likely related to pubertal growth, but it re-
mained stable thereafter, with no orthopaedic interven-
tion indicated. Follow-up MRI showed a deflated stable
syrinx. At age 17, he had no deformity or back pain,
and was the starting running back for his high school
varsity football team.

DISCUSSION
A series of very young children with Chiari I malfor-

mation with hindbrain herniation without myelodyspla-
sia has been reported from our institution.1 In this re-
port, 31 patients were seen at the University of Iowa
from 1985 to 2000. Most patients presented similar to
our patient with oropharyngeal impairment and scolio-
sis. In the above reported series, patients presented
most commonly with a chief complaint of impaired
oropharyngeal function (35%), scoliosis (23%), headache
or neck pain (23%), sensory disturbance (6%), and weak-
ness (3%). Patients were treated surgically with poste-
rior fossa decompression, duraplasty, and cerebellar
tonsillar shrinkage, as described in our patient. Syrin-
gomyelia improved in all patients, as in our case. Scolio-
sis resolved in 2 of 8 patients, improved in 5, and stabi-
lized in 1. However, our patient in this case report
represents a substantial scoliosis resolution, from 55
degrees to 4 degrees. This is in our experience the larg-
est secondary scoliosis regression that we have seen
after neurosurgical decompression.

Age was recently identified by Brockmeyer et al.2 to
correlate with scoliosis improvement in children with
Chiari I malformations and scoliosis treated with poste-
rior fossa decompression. Thirteen patients of the 21
study patients (62%) had curve improvement or stabili-
zation following neurosurgical treatment. Eight of 21
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Figure 1. Scoliosis at presentation with a
54-degree Cobb angle.

Figure 2. Sagittal MRI revealing holocord Chairi I
syringomyelia.

Figure 3. Posterior fossa craniectomy with removal of superior two-thirds of C1 lamina. Interrupted dotted line (3A) represents foramen
magnum plane. Arrows (3A) point to herniated medially approximated cerebellar tonsils. Arrows (3B) point to a pathologic “veil” covering
the fourth ventricle obstructing CSF outflow. Label V4 refers to fourth ventricle (3C) after the “pathologic” veil has been opened to allow
egress and to restore normal CSF dynamics.

Figure 4. Scoliosis 7 years post-
operatively with a 4-degree Cobb
angle.

patients (38%) had curve progression. Specifically, 10
of 11 patients (91%) who were less than 10 years of age
at the time of neurosurgical decompression have had
their curves improve or stay the same during follow-

up. In contrast, 5 of 7 female patients (72%) older than
10 years old with a curve greater than 40 degrees be-
fore neurosurgical decompression have either been
fused or are awaiting fusion.
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Significant Scoliosis Regression

In a prior series by Mulhonen et al. from Iowa City,3

all Chiari I patients with scoliosis who were under 10
years of age had resolution of their scoliosis, after neu-
rosurgical hindbrain decompression, despite preopera-
tive curves of more than 40 degrees.

The literature, and our case report emphasizes the
importance of early diagnosis of Chiari I malformation
with syringomyelia in the very young child with scolio-
sis. The physical exam finding of an abnormal gag re-
flex is critical. Our case reveals that such young chil-
dren who undergo surgical manipulation for hindbrain
herniation result in improvement of syringomyelia, and
also result in improvement of the secondary scoliosis,
which in our case was a significant correction of 41
degrees.
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ABSTRACT
Dysplasia epiphysealis hemimelica (DEH), or

Trevor’s disease, is a rare disorder that most com-
monly affects the epiphysis of long bones in chil-
dren. Rarely, major joints such as the hip can be
involved. In this paper we describe a successfully
treated case involving the acetabulum, docu-
mented with multiple imaging modalities, intra-
operative photographs, histology, and follow-up
radiographs.

INTRODUCTION
Dysplasia epiphysealis hemimelica (DEH), or Trevor

disease, is a rare disorder affecting the epiphysis of long
bones in pediatric patients. Initially described in 1926
by Mouchet and Belot1 and subsequently in 1950 by
Trevor2 in relation to the foot, Fairbank3 in 1956 pro-
vided its current name.

The disease is most commonly seen in male children
under ten years of age1,2,3,4,5,6 although it has been de-
scribed in adults up to age 45.4 The epiphyseal osteo-
chondroma has a predilection for the lower extremity,
typically involving the distal femur, distal tibia and ta-
lus.1,2,3,4,5,6 It usually involves the medial side of the joint,
but lateral involvement has also been described. Mul-
tiple sites on a single extremity are often involved.
Azouz7 classified the process as localized (involving a
single epiphysis), classic (involving more than one bone
on a single limb) or generalized (involving the entire
lower extremity from pelvis to foot).

We describe a case of localized dysplasia epiphysealis
hemimelica involving the acetabulum that caused pro-

gressive hip dysplasia. This case is of special interest
because of the extensive imaging studies used to docu-
ment its severity, the complexity of surgery required
for treatment, and the good result obtained.

CASE PRESENTATION, WORKUP AND
MANAGEMENT

History
A seven-year-old female presented to the orthopaedic

clinic for evaluation of a mild limp and hip pain, which
had been present for one year. She initially had fallen
while rollerblading, without significant injury, and sub-
sequently developed a limp which was worse at the end
of each day. She also complained at that time of hip
pain with walking or running over a distance.

Physical examination
The patient had a near-normal gait. Hip range of

motion was limited, especially in external rotation
(which lacked 35 degrees compared to the uninvolved
hip) and abduction (which lacked 20 degrees). All other
hip ranges were symmetric bilaterally. The other joints
of the lower extremities appeared to be uninvolved with
normal motion.

EVALUATION, IMAGING, HISTOLOGY AND OPERATIVE TREATMENT
FOR DYSPLASIA EPIPHYSEALIS HEMIMELICA (TREVOR DISEASE)

OF THE ACETABULUM: A CASE REPORT AND REVIEW
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Figure 1. Seven-year-old female with mild right-sided limp. The AP
pelvis x-ray demonstrates coxa magna with lateralization of the right
femoral head. The acetabular roof and sourcil appear distorted.
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Imaging studies
Radiographs of the pelvis and hips showed acetabu-

lar dysplasia with associated coxa magna (Figure 1).
Also noted were sclerotic changes in the acetabulum.

A computerized tomography (CT) scan (Figure 2)
that included three-dimensional reconstructed images
(Figure 3) was ordered to further evaluate the hip for
surgical planning. A magnetic resonance imaging (MRI)
study was also ordered to evaluate the lesion and the
articular cartilage of the acetabulum (Figure 4). Both
studies showed the dysplasia to be caused by an intra-
articular bony lesion involving the superior and poste-
rior articular surface of the acetabulum, pushing the
femoral head laterally.

Surgical approach
At surgery, the hip was approached anteriorly and

the hip capsule opened. The femoral head was then
gently dislocated. A large intra-articular bony growth
was noted within the acetabulum (Figure 5). After a
varus derotational and shortening osteotomy of the fe-
mur was performed (through a separate lateral inci-

sion), the femoral head could be retracted distally, al-
lowing better visualization of the hip joint. The joint was
best inspected with the osteotomy performed but prior
to blade plate fixation, because of free mobility of the
head and neck.

The extent of the lesion was then better appreciated,
involving the medial, superior and posterior portions of
the acetabulum. Curved gouges were then used to care-
fully remove the osteochondroma (Figure 6). Although
a substantial portion of the acetabular articular surface
was also removed (having already been destroyed by
the lesion), this approach was selected with the idea
that the non-involved femoral head articular cartilage
could mold the formation of fibrocartilage on the ac-
etabular surface, as might occur in a cup arthroplasty.

The femoral head was then concentrically reduced
into the acetabulum, but appeared poorly covered lat-
erally. Therefore, a triple osteotomy of the pelvis was
performed (Figure 7) to improve hip stability. Patho-
logic study demonstrated the lesion to be an osteochon-
droma (Figure 8).

Figure 2. Coronal (A) and sagittal (B) computed tomography images demonstrating a probable intra-articular osteochondroma of right hip.



D. R. Wenger and M. J. Adamczyk

62 The Iowa Orthopaedic Journal

Figure 3A Figure 3B

Figure 3C

Figure 3. AP (A, B and C) three-dimensional computed tomographic images of pelvis and hip demonstrating an intra-articular osteochon-
droma (solid arrows) within acetabulum (open arrow = anterior rim of acetabulum). Lateral images (D and E) showing osteochondroma
(solid lines demarcate borders).

Figure 3D Figure 3E

Post-operative course
Post-operatively, the patient was maintained in a hip

spica cast for four weeks, at which time early motion of
the hip was initiated. She was kept non-weight bearing
for twelve weeks. Hardware was removed from the pel-
vis and femur one year postoperatively.

At most recent follow-up, three-and-one-half years
after excision, she had no hip complaints and had re-
turned to all activities. Her hip range of motion contin-
ued to be moderately decreased as compared to the
uninvolved side, especially in relation to external rota-
tion (lacking 30 degrees) and abduction (lacking 50
degrees). There had been no radiographic evidence for
recurrence (Figure 7).

DISCUSSION
While other cases of DEH involving the acetabulum

have been reported (with varying degrees of documen-
tation),8,9,10,11,12,13,14 the patient presented here represents
the most complete case documentation to date. Our case
clarifies how each type of imaging modality can con-
tribute unique information that guides successful treat-
ment.

Treatment of DEH is not clearly defined and must
be specialized for each case encountered. Some authors
recommend observation for lesions that are not caus-
ing pain, deformity or interference with function.15 Par-
tial excision of the osteochondroma, while avoiding
excessive damage to the articular surface, has been
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recommended for other cases.1,2,3,4,5 Others recommend
avoiding the joint altogether, preferring to make com-
pensatory osteotomies distant from the lesion itself in
cases in which the joint surface remains intact.16 A final
novel approach has recently been proposed involving
cartilage wedge excision from the lesion itself.6

We felt that intra-articular excision would provide the
best treatment in this case because allowing progres-
sive femoral head extrusion would lead to inevitable
painful hip arthritis. Only longer-term follow-up will
define the ultimate outcome for our patient.

The other benefit of surgical excision is the ability
to provide a definitive histological diagnosis. This al-
lows a definitive prognosis to be relayed to the patient
and family, since malignant degeneration of a DEH le-
sion has not been documented in the literature.17

In summary, dysplasia epiphysealis hemimelica of the
hip joint in a child is a rare condition demanding com-
plex planning and analysis. Careful surgical excision that
includes acetabular and/or femoral osteotomies to en-
sure hip joint stability, would appear to provide the best
treatment option.

REFERENCES
1. Mouchet A, Belot J. Tarsomegalie. J Radiol Electrol

1926;10:289-93.
2. Trevor D. Tarso-epiphysial aclasis: a congenital er-

ror of epiphyseal development. J Bone Joint Surg [Br]
1950;32:204-13.

3. Fairbank TJ. Dysplasia epiphysealis hemimelica
(tarso-epiphyseal aclasis). J Bone Joint Surg [Br]
1956;38:237-57.

Figure 5. (A) Intra-operative photographs demonstrating osteochon-
droma growing out of posterior acetabular roof. (B) Intra-articular
component of osteochondroma as seen during surgical removal
(arrows).

Figure 4. Coronal MRI image demonstrates an intra-articular het-
erogeneous high-signal mass, which merges imperceptibly into the
remainder of the ilium with anterolateral displacement of the femoral
head and a small joint ef fusion. The reading suggested an intra-
articular osteochondroma.

Figure 5A

4. Kettelkamp D, Campbell C, et al. Dysplasia
epiphysealis hemimelica: a report of fifteen cases and
a review of the literature. J Bone Joint Surg [Am]
1966;48:746-766.

5. Kuo RS, Bellemore MC, et al.  Dysplasia
epiphysealis hemimelica: clinical features and man-
agement. J Pediatr Orthop 1998;18:543-548.

6. Skripitz R, Lussenhop S, Meiss AL. Wedge exci-
sion chondroplasty of the knee in dysplasia
epiphysealis hemimelica—report of two cases. Acta
Orthop Scand 2003;74:225-229.

7. Azouz EM, Slomic AM, et al. The variable mani-
festations of dysplasia epiphysealis hemimelica.
Pediatr Radiol 1985;15:44-49.

Figure 5B



D. R. Wenger and M. J. Adamczyk

64 The Iowa Orthopaedic Journal

8. Bleshman MH and Levy RM. An unusual location
of an osteochondroma. Radiol 1978;127:456-63.

9. Cruz-Conde R, Amaya S, et al. Case report: dys-
plasia epiphysealis hemimelica. J Pediatr Orthop
1984;4:625-29.

10. Sherlock DA and Benson MKD. Dysplasia
epiphysealis hemimelica of the hip: a case report. Acta
Orthop Scand 1986;57:173-75.

11. Mendez AA, Keret D, et al. Isolated dysplasia
epiphysealis hemimelica of the hip joint: a case re-
port. J Bone Joint Surg [Am] 1988;70:921-25.

12. Woodward MN, Daly KE, et al. Subluxation of the
hip joint in multiple hereditary osteochondromato-
sis: report of two cases. J Pediatr Orthop 1999;19:119-
21.

13. Skaggs DL, Moon CN, et al. Dysplasia epiphysealis
hemimelica of the acetabulum: a report of two cases.
J Bone Joint Surg [Am] 2000;82:409-14.

14. Tschauner C, Roth-Schiffl E and Mayer U. Early
loss of hip containment in a child with dysplasia
epiphysealis hemimelica. Clin Orthop 2004;427:213-
19.

15. Silverman FN. Dysplasia epiphysealis hemimelica.
Semin Roentgenol 1989;24:246-58.

16. Keret D, Spatz DK, et al. Dysplasia epiphysealis
hemimelica: diagnosis and treatment. J Pediatr
Orthop 1992;12:365-72.

17. Murphey MD, Choi JJ, et al. Imaging of osteo-
chondroma: variants and complications with radio-
logic-pathologic correlation. AFIP Archives
2000;20:1407-34.
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Figure 7. (A) Immediate post-operative x-ray. (B) One year post-
operative AP pelvis radiographs demonstrate improved coverage
with maintained joint space. The triple innominate osteotomy plus
femoral osteotomy have provided hip stability. (C) Three-year and
four-month follow-up films demonstrate the right hip to be well
located in the joint with the joint space maintained and no evi-
dence of recurrence. The patient is currently asymptomatic and
participating in all activities without restriction.

Figure 8. Pathologic specimen demonstrating cartilage cap with
underlying bone consistent with a diagnosis of osteochondroma.

Figure 7A Figure 7B

Figure 7C
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ABSTRACT
In this report, we discuss a case of a 30-month-

old male presenting with a painful limp. Plain
radiographic studies gave a preliminary diagno-
sis of a Brodie abscess. Further studies, includ-
ing magnetic resonance imaging (MRI), were more
consistent with that of an osteoid osteoma located
within the tibial medullary canal, which is a rare
location. The patient had an excisional biopsy. The
final pathologic diagnosis confirmed intramedul-
lary osteoid osteoma.

INTRODUCTION
The cause of limp in a child may be a result of

trauma, infection or neoplasm. If findings on plain ra-
diographs are consistent with infection or neoplasm,
further non-invasive studies may be warranted prior to
any surgical intervention. Potential diagnoses include
osteoblastoma, osteomyelitis, eosinophilic granuloma,
osteogenic sarcoma, Ewing sarcoma or healing fracture.
While studies such as computerized tomography (CT)
scans, MRI, or bone scan may help delineate these le-
sions, a final diagnosis frequently requires a pathologic
specimen.

CASE REPORT
A 30-month-old male patient presented to our pediat-

ric orthopedic clinic with a two-to-three-month history
of right leg pain. The mother reported mild relief of
pain with acetaminophen during the day and ibuprofen
at night. She denied any recent trauma. The patient’s
medical history was significant for craniofacial recon-
struction for craniosynostosis at the age of nine months,
and slightly delayed motor development. Physical exam
showed symmetric non-tender lower extremities with
normal strength and sensation. No leg-length discrep-
ancy was noted. The patient was ambulatory with an
antalgic gait. He localized the pain to the distal aspect

of his right lower ex-
tremity. Initial plain ra-
diographs of the right
lower extremity were
normal. The patient was
given a fracture boot for
comfort.

At his one-month fol-
low up appointment, the
patient had increasing
pain. His mother re-
por ted frequent falls
and stated that he often
held his ankle com-
plaining of pain. His
limp had progressed
with a diminished
stance phase on the
right limb. Repeat ra-
diographs revealed a
lesion of localized scle-
rosis with central lu-
cency within the distal
tibial diaphysis (Fig-
ures 1A and 1B). This
was consistent with a Brodie abscess, a region of
chronic localized osteomyelitis. An MRI with intrave-
nous contrast was performed to further delineate this
lesion. On T1- and T2-weighted images of the distal tibial
diaphysis, a centrally placed 5mm x 4mm x 16mm area
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Figure 1A. Lateral radiograph

Figure 1B. AP radiograph



Volume 25 67

Case Report: Unusual Tibia Intramedullary Osteoid Osteoma

of decreased signal intensity was identified (Figures 2
and 3). This lesion was associated with bone marrow
edema and peripheral enhancement; however, there was
no fluid collection or soft tissue mass present. While
this lesion was in an unusual location, it was more con-
sistent with osteoid osteoma. The patient underwent an
open excisional biopsy of the lesion. The nidus, with
surrounding sclerotic bone, was excised. The cavity was
then filled with demineralized bone matrix. Final patho-
logic specimen analysis confirmed the diagnosis of os-
teoid osteoma. Post-operatively the patient was placed
into a short-leg cast and allowed to bear weight as tol-
erated. At his one-month follow-up, the patient had no
pain or recurrence of his symptoms.

DISCUSSION
Osteoid osteoma is a common benign bone lesion in

the pediatric and young adult populations. Typical age

of patients ranges from five to 40 years old, with re-
ports of patients from nine months to 77 years of age
reported in the literature.6 Males are more commonly
affected at a 1.6–4 ratio.3 Long bones are the most com-
mon location for these lesions with the majority occur-
ring in the lower extremity.7 Presenting symptoms in
children are often pain, which is worse at night and
relieved with salicylates,3 and a noticeable limp.6

The location of these lesions within the bone may
vary. The classic and most common location is within
the cortex.7,8 These lesions have also been found in the
periosteal region of long bones.7 Children can have le-
sions involving the epiphyses of long bones. In all pa-
tients, the intramedullary location within bone is rela-
tively infrequent, 2/38 in one study and 6/67 in
another.7,8 In our review of the literature, only one re-
port of two intramedullary osteoid osteomas in young
pediatric patients was described, in the French litera-

Figure 2A. Sagittal T1 MRI

Figure 2B. Axial T1 MRI

Figure 3A. Axial T2 MRI

Figure 3B. Coronal post-contrast MRI
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ture.5 Similar to our patient, both of these patients in
the literature were under 3 years of age, and the le-
sions were in the distal tibia. However, unlike our pa-
tient, the two in the literature had reactive bone forma-
tion more characteristic of cortical lesions.

The differential diagnosis of an osteoid osteoma in-
cludes osteoblastoma, osteomyelitis, eosinophilic granu-
loma, osteogenic sarcoma, Ewing sarcoma or healing
fracture. Typical radiographic findings are of a dense
ivory-like sclerotic mass attached to the bone with
sharply demarcated borders.4 When localized in the
cortex, these lesions often evoke a reactive sclerosis;
however, intramedullary lesions often fail to elicit such
a response.8 Further delineation can be obtained using
computerized tomography (CT) scan or MRI. CT scans
generally show a small lucent nidus surrounded by re-
active sclerosing bone, sometimes seen on plain films.2

Visualizing the nidus by MRI can be difficult, and in-
tramedullary soft tissue changes may produce a mis-
leading aggressive appearance.1 Typically, an interme-
diate signal is seen on T1 and a high-intensity signal on
T2-weighted images. Low-intensity signal within the ni-
dus on T2 images suggests calcification.2

Treatment options for an osteoid osteoma include
prolonged non-steroidal anti-inflammator y drug
(NSAID) use, CT-guided ablation and surgical excision.3

In this case, we chose surgical excision. While pro-
longed NSAID use has been shown to be effective, we
were uncomfortable placing a two-year-old on long-term
non-steroidal medication due to skeletal and renal com-
plications. Likewise, CT-guided ablation could have been
performed and this is done regularly at our institution.
However, performing this on a two-year-old would have
required anesthesia during the procedure. Therefore,
we proceeded with an open excisional biopsy performed
under the controlled environment of the operating room.
This allowed for an adequate tissue sample to be sent
for pathology and direct visualization of the nidus, help-
ing to ensure complete excision.

In this case, we present a rather common pathologic
lesion, osteoid osteoma, found at an atypical age, 30
months, in an uncommon location, within the medul-
lary canal of the distal tibia. Because this lesion did not
have the common reactive sclerosis often seen in corti-
cal osteoid osteomas, diagnosis is more difficult.

The cause of pain in a limping child can often be
difficult to discern. Osteoid osteoma should be kept in
mind as a source of pain in the pediatric age group,
with or without “classic” radiographic features.

REFERENCES
1. Assoun J, Richardi G, Railhac JJ et al. Osteoid

Osteoma—MR-Imaging Versus CT. Radiol 1994;
191:217-23.

2. Azouz EM. Magnetic resonance imaging of benign
bone lesions: cysts and tumors. Top. Magn Reson.
Imaging 2002; 13:219-29.

3. Frassica FJ, Waltrip RL, Sponseller PD, Ma LD,
and McCarthy EF. Clinicopathologic features and
treatment of osteoid osteoma and osteoblastoma in
children and adolescents. Orthop Clin North Am 1996;
27:559.

4. Greenspan A. Benign Bone-Forming Lesions—Os-
teoma, Osteoid Osteoma, and Osteoblastoma—Clini-
cal, Imaging, Pathological, and Differential Consid-
erations. Skeletal Radiol 1993; 22:485-500.

5. Jawish R, Kassab F, Kairallah S, and Rizk R.
Intramedullary diaphyseal osteoid osteoma in chil-
dren. Revue de Chirurgie Orthopedique et Reparatrice
de l Appareil Moteur 1997; 83:74-7.

6. Kaweblum M, Lehman WB, Bash J, Strongwater
A, and Grant AD. Osteoid Osteoma Under the Age
of 5 Years—The Difficulty of Diagnosis. CORR 1993;
218-24.

7. Kayser F, Resnick D, Haghighi P et al. Evidence
of the subperiosteal origin of osteoid osteomas in tu-
bular bones: Analysis by CT and MR imaging. Am J
Roentgenol 1998; 170:609-14.

8. Klein MH and Shankman S. Osteoid Osteoma—
Radiologic and Pathological Correlation. Skeletal
Radiol 1992; 21:23-31.



Volume 25 69

ABSTRACT
Unicameral bone cysts of the pelvis are ex-

tremely rare. This study summarizes the clinical,
radiologic and pathologic features of 16 cases.
Patients ranged in age from nine to 69. Most le-
sions were in the anterior portion of the iliac wing;
many appeared to be related to an open iliac crest
apophysis. This suggests that the pathogenesis of
unicameral bone cysts in this portion of the ilium
is similar to that seen in the proximal humerus
and the proximal femur. The correct diagnosis was
made preoperatively in only five cases. This indi-
cates that, although they are well documented,
unicameral bone cysts of the pelvis remain a di-
agnostic problem. Patients received a spectrum
of treatments from curettage to observation. There
appeared to be no difference in the outcome after
any form of treatment. Therefore, unicameral bone
cysts of the pelvis can be managed conservatively.
The choice to manage patients conservatively de-
pends on making the correct diagnosis based on
clinical history and imaging. The most effective
imaging is a combination of plain radiographs,
computed tomography (CT) and magnetic reso-
nance imaging (MRI).

INTRODUCTION
Unicameral bone cysts, also known as simple bone

cysts, are relatively common bone lesions that usually
occur in the proximal femur or proximal humerus in
the developing skeleton. Very rarely, a unicameral bone
cyst may form in the pelvis. Because of their rarity, le-
sions in the pelvis are often misdiagnosed and over-
treated. This paper summarizes the clinical, radio-
graphic and pathologic features of sixteen cases of
unicameral bone cysts of the pelvis, collected over a
thirty-year period.

METHODS
The 16 patients were either collected from the or-

thopaedic surgery files of the Johns Hopkins Hospital
or culled from the personal consultation files of one of
us (EFM) (Table1). Plain radiographs of the pelvis were
available on all 16 patients. Thirteen patients had ei-
ther CT scans or MRI studies or both. Histological
material from 12 patients was available for review.

RESULTS
Patients ranged in age from nine to 69 years. The

mean age was 30 years. Six patients were age 20 or
younger. There were ten females and six males.

Fourteen lesions occurred in the ilium. One was in
the pubic ramus, and one was in the ischium. Of the 14
lesions in the ilium, 11 were present in the iliac wing.
Five patients had cysts in the posterior part of the ilium
adjacent to the sacroiliac joint. These posterior lesions
occurred in the older group of patients.

These patients’ symptoms varied. Two patients had
dull, aching pain probably directly related to their cysts.
Two patients had pain after minor trauma to the ilium.
One patient suffered a pathologic fracture of the lesion
after a fall. In eight patients, lesions were discovered
incidentally during evaluation for other symptoms such
as back pain or hip pain. The clinical presentation was
unclear in the remaining three patients.

Nine patients had curettage of their lesions. In one
of these patients, the lesion was filled with bone graft.
Three patients had only a biopsy. One patient had drill
holes placed, and another had a needle aspiration. Two
patients were observed only and had no surgical inter-
vention.
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In the seven patients who had no treatment, a bi-
opsy only, or drilling, the follow-up was one year or less.
Eight of the patients who were treated with curettage
were followed from one to four years. One patient had
a second curettage 21 years after the first.

Radiographic Findings
On plain radiographs, lesions were well-circum-

scribed lytic zones ranging in size from 3 to 12 cm. One
lesion occupied almost the entire iliac wing (Figure 1).
Most lesions had a faint sclerotic rim (Figure 2). Some
lesions had a soap-bubble type appearance (Figure 3).
These inner markings corresponded to ridges on the
inside of the cysts as seen best on the CT scan. These
were seen more frequently in older patients, suggest-
ing attempted spontaneous healing (Figure 4). On CT
scans, lesions showed no or minimal expansion of the
wall of the pelvis. CT scans demonstrated that lesions
were either in the anterior iliac wing or posterior, adja-
cent to the sacroiliac joint. The posterior location was
more prevalent in older patients (Figure 5A and B).
Except for a few cases with inner trabeculations, all le-

sions were unilocular. On T2-weighted MRI studies, le-
sions showed a uniform high signal corresponding to
fluid (Figure 6). There were no fluid-fluid lines typical
of aneurysmal bone cyst.

Based on these radiographic features, the diagnosis
of unicameral bone cyst was made in only five patients.
The diagnosis of fibrous dysplasia was made in five
cases, and aneurysmal bone cyst was suspected in three
patients. In three patients, the lesion was diagnosed as
a neoplasm. The correct diagnosis was made when the
lesions were studied with a combination of plain radio-
graphs, CT scans and MRI.

Histopathologic Findings
Tissue was available for study from 12 patients. Tis-

sue was obtained at curettage or from an open biopsy.
In all cases where surgery had been performed, the
surgeon reported the lesion to be filled with clear sero-
sanguineous fluid. The biopsy showed a fibrous mem-
brane with varying amounts of reactive bone (Figure
7). In several cases, a fluffy material was present in the
fibrous wall (Figure 8). This was identical to the char-

TABLE 1
Simple Bone Cysts of the Pelvis

Case Age/ Sex Location Presentation Preoperative Treatment Years of
Diagnosis Follow Up

1 9F Left ilium Asymptomatic Fibrous dysplasia No treatment 1
2 14F Left ilium Vague discomfort Simple cyst Aspiration 8 weeks

after trauma
3 15M Left ilium Pathologic fracture Aneurysmal Biopsy and curettage 2

after fall bone cyst
4 16F Right ilium Incidental finding Simple cyst Biopsy and curettage 4
5 17M Right ischium Incidental finding Fibrous dysplasia No treatment 1
6 20M Left ilium Unclear Aneurysmal Biopsy only 1

bone cyst
7 26F Right ilium Vague pain Fibrous dysplasia Curettage, Re-curettage 25

after trauma  after 21 years
8 27F Right ilium; Incidental finding Simple cyst Drill holes 8 months

posterior Back pain
9 33F Left ilium Vague dull pain Aneurysmal bone cyst Biopsy curettage 3

10 36M Right ilium; Vague dull pain Simple cyst Curettage 2
posterior

11 43F Left ilium Hip pain Fibrous dysplasia Biopsy partial excision 3
12 48F Right ilium; Incidental finding Neoplasm Cyst removed 2

posterior
13 48F Pubic ramus Incidental finding Simple cyst Curettage 3
14 48M Right ilium; Unclear Aneurysmal bone cyst Needle aspiration 2

posterior
15 52M Right ilium Unclear Neoplasm Curettage 1
16 69F Right ilium; Asymptomatic Neoplasm Biopsy only 1

posterior
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acteristic cementum-like material seen in the walls of
typical unicameral bone cysts of the proximal humerus
or proximal femur.1

DISCUSSION
A unicameral bone cyst is a unilocular cavity in bone,

lined by a fibrous membrane and filled with fluid. The
lesion almost always arises in the metaphysis of a long
bone adjacent to an epiphyseal plate. The development
of the lesion is related to skeletal growth. For a period
of time bone does not form in the metaphysis and the
defect fills with fluid. Eventually, bone formation recom-
mences and normal medullary bone forms between the
physis and the cyst. This normal zone lengthens as skel-
etal growth continues. The cause of this process is not
known.

The first description of a unicameral bone cyst was
by Virchow in 1876.2 Although Bloodgood in 19103 wrote
a detailed early report, it was not until 1942 that Jaffe
and Lichtenstein characterized fully the clinical, radio-

graphic and pathologic features of unicameral bone
cysts.4

Although unicameral bone cysts may occur anywhere
in the skeleton, two-thirds of cases occur either in the
proximal humerus or proximal femur.5 The pelvis is an
uncommon site for the development of a unicameral
cyst. This location accounts for only two percent of re-
ported cases.6 In 1975, Samuelson et al reported two
cases, and summarized the 20 other cases documented
at that time.7 Since that summary, there have been iso-
lated case reports.8,9,10 In 1977, Norman and Schiffman
reviewed 75 cases of simple bone cysts.11 They noted
that the nine cases which were in the pelvis occurred
in older patients, and they suggested that the cysts de-
veloped later in life. More recently, however, Abdel-
wahab et al reported four cases of unicameral pelvic
bone cysts in adolescents.6 These authors concluded
that in the pelvis, as in the long bones, cysts formed
during skeletal development. Pelvic lesions may remain
asymptomatic longer because they usually occur in non-
weight-bearing portions of the ileum.

Figure 1. Plain radiograph of a unicameral bone cyst of the iliac
wing from patient number one. This lesion occupies most of the
iliac wing and was asymptomatic.

Figure 2. This unicameral bone cyst of the left ilium from patient
number two has a faint sclerotic rim (arrows).
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Figure 4. A unicameral bone cyst (arrow) from patient number
seven in the right iliac wing showing changes suggestive of healing.

Figure 3. A unicameral bone cyst in the posterior portion of the
ilium from patient number nine showing a multi-locular appear-
ance. These internal markings are ridges on the inside of the cavity
and suggest healing.

Figure 5B. CT scan of a unicameral bone cyst in the posterior por-
tion of the ilium from patient number ten. Internal marking sug-
gest healing.

Figure 5A. CT scan of the left ilium of patient number six showing
a lesion with a single intralesional ridge. There is minimal expan-
sion of the bone.
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In the present series of 16 cases, lesions were diag-
nosed in both young and older patients. In the adoles-
cent group, more lesions occurred adjacent to an open
iliac crest apophysis. This suggests that the pathogen-
esis of unicameral bone cysts in the ilium is similar to
that of lesions in the proximal humerus and femur. Five
of our cyst cases occurred in the posterior portion of
the ilium adjacent to the sacroiliac joint in an older age
group, and may represent subchondral cysts related to
sacroiliac joint degeneration. Two of our cyst cases had
atypical locations, one in the pubis and one in the is-
chium. Because they were unilocular and filled with
fluid, we regarded them as unicameral bone cysts.

The study of these 16 cases emphasizes several
points. First, despite previous documentation of unicam-
eral cysts in the pelvis, this lesion remains a diagnostic
problem. The correct diagnosis was made preopera-
tively in only five cases. The most frequent misdiag-
noses were fibrous dysplasia and aneurysmal bone cyst.
An MRI demonstrating intralesional fluid should rule
out fibrous dysplasia. The absence of cortical expan-
sion and multiple locules with fluid-fluid lines rules out
aneurysmal bone cyst.

The second point is that the frequent misdiagnosis
leads to overtreatment. Follow-up indicates that patient
outcomes are the same whether lesions are curetted,
drilled or observed. Whether treated or not, cystic cavi-
ties persist in the pelvis and remain asymptomatic. Be-
cause the pelvis is a non-weight-bearing bone, these
lesions do not threaten the integrity of the skeleton.
This suggests that unicameral bone cysts of the pelvis
may require no surgical intervention. Symptomatic le-
sions may be treatable with drill holes similar to proxi-
mal humeral lesions. Lesions in older patients tended
to have more intralesional trabeculations suggesting
spontaneous healing. Therefore, the correct preopera-
tive diagnosis is critical to avoid overtreatment.

These cases indicate that simple cysts of the pelvis
are most accurately diagnosed with a combination of
plain radiographs, CT scans and MRI. Once the diag-
nosis is established, lesions may be best managed con-
servatively.

Figure 6. T2–weighted MRI scan of the unicameral bone cyst of
patient number 15. There is uniformly high signal throughout much
of the iliac wing. This high signal represents fluid, and there is no
cortical expansion or fluid-fluid line.

Figure 7. A low-powered photomicrograph (H&E, x20) of the fi-
brous membrane curetted from a pelvic unicameral bone cyst. Some
reactive bone is present in the membrane (arrow).

Figure 8.  A high-powered photomicrograph (H&E, x40) of the
fibrous membrane. There is fluffy, cementum-like material in the
wall. This material is highly characteristic of unicameral bone cysts.
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ABSTRACT
We describe three patients who developed cor-

tical bone atrophy around cemented endopros-
theses used for partial femur reconstructions af-
ter resection of Ewing’s sarcoma. We believe this
to be related to remodeling secondary to stress-
shielding. Rather than increased porosity and
decreased mineral density, the stress-shielding in
these skeletally immature patients resulted in al-
tered morphology of the cortical bone, with ap-
parent maintenance of density.

INTRODUCTION
Stress-shielding is a well-recognized phenomenon

associated with many clinical scenarios in which an
implant with higher elastic modulus than bone bears
the majority of stress transmitted through an anatomic
region by fixation to bone above and below. This pre-
vents the load bearing necessary for osseous homeo-
stasis, and thus encourages a disuse-type osteopenia in
the accompanying bone. It is most widely discussed in
relation to diaphyseal fit designs for noncemented total
hip arthroplasty, but is recognized in many other sce-
narios including external and internal fixation for frac-
tures and cemented hip arthroplasty. Stress-shielding
usually results in osteopenia, or an atrophy of bone
mineral and trabecular density, rather than an atrophy
of bone morphology overall.

We present three skeletally immature patients who
developed peri-implant cortical atrophy following
endoprosthetic reconstructions for bone defects created
by resection of malignant neoplasms.

PATIENTS

Case 1
The first patient was diagnosed with a Ewing’s sar-

coma of the distal femur at 13 years of age (Figure 1).
She was treated with neo-adjuvant and adjuvant chemo-
therapy, resection and cemented endoprosthetic recon-
struction of her distal femur and knee (Figures 2A and
2B). She developed no recurrence and returned to ex-
cellent function after reconstruction. Over time, how-
ever, the periprosthetic cortical bone atrophied (Figures
2C and 2D). The patient continues to have excellent
knee function without fracture or failure, eight years
after her resection. She has declined repeated encour-
agements to consider prophylactic onlay reinforcement
of the atrophied implant-bone junction.

SEVERE PERIPROSTHETIC CORTICAL ATROPHY
IN THE SKELETALLY IMMATURE: A REPORT OF THREE CASES
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Figure 1. AP and lateral radiographs of the distal femur in case 1,
a 13-year-old female with Ewing’s sarcoma.
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Case 2
The second patient pre-

sented at 10 years of age
with a pathologic subtro-
chanteric femur fracture
through a Ewing’s sarcoma
(Figure 3). The fracture
punctuated a two-month his-
tory of thigh pain treated
conser vatively for a pre-
sumptive diagnosis of
Osgood-Schlatter after knee
imaging showed no abnor-
mality.

An open biopsy was ob-
tained and the fracture inter-
nally fixed with a pediatric
hip screw prior to neo-
adjuvant chemotherapy
(Figure 4). Her resection
demonstrated negative mar-

Figure 2. AP and lateral radiographs of the distal femoral endoprosthetic reconstruction after resection of a Ewing’s sarcoma (case 1).
Panels A and B were obtained one month after resection and reconstruction; panels C and D were obtained eight years after reconstruction.

Figure 2A

Figure 2B Figure 2C

Figure 2D

Figure 3. AP and lateral hip radiographs demonstrating the patho-
logic proximal femur fracture through a Ewing’s sarcoma in a ten-
year-old (case 2). Figure 4. AP radiographs dem-

onstrating the reduced and in-
ternally fixed pathologic frac-
ture after biopsy confirming
Ewing’s sarcoma in a ten-year-
old (case 2).
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Figure 5. AP and lateral radiographs of the proximal femur shortly following (A and B) and three years
after (C and D) resection of a Ewing’s sarcoma and reconstruction with a proximal femur-replacing
endoprosthesis.

Figure 5B

Figure 6. AP and lateral radiographs of the proximal femur dem-
onstrating onlay allograft strut reinforcement of the prosthesis-bone
junction, performed due to concern for severe periprosthetic cor-
tical atrophy.

Figure 5C Figure 5D

Figure 5A

gins and excellent necrosis response to chemotherapy.
She was also reconstructed with a cemented modular
endoprosthesis (Figures 5A and 5B). Adjuvant chemo-
therapy was completed uneventfully. Treatments in-
cluded Idamycin, Cytoxan, VP16, ifosfamide, and
anthracycline.

Other than the anticipated limb-length discrepancy
that developed with growth, the only concern that arose
after full functional recovery was progressive and se-
vere cortical atrophy (Figures 5C and 5D). She was first
advised to undergo onlay strut allograft reinforcement
of the bone-implant junction at two-and-one-half years
after her resection and reconstruction. She agreed to
proceed with this another year later (Figure 6). She
continues to do well, now 18 months after the reinforce-
ment surgery.
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Case 3
The final patient presented at eight years of age with

thigh pain and systemic illness. She was diagnosed with
a proximal femoral Ewing’s sarcoma and associated
pulmonary metastatic disease (Figure 7). Treatment for
the sarcoma included chemotherapy and radiation to
both femur and thorax. A total of 5580 centi-Gray units
(cGy) of external-beam radiation was administered to
the proximal femur. Fifteen months later, she sustained
a fracture through the irradiated bone, which was
treated with pediatric hip screw prophylactic fixation
(Figures 8A and 8B).

Five otherwise-uneventful years after the initial di-
agnosis, she developed a chondroblastic osteosarcoma
in the previously irradiated proximal femur (Figures 8C
and 8D). This was treated with neo-adjuvant and adju-

vant chemotherapy, wide resection and cemented
endoprosthetic proximal femoral reconstruction (Fig-
ures 9A and 9B).

Beginning approximately three years after her recon-
struction, cortical atrophy at the implant-bone junction
progressed to a worrisome degree. She was advised to
consider onlay strut allograft reinforcement of the bone-
implant junction but declined such an intervention.

At six years after her initial reconstruction, she sus-
tained a catastrophic failure from minor trauma, sus-
taining a periprosthetic femur fracture and prosthetic
stem fracture (Figures 9C and 9D). This was success-
fully treated with a revision modular hip prosthesis (Fig-
ure 10). She continues to do well, despite concern for
insufficiently robust bone at the implant junction, now
three years later.

Figure 7. AP and lateral radiographs of the proximal femur demonstrating a Ewing’s sarcoma of the trochanteric region and femoral neck in
an eight-year-old female.



Volume 25 79

Severe Periprosthetic Cortical Atrophy

Figure 8. AP and lateral radiographs (A and B) after open reduc-
tion and internal fixation of a subtrochanteric fracture that was
sustained 15 months after diagnosis of Ewing’s sarcoma, treated
with external beam radiation. Panels C and D demonstrate the
chondroblastic osteosarcoma that subsequently developed in the
same region, another three-and-one-half years later.

Figure 8C

Figure 8D

Figure 8A

Figure 8B
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Figure 9. AP and lateral radiographs demonstrating endoprosthetic reconstruction of the proximal femur after resection of a post-radiation
chondroblastic osteosarcoma. Panels A and B represent early post-operative radiographs; C and D represent a periprosthetic fracture with
prosthetic stem fracture sustained six years later.

Figure 9A Figure 9B

Figure 9C

Figure 9D

DISCUSSION
Charnley first described the phenomenon of stress-

shielding in his 1968 mid-term follow-up of 190 of his
early cemented hip arthroplasties1. Stress-shielding was
manifested in two radiographic features. Over one-third
of his patients had radiographic resorption of two-to-
three millimeters of the calcar femorale, separating it
from the collar of the prosthesis and its initial abutting
position. Second, just under five percent of his patients
had developed greater than five percent relative atro-
phy of the peri-implant cortex. As understanding of
stress-shielding increased over the years, it came to be
specifically associated with loss of bone mineral den-
sity in the trochanteric region proximal to a well-fixed
diaphyseal fit non-cemented prosthesis. It is interest-
ing, however, that in Charnely’s original description of
the phenomenon, he used cortical thinning as his mea-
sure.

We reviewed three cases of significant peri-prosthetic
cortical atrophy of the femoral diaphysis following ce-
mented reconstruction with a modular tumor prosthe-
sis in two adolescents and one pre-adolescent. The eti-
ology remains uncertain, but excessive remodeling from
stress-shielding is suspected.

Tumor recurrence should always be primarily ruled
out when any osseous changes are noted after resec-
tion of a malignant neoplasm. This was considered care-
fully in each case. That it was appropriately ruled-out
is evidenced by the continued event-free survival of all
of the patients, years after recognition of the atrophy.

The magnitude of the stress-shielded remodeling
response may be due to side effects of chemotherapy
or even radiation (in case three, only), but the fact that
the morphology of the cortical bone changed rather
than porosity, argues that neither osteoblasts nor osteo-
clasts were relatively impaired. It is interesting that all
three of the patients had Ewing’s as a primary diagno-
sis, but this yields no obvious explanation of bone
changes after disease eradication. Mostly likely, the
well-recognized increased osteoclastic response to mini-
mal load bearing secondary to stress-shielding is bet-
ter matched in these skeletally immature patients by
osteo-blastic recontouring of the shape of the cortical
bone.

Periprosthetic bone remodeling has previously been
studied by the oncology group in Toronto for distal
femoral replacements with a noncemented Kotz pros-
thesis after resection of malignancies2. They demon-
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strated that bone mineral density loss as measured by
DEXA averaged 23.7 percent in the region immediately
adjacent to the base of the prosthetic stem.

Whatever the explanation, cortical atrophy surround-
ing a modular implant increases a patient’s risk for cata-
strophic failure of the implant. Such events require ur-
gent, major surger y rather than the elective
circumstances possible for prophylactic reinforcement.
It will continue to be our practice to look for these
changes radiographically and recommend prophylactic
onlay strut allograft reinforcement when such atrophy
is recognized.

Figure 10A
Figure 10C Figure 10D

Figure 10. AP and lateral radiographs of the proxi-
mal and distal femur demonstrating the revision
endoprosthetic reconstruction undertaken to treat
a periprosthetic fracture from a previous implant.
Cortical atrophy around the new implant remains a
concern.

Figure 10B
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ABSTRACT
A joint’s normal mechanical history contributes

to the maintenance of articular cartilage and un-
derlying bone. Loading facilitates the flow of nu-
trients into cartilage and waste products away, and
additionally provides the mechanical signals es-
sential for normal cell and tissue maintenance.
Deleteriously low or high contact stresses have
been presumed to result in joint deterioration, and
particular aspects of the mechanical environment
may facilitate repair of damaged cartilage. For
decades, investigators have explored static joint
contact stresses (under some more or less arbi-
trary condition) as a surrogate of the relevant me-
chanical history. Contact stresses have been esti-
mated in vitro in many joints and in a number of
species, although only rarely in vivo. Despite a
number of widely varying techniques (and spatial
resolutions) to measure these contact stresses,
reported ranges of static peak normal stresses are
relatively similar from joint to joint across spe-
cies, and in the range of 0.5 to 5.0 MPa. This
suggests vertebrate diarthrodial joints have evolved
to achieve similar mechanical design criteria.
Available evidence also suggests some disorders
of cartilage deterioration are associated with some-
what higher peak pressures ranging from 1-20
MPa, but overlapping the range of normal pres-
sures. Some evidence and considerable logic sug-
gests static contact stresses per se do not predict
cartilage responses, but rather temporal aspects
of the contact stress history. Static contact stresses
may therefore not be a reasonable surrogate for
biomechanical studies. Rather, temporal and spa-
tial aspects of the loading history undoubtedly
induce beneficial and deleterious biological re-

sponses. Finally, since all articular cartilage
experiences similar stresses, the concept of a
“weight-bearing” versus a “non-weight-bearing”
joint seems flawed, and should be abandoned.

INTRODUCTION
Clinicians have long suspected pressure affects car-

tilage. Heuter recognized the effects of pressure on
growth cartilage of the developing joint.59 However, the
effects on mature cartilage were not well recognized
until well into the twentieth century, when the role of
loading on osteoarthrosis was clearly established. Ironi-
cally, the role of loading on the normal maintenance of
cartilage was recognized after its potentially deleteri-
ous effects.

Lovett, in 1891 mentioned a mechanical role in
osteoarthrosis primarily to suggest it was not impor-
tant.96 Pemberton and Osgood allude to the role of me-
chanics in osteoarthrosis to emphasize the importance
of “carriage of the body,” but do not explicitly mention
overloading of cartilage as the critical factor.118 Two
other authors45,75 writing about the same time suggested
repeated mild trauma was causative, although neither
explored or documented this concept. Substantive con-
sideration of a mechanical role in joint degeneration
primarily occurred after the mid twentieth century. We
now recognize increased loading, and ostensibly con-
tact stresses, on articular surfaces substantially affect
the durability of joints and their responses to treat-
ment.16,24,46

The notion that physiological loading and motion of
joints are essential for normal maintenance (i.e., me-
tabolism) paradoxically appear to arise from observa-
tions that osteoarthritis begins in areas of the joint
which were least loaded53 and that immobilization leads
to alterations in cartilage metabolism103,142 and histol-
ogy37 of articular cartilage. Harrison et al. remarked,
“Our somewhat surprising findings forced us to con-
sider that if excess of joint pressure is deleterious to
hyaline cartilage the lack of pressure is an even more
compelling cause of its degeneration.”53 Thus, not only
overloading, but also underloading appeared related to
deleterious changes. However, in vivo contact stresses
are typically related to motion, and the importance of
motion in normal maintenance of cartilage22,41,132 and in
cartilage repair22,55,80,131,143 is now a well accepted notion.
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Because biological changes are initiated at the local
tissue level (i.e., small gross, or even microscopic level),
any relevant mechanical parameter relating to tissue
adaptation likely needs to be independent of area or
volume of tissue or at least averaged over a very small
region. That is, spatial resolution of the measures be-
comes a critical (although obviously question-depen-
dent) issue. For intuitive reasons, and without any ex-
plicit consideration of this latter point, most investigators
quite naturally turned to joint contact stresses as a single
mechanical surrogate reflecting biological behavior.i In
earlier studies spatially averaged contact stress was a
parameter that could be readily calculated if the load
and surface area were known. Methods to estimate con-
tact stresses and their spatial distributions (with vary-
ing degrees of spatial resolution) arose only in the lat-
ter part of the twentieth century.

In this report, then, I will explore what is known
about contact stresses in human and animal joints. First
I will briefly describe the methods to estimate contact
stresses, then I will review the quantitative estimates
made by those methods, and finally I will explore the
limitations of contact stress as a parameter to explain
or predict clinical disease. While I do not intend a com-
prehensive review, it is intended to be representative.

METHODS TO ESTIMATE CONTACT STRESSES
There are a limited number of ways to estimate con-

tact stresses: computational approaches, individual
transducers, pressure sensitive films, and pressure sen-
sitive mats. Each approach has its advantages and limi-
tations.

Computational Approaches
In simple form38,68 computational approaches were

perhaps not surprisingly the earliest since they required
no technology, and relatively simple models and calcu-
lations.38,100,115,116 These sorts of models typically used a
single load the authors implicitly assumed represented
biologically important aspects of the mechanical history
(e.g., presumed peak load during single leg stance).
These approaches resulted in spatially averaged
stresses, not biologically critical local peaks, and while
illustrating principles did not materially advance our
understanding of the biologic issues. A number of

groups have reported more sophisticated computational
approaches,34,48,66,67,70,90,91 each of which necessarily in-
cludes simplifications and assumptions (some explicit,
others implicit). Simplifications include geometry (of-
ten two-dimensional),18,124 spherical hip joints, friction-
less surfaces, and limited loading conditions, elastic
properties. Such assumptions are not inherent, however,
since with enormously enhanced computational power,
models may be three-dimensional,15,48,66,71,134 or include
more sophisticated treatments of material properties,90

or multiple loading conditions.16,60,67,70,105 Perhaps the
major question of these models is that of model
confirmation.ii Ordinarily, this means comparing model
results against some independent measure such as
those from experimental techniques (see below). (It is
critical to recognize we do not know whether the ex-
periments provide “true” results: those that would be
occurring naturally in the course of human or animal
function. Therefore, we cannot “verify” or ascertain the
truth of the model except under conditions limited to
those of the experiment. In effect, perhaps the stron-
gest corroboration arises from determining that many
studies obtain similar results, despite the widely vary-
ing methods used to obtain them, and despite the many
computational or experimental conditions.iii)

Individual Transducers
Ingelmark and Blomgren68 recognized functional

loading had an “influence . . . on the morphological and
pathological state of the articular cartilages” and that a
spatially averaged pressure in a joint was not likely
meaningful, in contrast to a local peak. They also indi-
cated earlier attempts to estimate pressures required
“a certain amount of calculation work” and the meth-
ods were “very time-consuming.” Therefore, they de-
vised (and elegantly described) a small (9 mm diam-

i Oreskes112 explores the issue of how individual parameters may
inadequately capture phenomena of interest owing to both
theoretical and empirical uncertainties. Although contact stress
seems a reasonable parameter reflecting behavior of cartilage since
it teleologically seems designed to distribute load, closer
examination reveals a number of problems yet to be explored.

ii Oreskes and her colleagues113 have argued numerical models of
complex natural systems cannot be logically “validated” (i.e.,
establish the soundness or legitimacy of a proposition). In a
complex system there are not only recognized parameters for which
we have no quantitative knowledge, but also unrecognized
parameters. In this situation, many models can produce the same
result, precluding validation of any given model. Rather, we can
“confirm” or strengthen our propositions.
iii Authors are unlikely to report a model in which experimental
confirmation has been attempted, but not successful. Oreskes113

notes she was unable to find such a case, and this author has never
seen a published example. While many, if not most numerical
models are published without any attempt at experimental
confirmation, it is likely many models with confirmation were not
initially confirmed. In these cases, authors would (appropriately)
modify the model until computational and experimental answers
coincided. However, this does not really imply confirmation. Rather,
confirmation would need to arise from a new and fully independent
set of results.
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eter, 1 mm thick) rubber transducer based upon elec-
trical inductance (and contrasted to other potential ap-
proaches based upon resistive or capacitive methods
used by later investigators). This device, they reported,
was accurate to within 25% of the actual pressure. Im-
portantly, Ingelmark and Blomgren realized contact
stresses averaged over some large region were not
likely as biologically meaningful as local peaks: “A
knowledge of such pressure peaks—should they exist—
would probably be of great importance for the under-
standing of the pathologic changes in the joints as well
as for the study of the relation between the functioning
of the joints and their morphologic structure.” Unfortu-
nately, Ingelmark’s device was sufficiently large that
true local peaks (i.e., at the levels undoubtedly impor-
tant for biological responses) could not be recorded;
that is, spatial resolution was problematic. Furthermore,
it was a single device that would only record in a single
location, which an investigator could not a priori insure
would represent stresses in an entire joint.

The transducer approach was not again utilized until
the mid 1970s, when Carlson et al.27 constructed a
hemiarthroplasty device for human implantation. This
device partly addressed two limitations of Ingelmark’s
device: measurement artifacts from insertion of a de-
vice of finite thickness between the articular surfaces
and multiple transducers (14) to provide more than a
single measurement. Furthermore, this device could be
and indeed was implanted in humans,52,61,62,137 allowing
dynamic pressure measurements in a variety of activi-
ties. However, this device was still limited to a few dis-
crete areas, local peak pressure estimates were limited
to the size of the transducer surface, recordings could
be made only of cartilage-on-metal (which would likely
be quite distinct from natural cartilage-on-cartilage), and
the authors reported no integration of the measure-
ments to insure the device could recover applied loads
(thus confirming the measurements). Two subsequent
groups1,20,21 did, however, map contact stresses using in
vitro experiments. Obviously, these experiments would
be limited by the limited loading conditions (which
might or might not “represent” critical loading condi-
tions from a biological point of view). Joint lubrication
might also differ in the in vitro experiments, resulting
in artifactual pressure recordings, although these dif-
ferences would likely be small.

Pressure Sensitive Films
The problem of spatial resolution was largely solved

by the introduction of a pressure sensitive film
(PreScale® Fuji Film Co., Ltd., Tokyo; now distributed
as Pressurex®, Sensor Products In. East Hanover, NJ)
in the late 1970s.42 (Company specifications note a spa-

tial resolution of 5 to 15 microns, theoretically fine
enough to study pressures at the cell level.) In addi-
tion, the thin nature of the film (0.076 mm) would re-
sult in relatively little artifact on flat surfaces.141 How-
ever, since the film was not very flexible, artifacts were
introduced on curved surfaces, including most animal
joints. Finally, the calibration procedures were tricky.
Nonetheless, owing to their advantages, a number of
investigators repor ted in vitro use in the
1980s.2,17,63,64,127,133,136,138 The images were, of course, quali-
tative, but scanning and semi-automated computerized
approaches26 afforded quantitative analysis of experi-
mental replications, and comparisons of conditions. In
addition, Caldwell et al.26 reported a numerical algorithm
to detect and remove crinkle artifacts in curved joints
(e.g., the hip). They and others30 further used a petal-
like arrangement of the film which would fit into the
joint (much like the flat paper placed on a globe of the
world). Thus, the refinements provided a reasonable
estimate of contact pressures with better resolution than
transducers. However, these images remained “snap-
shots” of one point in time, and were therefore limited
to a single, or at best a few, experimental loading con-
ditions, which as noted earlier might not reflect the bio-
logically important aspects of loading history.

Pressure Sensitive Mats
The ability to digitally sample and store large

amounts of data afforded by computers led to a later
refinement came using a mat with multiple capacitive
transducers (Pedar™, novel GMBH, Munich) capable
of recording dynamic pressures over time.110 That ad-
vantage is partly offset by a mat thickness (required by
the mechanical and electrical components) more likely
to introduce artifact, as well as a loss of spatial resolu-
tion (imparted by limitations on sampling frequency and
computer storage required for multiple sensors). Typi-
cally, the spatial resolution of these devices is in the
range of 1 cm.2 (Rapid advances in processing speeds
and memory, along with affordable miniaturization of
transducers may obviate reduce this limitation in the
foreseeable future.) Most of the applications of these
devices has been for external (e.g., skin) applica-
tions,25,43,56,57,120 although these devices have also been
developed for joints.31,141 A major disadvantage of these
mats in recording joint contact stress is their thickness
(now perhaps as thin as 0.5 mm). Their introduction
may result in artifactual recordings, particularly in small
joints with thin cartilage. These problems have partly
been solved by a different technology using high-reso-
lution, thin-film resistive sensors (F-Scan™, Tekscan,
South Boston).5,33,40,99,122 The major problem with these
devices is the stiffness of the films (considerably greater



Volume 25 85

Joint Contact Stress

than that of the Pedar™ mats) making them only useful
for relatively flat surfaces.10,31,47,93 Thus, while current
approaches allow reasonable recordings of large and/
or relatively flat joints, they are less useful for small or
substantially curved joint surfaces.

ESTIMATES OF NORMAL CONTACT STRESSES
Astonishingly, experimental measurements of peak

or spatially averaged joint contact stresses are surpris-
ingly similar, and within an order of magnitude of each
other, regardless of the species or joint, and loading
method (Table 1). Such variations as are reported can

TABLE 1
Spatially Averaged and Peak Contact Stresses in Normal Joints

Author/Year Species Joint Spatially averaged Peak contact)
contact stress (MPa) stress (MPa)

(Pellegrini et al., 1993) Human Hand 0.4-0.9
(Tencer et al., 1988) Human Wrist 3.2
(Viola et al., 1998) Human Radioscaphoid 1.7±0.5
(Viola et al., 1998) Human Radiolunate 1.7±0.4
(Conzen and Eckstein, 2000) Human Shoulder 10
(Legal and Ruder, 1977) Human Hip 0.1
(Rushfeld et al., 1979) Human Hip 6.8*
(Brown and Ferguson, 1980) Human Hip 10
(Brinckmann et al., 1981) Human Hip 1.4-1.6 2.4-3.2
(Brown and Shaw, 1983) Human Hip 2.9 8.8
(Adams and Swanson, 1985) Human Hip 4.9-9.6
(Hodge et al., 1989) Human Hip 5.5*
(Maxian et al., 1995) Human Hip <2.0 6-10
(Tackson et al., 1997) Human Hip 5.6*
(Tsumura et al., 1998) Human Hip 2.5
(Hak et al., 1998) Human Hip 7.5-9.0
(von Eisenhart et al., 1999) Human Hip 7.7
(Hipp et al., 1999) Human Hip 2.1
(Ipavec et al., 1999) Human Hip 1.6-2.7
(Iglic et al., 2001) Human Hip 2.2 (male)

2.4 (female)
(Fukubayashi and Kurosawa, 1980) Human Tibiofemoral 3-4
(Ahmed and Burke, 1983) Human Tibiofemoral 2.75
(Brown and Shaw, 1984) Human Tibiofemoral 2.6 8.0
(Brown et al., 1991) Dog Tibiofemoral 0.5-6.0
(Kuroda et al., 2001) Human Tibiofemoral 0.5-0.7
(Trumble et al., 2001) Sheep Tibiofemoral 1.2
(Ahmed et al., 1983) Human Patellofemoral 3.44
(Manouel et al., 1992) Human Patellofemoral 0.1-1.3
(Clark et al., 2002) Cat Patellofemoral
(Wagner et al., 1992) Human Ankle >6 MPa (20-40%

of contact surface)
(Calhoun et al., 1994) Human Ankle 3-8
(Steffensmeier et al., 1996) Human Ankle 5.1±1.2 8.9±2.2
(Rosenbaum et al., 1996) Human Talonavicular, 1.1-1.4 1.8-2.0

Calcaneocuboid
(Thomas et al., 2000) Human Subtalar 2.3-6.0
(Cooper et al., 1997) Human Calcaneocuboid 2.3
(Lakin et al., 2001) Human Tarsometatarsal 0.5-5.7

The reports involve a number of dif fering methods and assumptions, and with widely varying loading conditions; these numbers often
reflect only a representative figure from sometimes many reported in the study. Thus, one should not attempt to directly compare the
results, but rather get a sense of the range of pressures. Articles marked with an asterisk (*) arise from the only in vivo data in the literature
but reflect cartilage-on-metal, rather than cartilage-on-cartilage contact stresses.
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readily be explained by the differences in methods (in-
cluding spatial resolution for peak stresses) or experi-
mental conditions including loads. (Most authors make
the argument their loads are “physiological.”) Spatially
averaged stresses range from 0.1 to 2.0 MPa while peak
stresses range from about 2 to 10 MPa.

ESTIMATES OF CONTACT STRESS
IN ABNORMAL CONDITIONS

Any number of clinical conditions associated with
early degeneration (e.g., developmental dysplasia,
slipped capital femoral epiphysis, malreduced fractures)
intuitively lead to increases in contact stresses. Experi-
mentally, compared to normal joints, a variety of stud-
ies demonstrate peak static contact stresses in such
conditions are increased 2-5 times (Table 2). However,
these reports show considerable variation, as well as
overlap with static peak contact stresses in normal con-
ditions. If these peak static stresses reflect the entire
loading history affecting deterioration and if they have
been ascertained with adequate resolution (see com-
ments below), we could logically infer cartilage does
not have a large margin of safety between the stresses
required for normal maintenance, and those leading to
deterioration. I hasten to add, however, these are two
questionable premises, even if frequently made.iv

CONTACT STRESS DISTRIBUTIONS
IN NORMAL JOINTS

The reader will have just seen that peak and even
spatially averaged contact pressures are remarkably
similar from joint to joint and even species-to-species in

the limited data on the latter. The distribution of these
stresses is, however, quite variable, even within a given
joint and obviously dependent upon the experimental
conditions including directions of loading and con-
straints on bones adjacent to the joint. Pereira, et al.119

commented, “There was a high degree of scatter in the
mean pressure intensity data, which precluded our at-
tempts to quantify this parameter.” It is unlikely one
can draw generalizations on the limited amount of pres-
sure distribution.3,4,20,21,30,130 In these limited cases, the
authors illustrate isometric “contour” plots with one or
perhaps two regions of highest contact stress sur-
rounded by lower levels. These plots are based upon
single instances of loading, and in a moving joint with
variable loads, the patterns would differ in details both
qualitatively and quantitatively.67,104 However, not surpris-
ingly in the human acetabulum, the patterns reflect a
basic horseshoe shaped region smaller than but more
or less corresponding with all but the peripheral regions
of the horseshoe-shaped articular surface (if imagined
flattened out), although much of the joint is unloaded
or minimally loaded at any one time. Several reports
suggest the resultant joint loads on the acetabulum vary
considerably in location and direction throughout the
gait cycle,117,145 but remain relatively more constant in
location and direction on the femoral head.11-13,35,86,87

Thus, one would expect the contact stress patterns on
the proximal femoral articular surface to be more con-
stant than those on the acetabulum, but I am unaware
of any reports documenting that point.

WHAT ASPECTS OF JOINT CONTACT
AFFECT CARTILAGE MAINTENANCE

AND DEGRADATION?
At the outset, I noted the mechanical history is re-

sponsible for normal maintenance of cartilage, although

TABLE 2
Peak Contact Stresses in Abnormal Hips

Author/Year Normal Hips Dysplastic Hips Peak Dysplastic Hips Slipped capital Malreduced
Peak contact Peak contact After Osteotomy(MPa) femoral epiphysis acetabular fractures
stress (MPa) stress (MPa) after osteotomy (MPa) Peak contact

stress (MPa)
(Iglic et al., 1993) 1.2-2.7  3-6  1.2-2.0
(Michaeli et al., 1997) 5-8* 1-2.5*
(Hak et al., 1998) 7.5-9.0 6.0-20.5
(Tsumura et al., 1998) 2.5 5.3
(Hipp et al., 1999) 2.1-5.0 2.6-6.5
(Zupanc et al., 2001)  1.1-4.3
(Mavcic et al., 2000) 2.3 4.6

The reader should again note these values reflect the methods and assumptions of the study in question, and more emphasis should be
placed on relative, rather than absolute values. The higher values reported by Michaeli et al. 1997, (noted by asterisk) came from pressure
sensitive films in a cadaveric pelvis, while the lower values for a “dysplastic” hip came from a plastic model in which the lateral lip was
resected to simulate dysplasia. (Table taken from Brand et al., 2001, with permission.)

iv The eminent French neurologist, Paul Broca, commented, “The
least questioned assumptions are often the most questionable.”
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at some levels is deleterious to cartilage and at yet oth-
ers perhaps facilitates repair. Exploration of the effects
of low, normal, and high levels of mechanical history
each reflect a legitimate area of exploration, but more
often than not investigators have traditionally been
mostly interested in what causes tissue degeneration,
and only more recently what facilitates repair. Several
questions immediately arise: What aspect or aspects
(parameters) of the mechanical history relate to the
responsiveness of cartilage cells and cartilage as a tis-
sue? What magnitude levels of those aspects result in
normal maintenance, deterioration, repair? (In other
words, what mechanical history does cartilage tolerate?)
Are these levels the same in all joints? Are these levels
the same for all ages? To what degree can cartilage
adapt to a new and unexpected mechanical history?

What Aspects of the Mechanical History Relate to
Cartilage Biology?

Implicitly, if intuitively, contact stresses have been
used as a surrogate for whatever aspect of the mechani-
cal history stimulates chondrocytes. Quite naturally, the
choice of parameters intimately depend upon the ques-
tion being asked. Whatever the question, however, a
single local contact stress peak or spatially averaged
peak, or even pattern measured under some loading
regimen presumed representative does not likely relate
directly to cartilage biology. Brown and his colleagues
ascertained that while in vitro defects in articular carti-
lage result in elevated contact stresses immediately
around defects, those stresses did not appear excessive
(e.g., rim pressures elevated on 10-30% compared to
peak local stresses on an intact surface).19 The degree
of elevation was only modestly related to defect size (1,
2, 3, 4, 5, 6, and 7 mm). The explanation for this failure
to elevate stresses seems obviously related to the com-
pliant nature of the cartilage: the rims are simply pushed
into the defect, thus abrogating the effects on a rim of
a more rigid surface.44,69,129 At the same time, the radi-
ally directed peak contact stress gradient was elevated
by as much as an order of magnitude. (Again, the de-
gree of elevation was at best modestly related to defect
size, with high gradients occurring with all sizes.) Since
contact stress gradients, particularly those associated
with regions of high contact stresses would relate to
fluid flow,69,101 the stress gradient more than the stress
per se seems a more likely surrogate candidate if expe-
rienced over time. In a related in vivo experiment (but
in vitro contact stress measurements) by Brown and
colleagues, 6 mm defects allowed to repair over a pe-
riod of 11 months were not associated with elevations
of rim contact stresses.109 Importantly, the repair tissue
was flimsy and did not contribute to load transmission

(that is, contact stresses were minimal if at all detected).
This suggests remaining cartilage adapts whether by
structural change44,129 or by biological change.89 Un-
doubtedly, in any joint incongruity, initially elevated
contact stress gradients would disappear, and would
likely do so in a fairly short time (initially owing to car-
tilage compliance and later owing to remodeling of the
cartilage and underlying subchondral bone). Thus, if
contact stress gradients per se are related to repair, they
would like be so related in the early stages until adap-
tation occurred.

While it seems obvious that tissues respond not to
some static parameter, but to complex time and spa-
tially varying loads, it is entirely unclear what aspects
of the mechanical environment and history are impor-
tant. Brand and Stanford14 proposed that tissues ignored
the majority of the mechanical signals they experienced,
and rather responded only to select features. This may
mean many submaximal loadings might have far more
effects than a few maximal loadings, in which case
maximal loading (and stressing) would be irrelevant.
(This would not necessarily suggest, however, that some
high loading environments could not lead to damage
or deterioration.) Consistent with that notion, Turner140

proposed three rules governing the adaptation of bone
to its mechanical history: 1.) Bone is driven by dynamic,
rather than static, loading; 2.) Only a short duration of
mechanical loading is necessary to initiate an adaptive
response; 3.) Bone cells accommodate to a customary
mechanical loading history, making them less respon-
sive to routine loading signals. These notions are sup-
ported by considerable experimental evidence cited in
the papers. Furthermore, Robling et al.128 reported the
same “dose” of mechanical stimulus over a period of
time had differing effects on bone adaptation depend-
ing upon how the mechanical history was “partitioned.”
Such biological effects have been long well known in
radiation biology, where “dose-fractionation” is routine
part of practice.9,73,83,135,144 Furthermore, recent experi-
mental studies document the time scale is critical for
biological responses in cartilage.28,36,123 Thus, in ascer-
taining biological responses, it is insufficient just to
consider contact stress magnitude, but one must also
consider the time frame over which individual loading
cycles are applied. Presuming these notions are correct
(and substantial evidence suggests they are), and they
apply to all tissues, then the contact stresses we mea-
sure may not relate directly to in vivo cartilage re-
sponses. While both contact stresses and stress gradi-
ents reflect the local distributions of overall joint loads,
until and unless we ascertain the contact stress or con-
tact stress gradient dose history—or “stress profile”114—
which relates to cartilage biology, we will undoubtedly
gain limited insight.
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Another important issue in ascertaining an optimal
range of mechanical histories for cartilage maintenance,
adaptation, or repair relates to spatial scale. If deleteri-
ously high stress histories occur over a small area (or
volume) involving a few cells, will that region die and
lead to clinically significant consequences? I think this
unlikely since a small region of dead cells can probably
recover. However, what if the area of cell death is over
100 micrometers, or, say 1 mm?

Cartilage has limited capacity for repair.98 In fact, all
known cells have limits on their ability to replicate
(“Hayflick limit”).51,58,76,92,97,108 This limited replicative
capacity appears to be related to the length of a frag-
ment (telomere) on the end of DNA chains.6,7,32,49-

51,81,92,94,102 With each replication the telomere length is
reduced and when it is sufficiently short, replication
cases. Cartilage cells, in particular appear to have a very
limited capacity to replicate,84,85,102 with perhaps only 25-
35 doublings during the life of a cell (contrasted to per-
haps 40-60 or more with other sorts of cells). Further,
“replicative senescence” is preceded by a phenotypic
senescence.125 Thus, the capacity of cartilage to produce
molecules essential for maintenance, may be especially
limited in aged cartilage due to a larger fraction of se-
nescent chondrocytes. If the cells in a small region (say
100 micrometers volume) of chronically overloaded car-
tilage replicate and/or produce extra matrix to adapt,
and subsequently become prematurely senescent they
will then fail to maintain their region of matrix and the
local mechanical properties will change. When this hap-
pens adjacent areas will have to take up the load, thus
leading to overloading and destruction in the adjacent
region, creating a vicious cycle in a spatially expanding
region. Huberti and Hayes63 noted high local patello-
femoral contact stresses (approximately 3-5 MPa) in the
normal-appearing cartilage in knees with degeneration
of the patellar cartilage elsewhere, and low stresses in
the regions of clearly abnormal cartilage. It is unclear,
however, whether the regions or volumes of articular
cartilage that were degenerated and under low contact
stress in the experiment once under high contact stress
prior to degeneration, although their observations are
consistent with that notion. Further, while we do not
know what regions or volumes of cartilage can be ir-
reparably damaged, quantitative information of this sort
is critical to knowing the spatial resolution required for
any measures of contact stress. Thus, the notion of con-
tact stress histories aside, a technique with a spatial reso-
lution of 5 mm may be entirely insensitive to the
changes in contact stresses to answer a question rel-
evant to tissue repair or deterioration.

What Magnitude Levels of Those Aspects of
Contact Stress Dose History Result in Normal
Maintenance, Deterioration, Repair?

Few in vivo or ex vivo studies address this impor-
tant question. Repo and Finlay126 demonstrated impact
stresses of 25 MPa (and strain rates of 500 and 1000
per second) were sufficient to cause chondrocyte death.
This level of contact stress is also close to the level re-
quired to produce patellar fracture.54 Thus, at the high
end, a single load producing 25 MPa will likely result
in either fracture or chondrocyte cell death. However,
it is important to recognize that cartilage normally ex-
periences peak contact stresses 1 to 2 orders of magni-
tude below this level (Table 1). Since a single acciden-
tal impact load engendering stresses below these levels
is unlikely to result in local peak contact stresses and
stress patterns similar to normal, we could argue a
single contact stress load is unlikely to relate to subse-
quent cell behavior. Recognizing stress history, not
single loading is critical, Brown and colleagues48,105 es-
timated the contact stress histories for 83 patients with
developmental dysplasia of the hip followed for an av-
erage of 29 years, and demonstrated the propensity for
degeneration related to the cumulative contact stress
“overdose.” That overdose was at a level of 10 MPa-
years, where the contact stress reflected a spatial mean.
(Note this figure arises not from local peaks, but spa-
tial averages that would generally be an order of mag-
nitude lower.) Importantly, “single-time snapshot pres-
sures” correlated only weakly (r=0.39) with long-term
outcome. This again suggests, static contact stresses
are not likely a good surrogate for biological behavior.
I am unaware of any other attempts to address this
question. However, these studies do suggest possible
bounds on cartilage tolerance.

Are These Levels the Same in All Joints?
The differences in propensity for osteoarthrosis be-

tween various joints is well known epidemiologi-
cally.39,65,82 Less well understood are the mechanical78,139

and biological differences between the cartilage in dif-
fering joints.29,77,139 Thus, it appears the adaptation to car-
tilage in each joint is unique, and it is possible the lev-
els of dose history required for normal maintenance and
damage differ. However, this argument is speculative
based upon inferential evidence.

Are These Levels the Same for All Ages?
Age-related changes in the biological23,77,82,106,107,121 as

well as mechanical8,78,79,111 behavior of joints are well
known. As with the question of differing joints, how-
ever, whether and to what degree the mechanical dose
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histories relate to tissue biology are unknown. However,
investigators exploring the relationship between me-
chanical histories and cartilage responses should be
aware that age is likely an important factor.

To What Degree Can Cartilage Adapt to a New
and Unexpected Mechanical History?

Despite the important nature of this question, evi-
dence again remains sketchy. There is little question
cartilage can adapt74,95 or repair to at least a limited de-
gree72,88 in response to a new mechanical history. How-
ever, virtually nothing quantitative is known about the
optimal contact stress histories required for repair.

COMMENT
The loading history of a joint, or a region of a joint is

critical to normal maintenance of articular cartilage.
Investigators have long assumed contact stress a suit-
able mechanical parameter relating to cartilage biology.
However, for a variety of reasons, that assumption is
not likely a reasonable one for answering most ques-
tions relating to cartilage maintenance, adaptation, re-
pair, and deterioration. First, a single, or even a few,
contact stress measurements under very well defined
(ostensibly needed for reproducibility) and restricted
loading conditions may not adequately represent all
those experienced by a joint. Second, all biological re-
sponses occur because of a loading (“dose”) history,
and given evidence cells and tissues respond to a mi-
nority of their mechanical history, we do not know
which aspects of even a contact stress history result in
subsequent responses. Third, the region of cells or tis-
sues which if irreparably damaged will ultimately lead
to failure of joint repair and degeneration is not known.
Without some knowledge of tissue tolerance, we can-
not speculate the required resolution of contact stress
patterns, and rather must presume fine resolution is
required. Fourth, the levels of the contact stress his-
tory which result in normal maintenance or degenera-
tion are not known, but limited evidence suggests a
spatially averaged (not peak local) joint contact stress
“dose” of 10 MPa-years appears to be deleterious.

The basis for the critical nature of intermittent joint
loading in maintaining normal articular cartilage is
sound, and experimental studies consistently support
the concept. Intermittent loading results in flow of nu-
trients into and waste products out of cartilage, and in
addition provides the mechanical signals essential for
normal cell and tissue maintenance. On the other hand,
deleteriously low or high contact stresses result in joint
deterioration. Particular aspects of the environment may
facilitate repair of damaged cartilage. However, I am
unaware of any such studies that attempted to quantify

the mechanical history, and in particular the contact
stress history in their protocols. It would seem, how-
ever, based upon other evidence, motion alone in the
absence of adequate contact stress would not suffice
for either maintenance or repair of cartilage.

Contact stresses have been estimated in many joints,
and in a number of species, although rarely in vivo.
Despite a number of widely varying techniques to mea-
sure these contact stresses, the ranges of peak normal
stresses are relatively similar from joint to joint across
species, and in the range of 0.5 to 5.0 MPa. This sug-
gests diarthrodial joints have evolved with similar tis-
sues (cartilage, underlying bone, ligaments, capsule) to
achieve similar mechanical design criteria, and that the
articular cartilage in particular normally experiences a
narrow range of contact stresses. Disorders resulting
in elevated static peak local pressures (i.e., 2-4 times
normal or more, sometimes over 5.0 MPa) are loosely
associated with cartilage deterioration over time. Evi-
dence as well as intuition suggests contact stresses per
se are not associated with deterioration, although some
associated quantity (e.g., stress gradient) over time
might be. Therefore, we may not presume that contact
stresses, whether peak or spatially averaged provide a
good surrogate for biological behavior. Rather, spatial
and temporal aspects of the loading history induce the
biological responses.

Finally, let me make an observation about “weight-
bearing joints.” Many authors imply that those joints
involved directly in gait (i.e., the lower extremity joints
in bipedal animals) somehow experience greater loads
and stresses. While it might be true the loads are
higher, the joints are also much larger. The available
evidence I have reviewed suggests the contact stresses
(if not stress histories) are similar in all joints. Thus, it
is appealing to speculate joints have evolved to some
aspect of contact stresses or stress histories, not loads.
That being the case, the concept of a “weight-bearing
joint” is misleading and perhaps the term should be
abandoned.
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ABSTRACT
Traditionally, arthroscopic management of

shoulder instability has been reserved for patients
with isolated Bankart lesions without any capsu-
lar laxity or injury. To date, there are no animal
studies evaluating the healing potential of capsu-
lar plication and/or capsulo-labral repair. The
purpose of this in vivo animal study was to de-
termine if the histological capsular healing of an
open capsular plication simulating an arthroscopic
plication is equivalent to the more traditional open
capsular shift involving cutting and advancing the
capsule. Twenty-six skeletally mature sheep were
randomized to either an open capsular plication
simulating arthroscopic plication (n=13), or an
open traditional capsular shift (n=13). A sham op-
eration (n=4) was also performed involving expo-
sure to visualize the capsule. Normal non-oper-
ated control shoulders were also analyzed. A
pathologist blinded to the treatment evaluated both
hematoxylin and eosin (H&E) sections and polar-
ized light microscopy. Qualitative scoring evalu-
ated fibrosis, mucinous degeneration, fat necro-
sis, granuloma formation, vascularity, inflammatory
infiltrate and hemosiderin (0 to 3 points). Both
the capsular plication and open shift groups dem-
onstrated healing by fibrosis at the site of surgi-
cal manipulation. There were no statistical differ-
ences in the capsular healing responses between
the two groups with regard to fibrosis, granuloma
formation and vascularity. The open shift group
demonstrated significantly more mucinous degen-
eration (p=0.038). Fat necrosis was present in
4/13 specimens in the open shift group and none
in the capsular plication specimens. Both groups

demonstrated disorganized collagen formation
under polarized light microscopy. There were no
differences between non-operated control speci-
mens and sham surgery specimens. Our findings
support the hypothesis that histologic capsular
healing is equivalent between the plication group
and the open shift group. In addition, the open
shift group demonstrated significantly more
changes indicative of tissue injury. This basic sci-
ence model confirms capsular healing after simu-
lated arthroscopic plication, providing support for
arthroscopic capsular plication in practice.

INTRODUCTION
Shoulder stabilization has historically been per-

formed via open surgical procedures.2,8,24,26 Success rates
following open stabilization have routinely been re-
ported to be greater than 90%.2,17,18,22,24,26,28,36 Development
of more advanced arthroscopic techniques over the last
two decades has provided a less invasive and potentially
more efficacious means of addressing glenohumeral
instability.3,12,13,25,29,31 Although several early reports have
shown that the management of shoulder instability
through arthroscopic techniques has resulted in higher
failure rates compared with open stabilization proce-
dures,15,16,27 more recently, investigators have demon-
strated comparable clinical results between these two
procedures.8,10,12

Arthroscopic stabilization has several advantages
over open procedures including: more thorough docu-
mentation of intraarticular pathology, the ability to ad-
dress associated injuries and improve cosmesis, greater
postoperative motion, faster recovery and increased cost
effectiveness.1,6,15 It is becoming increasingly well ac-
cepted that shoulder instability primarily associated with
labral pathology can successfully be addressed
arthroscopically.8,9,11,19 However, instability associated
with excessive capsular laxity is still considered by some
to be a relative indication for shoulder arthrotomy.9

Nonetheless, recent advances in surgical technique and
instrumentation have led to the per formance of
arthroscopic capsular plication in an increasing num-
ber of patients.12 Preliminary clinical results of this pro-
cedure indicate that arthroscopic plication is an effec-
tive method of eliminating or significantly reducing
excessive capsular laxity without the use of an arthro-
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tomy.3-5,12,37 To our knowledge, there are no animal stud-
ies nor is there basic science research evaluating the
healing potential of the capsule after capsular plication
performed in the manner that is required during the
arthroscopic stabilization procedure. Histologic evalua-
tion of capsular healing has not been well documented
after any type of shoulder stabilization surgery, thus
scientific evaluation and comparison of open capsular
shift and arthroscopic plication has not been possible.

The purpose of this study was to evaluate the heal-
ing potential of side-to-side capsular placation via an
open approach simulating arthroscopic capsular placa-
tion, compared to the healing potential of the more tra-
ditional open capsular shift involving cutting and advanc-
ing the capsule. Our primary hypothesis was that the
capsular plication procedure would demonstrate simi-
lar histologic properties compared to the traditional
open capsular shift. Thus, our first specific aim was to
demonstrate that capsular plication is a viable surgical
alternative for addressing redundant capsular tissue in
the clinical arena. Our secondary hypothesis was that
a sham operation group consisting of surgical exposure
of the capsule without manipulation of the tissue, would
demonstrate no significant differences in histology com-
pared to non-operated limbs. Thus, our second specific
aim was to demonstrate that the surgical approach and
associated inflammatory mediators would, in and of
themselves, have little effect on the capsular tissue.
Validation of the potential to effectively address capsu-
lar laxity through arthroscopic capsular plication tech-
niques using histological analysis is important to allow
further advancement of these techniques.

METHODS
After Animal Institute Care and Use Committee

(AICUC) approval was obtained, thirty skeletally ma-
ture Columbian X Rambouillet ewes were allocated for
use. The thirty sheep were randomly placed into three
groups: 1) capsular plication group (n = 13); 2) open
shift group (n = 13); 3) sham operation (n = 4).

After standard prepping and draping, each of the
shoulders was approached through a caudal (posterior)
incision with the animal in lateral recumbency. The in-
cision was made over the spine of the scapula and deep-
ened to the level of the infraspinatus muscle tendon
junction. The plane between the upper and lower por-
tions of the infraspinatus was then developed to fully
expose the caudal (posterior) capsule of the shoulder
joint. For the capsular plication group, three interrupted
horizontal mattress sutures were placed without disrup-
tion of the capsule, resulting in plication of the capsule
(Figure 1). The sutures were placed midway between
the proximal and distal portions of the caudal (poste-
rior) capsule in line with the capsular fibers. The hori-
zontal mattress sutures were placed so that 8 to 10 mm
of capsular tissue was translated in a distal to proximal
direction. For the open shift surgeries, a transverse in-
cision was made in the caudal (posterior) capsule and
the distal capsule was shifted proximally and sutured
with three interrupted figure-of-eight sutures (Figure
2). The capsule was similarly shifted 8 to 10 mm with
the open procedure. For the control animals, no fur-
ther surgery was performed once the capsule was ex-
posed. For all three groups, dissection down to the cap-
sule was performed bluntly between muscle planes to
minimize any soft tissue injury.

Figure 1. Capsular plication was performed using three interrupted horizontal mattress sutures shifting the capsule from an inferior to
superior direction without cutting the capsule.
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Postoperative activity was restricted for the first two
weeks. The limbs were not immobilized. At six weeks,
the animals were sacrificed and both the operated and
non-operated limbs were harvested for analysis. Fresh
tissue samples of the entire caudal (posterior) capsule
were dissected from a cranial (anterior) approach to
avoid tissue injury. Hematoxylin and eosin sections were
prepared and scored by an attending pathologist blinded
to the procedure performed. Polarized light microscopy
was performed to further assess collagen orientation.

Statistical Methods
Qualitative scoring evaluated fibrosis, mucinous de-

generation, fat necrosis, granuloma formation, vascu-

larity, inflammatory infiltrate and hemosiderin (0=none;
1=slight; 2=moderate; 3=severe). Mean values and stan-
dard deviations were calculated for each of the catego-
ries within each test group (open shift group, plication
group, sham group and non-operated controls). The
Mann-Whitney test was used for pairwise comparisons
between: The plication versus open shift group; sham
group versus the open shift group; sham group versus
plication group; and sham group versus non-operated
controls. A significance level of 0.05 was used for all
tests. Collagen organization was evaluated and graded
with polarized light microscopy (0=organized; 1=disor-
ganized). Fisher’s exact test was used to identify sig-
nificant differences between groups, again with the p-
value set at 0.05.

Figure 2. The open shift procedure was performed by cutting the capsule in a horizontal fashion, shifting it superiorly, and suturing it using
three interrupted figure-of-eight sutures.

Figure 3. H&E-stained photomicrograph (2.5x) of the posterior
capsule after the plication procedure was performed. This section
demonstrates healing by fibrosis at the site of surgical manipula-
tion.

Figure 4. H&E-stained photomicrograph (2.5x) of the posterior
capsule after the open shift procedure was performed. Histologi-
cally, there were no differences between groups in terms of the
size of the fibrotic scar.



B. T. Kelly, A. S. Turner, M. Bansal, M. Terry, B. R. Wolf, R. F. Warren, D. W. Altchek, and A. A. Allen

98 The Iowa Orthopaedic Journal

RESULTS
There were no gross failures at the capsule from ei-

ther surgical procedure. There was one infection in the
plication group that was noted at the time of dissection
and confirmed with histological evaluation. This animal
was eliminated from any statistical analyses. Both the
capsular plication group (Figure 3), and the open shift
group (Figure 4) demonstrated healing by fibrosis at
the site of surgical manipulation. The size of the fibrotic

scar was measured by the number of high-power fields.
There were no statistically significant differences in the
capsular healing responses between these two groups
using the histological criteria of: fibrosis (p=0.13); granu-
loma formation (p=1); and vascularity (p=0.1). Both
groups demonstrated disorganized collagen formation
under polarized light microscopy. The open shift group
(Figure 5), however, demonstrated significantly more
mucinous degeneration compared to the plication group
(Figure 6) (p=0.038). Furthermore, fat necrosis was
present in 4/13 specimens in the open shift group (Fig-
ure 7), while no fat necrosis was present after any of
the plication or sham surgeries.

The sham group, compared to the open shift group,
had significantly less of the following histological find-
ings: fibrosis (p=0.03); mucinous degeneration (p=0.03);
granuloma formation (p=0.03); vascularity (p=0.03); and
collagen organization (p=0.015).

Compared to the plication group, the sham group
scored significantly lower in the histological criteria of:
fibrosis (p=0.03); granuloma formation (p=0.03); vascu-
larity (p=0.03); and collagen organization (p=0.015).
There was no significant difference in the presence of
mucinous degeneration in the sham group compared
to the plication group (p=0.2) (minimal in both groups).
There were no significant differences in the presence
of inflammatory infiltrates between any of the three
groups (minimal in all groups).

There were no significant differences in the histo-
logical appearance of the capsule after sham surgeries
compared to non-operated controls in any of the quali-
tative scoring categories (Figures 8 and 9). Further-
more, under polarized light microscopy, both the sham
surgery group and the non-operated controls demon-
strated equally organized and well-aligned collagen.

Figure 5. H&E-stained photomicrograph (10x) showing mucinous
degeneration the posterior capsule after the open shift procedure.

Figure 6. H&E-stained photomicrograph (10x) showing no muci-
nous degeneration in the posterior capsule after the capsular pli-
cation procedure. There was significantly less mucinous degenera-
tion after capsular plication compared to open shift.

Figure 7. H&E-stained photomicrograph (10x) showing the pres-
ence of fat necrosis after the open shift procedure. No cases dem-
onstrated fat necrosis after the plication procedure while four out
of 13 of the open shift specimens demonstrated areas of fat necro-
sis.



Volume 25 99

In Vivo Healing after Capsular Plication

DISCUSSION
Arthroscopic management of shoulder instability has

become increasingly popular with several reports dem-
onstrating comparable results to the more traditional
open technique.8,12,20,21,30 Previous reports have sug-
gested that the success of the arthroscopic procedure
is related to careful patient selection, with the best re-
sults occurring in patients with instability due to a dis-
crete Bankart lesion without significant capsular laxity
or injury.8,32-35

With the continued refinement of arthroscopic tech-
niques, surgeons have begun to expand the indications
of arthroscopy to patients in whom significant capsular
laxity is a component of the instability pattern. There
have been numerous reports demonstrating the clini-
cal efficacy of arthroscopic posterior labral repair and
capsular plication for recurrent posterior subluxation of
the shoulder.3-5,21,23,37 Recently, Kim et al.20 reported a 4%
recurrence rate in 167 patients treated with arthroscopic
capsulolabral repairs for recurrent traumatic anterior
instability. These authors emphasized the importance
of adequate tensioning of the redundant anterior aspect
of the capsule in addition to repair of the Bankart le-
sion, as plastic deformation of the capsular ligament may
precede the failure of the anterior-inferior labral attach-
ment.7,20

Successful re-tensioning of both the anterior and
posterior capsule can be achieved arthroscopically by
plication and proximal shift of the inferior aspect of the
capsule. However, this is individualized depending upon
the condition of the capsular tissue and the location of
the capsular laxity. Cadaveric biomechanical studies
have demonstrated the importance of tensioning differ-
ent portions of the capsule in different arm positions.14

A greater appreciation of the importance of both the

placement of plication sutures and the position of the
arm during tensioning will likely improve the results of
selective capsulorrhaphy procedures. Unfortunately,
there continues to be a lack of basic science evaluating
the healing potential of capsule-to-capsule plication in
the manner that is required for arthroscopic shoulder
stabilization procedures.

The primary purpose of this project was to perform
a histological evaluation of the healing potential of an
open side-to-side capsular plication simulating
arthroscopic capsular plication, and compare this to the
healing potential of the more traditional open capsular
shift involving cutting and advancing the capsule. Our
findings confirmed the hypothesis that capsular heal-
ing was equivalent between the plication group and the
open shift group. There were no differences in the size
of the fibrotic scar, the amount of granuloma formation,
or the degree of vascularity seen in the surgically ma-
nipulated tissue. In addition, the open shift group dem-
onstrated significantly more changes indicative of tis-
sue damage demonstrated by increased mucinous
degeneration in the shifted capsular tissue, and the pres-
ence of fatty degeneration in nearly one-third of the open
shift specimens. Evaluation of collagen organization by
polarized light microscopy demonstrated disorganized
collagen formation in both groups. However, these re-
sults represent early post-surgical healing (six weeks),
and longer-term studies will be required to further
evaluate the potential for maturation of fibrotic scar into
organized collagen.

The most important limitations of this study were
that an open approach was used to simulate an
arthroscopic technique and the procedure was evalu-
ated in an animal model. Unfortunately, there is no ideal
animal model to truly assess arthroscopic techniques.

Figure 8. H&E-stained photomicrograph (2.5x) of the capsule af-
ter the sham surgery.

Figure 9. H&E-stained photomicrograph (2.5x) of the capsule in
non-operated control animals. There were no differences in the
histological appearance of the capsule in any of the qualitative scor-
ing categories between the sham surgeries and non-operated con-
trol specimens.
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For both the open shift procedure as well as the plica-
tion procedure, an intermuscular caudal (posterior)
approach through the two heads of the infraspinatus
(the ovine infraspinatus is divided into a discreet upper
and lower portion) was performed to access the poste-
rior capsule. Preliminary dissections of the ovine shoul-
der revealed that the posterior capsule could be easily
approached without detaching any musculotendinous
structures. Unlike the human shoulder, the caudal (pos-
terior) capsule was robust, and in most specimens,
thicker than the cranial (anterior) capsule; thus it was
felt to be an appropriate model to assess capsular tis-
sue healing.

In order to confirm that the surgical approach itself
and any potential inflammatory mediators would have
little effect on the capsular tissue, a sham operation
group consisting of surgical exposure of the capsule
without manipulation of the tissue was performed and
histological specimens were compared to non-operated
limbs. We found that the capsular tissue from animals
that underwent the sham operation was indistinguish-
able from non-operated control animals. Thus, we feel
that the lack of tissue response seen in our control sham
operation group suggests that the histological capsular
healing in the plication group was truly related to the
surgical intervention of capsular plication with suture
placement.

The management of the capsule in the plication group
did accurately simulate what is performed clinically
during arthroscopic stabilization procedures. In fact, we
believe that this animal model represents the worst-case
scenario for capsule-to-capsule healing, because the
intraarticular portions of the capsule were folded side-
to-side without any prior abrasion or manipulation of
the tissue, which is typically performed clinically in or-
der to stimulate an inflammatory response. A potential
explanation for the ability of this tissue to form fibrotic
scar similar to that seen after an open shift, is that the
actual penetration of the capsule with the suture needle
results in sufficient tissue bleeding and inflammation
to mount a healing response. However, we still recom-
mend light abrasion of the capsule prior to plication in
the clinical setting.

The previously reported inferior clinical results seen
after arthroscopic plication relative to open shift for
shoulder instability may be improved with current
ar throscopic techniques. Most surgeons feel that
arthroscopic stabilization procedures should be re-
served for patients with isolated labral pathology with-
out significant capsular injury or laxity. The patient cri-
teria, however, is expanding and validation of the
potential to effectively address capsular laxity through
arthroscopic capsular plication techniques using histo-
logical analysis will provide further evidence that these

procedures can be successfully performed. To date, we
are aware of no scientific investigations that have looked
at capsular healing after any type of shoulder stabiliza-
tion procedure (open or arthroscopic). This basic sci-
ence evaluation confirms the capsular healing potential
after arthroscopic plication and supports its use in clini-
cal practice. Future research in this area will address
functional and biomechanical considerations to further
delineate the role of arthroscopic management of ex-
cessive capsular laxity.
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ABSTRACT
A method for growth and maintenance of vital

cartilaginous tissue is necessary for cartilage re-
pair by in-vitro produced biologic implants. A pre-
viously tested perfusion system simulating joint
activity was used. Whole epiphyses collected from
thirty 11-day-old chick embryos were divided into
two groups. One group was grown in a tissue cul-
ture dish for 10 days. The other group was placed
in a perfusion system termed a joint-simulating
device (JSD). After a period of 10 days, histology
and immunohistochemistry were performed on
five epiphyses from each group. Histologically,
epiphyses grown in the device coalesced into a
homogenous three-dimensional mass. The bridg-
ing tissue between individual epiphyses was highly
cellular (PCNA staining positive) and was com-
posed of mesenchymal stem cells as shown by
expression of FGF receptor 3. No such tissue
formed between epiphyses in the tissue culture
dish and the epiphyseal cores were shown to be
necrotic. The rest of the epiphyses were evalu-
ated for radioactive sulfate incorporation into gly-
cosaminoglycans (GAGs). A tenfold increase in
sulfate incorporation occurred in epiphyses grown
within the JSD as compared to the traditional
culture method. In conclusion, embryonic epiphy-
ses could be a suitable source for the ex-vivo
growth of tissue-engineered cartilage constructs
that might later be used as an in-vivo cartilage
implant. The joint simulating device effectively
maintains cartilage viability and bioactivity for as
long as 10 days.

INTRODUCTION
Cartilage essentially lacks self-repair capacity. In re-

cent years, single autologous chondrocyte transplanta-
tion obtained by arthroscopic biopsy and grown in
monolayer cultures has been advocated by several
groups among first-line procedures for inducing repair
and regeneration of articular cartilage defects.1,2

The major limiting factor of this method, however, is
the need for a well-defined defect with surrounding
healthy cartilage as a prerequisite. It is therefore not
suitable for coverage of large areas of joints denuded
of cartilage. These would require the development of
other repair techniques.

One alternative which is still experimental on ani-
mal models is to transplant the cartilage cells or grown-
in culture ectopically into the soft tissues of the recipi-
ent and allow them to grow and develop further in a
favourable milieu with rich vascularization before their
final implantation as articular cartilage substitutes.3-5

Another challenging option presently under investi-
gation is cartilage tissue engineering using three-dimen-
sional (3-D) cartilage constructs grown ex-vivo.6-11 These
constructs may involve scaffolds, adhesives, and cells
and/or tissues grown under optimal conditions.6-11 Pre-
vious experience, however, with such 3-D constructs
under static culture conditions failed to support cell
growth, and viability remained limited to the implant
liquid interface and its close vicinity (50 m).12 Proper
growth of three-D cartilage ex-vivo, therefore, requires
a milieu favoring chondrogenic proliferation and matu-
ration. Various instruments have been devised lately to
achieve this purpose. They appear under a variety of
names: bioreactors, perfusion chambers, rotating ves-
sels and joint-simulating devices. They all continuously
irrigate the culture sample with fresh medium enriched
with carbon dioxide and containing nutrients and growth
factors in abundance.6-11 Constant perfusion also avoids
the local accumulation of waste products that might be
toxic to the chondrocytes. The perfusion flow in itself
has a strong influence upon the growing cartilage by
mimicking hydrostatic and gravitational forces normally
present in the joint, thereby modulating its biomechani-
cal properties.13-17 Thus, another advantage of perfusion
devices is the possibility to apply hydrostatic loads,
whether constant or cyclic, by controlling flow pres-
sures, rates and directions.13-17 The present study com-
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pares the fates of embryonic chick epiphyses grown in
regular static tissue culture and in a perfusion joint-
simulating system.

MATERIALS AND METHODS
Cell Culture

Femoral and tibial epiphyses were aseptically har-
vested from thirty 11-day-old chick embryos. Dissec-
tion from the surrounding soft tissues was facilitated
by pre-digestion with collagenase (1% in phosphate buff-
ered saline, ICN Biomedicals Inc. Costa Mesa, CA). The
epiphyses were suspended in culture medium
(Dulbecco’s minimal essential medium, Biological In-
dustries, Beit Haemeq, Israel) to which 10% fetal calf
serum (Biological Industries, Beit Haemeq, Israel) and
antibiotics (Penicillin 10,000 units per ml, streptomycin
10 mg per ml, amphotericin B 0.025 mg per ml) were
added.

Epiphyses were then divided into three groups: Two
groups (1 and 2) were incubated in regular static cul-
ture dishes. A third group (3) was incubated within a
closed laminar flow perfusion joint-simulating device
(JSD) previously described and successfully used for
growth and maintenance of embryonic cartilage of hu-
man origin.18 The present experiment was carried out
at a flow rate of 570ml/h, with a peak pressure of
150mmHg and a pressure pulse rate of 150 cycles/min.
In previous experiments these values were found to be
optimal.18 All groups were cultured for a period of ten
days.

Histology and Immunohistochemistry Assays
Ten epiphyses from each group were taken for his-

tological evaluation. Epiphyses were immersed in for-
malin solution (4%, pH-7.4) containing 0.5% cetylpyri-
dinium chloride for 24-48 hours, and later transferred
into 4% formalin solution for an additional 48 hours. The
samples were dehydrated with alcohols, embedded in
paraffin, and sectioned by a standard microtome. Blocks
were cut into two types of sections: 5µ-thick sections
for routine histological and histochemical examinations
on regular glass slides, and 20µ-sections glued on polyl-
ysine-coated glass slides for immunohistochemistry. The
paraffin was removed with xylol and samples were re-
hydrated in serial alcohol. Each sample was stained with
Mayer’s hematoxylin eosin, Masson’s trichrome and
Alcian blue (pH1.0. and 2.5) using routine staining tech-
niques.19

The presence of various specific antigens was as-
sessed in tissue sections by immunohistochemistry:
anti-fibroblast growth factor receptor 3 (FGFR3) anti-
body (1:100 dilution, Santa Cruz, Menlo Park, CA), anti-

proliferating cell nuclear antigen (PCNA, 1:100 dilution,
Dako, Glostrup, DK). Incubation with the primary anti-
body at optimal dilutions was performed in the humid-
ity chamber for 16 hours at 15˚C. The slides were later
incubated with a secondary antibody (Swine anti-rabbit
1:150 Dako, Glostrup, Denmark) amplified by peroxi-
dase-antiperoxidase complex (1:150 Dako, Glostrup,
Denmark). The substrate was diaminobenzidine (Dako,
Glostrup, Denmark). Negative controls included second-
layer-only and DAB-only preparations.

Cellular Viability Assays
Cellular viability was assessed by counting living cells

with intact nuclei versus non-living cells within five
square frames (of 50m X 50m each) that were randomly
placed over the micro-section under 400 x magnifica-
tions. Average percentage of living cells could thus be
calculated (Figure 3).

Biochemical Assays
The epiphyses of group 1 were boiled for five min-

utes so as to obtain non-viable tissue to serve as a con-
trol for non-specific sulfate uptake unrelated to GAG
synthesis.20,21 Five epiphyses from each group were then
weighted and incubated for 24 hours with five µCi/ml
of radioactive sulfate (35SO4 carrier-free). The reaction
was stopped by boiling for five minutes. The samples
were solubilized by papain (5% in buf fer, ICN
Biomedicals Inc., Costa Mesa, CA) digestion at 65˚C.
The papain buffer contained 0.1M sodium acetate,
0.005M EDTA and 1mg/ml cysteine chloride. Dialysis
against distilled water (containing 0.01M of Na2SO4 in
the initial dialysate) for several days removed proteolytic
papain products and non-incorporated sulfate precursor.
Tissue remnants were discarded by centrifugation
(10,000 rpm for 10 minutes at 4˚C). GAG molecules were
precipitated by the addition of chondroitin sulfate (1 mg
per ml, ICN Biomedicals Inc., Costa Mesa, CA) as a
carrier of a concentrated NaCl solution and of cetylpy-
ridinium chloride (ICN Biomedicals Inc., Costa Mesa,
CA) during an overnight incubation. The precipitate was
collected and re-solubilized in 2M calcium chloride. The
latter dissociated the cetylpyridinium chloride molecules
from the formed GAGs. The GAGs were isolated by pre-
cipitation in ethanol:ether (9:1 vol/vol) solution in the
cold by centrifugation. The supernatant was discarded
and the precipitate was re-solubilized in distilled water.
Scintillation fluid was added (Hydroluma by ‘LUMAC’,
Baanstraat 115-117, 6372AE Landgraaf, The Nether-
lands) and radioactive counts were measured in aliquots
by a liquid scintillation counter (Downer Packard Tri-
Carb, model 3380, Packard Grove, IL).20,21



I. Cohen, D. Robinson, E. Melamed, and Z. Nevo

104 The Iowa Orthopaedic Journal

Statistical Analysis
The non-parametric Mann-Whitney Test (CSS,

StatSoft Inc., Tulsa, OK) was used to compare the dif-
ferent groups since the variables were not normally dis-
tributed.

RESULTS
Comparative histological examination of the epiphy-

ses grown under the two different conditions, regular
static culture and joint-simulating device (JSD), yielded
the following findings: Epiphyses in the JSD coalesced
to form a three-D cartilaginous construct (Figure 1) with
bridges of perichondral tissue interconnecting the indi-
vidual epiphyses.

This newly formed tissue was found to be highly
cellular and fibrous in nature (Figure 2, a & b). It was
shown to express fibroblast growth factor receptor 3
(FGFR3) uniformly as determined by immunohis-

tochemical techniques (Figure 2, e & f) while epiphy-
ses grown in tissue culture dishes did not express
FGFR3. Additional parameters indicated high rates of
cellular proliferation as assessed by PCNA staining.
Areas of active proliferation, staining positive with
PCNA, were limited to the newly formed inter-epiphy-
seal connecting tissues. The epiphyses grown in the JSD
appeared uniformly viable both superficially and in the
depth of the three-D construct. The cells were found to
be intact, seated within typical lacunae with a viable
nucleus, abundant cytoplasm and surrounded by rich
characteristic extra-cellular matrix heavily stained with
alcian blue (Figure 2c). Sections of the cartilaginous
tissue grown in the regular static culture dishes, on the
other hand, showed large areas of central necrosis with
empty lacunae, pyknotic nuclei and cellular debris scat-
tered all over (Figure 2d). The extra-cellular matrix
stained relatively poorly with alcian blue indicating
depletion of GAG macromolecules during the culturing
period (Figure 2d).

Cellular viability in terms of percentage of viable cells
was found to be clearly in favor of the JSD as compared

Figure 1. Epiphyses grown for 10 days in the joint-simulating de-
vice coalesced and formed three-dimensional cartilaginous tissue
(x 6).

Figure 2. (a) Newly formed tissue bridges the gaps between the
epiphyses (alcian blue, x 40). (b) The bridging tissue is highly
cellular and has a fibrous-like appearance (alcian blue, x 100). (c)
Cartilage grown in the joint simulator—the cells are uniformly vi-
able even in the deepest layers (alcian blue, X 400). (d) Epiphy-
seal cartilage grown in a regular tissue culture—the peripheral zones
appear viable, the cores however contain dif fuse areas of cellular
necrosis. Empty lacunae and cellular debris are ubiquitous (alcian
blue, X 100). (e) The neo-cartilaginous tissue surrounding the epi-
physes contains FGFR3 positive cells (anti-FGFR3 1:100, DAB
detection, x 100). f) Same as (e), magnification X 400.
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to the static tissue culture (Figure 3). A comparative
biochemical study was run in parallel on other epiphy-
seal samples, comparing synthetic activity by 35S incor-
poration into GAGs for an additional 24 hours after ter-
mination of the culturing period. The radioactivity
figures obtained from 35S-isolated-GAG molecules
showed an elevated rate of sulfate incorporation in the
epiphyses grown in the JSD of an order of magnitude
tenfold higher than the rate measured in an equal
amount of wet epiphyseal tissue grown in traditional
static cultures (Table 1). The data revealed a signifi-
cant higher level of sulfate incorporation with the JSD
device (non-parametric Mann-Whitney test, p<0.008).

DISCUSSION
Since the first steps of growing cells in cultures, most

findings and landmark achievements were obtained by
employing cells in monolayers. Until recent years, cul-
turing technologies failed to support growth and sur-
vival of three-dimensional cartilage chunks. Innovative
approaches have yielded new perfusion systems that
allow for cells and tissues to be maintained ex-vivo for
relatively long periods of time,13-18,22 even up to 90 days.23

This new field of tissue engineering is rapidly evolv-
ing, and present attempts focus on formation of com-
posite cartilage tissue constructs with features that
would make them suitable for in-vivo implantation. They
should be inherently stable, big enough to cover up
large defects and stiff enough to be cut and shaped as
needed. They should not evoke any immunogenic re-
sponse in the recipient nor transmit any acquired or
genetic disease. To achieve that goal, cells are being
cultured in conjunction with biomaterials that would act
as scaffolds and with a variety of growth factors.5,24

The ideal scaffold has to be both biocompatible and
biodegradable as it is gradually being replaced by the
cells that synthesize their own inter-cellular milieu or
matrix over time.25 Many biomaterials are presently
under investigation as potential scaf folds.22

Chondrocytes from multiple sites in the body26,27 and
from various species were tested, including porcine,
murine, bovine,28 avian as well as human,14,23 and re-
ported results are basically similar: Matrix is gradually
being deposited around the scaffold, and the constructs
so formed have a macroscopic cartilaginous appearance
although they are small in size. The inter-cellular ma-
trix has a high content of both collagen II and glycosami-
noglycans.13,16,18

Perfusion systems have been shown to yield con-
structs that are more cellular and that contain more
inter-cellular matrix than those grown by ordinary tis-
sue culture methods. Moreover, they have been found
to have better mechanical properties. A major role in
explaining these differences is being attributed to the
flow of liquids. The application of shear stress in mono-
layer cultures resulted in overgrowth due to chondro-
cyte proliferation.29 Modifications of perfusion flow rates
and patterns as well as hydrostatic pressures had a
major impact on both cellularity and sulfate incorpora-
tion by the matrix.13-17,30 Vunjak-Novakovic and col-
leagues compared static culture to turbulent flow and
to dynamic laminar flow in rotating vessels simulating
microgravity. Constructs subjected to the latter condi-
tions were the largest, contained the highest fractions
of GAGs and collagen II in their matrices and had the
best mechanical properties.30

Many technical questions still remain unanswered.
We need to clarify how to modulate and integrate dif-
ferent physical parameters such as flow rates, flow
pulses, reciprocal stream directions, mechanical hydro-
static pressures and shear stresses so that the impact
upon the tissue will be optimal, thereby yielding a car-
tilaginous tissue of better quality.

Most researchers use mature chondrocytes of allo-
geneic or isogeneic origin and attempt to manipulate
them into de-differentiation to obtain a state of rapid
growth and abundant matrix formation.

 It is our belief that embryonic cartilage is a better
cell source for tissue engineering, as it already pos-
sesses these qualities inherently.5 It may also be har-
vested in abundance from human embryos originating
from miscarriages and planned pregnancy arrests.

In the current study, a self-manufactured perfusion
system termed a joint-simulating device (JSD) was uti-

Figure 3. Cellular viability in the joint-simulating device is clearly
superior to viability in tissue culture.

TABLE 1
Radioactive sulfate (35SO4) incorporation into isolated GAG molecules
by epiphyses grown in a joint-simulating device compared to static
tissue culture (CPM/mg wet weight, n=5, Mean ± S.D.).

Group 1 Group 2 Group 3
Control (boiled) Tissue culture Joint simulator

23 ± 9 1201 ± 561 11299 ± 2107
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lized. We had previously tested the performance of the
JSD with human cartilage of embryonic origin. It has
been shown to be effective in keeping cartilage alive
and metabolically active for a culture period of 10 days
and was found to be highly superior to standard static
cultures. The radioactive sulphate incorporation into
GAG molecules was elevated tenfold as compared to
the static culture.18 In view of these promising findings,
the present study was designed and conducted.

The results presented herein indicate that the JSD
provides a better environment for in-vitro growth of
chick embryo epiphyseal cartilage. The epiphyses show
improved viability. The cells appear metabolically active
as demonstrated by GAG production. These biochemi-
cal changes are further substantiated by the microscopic
findings. The constant perfusion likely prevents central
necrosis of the epiphyses.

An interesting observation relates to the coalescence
of individual epiphyses into a 3-D macroscopically ho-
mogenous cartilage construct. Adherence of epiphyses
to one another was apparently the result of specific
stimulation of mesenchymal stem cells, which produced
de novo tissue in the perfusion chamber of the JSD.
These pre-cartilaginous mesenchymal cells originating
from the perichondrium region have been previously
shown to express fibroblast growth factor receptor 3
(FGFR3)31 and have also been demonstrated to play
similar roles in bunion formation and exostosis growth.32

It seems that, very much like the situation in the devel-
oping embryo, no artificial scaffold is necessary when
whole epiphyses are used, provided that satisfactory
conditions for growth are available. Not using a scaf-
fold would offer an obvious advantage. An artificial scaf-
fold can be either stable or biodegradable. The former
is not desirable, as it would permanently affect the bio-
mechanical properties of the tissues. The latter is po-
tentially toxic when it biodegrades and may evoke a
foreign body reaction.

In conclusion, the results reported herein seem to
imply that culturing embryonic epiphyses in perfusion
chambers encourages formation of neo-cartilage in vitro.
This tissue might later be used as implant material for
joint reconstruction.33 It is possible that the future use
of epiphyses harvested from embryos would abolish the
need for artificial scaffolds and would thus simplify the
growing process of 3-D cartilaginous constructs.
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ABSTRACT
Displaced intra-articular distal radius fractures

are difficult to treat, with numerous associated
complications. The potential onset of post-trau-
matic osteoarthritis (OA) is a major concern. The
relationship between malreduced intra-articular
fracture of the distal radius and subsequent early
onset of radiocarpal OA is clinically important,
yet poorly understood. To better understand this
presumed mechanical relationship, detailed infor-
mation regarding joint loading, kinematics and
associated stress distributions must be obtained.
Toward this end, a three-dimensional finite ele-
ment (3D FE) contact model of the radiocarpal
joint has been developed, including the radius,
lunate, scaphoid, articulations between these
bones and selected soft tissues near the joint. FE
model geometry was derived from cryomicrotome
sections of a cadaver wrist. Radiocarpal contact
stress distributions in the intact and simulated
malreduced fracture conditions, previously col-
lected using a cadaveric intra-articular fracture
model, are used to establish validity of the com-
putational model. Finally, a section of the distal
radius constituting the entire lunate fossa was

displaced 1, 2 and 3 mm to represent a depressed
lunate die-punch fracture.

INTRODUCTION
Intra-articular fractures of the distal radius are a sig-

nificant clinical problem. In a large number of such frac-
tures, the normally smooth articular surface is greatly
disrupted (Figure 1). The frequency of post-traumatic
OA of the wrist after this injury has been reported to
be as high as 40 to 65%,1 and the clinical result is often
a painful stiff wrist. It has been suggested that this is of
particular concern in the younger patient with an in-
congruity of greater than 2 mm.1 The development of
OA following displaced intra-articular fractures has been
attributed to a variety of factors, including the initial
trauma to cartilage, elevated contact stresses and joint
instability.2 Although this is a current area of intense
research, there remains little that can be done to re-
verse the initial cartilage trauma, and its influence on
subsequent joint loading is poorly understood. With
operative intervention, an incongruous joint can be re-
stored to its original anatomical position. Joint instabil-
ity can be addressed surgically, as well, but has received
little attention overall in the management of intra-articu-
lar fractures.

Several authors have shown in clinical studies that
radiographically-evident “step-offs” that persist follow-
ing wrist fracture are highly correlated with the onset
of early OA. Knirk and Jupiter found that OA developed
in 91% of distal radius fractures that healed with any
articular incongruity, and in 100% of those that healed
with a step-off of 2 mm or more.1 In contrast, they found
a poor correlation for the extent of initial intra-articular
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Figure 1.  Natural history radiographic appearance of the wrist fol-
lowing healing of lunate die-punch-type fracture of the distal ra-
dius.
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disruption with the subsequent development of arthri-
tis. Over half of their patients with arthritic changes had
a fair or poor clinical result. Fernandez and Geissler
confirmed that operative reduction of displaced intra-
articular fractures reduced the incidence of OA to ap-
proximately 5%.3 Bradway et al. found radiographic evi-
dence of OA in only 9% of patients with a step-off of
less than 2 mm, but in 100% of those with a step-off of 2
mm or more.4 While they found that the worst results
in their series tended to be in patients who had the most
comminuted fractures, they noted that the prognosis
was most directly related to a surgeon’s ability to re-
construct a congruent distal radial articular surface.
This belief represents the current clinical consensus,5

and these findings in the wrist are generally consistent
with clinical experience in other articular joints.6,7

The heterogeneity of injuries involved in clinical stud-
ies makes it difficult to arrive at specific conclusions
regarding clinical outcome, especially since such series
normally include only a relatively small number of pa-
tients at any one institution. The compilation of relevant
clinical information regarding the management of these
fractures has been complicated by patient-to-patient vari-
ability, and by the great range of fracture fixation de-
vices used to treat them. The fractures are seldom con-
tained within a single plane, and it is not uncommon
for multiple fracture fragments to be present. Thus, the
use of plain radiographs to assess the degree of frac-
ture malreduction can be misleading, with their appear-
ance sensitive to the obliquity at which radiographs are
obtained.8 The extent of concomitant ligamentous in-
jury associated with these fractures has only recently
begun to be appreciated. In most clinical studies, little
attention has been given to the presence of these liga-
mentous injuries, and their potential influence upon
post-injury mechanics has not been studied.

Finally, while clinical study may help to identify gen-
eral relationships between fracture management and
clinical outcome, it provides little information regard-
ing relationships between the details of fracture man-
agement, the resulting alterations in joint loading and
the eventual clinical outcome. Without this information,
there is little rigorous guidance toward further improve-
ment and refinement in intra-articular fracture manage-
ment techniques. In order to begin to understand these
relationships in the wrist, more information must be
obtained regarding, first, the nature of stress distribu-
tions in the vicinity of the articular surfaces, and sec-
ond, the associated kinematics of the carpal bones.

Laboratory research into the biomechanics of these
intra-articular fractures offers an alternative means of
investigating the mechanical implications of residual
incongruity.9-13 Although most agree that both mechani-

cal and biological processes cause OA, the factors con-
tributing to its onset are believed to be primarily me-
chanical in the specific clinical situation of post-traumatic
OA. Altered juxta-articular geometry associated with the
presence of residual surface incongruities is a logical
mechanism by which the details of stress transfer across
the joint could be changed following distal radius frac-
ture. Any resulting abnormal stresses would likely be
implicated in subsequent disease pathology. Trauma-
related injury to the osteochondral zone beneath the
articular surface is another potential contributing fac-
tor.14 Our experience with a cadaver model of a simple
intra-articular fracture suggests that changes in the
proximal carpal row kinematics probably accompany
irregularities in articular surface geometry, as well.11

The presumed mechanical relationship between re-
sidual surface incongruity and subsequent OA is poorly
understood, in part because alterations in radiocarpal
stresses accompanying fracture step-off are unknown.
Cadaveric models (Figure 2) have demonstrated in-
creased contact stresses (measured using pressure-sen-
sitive film inserted into the joint space)9,10,13 and altered
kinematics (measured using electromagnetic sensors
affixed to the bones)11 associated with 1-, 2- and 3-mm
step-offs simulating a depressed lunate fossa fracture.
While useful in terms of establishing the details of sur-
face loading, these data provide only limited insight into
potential initiating factors in the degenerative sequence
of events, since they yield little direct information re-
garding the full juxta-articular stress distribution. Ana-
lytical15 or computational16,17,18 modeling of articular
joints can greatly complement experimental methods,
especially when the two methodologies are tightly
coupled.

A computational model of the radiocarpal joint per-
mits parametric study of relationships between surgi-
cally relevant parameters and alterations in the radio-
carpal stress distributions. A two-dimensional FE model
of the radiocarpal joint was previously developed to in-
vestigate precisely this problem (Figure 3).16 While pro-
viding reasonable agreement with measured contact
stress distributions, it was limited to a single plane of
analysis. In the case of the radiocarpal joint, in which
out-of-plane motions are substantial, two-dimensional
analyses are clearly of limited utility. Previous three-di-
mensional FE models of the wrist have been described
in the literature; one restricted to the radiocarpal joint17

and the other including the entire wrist.18 Both models
relied on CT for source geometry, thus the inclusion of
articular cartilage was restricted to uniform thickness
regions layered on the ends of the bones. Both also
modeled contact in a fairly constrained and arbitrary
fashion—Ulrich et al.17 did not explicitly solve the ra-
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diocarpal contact problem, while Carrigan et al.18 con-
strained articulating bodies to small displacements.

In this paper, we briefly describe the development of
a computational model of the radiocarpal joint that, in
concert with our previously developed experimental
models, provides insight that might one day lead to
improvements in intra-articular fracture management
techniques. FE-predicted stresses are compared with
previously available experimental data reflecting radio-

carpal stress distributions in order to validate the model.
Finally, a step-off incongruity is introduced into the FE
mesh.

METHODS
Radiocarpal geometr y was obtained from

cryomicrotome sections of a cadaver wrist. This proce-
dure (performed at the Medical College of Wisconsin)
involved freezing a cadaver forearm to a very low tem-

(A) Loading fixture (B) Simulated distal radius
fracture step-off

(C) Pressure transducer placement and orientation
relative to distal radius articular surface

Figure 2.  Schematic of cadaveric model previ-
ously used to study the effect of intra-articular
distal radius fracture step-off on radiocarpal con-
tact stresses, measured using Fuji Pressensor
pressure-sensitive film (modified from Baratz et
al. 1996).
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perature, then sectioning it at specific intervals (0.5 mm)
sagittally with a microtome. A total of 144 tissue slices
were cut at 0.5 mm intervals from the mid-forearm

through the fingers and photographed. Tissue bound-
aries were digitized and slices were subsequently reg-
istered. One such image is shown in Figure 4, allowing

   Maximum Contact Stress (MPa)

Step-off Experimental* FE
 (mm)  (mean±SD)

0 4.79 ± 0.97 4.87
1 5.66 ± 0.98 6.07
2 7.22 ± 1.19 6.93
3 8.36 ± 2.15 7.73

* n = 8 specimens

RADIUS

LUNATE

SCAPHOID

TFCC/
ULNA

σxx (MPa)

-5.00
-4.67
-4.33
-4.00
-3.67
-3.33
-3.00
-2.67
-2.33
-2.00
-1.67
-1.33
-1.00
-0.67
-0.33
 0.00

Figure 3.  Contour plots of FE-computed stress distribution and graphs comparing computed contact stresses to those measured experi-
mentally (NOTE: The symbols in the graphs are from a single experimental specimen).
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clear identification of boundaries for the radius, lunate,
and the associated cartilage surface layers.

These image data were then processed to yield full
three-dimensional reconstruction of relevant bone and
cartilage geometry (Figure 4). Starting from the digi-
tized boundary point data, solid modeling software
(PATRAN, MSC Software) was used to create geomet-
ric entities (parametric bicubic surfaces) bounding the
bone and cartilage regions. A volumetric mesh, consist-
ing of eight noded hexahedral elements, was created
on the geometry using mesh generation capability
within PATRAN.

Linear elastic isotropic material regions represent-
ing cortical bone (E=13.8 GPa), three different densi-
ties of cancellous bone (1400 MPa, 690 MPa, and 345
MPa) and subchondral bone (2800 MPa) were defined.
The Poisson’s ratio of all bone elements was prescribed
to be 0.3. Elements were assigned bone modulus val-
ues according to their distance from the outer cortical
shell, with progressively less dense cancellous regions
from the cortex to the center of the bones. After a mesh

RADIUS

LUNATE SCAPHOID

Geometry derived from
cryomicrotome sections

1

Z

Y

X

FE mesh created
from geometry

Representative mid-sagittal
cryomicrotome section

Palmar Distal

Figure 4.  This schematic high-
lights the procedure for generat-
ing a 3D FE model of the radio-
carpal joint from cryomicrotome
source image data.

Figure 5.  This cut-away view of the distal radius FE mesh shows
the prescribed material property distribution.
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was created, material property distri-
bution was assigned to the mesh
based on the proximity of element
centroid locations to the cortex using
custom-written PATRAN subroutines.
The resulting mesh is depicted (Fig-
ure 5) in a mid-coronal view of the
radius.

Cartilage elements were meshed
across the articular surfaces of the
radius, scaphoid, and lunate. These
elements were assigned a modulus of
10 MPa, and a Poisson’s ratio of 0.45.
Relevant wrist ligaments were mod-
eled as piecewise linear spring ele-
ments. These included the
radiolunate, radioscaphoid,
scapholunate and scaphotriquetral
ligaments. The spring constants as-
signed for all ligaments were taken
from the literature.15 While the ulna
contributes structurally to support the
wrist joint, it was not explicitly mod-
eled as a continuum. The structural
support provided by the ulna through
the triangular fibrocartilage complex
(TFCC) was included by modeling
TFCC/ulnar support as a parallel ar-
ray of compressive springs attached
from fixed nodes to the lunate.

Contact elements (3D slidelines)
were defined on the articulations be-
tween the radius and lunate, radius
and scaphoid, and scaphoid and lu-
nate. These elements allowed for fi-
nite sliding between the contacting
bodies and accommodated a non-zero
frictional coefficient of 0.01. The en-
tire proximal end of the radius was
fixed, and two different mid-carpal
load/displacement driving conditions
were studied. In one case, mid-carpal
loads were applied on the distal sur-
faces of the lunate and scaphoid
(force control). These loads were ob-
tained from a previously reported
analysis.15 In another case, experimen-
tally recorded carpal bone motions
were used to drive the FE model via
applied displacements (displacement
control). The source kinematic data
reflecting carpal bone motionwas re-
corded by rigidly attaching electro-
magnetic sensors19 (3Space Tracker,
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Polhemus, Inc.) to the lunate and scaphoid during ap-
plication of a 100 N load across the radiocarpal joint.11

These displacement data were scaled and applied to the
carpal bone FE models.

The FE solutions were obtained using a large dis-
placement static analysis in ABAQUS FE software
(ABAQUS, Inc.) on a Cray C90 at the Pittsburgh
Supercomputing Center. The average analysis time for
the models (nominally 13,000 degrees of freedom) was
about 700 CPU seconds.

One of the objectives of the FE modeling undertaken
was to study the effect of articular incongruities on the
stress distribution in the joint. Toward this end, the FE
mesh was modified to reflect the depressed lunate die-
punch fracture simulated experimentally. A section of
the distal radius mesh constituting the entire lunate
fossa was freed from its neighboring elements, and dis-
placed 1, 2 and 3 mm along the long axis of the radius.
This was accomplished by removing elements at the
base of the fragment, and then tying the nodal degrees
of freedom at the fragment base to their nearest neigh-
boring nodes on the remainder of the radius using tied
multi-point constraints (MPC’s). The model was driven
using carpal kinematic data obtained for the correspond-
ing step-off case. Computed contact stresses were then
compared to previous experimental recordings of con-
tact stress obtained in the cadaveric fracture step-off
studies.

RESULTS
The results from the FE simulations reflect two dis-

tinct zones of contact on the distal radius, one each for
the scaphoid and the lunate (Figure 6). Large displace-
ments of the lunate and scaphoid were computed in the
course of the solution. Adequate mesh refinement was
established by performing a mesh convergence study
considering three distinct levels of mesh sizes. The
coarsest mesh had 3229 elements and the most refined
mesh had 8980 elements. For the force control case,
applied loads corresponded to a force of 100 N distrib-
uted over the distal surfaces of the lunate and the
scaphoid. The maximum contact stress predicted in
force control was 4.6 MPa on the scaphoid fossa. The
resulting loads were distributed as 53 N through the
scaphoid fossa and 49 N through the lunate fossa, con-
sistent with previously reported results. The mesh con-
vergence study showed that as mesh refinement was
increased, the computed maximum contact stress ap-
proached the experimentally reported maximum con-
tact stress value of 4.8 MPa (averaged over eight fore-
arms tested).10

In displacement control, the resulting radiocarpal
contact stress distribution also showed two distinct

zones of contact (one each on the lunate and scaphoid
fossa). The maximum predicted contact stress value was
5.3 MPa and it occurred on the scaphoid fossa in a more
dorsal location than computed with the force control
condition.

Figure 7a shows a close-up of the radiocarpal articu-
lation including a 1-mm step-off. In the presence of a 1-
mm step-off of the lunate fossa, the computed contact
stress distributions shifted ulnarly (Figure 7b), as was
observed experimentally. As the magnitude of step-off
increased, there was a continued trend toward unload-
ing of the lunate fossa, increased loading in the scaphoid
fossa and a shift in location of maximum stress on the
scaphoid fossa toward the fracture line. These findings
are all consistent with our previously published results
obtained in a cadaveric step-off model.10

Figure 7.  Simulated distal radius without step-off (A) and with
1-mm step-off (B) on the FE mesh of the distal radius articular
surface with computed contact stress distribution shown.
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DISCUSSION
One of the motivations for this research was the need

for a more accurate three-dimensional representation
of multibody contact in the radiocarpal joint with which
to study juxta-articular stress distributions following
imprecise fracture reduction. A high-fidelity 3D FE
mesh was generated from cryomicrotome sections of a
cadaver forearm. The resulting 3D model incorporated
finite sliding large deformation contact modeling capa-
bilities not previously used in articular joint simulation.
The model was run under force and displacement con-
trol in independent simulations. The force control analy-
sis was performed to establish the utility of this gen-
eral FE approach. The very close agreement of FE
predictions to experimental results obtained with force
control was highly encouraging, even if the kinematics
of the carpal bones were somewhat circumscribed. Dis-
placement control of the FE model was then imple-
mented to allow simulation of intra-articular fracture
step-off utilizing previously collected experimental data
reflecting radiocarpal kinematics in a cadaver forearm
subjected to static loading.

The 3D radiocarpal FE model exhibited behavior
consistent with findings from earlier models of joint
contact. The predicted compressive strains (εxx) on the
cartilage were on the order of 25-30%, reaffirming the
function of cartilage as a load-distributing layer. The role
of the subchondral plate in transferring the load applied
on the joint surface to the cortical shell was also af-
firmed.

The load carried by the springs representing the
TFCC was around 20% of the total applied load that
agreed well with prior analytical models,15 in which the
TFCC/ulnar component of the total load on the wrist
was calculated to be 22%. In previous experimental stud-
ies, this component was determined to be around 18%
in an intact forearm when the wrist was in a neutral
position,20 and around 8% with ulnar deviation of the
wrist.15 In reality, the ulna is a complex structure, and
its shape and position with respect to the carpus influ-
ences the load transfer at the wrist.

Another important finding relates to the maximum
shear stress at the interface between the cartilage and
subchondral bone on the radius. Maximum shear stress
levels at the deepest (fourth layer of elements) level of
cartilage were higher than those seen in more superfi-
cial layers. The location of this maximum shear corre-
sponded to the rim of the contact area. Cartilage is a
nearly incompressible material (υ=0.45), and the high
compressive contact stresses on the surface generate
large transverse (shear) deformations. Immediately
beneath the cartilage, the subchondral plate, by virtue
of its much smaller Poisson’s ratio (υ=0.3) and much

higher elastic modulus, resists this transverse deforma-
tion leading to high stresses at the cartilage-subchon-
dral bone interface. This shear stress is proportional to
the longitudinal (compressive) stresses in more super-
ficial layers. Any aberrant behavior in the joint that gives
rise to abnormal local contact stresses would directly
influence the maximum shear at the deeper levels of
cartilage. Elevated levels of shear stress at the osteo-
chondral junction have been suggested to be initiators
of fissures in the deeper zones of cartilage as observed
in clinical OA.2

The success of any type of modeling technique de-
pends upon its being validated using previously estab-
lished methods. In the present situation, experimental
methods employing pressure-sensitive film have been
successful in measuring the contact pressures on the
articulating surfaces of the radiocarpal joint.9,10,12 Com-
paring the FE-predicted stress distribution on the ar-
ticular surface to the experimental measurements forms
a sound basis for validating the FE model. However, a
number of important guidelines need to be followed
before such comparisons can be made. Most impor-
tantly, it is necessary to ensure that the FE model ac-
curately represents the experimental loading conditions.
Large deformation FE contact simulations are sensitive
to small changes in initial appositions of the contacting
bodies, making it critical to ensure that the carpal bones
are in the same relative positions and orientations in
the computational model in comparison with the experi-
mental cadaver specimen.

For the present model, a number of unique situations
confounded validation efforts. The specific cadaver
specimen used to generate the base geometry for the
FE model was not first tested in our experimental pro-
tocol. This implied that, before applying the experimen-
tal boundary conditions to the FE model, a one-to-one
correspondence had to be established between the
bones of the model and of the cadaver specimen used
in the experiments. To make this comparison, data rep-
resenting the boundary of the bones of the experimen-
tal cadaver specimen were necessary. Although avail-
able, the data points were few in number (compared to
the cryomicrotome-based data). These data were col-
lected by manually digitizing the outer surfaces of the
bones using an electromagnetic digitizing stylus. The
combination of these two factors resulted in a less-than-
ideal situation for establishing correspondence. In ad-
dition, no contact pressure measurements were made
for this particular cadaver specimen. Contact stress dis-
tributions were available for a number of other speci-
mens, but for which no bone boundary information was
available for establishing post hoc correspondence. The
cadaver specimen, which was used for establishing cor-
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respondence with the FE model, provided the kinematic
data of the carpal bones when the wrist was taken from
an unloaded to a fully loaded state.

Another limitation relates to constitutive treatment
of articular cartilage. Prior FE models of joint contact
that have placed emphasis on accurate description of
cartilage constitutive behavior have tended to be geo-
metrically simple.21-24 In real joints, as demonstrated by
the present model, articular surfaces tend to be highly
irregular and cartilage thickness varies as a function of
location. Such variations cannot be adequately repre-
sented with simplistic geometric representations of ar-
ticular joints. The advantage that the present model of-
fers is thus obvious. It can couple the sophistication of
material models with true geometric representation of
the joint. The ABAQUS FE code utilized in this study
has a poroelastic material capability, which can emu-
late the biphasic behavior of cartilage. Poroelastic mod-
eling provides capabilities for representing coupled pore
fluid diffusion/stress analysis involving partially or fully
saturated fluid flow. Incorporating more complex mate-
rial definitions would be a straightforward extension of
the present FE model.

Despite the previously mentioned limitations, the
present three-dimensional FE model of the radiocarpal
joint is the first attempt at accurately characterizing ar-
ticular joint contact stresses using existing modeling
techniques. The utility of the model lies in the fact that
it can now be used as the baseline for making any modi-
fications that would potentially increase model sophis-
tication and applicability. The model has potential to
provide a clinician with rigorously established guide-
lines for treatment of intra-articular fractures. Clinical
series have recognized the relationship between the
degree of residual articular incongruities and eventual
degenerative changes.1 The FE-predicted results pro-
vide quantitative descriptions of the load transfer mecha-
nism through the joint, and therefore potentially rein-
force the decision-making process by detailing the
efficacy of a treatment procedure. Additionally, the
model has capability to incorporate the structural con-
tributions of fracture fixation devices that are conven-
tionally employed to promote faster healing. In this sce-
nario, the clinician, with the help of the model, can
decide which type of fixation technique/device is the
most suitable one for a specific wrist. This means that
the models have to be more patient-specific, and present
advancements in the field of musculoskeletal imaging,
combined with the availability of faster computers, make
such a scenario possible in the foreseeable future.
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ABSTRACT
A longitudinal orientation of fibers and trabe-

culae has been observed histologically within dis-
tracted callus. This study quantified the intensity
and angle of orientation of trabeculae within a
distracted callus. Sixteen New Zealand white rab-
bits underwent unilateral tibial callus distraction
with an external fixator across a mid-diaphyseal
osteotomy. Included were: a seven-day post-op-
erative latency period, ten days of distraction at
0.5 mm every 12 hours, and 20 days of post-
distraction consolidation before euthanasia. Tibiae
were removed, stripped of soft tissue, sectioned,
and processed for decalcified histology. Micro-
graphs of mid-coronal sections of the callus were
evenly divided into 12 regions and underwent Fast
Fourier Transform (FFT) analysis of the digitized
image to determine the angle and intensity of the
orientation of the bony trabeculae within the cal-
lus. The microstructure of the regenerate callus
demonstrated an angle of orientation that uni-
formly matched that of cortical bone in all of re-
gions of the callus and an intensity of orientation
which approached that of cortical bone.

INTRODUCTION
The unique mechanical environment of external fixa-

tion and periodic tension-stress exerts profound effects
on the bony regeneration in distraction osteogenesis.
Controversy has surrounded attempts to fit histologi-
cal descriptions of the distracted callus into various
defined modes of ossification.

The majority of studies in various animal models has
found intramembranous ossification to be the predomi-
nant, if not exclusive, mode of ossification,1-4 but some
investigators also interpret the presence of cartilaginous
islands or nodules as evidence of some concurrent en-
dochondral ossification.5-9 Most studies have agreed on
the description of an early callus organization consist-
ing of a fibrous radiolucent zone in the gap center, and
two sclerotic zones of trabecular bone extending toward
it from each of the distracted osteotomy surfaces. Post-
distraction, as the callus consolidates, the sclerotic
zones fuse to form a callus with trabecular bone dis-
tributed throughout.

In contrast, the callus of fracture healing has a very
different organization. Fracture callus ossifies primarily
on randomly dispersed fibers and throughout an ex-
panded periosteal region before it then organizes the
trabecular callus with remodeling. Markel et al. showed
in 1991 that orientation of bony trabeculae changes
through the maturation of fracture callus, having pro-
found impact on the mechanical stability of the callus
at various stages of healing.10

Especially given the trabecular character of the dis-
tracted callus early in consolidation, orientation has
implications on callus strength. Recent studies assess-
ing the strength of physiologically trabecular bone have
indicated that trabecular orientation contributes signifi-
cantly to its strength.11-13

With these potential implications on the strength of
the distracted callus in mind, the longitudinal orienta-
tion of bony trabeculae after distraction needs to be
quantified. The purpose of this study is to quantify not
only the angle and intensity of the orientation of trabe-
culae within the consolidating distracted callus, but to
quantify the uniformity and distribution of this anisot-
ropy.
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METHODS
Sixteen skeletally mature (3.5 to 5.0 kg) New Zealand

white rabbits underwent unilateral tibial callus distrac-
tion with an external fixator across a mid-diaphyseal
osteotomy. A mid-diaphyseal osteotomy for lengthen-
ing was performed after an external fixation device was
applied. Full weight bearing and unrestricted motion
were allowed immediately after surgery. All procedures
were approved by and performed in accordance with
the Institutional Animal Care and Use Committee.

Surgical Technique
Sterile surgical technique under controlled conditions

was used to apply a unilateral external fixator (M-103,
Orthofix, Verona, Italy) to alternating tibiae on 16 rab-
bits. Two 1.5-2.0 mm self-tapping, tapered half-pins were
placed in pre-drilled 2 mm holes proximally and dis-
tally to attach the fixator parallel to the longitudinal axis
of the tibial shaft and on the anteromedial aspect (with
screws directed posterolaterally). Under saline irriga-
tion for cooling, a transverse osteotomy was performed
1 to 2 mm distal to the tibio-fibular junction (between
the two pairs of half-pins) using a Stryker reciprocat-
ing saw (Model 1370, Stryker Corporation, Kalamazoo,
MI, USA).

Callus Distraction and Consolidation
After a seven-day post-operative latency period, dis-

traction across the osteotomy site was begun at a rate
of 0.5 mm every 12 hours. Distraction at this rate was

continued for ten days to achieve a 10 mm lengthening
of each tibia. After a consolidation period of 20 days
post-distraction, rabbits were euthanized, tibiae were
harvested and the fixators were removed. After strip-
ping the bulk of soft tissues, specimens were wrapped
in saline-soaked gauze sponges and stored at -20 de-
grees Celsius.

Histological Preparation
After decalcification and fixation, specimens were em-

bedded in paraffin and a longitudinal section of 6µm
was taken from the bone center in the coronal plane
(Figure 2). These sections were fixed to slides and
stained with toluidine blue, aldehyde fuchsin, and he-
matoxylin and eosin.

Micrograph Digitization
Images of the callus, including the periosteal callus,

oriented such that the longitudinal axis of the bone
aligned with the horizontal edge of the image field, were
digitized using a color Charged Coupled Device (CCD)
camera (Model DXC-151, Sony, Japan) interfaced to a
microcomputer. Digitized image data were transferred
to a Silicon Graphics workstation (Indigo, Elan,
Cupertino, CA).

Figure 1.  Photomicrograph of a mid-coronal section through the
distracted callus of a rabbit tibia, and twelve areas for trabecular
orientation analysis.

Figure 2.  A 6µm mid-coronal plane section is taken from the dis-
tracted callus to be histologically prepared. The digitized photomi-
crograph of the section is then divided into twelve areas described
by their coordinates in either cortical (C1 and C2) or medullary
(M) longitudinal zones, and in the proximal (P), proximal middle
(PM), distal middle (DM) or distal (D) transverse zones.
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Quantitative Analysis of Trabecular Orientation
For each digitized specimen image, the callus was

divided into twelve approximately 2.5 mm by 2.5 mm
areas determined by placement in one of the two neo-
cortical zones or in the neomedullary canal zone trans-
versely, and in the proximal, proximal-middle, distal-
middle or distal zone longitudinally (Figure 2). A
two-dimensional Fast Fourier Transform of a 256 x 256
pixel field which corresponded to each of the twelve
areas on the histological specimen was calculated us-
ing custom software on the Silicon Graphics worksta-
tion according to the method previously described14.
Briefly, the software first rescaled the gray levels of the
selected field, then detected the directionality by trans-
forming the power spectrum to a polar system using
linear interpolation. The intensity of the orientation was
then quantified by calculating the power spectrum
within fan-shaped segments corresponding to one de-
gree of orientation increment (Figure 3). The intensity
of each orientation was represented as an index: 0 indi-

cating a random orientation, and 1.0 indicating a com-
pletely parallel orientation. Periosteal callus areas were
also measured when present.

Data Analysis
The angle and intensity of orientation in the twelve

averaged FFT areas from each specimen were com-
pared by one-way analysis of variance. They were also
compared with those in normal rabbit tibial cortical
bone similarly prepared and measured by Student’s t-
test.

RESULTS
Wherever bony trabeculae were present within the

specimen sections, they were highly oriented along the
longitudinal axis. All twelve averaged areas had a simi-
lar angle and intensity of orientation (Figure 1). The
overall average for the angle of orientation was 0.3 ±
4.0 degrees with a mean intensity of 0.80 ± 0.05 (Figure
4, and Tables 1 and 2). While the angle of orientation
in the extracortical callus was not significantly differ-
ent from the angle of orientation in the twelve averaged
areas (2.3 ± 4.3 degrees), the intensity of the orienta-
tion in extracortical callus regions, while still very high,
was significantly lower than the mean intensity of ori-
entation for the twelve areas (0.75 ± 0.07, p < 0.0001).
The averaged areas that had the lowest p-value in t-test
comparison with normal rabbit tibial cortical bone (i.e.,
were oriented at angles most different from the longi-
tudinal orientation of normal rabbit tibial cortical bone)
were the two fields in the callus middle and in the med-
ullary canal. One of these two areas also demonstrated
the lowest intensity of orientation, significantly differ-
ent from the average within the callus, excluding this
region (0.77 ± 0.04, p = 0.037)

DISCUSSION
In this study, the angle and intensity of trabecular

orientation within the distracted rabbit tibial callus was
evaluated in a quantitative manner. The longitudinally
well-oriented trabecular structure of distraction osteo-

Figure 3.  Once a field is selected from the digitized photomicro-
graph, the program gray- rescales the area (left), generates a Fast
Fourier Transform power spectrum (middle), and finally produces
an intensity histogram to graphically represent the distribution of
oriented angles within the area (right).

Figure 4.  The averaged angle of orientation of the trabeculae within
the 12 areas in the distracted callus, described by their coordi-
nates in either cortical (C1 and C2) or medullary (M) longitudinal
zones, and in the proximal (P), proximal middle (PM), distal middle
(DM) or distal (D) transverse zones.

TABLE 2
The mean and standard deviation of the

intensity of orientation in the twelve areas
within the callus

Proximal Proximal Distal Distal
Proximal Middle Middle Distal

Cortex 1 0.80 ± 0.05 0.82 ± 0.04 0.82 ± 0.05 0.81 ± 0.04
Medullary 0.79 ± 0.08 0.81 ± 0.06 0.77 ± 0.04 0.78 ± 0.07
Cortex 2 0.80 ± 0.06 0.81 ± 0.03 0.81 ± 0.03 0.80 ± 0.04
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nally oriented trabeculae, the mechanical properties of
the callus have tighter correlations to non-invasive quan-
tifications of gap tissue density, such as quantitated com-
puted tomography, single photon absorptiometry and
dual-energy x-ray absorptiometry (DEXA).10 The spe-
cific correlation they found between DEXA and torsional
strength after this remodeling to longitudinal micro-
structure had an r2 value of 0.51. For comparison, in
1998 Reichel et al. reported for distraction osteogen-
esis in a sheep model, a correlation between DEXA and
torsional strength with an r2 value of 0.60.18 The strength-
predicting value of non-invasive densitometry such as
DEXA depends on a tissue’s approximation of the
modality’s assumption of material uniformity. While a
distracted callus does not perfectly fulfill the assump-
tion of material uniformity, the strong intensity of its
orientation more closely approximates such, explaining
the strong correlation between DEXA and torsional
strength that Reichel et al. observed.18

It has been reported that highly oriented trabecular
structure is beneficial to resist axial loading (on-axis
loading), but vulnerable to the off-axis loading or shear
loading.19 Similarly, an increase in anisotropy associated
with osteoporosis has been considered a risk factor for
pathologic fracture.20 With these findings, the distracted
callus with highly oriented trabecular structure may be
strong only for axial loading. Standard material testing
in orthogonal directions will be required to elucidate
the mechanical anisotropy of the distracted callus.

There are attempts to enhance callus maturation af-
ter distraction in applying controlled compression.21 It
might be important to measure the changes in trabecu-
lar anisotropy in addition to the changes in bone den-
sity to evaluate the effects of such modality. Further
investigation is necessary to extend the microstructural
resolution of the distracted callus into three dimensions.
The orientation of fibrous and neovascular structures
early in distraction also deserves further pursuit.

genesis in this rabbit model matched, after 20 days of
post-distraction consolidation, the direction of cortical
bone microstructural orientation. The trabecular struc-
ture also approached the orientational intensity of cor-
tical bone. This anisotropy was uniform throughout the
callus.

This quantification corroborates the histological ob-
servation that the fibers of the fibrous central zone, and
the bony trabeculae of the sclerotic zones of the dis-
tracting callus are longitudinally aligned along the di-
rection of distraction.2,3,5-8 The tension across the callus
during distraction aligns cells, as well as the fibrous
extra-cellular matrix. Yasui et al. described the longitu-
dinal arrangement of osteogenic cells, longitudinal col-
umns of chondrocytes and mixed columns of osteogenic
and chondrogenic cells also aligned along the tension
vector.15

The tension-alignment of microstructures in distrac-
tion osteogenesis may have significance beyond the
achieved mechanical alignment of the extracellular
matrix. Mizumoto et al. reported that the expression of
bone morphogenic protein-7 and many cytoskeletal pro-
teins was upregulated in the callus during the period of
active distraction.16 They hypothesize that gene expres-
sion is regulated by the cytoskeletal response to align-
ment tension. If true, this hypothesis could explain in
part the distraction pattern of ossification that has been
distinguished from the mainly endochondral ossifica-
tion of the fracture callus.1-9,15

The data reported in this study quantifies a callus
that sharply contrasts the microstructural anisotropy of
a fracture callus. Markel et al. quantified the anisotropy
in 1991 in a fracture callus model, finding that while
the intensity of orientation increased with remodeling
over time, even after 12 weeks of healing, the intensity
of orientation in the trabeculae of the callus was less
than one-third that of cortical bone.17

In 1990, Markel et al. elucidated an implication of
this alignment with the observation that once the frac-
ture gap callus has remodeled to the point of longitudi-

TABLE 1
The mean and standard deviation of the angle of orientation in the twelve areas within the callus

along with the p-value from a Student’s t-test comparison to the mean of a sampling of normal tibial
cortical bone, similarly prepared and evaluated

Proximal Proximal Middle Distal Middle Distal
Angle p-value Angle p-value Angle p-value Angle p-value
(deg) (deg) (deg) (deg)

Cortex 1 -0.9±4.3 0.480 0.6±2.8 0.684 0.3±3.1 0.927 0.1±4.6 0.952
Medullary 1.2±4.1 0.529 1.5±2.5 0.155 2.4±4.8 0.279 -0.1±4.3 0.433
Cortex 2 1.1±4.8 0.599 1.5±3.6 0.878 -0.7±3.8 0.364 -0.3±3.9 0.733
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ABSTRACT
Longitudinal in vivo micro-computerized tomog-

raphy (CT) imaging was used to monitor bone re-
sorption in a rat fibula osteotomy model. Quanti-
tative image post-processing techniques were
developed for spatially aligning the longitudinal
data sets. Nominal length and bone volume in the
proximal and distal segments of the fibula after
the osteotomy were measured, and quantitative
comparisons of bone loss over a 13-week period
post-surgery were made in five individual rats. A
significant decrease in nominal length and bone
volume of the distal segment was observed 13
weeks post surgery. A significant decrease in bone
volume was also observed in the proximal seg-
ment. However, no change in nominal length was
observed for the proximal segment of the fibula.
This study illustrates the power of this non-inva-
sive technology to measure in vivo small changes
in bone length and volume using just a small co-
hort of animals.

INTRODUCTION
Micro-computed tomography (micro-CT) is a non-

invasive imaging technology that has been used widely
to monitor various treatment effects in small animals
over time. For example, it has been used to study in
vivo changes in trabecular architecture of the tibia in
ovariectomized rats1 and the effects of hormone replace-
ment therapy in estrogen-depleted rats.2 Although pre-
vious studies were typically performed using a synchro-
tron light source, more recent longitudinal in vivo
studies have utilized commercially available micro-CT
imaging systems.3 Some of the advantages of this sys-
tem are that it provides high-resolution (50-100 µm)
three-dimensional images of the structures under inves-
tigation and the image acquisition is faster (less than
15 minutes per sample) as compared to other non-inva-
sive high-resolution imaging techniques.

In the present study, we investigated the dynamic
changes in bone tissue volume using a critical-sized
osteotomy of the rat fibula. We chose a critical-sized
osteotomy, since this experimental bone trauma often
exhibits detectable changes in bone structure over time.
The goal of this study was to accurately monitor
changes in bone area and volume over time post-os-
teotomy, and to develop a methodology that could be
potentially useful in the development and validation of
treatment plans for bone-related pathological conditions.

METHODS
Study Sample

All animal procedures used in this study were re-
viewed and approved by the Institutional Animal Care
and Use Committee. The protocol involved the use of
five adult (11 months old) male Sprague-Dawley rats
(Harlan Sprague-Dawley, Inc., Indianapolis, Indiana)
weighing 500-600 g. Bilateral fibula osteotomies were
performed on the animals’ hind limbs using a modifica-
tion of the procedure first described by Petersson and
Johnell.4 Each rat was anesthetized with an intraperito-
neal (IP) injection of Nembutal (Abbot Laboratories,
Abbot Park, Illinois; 60 mg/kg body weight (BW). They
were also given an IP injection of cefazolin (Abbot Labo-
ratories, Abbot Park, Illinois; 30 mg/kg BW) as an anti-
biotic prophylaxis. A fine-toothed clipper was used to
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circumferentially shave the entire hind limb from the
knee to the ankle and the shaved region was disinfected
with Betadine solution.

The rats were draped and under sterile conditions, a
lateral incision was made that extended vertically from
immediately below the knee joint to a point just above
the ankle joint. The deep fascia was incised and the lat-
eral intermuscular septum was divided by blunt dissec-
tion to separate the anterior and posterior compartment
muscles, and to gain access to the lateral surface of the
fibula and the attachments for the musculus peronei
longus and brevis. With the anterior and posterior
muscle groups fully retracted, a six-millimeter portion
of the exposed fibula was excised by proximal and dis-
tal cuts using a high-speed rotary saw-tooth blade (Fine
Science Tools, Foster City, CA). To prevent heat-induced
necrosis at the osteotomy site, the rotating blade was
pre-cooled to four degrees Celsius by constant irriga-
tion with sterile physiological saline containing antibi-
otics. After completion of the fibula osteotomies, the
gastrocnemius lateralis and medialis muscles were re-
joined by a 3-0 absorbable suture (Ethicon, Inc, U.S.A.).
The skin incision was closed using a pair of Michele
clips and bacitracin ointment was applied to the closed
wound. The rats were allowed unrestricted cage activi-
ties after surgery and were examined daily for evidence
of infection, malnutrition or pain. None of these signs
was detected in any of the animals.

Micro-CT Data Acquisition and
Three-Dimensional Reconstruction

The animals’ osteotomized hind limbs were imaged
using X-ray micro-computed tomography three, five, ten
and 13 weeks following surgery. For each imaging ses-
sion, the animals were anesthetized for approximately
60 minutes by IP injection of Nembutal (Abbot Labora-
tories, Abbot Park, Illinois; 60 mg/kg BW). While un-
der anesthesia, the animals were secured in a supine
position onto the rotating platform of the micro-CT im-
aging system,5 and their hind limbs were rigidly sup-
ported in the X-ray beam (Figure 1). The animal’s torso,
head and hind quarters were shielded with a 2-mm thick
lead covering to limit the amount of X-ray exposure to
other parts of the body. The images were collected at
34 kV, 450 A and one-second exposure time. A lead shut-
tering system was used to shield the animal from un-
necessary exposure to X-ray beam during stage rota-
tion. Isotropic (voxel size = 0.1 x 0.1 x 0.1 mm)
three-dimensional volumes were reconstructed (5123)
of the hind limbs (Figure 2).6

Three-Dimensional Spatial Registration
To accurately assess bone resorption longitudinally

at the osteotomy site, the data collected at different time-
points was spatially registered to a reference data set
(micro-CT data from three weeks post surgery). Be-
cause the two fibular segments were unconstrained and
free to move relative to one another after the osteotomy,
spatial registration of the proximal and distal ends of
the fibula was performed separately. The three-dimen-
sional reconstructed images of the hind limbs were
manually cropped into a sub-image of the left and right
hind limbs (Figure 2B). The left and right hind limbs

Figure 1. Photograph of the rat mounted on the X-Y-Z rotating plat-
form stage with hind limbs secured and raised into the X-ray source
beam. The X-ray source is on the left side of the photograph and
the detector and CCD camera are located on the right side of the
photograph. The inset figure represents a magnified view looking
toward the X-ray source and illustrates the complete shielding of
the rodent’s body from the X-ray source.

Figure 2. Three-dimensional reconstructions of hind limbs from
animal number three. A) Posterior view of the hind limbs showing
the fibula osteotomies. B) Enlarged views of the left (on left side),
and right legs (on right).
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were further manually cropped into images of the proxi-
mal (Figure 3A) and distal (Figure 4A) ends of the
fibula. The bone in these sub-images was segmented
from its surrounding background using a global thresh-
old. The outer boundary of the segmented bone was
automatically identified and these boundary points were
used for the spatial registration. For the proximal seg-
ment of the fibula, a ROI that extended from the joint
between the fibular head and the upper end of the tibia,
to the osteotomy site was used for the spatial registra-

tion (Figure 3B). For the distal segment, a region of
interest (ROI) that included the distal third of the fibula
and the region of the bony fusion between the distal
ends of the tibia and fibula was used for spatial regis-
tration (Figure 4B). An iterative closest point (ICP)
method was used for registering the outer boundaries
of the segmented regions.7 The ICP algorithm is a least-
squares approach that minimizes the distances between
two sets of data points. Single-value decomposition was
used to calculate the transformation for minimizing the
distances between the two sets of data points. The ICP
algorithm is complete when the mean distance between
the paired points does not change in successive itera-
tions more than a fixed amount (that is, 0.5). Once the
data transformation matrices from the registration were
obtained, tri-linear interpolation was used for the rigid
body transformations of five, 10 and 13 weeks post-sur-
gery (Figures 3B and 4B).

Once the data were spatially registered to the refer-
ence data sets, the proximal and distal ends of the fibula
were further segmented from the tibia by identifying
an oblique clipping plane in a three-dimensional volume
visualization program (Volsuite v2.2) and cropping the
volumetric images along this clipping plane. The clip-
ping plane for the proximal end was chosen at the start
of the growth plate for the fibula. The clipping plane
for the distal end was chosen at the fusion point of the
fibula with the tibia. These cropped data sets were then
spatially oriented relative to their principal axis and
minor manual adjustments were made to the clipping
planes based on review of the principally oriented
datasets.

Quantitative Morphometrics
The lengths of the proximal and distal fibula seg-

ments were determined along the principal axis of each
segment. The cross-sectional area as a function of nomi-
nal length was calculated by summing the segmented
pixels in each cross-sectional slice orthogonal to the
principal axis of the bone segment. The change in cross-
sectional area along the bone segment was plotted for
each imaging time-point and changes in area relative to
the first time-point (three weeks post surgery) in the
longitudinal imaging sequence were noted. Visual in-
spection of the spatially registered three-dimensional
data sets was used to verify the changes in cross-sec-
tional area and nominal length calculated using the
quantitative analyses. The bone volume of the segment
was calculated by integrating the cross-sectional areas
along the length of the bone. Normalized bone volume
was calculated relative to the volume calculated three
weeks post surgery.

Figure 3. A) Three-dimensional reconstruction of left proximal tibia
and fibula from animal number three taken three weeks post sur-
gery. B) Outer outlines of segmented left proximal tibia and fibula
from three weeks (grey) and 13 weeks (black) post surgery. These
data sets are shown before and after spatial registration to one
another.

Figure 4. A) Three-dimensional reconstruction of left distal tibia
and fibula from animal number three taken three weeks post sur-
gery. B) Outer outlines of segmented left distal tibia and fibula
from three weeks (grey) and 13 weeks (black) post-surgery. These
data sets are shown before and after spatial registration to one
another.
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Statistics
Paired t-tests (α = 0.05) were performed to deter-

mine whether there was a significant difference in the
nominal lengths or in bone volume of the proximal and
distal bone segments five, 10 and 13 weeks post sur-
gery relative to three weeks post surgery.

RESULTS
The spatially registered data sets for the proximal

and distal ends of the fibula (animal number three) are
presented in Figures 3 and 4, respectively. The ICP reg-
istration technique worked well for most cases; how-
ever, it was extremely sensitive to the ROI chosen for
registration. Although care was taken to identify ROIs
that were similar in both data sets (particularly in the
distal ends of the fibula), there were cases where the
ROI had to be adjusted multiple times to obtain the best
registration possible. Additionally, the registration tech-
nique tended to perform better in the distal segment of

the fibula than in the proximal segment. This was due
to the beam-hardening artifacts (that is, high grey-level
intensity streaks in the image) coming from the larger
tibia near the proximal end of the fibula (Figure 3A).
These artifacts resulted in a poor segmentation of the
proximal fibula, and thus, inaccurate boundary points
in this region.

The change in cross-sectional area as a function of
nominal length and time are presented for the proxi-
mal and distal segments (animal number three) in Fig-
ure 5. In this example, we observed a slight decrease
in bone volume along the entire length of the proximal
segment without a change in the nominal length of the
proximal segment. We observed a much larger decrease
in bone volume in the distal segment than its corre-
sponding proximal segment (63% versus 20% decreases,
respectively), with a concurrent decrease in the distal
segment nominal length.

The nominal lengths of the proximal and distal seg-
ments for all animals and time-points are listed in Table
1. No significant change in nominal length was observed
in the proximal segment 13 weeks post surgery. The
small differences (± 0.2 mm) in nominal length ob-
served in this region could be attributed to errors in
segmentation and registration of the longitudinal data
sets. A significant decrease in nominal length was ob-
served in the distal segment starting at five weeks post

TABLE 2
Normalized Bone Volume

Animal
Proximal End Distal End

Weeks (post surgery) Weeks (post surgery)

3 5 10 13 3 5 10 13
1 1.0 0.79 0.79 0.81 1.0 0.85 0.69 0.84
2 1.0 0.79 0.88 0.88 1.0 1.14 0.80 0.85
3 1.0 1.14 1.06 0.98 1.0 0.60 0.47 0.37
4 1.0 0.97 0.82 0.83 1.0 0.94 0.84 0.87
5 1.0 0.83 0.78 0.76 1.0 0.78 0.58 0.55

TABLE 1
Bone Length (mm)

Animal
Proximal End Distal End

Weeks (post surgery) Weeks (post surgery)

3 5 10 13 3 5 10 13
1 12.0 12.0 11.9 12.2 6.9 6.9 6.6 6.8
2 13.7 13.7 13.6 13.7 5.5 5.2 4.6 4.9
3 14.4 14.3 14.6 14.7 3.5 2.8 2.9 2.5
4 10.7 10.7 10.7 10.6 7.8 7.4 7.2 7.2
5 15.7 15.7 15.6 15.8 4.0 3.3 2.9 2.7

Figure 5. Plots of cross-sectional area versus length for three, five,
ten and 13 weeks post surgery for animal number three. Staring
point (nominal length=0) is located at the site of the osteotomy for
both the proximal and distal end. The nominal length is oriented
along the principal axis of each segment.
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surgery. This decrease was particularly evident in those
cases where the distal segment was less than six milli-
meters in length by three weeks post surgery. In these
cases we observed as much as a 33% decrease in nomi-
nal length 13 weeks post surgery.

The normalized bone volume for the proximal and
distal ends, over time, is listed in Table 2. We observed
a 20-25% decrease in bone volume in the proximal end
13 weeks post surgery with the exception of animal
number three, which showed very little change in bone
volume. We also observed a 15% decrease in bone vol-
ume by 13 weeks post surgery in the distal end of the
fibula, except in the cases where it was less than six
millimeters in nominal length by three weeks post sur-
gery. These cases exhibited as much as a 63% decrease
in bone volume. For the study sample, there was a sta-
tistically significant difference in normalized bone vol-
ume for both the distal and proximal segments 13 weeks
post surgery. However, the statistical power of this test
was below 0.8 for the distal segment. This indicates that
additional samples need to be obtained in order to verify
this finding.

Independent validation of these micro-CT measure-
ments was sought using conventional histological meth-
ods. Figure 6 shows decalcified tissue sections of both
the proximal and distal fibular segments from animal
number one. The nominal lengths of this animal’s proxi-
mal and distal fibular segments were measured as 12.1
mm and 6.9 mm, respectively. These morphometric val-
ues are only ~2% different from the measurements of
these same fibular segments made from the micro-CT
images (Table 1). These histological images also re-
vealed relatively normal-appearing cortical bone tissue
in these fibular segments.

DISCUSSION
We present in this study an animal model for evalu-

ating in vivo bone resorption longitudinally. Two aspects
of this model illustrate its potential importance: first, as
a means to study the process of bone loss under a situ-
ation of disrupted mechanical loading and second, to
provide a potential in vivo model for evaluating the ef-
fectiveness of pharmacologic treatments to prevent or
reverse bone loss. This bilateral osteotomy model is
designed so each animal can serve as its own internal
control for local treatment protocols (that is, left versus
right side). Such a within-animal control yields a greater
statistical power to observe changes due to treatment
in experiments with a reduced number of animals, trans-
lating into a reduction in the expense and time for
completion of an experiment, and an enhanced ability
to identify small structural changes in an individual
bone. Additionally, the results of this analysis appeared
to correlate well with measurements made from two-
dimensional histological sections.

In general, we observed that the proximal and distal
bone segments decreased in cross-sectional area along
the nominal length of the bone, while maintaining their
overall length. This was true to the extent that the ini-
tial segments were longer than six millimeters in nomi-
nal length. The greatest amount of bone resorption was
observed in the small distal segments of the fibula. This
could be due to a decrease in mechanical stimulation
at that site due to the disruption of normal weight-bear-
ing load transmission over the length of the fibula
caused by the osteotomy. Alternatively, this resorption
of fibular bone mass may be affected by its connection
to the tibia, as the distal part of the fibula fuses into the
tibia. This connection of the two bones allows the shar-
ing of common marrow tissue through the continuity
of their medullary cavities, thereby permitting access
of osteoclastic precursor cells from the tibia into the
fibula.

Some of the problems we encountered during the in
vivo imaging sessions included misalignment of the
rotational stage, movement of the animal during an
imaging session, and the beam-hardening artifacts ob-
served in the region of the proximal fibula. The prob-
lem of a misalignment of the stage was addressed by
using a method described by No et al.8 for automati-
cally identifying the center-axis of rotation and reori-
enting this axis relative to the x-ray source and detec-
tor prior to data collection. More secure methods of
fixing an animal’s hind limbs to a rigid object such as
the rotating stage platform are being investigated to
limit the effects of even small motion artifacts. Finally,
techniques for correcting the beam-hardening artifacts
are currently being evaluated and will be implemented
in the future.9,10

Figure 6. Digital images of hematoxylin- and eosin-stained tissue
sections of proximal and distal segments of fibula from animal
number one. These sections were cut longitudinally along the mid-
diathesis of the fibula. The nominal lengths of these bone segments
are shown as black lines with double arrows.
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As previously reported by our group,5 each imaging
session generated only a low dose of X-ray radiation to
the lower hind limbs (0.64 Gy). Besides a low cumula-
tive X-ray dosage, we observed that only some of the
bone segments in some of the animals showed changes
in bone length and volume. We believe that these find-
ings are better explained by a disrupted mechanical
loading pattern after a large osteotomy, rather than a
cumulative X-ray irradiation effect.
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ABSTRACT
Use of recombinant human er ythropoietin

(rhEPO) for treatment of pre-operative anemia in
anticipation of orthopaedic surgical blood loss has
become a routine practice. Use of rhEPO to help
manage unanticipated blood loss from elective
surgery or major orthopaedic trauma is limited
by the rate and volume of erythropoiesis that is
achievable with exogenously administered rhEPO.
The rate and volume of erythropoiesis may be lim-
ited by the available population of cells respon-
sive to EPO. Cytokines known to affect these early
hematopoietic progenitors may potentiate the ef-
fects of rhEPO. In this study, mice were rendered
anemic by loss of approximately one-third of their
total blood volume. A control group received only
iron supplementation. Mice in three experimental
groups received three injections of rhEPO. Two
of these groups also received either recombinant
murine stem cell factor (rmSCF) or recombinant
murine interleukin-3 (rmIL-3). Both were before
and in conjunction with rhEPO. Animals were
sacrificed for peripheral blood testing at baseline,
after initiation of rmSCF and rmIL-3 prior to
rhEPO administration, and at three time points
after dosing of rhEPO. Additionally, the bone
marrow was harvested and cultured to determine
the concentration of erythroid progenitors after
treatment with rmIL-3 or rmSCF, and after fur-

ther treatment with rhEPO. Hematocrits were sig-
nificantly higher in the first measurement point
after administration of rhEPO in the groups re-
ceiving additional cytokines. The control and
rhEPO-only groups were not different at this early
time point. The maximal rate of erythropoiesis was
also elevated in the groups receiving additional
cytokines. The bone marrow of mice receiving SCF
had a dramatically increased number of erythroid
progenitors compared to all other groups. The
population of EPO-responsive cells, dependent on
cytokines not controlled by hypoxia, is a major
rate-limiting and volume-limiting factor in the re-
sponse to rhEPO during recovery from blood-loss
anemia. Administration of earlier-acting cytokines
has the potential to increase the rate and volume
of exogenously stimulated erythropoiesis.

INTRODUCTION
Allogenic blood transfusions, though much safer than

they were at times in the past, are not risk-free. While
transmission of human immunodeficiency virus (HIV)
or the hepatitis C virus via transfusion occurs only once
per one-and-one-half million units transfused in the
United States, other viruses such as hepatitis B and
emerging pathogens cannot be as thoroughly screened
for.1 In addition, transfusion reactions occur approxi-
mately once per fifty units transfused. Further, the
immunomodulation resulting from blood transfusion has
been suspected to increase post-operative infections and
delay wound healing.2-6 The desire to minimize or elimi-
nate patient exposure to transfusion risks has harnessed
improving understanding of hematologic physiology and
pathophysiology to engineer means by which anemia
may be otherwise treated.

Erythropoietin (EPO), the most potent regulator of
red blood cell development, or erythropoiesis, is a gly-
coprotein hormone secreted primarily by cells in the
interstitium of the renal cortex. Its expression and se-
cretion are very tightly linked to tissue hypoxia. EPO
exerts its influence in the bone marrow, where it regu-
lates the proliferation and differentiation of red blood
cell precursors.

Recombinant human EPO (rhEPO) has been avail-
able for exogenous administration since the mid-1980s.7

By 1989, the U.S. Food and Drug Administration had
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approved its use for treating the anemia associated with
chronic renal failure. Renal failure patients were the first
obvious targets for treatment with the recombinant pro-
tein; their associated anemia is largely attributable to a
deficiency of EPO secretion in their failing kidneys.
From that point, use of exogenous rhEPO expanded to
treating anemias of varied etiologies.

Blood-loss anemia from surgery and/or trauma re-
mains a major indication for allogenic blood transfusion
today.8 The acuity of erythrocyte mass reduction adds
unique challenges to anemia from this etiology. Eryth-
rocyte mass replacement must be rapid to avoid car-
diovascular strain and physiologic devastation. It is not
surprising, therefore, that most of the research with
perioperative rhEPO has focused on the pre-operative
period prior to elective orthopaedic surgery.9-15 Recently,
the FDA approved use of pre-operative rhEPO for pa-
tients with moderate chronic anemia who are prepar-
ing for elective hip and knee surgeries, for which sig-
nificant blood loss is expected.

One study is currently exploring the use of rhEPO
in orthopaedic trauma, specifically with pelvis fracture
patients,16 but use of rhEPO to deal with recovery from
unanticipated blood loss has been limited.17 Victims of
other major orthopaedic trauma and patients with un-
expectedly large intraoperative blood loss from elective
surgeries continue to have large transfusion require-
ments during their hospitalizations. Improved under-

standing of the physiologic regulation of erythropoie-
sis may lead to safer options, minimizing the need for
allogenic transfusions.

Use of rhEPO after blood loss is partly hampered by
the biology by which it exerts its influence. For a cell
to be effected by EPO, either recombinant or endog-
enous, it must express the EPO receptor on its surface.
The earliest erythrocyte progenitor to express this re-
ceptor, and respond to stimulation by EPO, is the burst-
forming unit erythrocyte (BFU-E). Proliferation of the
early BFU-E and its precursors is dependent on
cytokines other than EPO (Figure 1). Secretion of none
of these other cytokines is directly linked with tissue
hypoxia. The supply of early BFU-Es may therefore be
the major production-limiting factor during the body’s
attempt to rapidly recover from blood-loss anemia. To
evaluate this hypothesis, two factors known to support
earlier non-erythroid-specific progenitors were selected
to be used in conjunction with rhEPO in a mouse model
of blood-loss anemia. The factors selected were stem
cell factor (SCF) and interleukin-3 (IL-3).

Stem cell factor, also called steel factor, is the ligand
for the c-kit receptor, found on pluripotent stem cells in
the hematopoietic as well as other cell lineages. Its pres-
ence stimulates proliferation and early differentiation
of hematopoietic progenitors, especially in the myeloid
line. Interleukin-3 is a stimulator of proliferation more
specific for the myeloid lineage.

pluripotent       CFU-GEMM       BFU-E  CFU-E  erythroblast     reticulocyte    erythrocyte
stem cell

    Bone Marrow         Peripheral Blood

Interleukin-3
ErythropoietinStem Cell Factor

Figure 1. This schematic illustrates the effects of three hematopoietins on proliferation and dif ferentiation in the myeloid lineage and its
erythroid arm. The myeloid lineage initially includes cells with the ability to form colonies of precursors to granulocytes, erythrocytes,
megakaryocytes and monocytes/macrophages (CFU-GEMM). The earliest cell to express the erythropoietin receptor and respond to stimu-
lation with erythropoietin is the burst-forming unit-erythrocyte (BFU-E); it is also the earliest dedicated erythroid progenitor, ultimately
proliferating/differentiating into a burst-like array of colony-forming units-erythrocytes (CFU-Es). These CFU-Es continue to respond to
erythropoietin as they form a colony of erythroblasts, which lose the ability to proliferate and begin to terminally differentiate and build
hemoglobin stores prior to release into the peripheral blood circulation and degradation of the nucleus.
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METHODS
After obtaining approval from the Washington Uni-

versity Animal Care and Use Committee, blood-loss
anemia was induced in sixty anaesthetized 20-gram fe-
male mice by microcapillary disruption of the retro-or-
bital plexus and drainage of 0.4 ml of blood, or one-
third of the calculated total blood volume. Beginning
two days later, all mice received daily subcutaneous in-
jections of saline with albumin as a vehicle for adminis-
tration of the various treatment regiments. All mice re-
ceived a single injection of 10mg of iron dextran, 1 week
after induction of blood-loss anemia, to remove iron
deficiency as a confounding source of persistent ane-
mia.

Treatment Groups
The control group received only vehicle injections,

daily for one week, beginning at two days post-bleed.
All three experimental groups received injections of 20
units of recombinant human erythropoietin (rhEPO) on
the last three days of the week. The first of these ex-
perimental groups received only vehicle for the first four
days. The second group received a single injection of
480 units of recombinant murine interleukin-3 (rmIL-
3), followed by six daily injections of 750 units of re-
combinant murine interleukin, in addition to the three
rhEPO injections. The third experimental group re-
ceived 0.2 micrograms (mcg) of recombinant murine
stem cell factor on the first day and 0.3 micrograms on
the subsequent six days, in addition to the three rhEPO
injections.

Hematologic Testing
Two days after induction of blood-loss anemia, three

mice were euthanized to test for baseline pretreatment
anemia, applicable to all groups. Three mice from the
IL-3 and SCF groups and three mice from the still-iden-
tical EPO/control group were euthanized for testing six
days after anemia induction, or the day of the first in-
tended EPO administration. Subsequently, three mice
from the IL-3 and SCF groups and five mice from the
EPO and control groups were euthanized for testing
nine, 13, and 15 days post-anemia-induction.

On testing days, after humane euthanasia, blood was
drawn via cardiac puncture, and placed in EDTA-coated
microtubes. Automated complete blood counts were
performed on a Serono-Baker Diagnostics System 9000
(Allentown, Pennsylvania). Blood for manual reticulo-
cyte counts was stained using the new methylene blue
Unopette Test 5821 (Becton-Dickinson, New Jersey) and
smeared. Both manual reticulocyte count percentages
and reticulocyte production indices (RPIs, corrected for
an increased or lowered hematocrit) were calculated.

Bone Marrow Culture
From mice sacrificed on days six and nine post bleed,

or just before and just after the three doses of rhEPO,
bilateral tibiae and femora were harvested and the mar-
row collected. This was then cultured in a semi-solid
culture, Methocult M3230 (Stemcell Technologies, Brit-
ish Columbia, Canada). Cultures were supported by a
standard milieu of multiple hematopoietic cytokines, at
20% carbon dioxide at 37 degrees Celsius. Marrow from
one mouse from each group at six days post bleed and
two mice from each group at nine days post bleed was
cultured. Cultures were scored for the concentration of
colony-forming unit erythrocytes (CFU-Es) on day four
of culture, and burst-forming unit erythrocytes (BFU-
Es) on day eight of culture. These scorings provided a
percentage of cells, representative of the time they were
obtained from the marrow, that were dedicated to eryth-
rocyte lineages, or a measure of how much the mar-
row was directed toward erythropoiesis, specifically.

Statistics
One-way analysis of variance was performed initially.

Any testing day noted to have significant variance was
further tested with a Fisher’s pair-wise comparison us-
ing individual group-to-group comparison t-tests. Alpha
was set at 0.05. No statistical comparisons were per-
formed on the bone marrow culture results, due to the
small numbers tested.

RESULTS
Hematologic Data

The hematocrit at the pre-treatment baseline, two
days post bleed, was 31.6 ± 2.5. By post-bleed day six,
before any rhEPO treatments but after initial treatments
with IL-3 and SCF, the groups did not differ significantly.
By day nine, immediately after completion of all injec-
tion regimens, the EPO-only and control groups did not
differ significantly. The SCF group had a significantly
higher hematocrit than any other group. The IL-3 group
had a significantly higher hematocrit than the control
and EPO-only groups. By days 13 and 15, the EPO-only
group was no longer superceded by the IL-3 and SCF
groups, but all three were still increased over the con-
trol group (Figure 2).

The reticulocyte counts and production indices dem-
onstrated higher rates of erythropoiesis in the IL-3 and
SCF groups at day nine compared to the EPO-only and
control groups (Figure 3). The EPO-only group did have
an elevated rate of erythropoiesis over the control by
day nine, but the lack of elevation in hematocrit by that
point demonstrates that it was newly elevated. Rates of
erythropoiesis dropped to below-normal levels in all
groups but the control by day 15, reflecting the
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may have induced sufficient endogenous EPO secre-
tion to render the exogenous rhEPO initially extrane-
ous.

Administration of cytokines known to affect earlier
stages of hematopoiesis potentiated the effects of rhEPO
on erythropoiesis. Both IL-3 and SCF demonstrated sta-
tistically significant increases in hematocrit after admin-
istration of exogenous rhEPO. This experiment did not
test whether these factors administered without exog-
enous EPO may have stimulated similarly rapid blood
restoration by potentiating the hypoxia-induced eleva-
tion in endogenous EPO. While the peripheral blood
measures of erythropoiesis were not elevated after the
initial doses of SCF and IL-3, but before EPO adminis-
tration, it cannot be concluded that the exogenous EPO
was necessary for the subsequent increase in blood
mass over the control. The cells affected by these fac-
tors require from four to eightdays to mature into pe-
ripheral blood erythrocytes.

That the bone marrow cultured from the SCF treat-
ment group demonstrated markedly increased concen-
tration of erythrocyte-specific progenitors over the con-
trol mice, argues that the increased endogenous level
of EPO was already directing the proliferation of these

supranormal hematocrit, which prevents baseline hy-
poxia and endogenous EPO secretion.

Bone Marrow Culture Assay
Cultures demonstrated that the mice that received

SCF had dramatically higher concentrations of CFU-Es
and BFU-Es in their bone marrow both before (Figure
4) and after (Figure 5) exogenous rhEPO administra-
tion.

DISCUSSION
A major limiting factor to the effectiveness of exog-

enously administered rhEPO is the provision of a popu-
lation of cells able to respond to its stimulation. In these
mice, young and healthy, other than their blood-loss
anemia, no statistically significant effect on blood res-
toration over the control was afforded by exogenous
administration of EPO alone, until 13 days after induc-
tion of anemia, and seven days after initiation of EPO
treatments. This argues that endogenous EPO secre-
tion, up-regulated from the hypoxia due to blood loss,
may have already saturated the receptors available on
EPO-responsive cells. This is in stark contrast to previ-
ous experiments in mice without blood loss, which dem-
onstrated a statistically significant and dramatic increase
in hematocrit over control mice (60.0% compared to
54.5%) on the first day following three consecutive
rhEPO administrations identical to this experiment. The
presence of blood loss in an otherwise healthy mouse
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Figure 2. This chart demonstrates the change in hematocrit over
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Figure 3. This chart demonstrates the change in reticulocyte pro-
duction index over time for dif ferent cytokine treatment regimens
for blood-loss anemia. The reticulocyte production index is a cor-
rected (for hematocrit) percentage of reticulocytes, or recently re-
leased, immature red blood cells, among total erythrocytes in the
peripheral blood. The index is a measure of the number of red
blood cells that have completed the bone marrow stages of
erythropoeisis in approximately the last 24 hours, and therefore a
measure of the rate of red blood cell production. The groups re-
ceiving recombinant murine stem cell factor (rmSCF) or recombi-
nant murine interleukin-3 (rmIL-3) in addition to recombinant
human erythropoietin (rhEPO) demonstrate a higher peak rate of
erythropoiesis. These groups drop to subnormal rates of red cell
production when exogenous cytokines are no longer circulating, as
the endogenous secretion of EPO is suppressed by the lack of hy-
poxia resulting from the supranormal hematocrit. Asterisks de-
note statistically significant dif ferences from control groups
(p<0.05). Error bars represent standard deviations from the mean.
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early progenitors toward the erythroid lineage. While
the factors used were expected to increase the number
of available cells for EPO to stimulate, they should not
have individually stimulated the marrow to focus on
erythropoiesis. Perhaps more interesting was that the
group receiving rhEPO treatments without other
cytokines had a somewhat reduced presence of eryth-
roid progenitors compared to the control. This is im-
portant because the increased demand for these cells
by the presence of additional EPO did not stimulate a
replenishment of their population.

The cytokines which regulate the proliferation of cells
leading up to the EPO-responsive BFU-E are not linked
to tissue hypoxia as endogenous EPO secretion is. This
probably results in a physiologic lag in the erythropoi-
etic response to the endogenous EPO surge induced
by tissue hypoxia. Once the available population of BFU-
Es is throughput by EPO to mature erythrocytes, the
marrow may be slow to replace it. The possibility of
stimulating its replacement or even initial build-up with
exogenous cytokines holds promise for enabling the
body to recover blood volume in a much more rapid
sequence.

The higher hematocrits, observed in the groups re-
ceiving early-acting cytokines, are explained by the el-
evated rate of erythropoiesis, which is directly mea-
sured with the reticulocyte count and production index.
By stimulating the proliferation of progenitors to EPO-
responsive cells, the maximal rate of erythropoiesis was
both higher and reached earlier. The rate of erythro-
poiesis was elevated on the first testing after adminis-
tration of rhEPO alone, but the lack of elevation in he-

matocrit at this time point argues that this was a very
newly elevated rate of production. Further, the rhEPO-
only group’s reticulocyte production indices were mark-
edly lower than those at the same time point after an
identical EPO regiment, outside the setting of blood-
loss anemia (15.4 compared to 7.5). The week of en-
dogenously stimulated increased erythropoiesis after
the anemia induction had likely depleted the popula-
tion of EPO-responsive cells. This, along with the sug-
gestion from the bone marrow culture data that the
rhEPO group had fewer erythroid progenitors than the
control, strengthens the argument that there is a physi-
ologic lag in replenishment of EPO-responsive cells, due
to the fact that the factors stimulating the progenitors
to that cell population are not up-regulated by tissue
hypoxia.

The data demonstrate that it is possible to potentiate
the effects of exogenous EPO by administration of
cytokines that stimulate proliferation of earlier eryth-
roid progenitors. This information is yet far from being
clinically applicable. Recombinant human IL-3 is cur-
rently only under FDA-approved investigation for onco-
logic treatments and recombinant human SCF is not
even approved yet for human research. However, these
data identify one of the major rate-limiting and volume-
limiting factors in the effects of rhEPO on blood resto-
ration: The population of cells responsive to EPO. Ex-
pediting and increasing the magnitude of the response
to exogenous rhEPO may improve its utility for recov-
ery from blood loss, as opposed to only preparation for
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blood loss. As science moves forward, clinical methods
of acutely increasing the EPO-responsive cell popula-
tion may improve the ability to use recombinant
cytokines in the management of post-operative and trau-
matic blood-loss anemia.
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ABSTRACT
The Swarm rat chondrosarcoma is a tumor tis-

sue line derived from a tumor that arose sponta-
neously in a Sprague-Dawley rat. The original tis-
sue has given rise to several tissue lines and cell
lines that have been prepared in different labora-
tories. It has been observed that these lines dif-
fered in their growth rates and biochemical char-
acteristics. We have characterized our Swarm rat
chondrosarcoma tissue and cell lines currently in
use in terms of their cytogenetic profiles and their
tumorigenic properties in vivo. We found a wide
variety of chromosomal abnormalities among cell
lines, including translocations, deletions and poly-
ploidy. There were also significant differences in
their growth properties in vivo, giving rise to tu-
mors of a few milligrams in the case of Ng cells,
to 35 grams in the tissue line JWS. The cytoge-
netic complexity of the Swarm rat chondrosarcoma
between and among different lines makes it very
suitable to address questions about the changes
that occur as a result of karyotypic abnormalities
and to provide links between cytogenetic abnor-
malities and the dynamic oncogenic machinery.

INTRODUCTION
Chondrosarcoma represents the second most com-

mon primary malignant skeletal tumor, comprising up
to 24% of all bone tumors. Despite the new advances in
adjuvant therapy, surgical resection is the only effec-
tive standardized treatment. Chondrosarcomas do not
respond to chemotherapy or radiation therapy, there-
fore, metastatic disease in these tumors is rarely ame-
nable to curative treatment. The five-year survival for
patients with grade III tumors is only 29%. To improve
survival rates in patients with high-grade chondrosar-
comas, a better understanding of its biology is neces-
sary.

The Swarm rat chondrosarcoma2 is a tumor tissue
line derived from a tumor that arose spontaneously in a
Sprague-Dawley rat.9 It has been maintained through
the years by serial subcutaneous transfer from rat to
rat. Histologically, the tumor is a well-differentiated
chondrosarcoma with mild-to-moderate cellular atypia.
Interestingly, several tissue and cell lines derived from
this primary tumor are available in a number of labora-
tories. These tissue and cell lines have been the sub-
ject of extensive biochemical studies on extracellular
matrix molecules and chondrocyte metabolism.1-17

We have previously reported a comprehensive gene
expression profiling on a tissue line (JWS) of the Swarm
rat chondrosarcoma.12 This tissue line grows very ag-
gressively when injected subcutaneously, reaching up
to 35 grams about four weeks after injection. A survey
of some of the groups that have been maintaining other
lines of this tumor revealed that the various cell and
tissue lines exhibit a wide variation in tumor growth
and extracellular matrix metabolism. In this study, we
evaluate the cytogenetic and in vivo tumor growth char-
acteristics of several tissue and cell lines of Swarm rat
chondrosarcoma to determine if the variation in tumor
behavior can at least in part be accounted for by varia-
tions in karyotype.

MATERIAL AND METHODS
Swarm Rat Chondrosarcoma Tissue Lines
and Cell Lines

Two tissue lines (TGO and JWS) and four different
cell lines (LTC 86, LTC 93, Rex, and Ng)7 were used.
The TGO and JWS are tissue lines derived from the
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TABLE 1
Chromosome numbers in Swarm rat chondrosarcoma

chromosome count
source <42 modal# diploid 43 70 <75 84 78-89 <82 74-82 82-84 >84 86-90 90-100 ~160 total
TGO 1 4 1 1 2 9
JWS 5 26 4 6 12 53
Rex 15 3 2 20
Ng 6 9 5 20
LTC86 96 3 3 19 25
LTC93 77 4 11 5 20

TABLE 2
Chromosomal rearrangements in Swarm rat chondrosarcoma

Chromosome TGO JWS Ng Rex LTC86 LTC93
1 -1, -1 der(1) der(1) -1, t(1q;11)
2 +2 -2, add(2p) -2, t(1q;2)
3 -3, i(3q), -3, -3, -3 -3, -3, i(3q) add(3p), -3,-3,

t(3q;11)x2 (3q;11), ?add(3q)
 +t(3q;11)x2

4 +i(4q), +4 +add(4q), +4, +4, -4, ?der(4), i(4q)
add(4q)x2 +add(4q)x2 +add(4q), i(4q)

+t(4q;11)
5 -5, -5 -5, -5, -5, -5, add(5p), -5, -5, -5,

add(5p)x2 t(5q;8) t(5q;8) t(5q;8)
6 -6, i(6q) add(6q) -6, i(6q) -6 -6
7 add(7p)x2 -7 -7, t(7q;9) +7, +t(7q;8),

+add(7p) add(7p),
 t(7q;?9)

8 add(8p), -8 -8, t(8q;X) -8, -8 +8 -8, -8, -8, 8?
t(8q;10)

9 -9 -9 -9 t(9q;11) -9, -9 -9,-9, 9?
10 -10, -10, -10 -10 +10 -10 t(10q;11)
11 -11 +11, -11, -11, add(11p) +add(11q)

+add(11q) add(11p) x2
12 -12 -12, -12 -12, -12 -12,

add(12q)
13 i(13q) -13 -13, del(13q) -13, -13,

add (13p) ?add (13p),
add (13q)

14 -14,-14,-14 add(14q) -14, -14 i(14p)x3 add(14q)
15 -15,-15 -15, -15, add(15p) -15, -15 -15, i(15q)x2 -15, add(15q),

i(15q)
16 -16,-16 -16 -16, -16
17 -17,-17 -17, -17 -17, -17 +17 -17, -17, -17
18 -18,-18 -18 -18, -18 -18, -18
19 +19,+19 -19 +19, +19 -19, -19, -19
20 -20, -20 add(20q) -20

markers 5 0 16 16 13 15
X XXXX, t(X;8) XX XX XX XX X, t(Xq;4)
Y Y YY YY YY YY Y?Y?
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some cases, there was only a limited characterization
of structural abnormalities, due to the complexity of the
karyotypes. Normal male rat cells were used as con-
trols. Karyotypes were based on the nomenclature rules
for rat chromosome G-bands.8 The system for rat chro-
mosome nomenclature closely follows the international
system for human cytogenetic nomenclature.10

RESULTS
Karyotype Analysis

The results of the cytogenetic analysis from the dif-
ferent Swarm rat chondrosarcoma tissue and cell lines
are presented in Tables 1 and 2. Abnormal karyotypes
were observed in all cases. No cultures contained any
de-differentiated cells.

TGO cells were the only cells demonstrating a very
slow growth when cultured for cytogenetic studies. Five
cultured flasks were used for analysis. Only a limited
number of cells were available for analysis after mul-
tiple attempts to obtain dividing cells. Nine cells were
counted; five cells were in the diploid range (37-42 chro-
mosomes); and four cells were in the hypertriploid to
tetraploid range (70-84 chromosomes). Several chromo-
somal abnormalities were observed in this tissue line,
including deletion of chromosomes 1, 5, 9, 10, 11, 12,
14-18; i(3q); t(3q;11)x2; +i (4q); -6, i(6q); add (7p)x2;
t(8q;10); i(13q); +19; and XXXX , t(X;8).

JWS cells (53 examined) demonstrated that the ma-
jority of cells (26) were diploid, with 42 chromosomes,
or near-diploid (nine cells), with 40-43 chromosomes.
Six cells were in the tetraploid range, with 78-89 chro-
mosomes. The remainder of the cells were in the
hypertetraploid to hypopentaploid (90-100 chromo-
somes) range. There was no evidence of structural ab-
normalities.

LTC 86 cells (25 examined) demonstrated 12 cells
in the near-tetraploid range, with 74 to 94 chromosomes.
The remaining 13 cells were in the hypopentaploid
range, with 95 to 99 chromosomes. The modal chro-
mosomal number was 96. Numerous structural rear-
rangements and marker chromosomes were present
(Table 2).

LTC 93 cells (20 examined) demonstrated four cells
in hypertriploid range, with 70 to 73 chromosomes. The
remaining 16 cells were in the near-tetraploid range,
with 75 to 84 chromosomes. The modal chromosomal
number was 77. Numerous structural rearrangements
and marker chromosomes were present (Table 2).

Rex cells (20 examined) demonstrated 18 cells in the
near-tetraploid range, with 76-82 chromosomes. Two
cells were octaploid, with approximately 160 chromo-
somes. Numerous structural rearrangements and
marker chromosomes were present (Table 2).

Swarm rat chondrosarcoma tumor and they have been
maintained by serial subcutaneous injections. The LTC
line which can be propagated entirely in vitro was de-
rived from long-term culture of rat chondrosarcoma
tumor tissue with repeated selection for non-adherent
or floating cells. Continued propagation of this line led
to several variant cell lines as well as a few clonally
derived cell lines.7 LTC 86 was from an early passage
in 1986, while LTC 93 was from a passage seven years
later in 1993. Rex and Ng were lines cloned from the
LTC parent line.

Tumor Induction and Tumor Growth
Measurement

Animal care protocol was approved by the Univer-
sity of Iowa. Male, four-week-old Sprague-Dawley rats
were used. Tumor induction was performed by injec-
tion of the tissue line or cell line subcutaneously on both
sides of the lumbar spine (2 injections per animal). For
tissue lines (TGO and JWS), 40-50 ml (~5 x 105 cells) of
tumor slurry6 was used. For cell lines, 1 x 107 (LTC 86,
LTC 93, Rex, Ng) in 0.5 ml of Dulbecco’s Modified Eagle
Medium was used for each injection. The animals were
euthanized 35 days post injection in the case of tumor
slurries and at 70 days after injection of tissue-cultured
cell lines. The tumors were removed, weighed, and pro-
cessed for histology as previously described.16 A
necropsy was performed to establish the presence or
absence of metastases.

Cytogenetic Analysis
The cytogenetic techniques used for chromosome

analysis have been described previously.15 Aseptically
collected 1- to 2-cm3 samples were mechanically and en-
zymatically disaggregated6 and cultured in RPMI 1640
medium supplemented with 20% fetal bovine serum, 1%
penicillin/streptomycin, and 1% L-glutamine for one to
ten days. Three to eight hours before harvest, cells were
exposed to colcemid (0.02 mg/ml) to achieve metaphase
arrest. After incubation in hypotonic solution, the prepa-
rations were fixed three times with 3:1 methanol:glacial
acetic acid, and dropped onto water-rinsed slides. Chro-
mosomes were stained by the GTW (G-bands by trypsin
using Wright’s stain) banding method. The chromo-
some number was determined by microscopic analysis
and cells were examined for the presence or absence
of detectable structural rearrangements. Karyotypes
were prepared from digitized images of these
metaphases. When possible, about 15-20 metaphases
were scored (counted and checked for markers) for
each specimen. However, a detailed analysis and com-
plete karyotype were only performed on a small num-
ber of the cells (minimum of two) from each sample. In



J. W. Stevens, S. R. Patil, D. K. Jordan, J. H. Kimura, and J. A. Morcuende

138 The Iowa Orthopaedic Journal

Ng cells (20 examined) had chromosome counts in
the hypertriploid to hypertetraploid range, with 69-86
chromosomes. Numerous structural rearrangements
and marker chromosomes were present (Table 2).

In vivo Tumor Growth
Tissue lines and cell lines were injected subcutane-

ously into both sides of the lumbar spine. The animals
were sacrificed 35 or 70 days post injection. The tumor
lines were of a well-differentiated chondrosarcoma with
mild cellular atypia (Figure 1). The tumors were
weighed. It was found that there was a great variability
in tumor growth among cell lines (Figure 2). JWS grew
up to 35 grams of tumor in most cases, more than dou-

bling the size of the TGO-induced tumors. Both LTC
and Rex grew moderately-sized tumors (3 grams). How-
ever, Ng cells did not result in much tumor growth
(about 60 mg). There was no evidence of metastases in
any of the tissue or cell lines.

DISCUSSION
Swarm rat chondrosarcoma is one of the most use-

ful cell culture systems for the study of cartilage me-
tabolism. The cells grow very reliably under many cul-
ture conditions and they produce great amounts of
extracellular matrix. In addition, when injected into the
subcutaneous tissue or into the bone, they behave in a
manner closely resembling the behavior of human chon-
drosarcoma.

Since the isolation of the tumor in the 1960’s, many
laboratories have maintained tissue lines and cell lines
for experimental work. Due to investigator preferences
and to differences in experimental designs, a selection
in cell populations has occurred over the years. Since
many of the biochemical extracellular matrix character-
istics have been very consistent among laboratories, and
because the cells came from the same original tumor,
it has been assumed that these tissue and cell lines were
similar.

However, in this study, we observed that the karyo-
types and in vivo tumor growth of several tissue lines
and cell lines were very different. The cytogenetic analy-
sis also demonstrated a wide range of numerical and
structural abnormalities among the lines. While caution
must be used in comparing the significance of chromo-
somal differences among the cell lines due to the lim-

Figure 1. Histopathological features of the Swarm rat chondrosar-
coma. Note a well-dif ferentiated chondrosarcoma with mild to
moderate cellular atypia. Safranin O staining, 400x

Figure 2. In vivo tumor growth of the dif ferent tumors and cell
lines.
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ited number of cells that were completely karyotyped
because of the complex chromosome constitution, some
differences were found. For instance, the two tissue
lines (TGO and JWS) have complex cell populations
with cells in hypodiploidy and other cells in pentaploidy
(cells with >100 chromosomes). However, TGO cells
demonstrated several chromosome deletions and nu-
merous structural abnormalities that were not present
in JWS. Interestingly, the karyotypes of the LTC cell
subclones (Ng, Rex) indicate that these cells are related,
with the later LTC (1993) clone having fewer chromo-
somes but more stable cell counts than the earlier clone
(1987).

The in vivo tumor growth varied from just a few mil-
ligrams in the case of the Ng cells up to 20 grams of
tumor in JWS. Interestingly, the in vitro growth of the
different tissue and cell lines demonstrate the same
growth curves (data not shown). There was no evidence
of metastases in any of the cell lines when injected sub-
cutaneously.

The present view of malignant transformation and
tumor progression requires the accumulation of mul-
tiple genetic alterations such as chromosomal abnor-
malities, oncogene activation, loss of tumor suppressor
genes, or abnormalities in genes that control DNA re-
pair and genetic stability. This view correlates with the
increasing complexity of karyotypes seen during tumor
progression. Importantly, in malignant human cartilage
tumors, a strong cytogenetic-pathologic correlation be-
tween complex karyotypes and high-grade chondro-
genic tumors has been reported. The cytogenetic com-
plexity of the Swarm rat chondrosarcoma model,
therefore, makes it very suitable for experimental work
designed to address questions on the changes that oc-
cur as a result of the DNA abnormalities and to pro-
vide links between genetic abnormalities and the dy-
namic oncogenic machinery. Further studies will take
advantage of micro-array hybridization technology and
SAGE technology to increase our understanding of the
biology of chondrosarcoma, and that might allow the
development of more specific and targeted therapies.
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ABSTRACT
Some investigators have reported incomplete

data when using isokinetic testing as a means of
analyzing shoulder strength after rotator cuff re-
pair. An explanation provided has been that the
subjects could not reach the speed at which the
machine was set. The purpose of this study was
to determine if strength data could be generated
for all motions being tested by using not only the
one or two speeds employed by others, but three
speeds across the spectrum of those available.
Inclusion criteria were a minimum of two years
since surgery with a normal contralateral shoul-
der. All eligible subjects had isokinetic testing of
the non-operated shoulder followed by the oper-
ated shoulder, in flexion, abduction and external
rotation, tested at 60˚, 120˚ and 180˚ per sec-
ond. Fourteen patients were eligible and tested.
Isokinetic data showed deficiencies in strength in
the operated shoulder compared to the opposite
side for abduction, external rotation and flexion
of 14%, 27% and 20% respectively. In 10/123
(8%) of the tests, the patients could not reach the
preset velocity to yield valid data. One patient
could not place and maintain the operated arm
in the test position of 90˚ of shoulder abduction.
There was a significant deficiency in abduction at
only one of three speeds. This study confirms that
isokinetic testing is a powerful tool that lends it-
self well to producing objective data on shoulder

strength after rotator cuff repair, but it also has
the limitation that some patients cannot reach the
preset velocity for some motions, or place and
maintain the operated arm in the test position for
the movements being tested. Therefore, to opti-
mize the chances of obtaining isokinetic data for
all movements after rotator cuff repair, we sug-
gest using speeds for all motions and consider-
ation of scapular, frontal and sagittal planes for
testing.

INTRODUCTION
Over recent years, various studies have reported

good results for surgical treatment of open, mini-open
and arthroscopic rotator cuff repairs.1-11 Some of these
studies have employed objective testing.1,2,3,4,5,6,7 Isoki-
netic testing has been reported as an objective, useful,
reliable and accurate means of analyzing shoulder
strength after rotator cuff repair.2,3,5,6 A review of the
literature found that some reports had incomplete
isokinetic data for their patients.2,3,4 In the paper by
Walker et al.,2 four of 46 patients had incomplete
isokinetic data. In the study by Grana et al.,4 only 33 of
54 had isokinetic evaluation, but the authors did not
elaborate on the incomplete evaluations. Rabin and Post3

reported that only 33% of their patients could generate
enough torque to begin the test, and only 13% completed
the test.

Reports of strength following rotator cuff repair us-
ing isokinetic testing, employ one or two speeds. It is
customary to use a slow speed for strength and a fast
speed for power, with the optimum test speeds being
unknown.2 Investigators have reported results using 60˚
per second,6 90˚ per second,3,5 and both 60˚ and 120˚
per second.2 Shklar and Dvir 12 have used 60˚, 90˚ and
120˚ per second to test healthy volunteers.

We hypothesized that using three speeds to test pa-
tients having had rotator cuff repairs would facilitate
obtaining isokinetic data for all motions being testing
in these subjects. The objective of this study was to
determine the efficacy of using isokinetic testing at
speeds of 60˚, 90˚ and 120˚ per second in minimizing
loss of isokinetic data.

LIMITATIONS OF ISOKINETIC TESTING TO DETERMINE
SHOULDER STRENGTH AFTER ROTATOR CUFF REPAIR
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METHODS
Inclusion criteria for study entry were: a minimum

of two years since rotator cuff surgery, no procedures
to the shoulder other than those under investigation,
an asymptomatic pain-free contralateral non-operated
shoulder, no inflammatory lesion of either shoulder
which could affect function, and informed consent to
participate in the study. All rotator cuff repairs were
performed using open techniques by two staff surgeons
at two hospitals—Kingston General Hospital, Ontario,
and Hotel Dieu Hospital, Ontario.

All subjects had isokinetic testing using the Cybex
II isokinetic dynamometer (Lumex, Ronkonkoma, New
York) incorporating the Cybex Data Reduction Com-
puter. The non-operated side was tested first,followed
by the operated side. Shoulder flexion, abduction and
external rotation were tested with five repetitions at
each of three different speeds: 60˚, 120˚ and 180˚ per
second. The order of movement patterns and speeds
was determined randomly. For all testing, a minimum
of five minutes was permitted between the testing of
the different movement patterns, and a minimum of two
minutes between testing at the different speeds. Verbal
encouragement for maximal speed, and as full a range
of motion as possible, was provided throughout the test-
ing procedure.

The isokinetic testing was done according to the pro-
tocol per Cybex. For flexion, the subject was supine with
the axis of rotation of the shoulder joint aligned with
the axis of rotation of the Cybex dynamometer arm. The
handgrip and Cybex lever arm were adjusted to permit
full elbow extension. For testing of abduction, the sub-
ject was seated on the bench tilted 40˚ from the verti-
cal. The Cybex dynamometer was tilted backward, also
to 40˚, to ensure that it and the subject’s arm were in
the same plane of movement. For testing of external
rotation, the subject was supine with the arm abducted
to 90˚. The upper arm was secured by a Velcro strap
into a padded V-shaped support so the upper arm was
parallel to the floor. The rotational axis of the dynamom-
eter was aligned with the rotational axis of the shoul-
der joint. The forearm was at 90˚ to the upper arm as
the subject grasped the hand grip.

Results were given as a relative percentage deficiency
in strength of the operated side compared to the non-
operated side. Data was examined with a paired t-test.

RESULTS
Retrospective chart review of 52 consecutive patients

with rotator cuff repairs identified 14 that fit the inclu-
sion criteria and provided data for analysis. The aver-
age age was 58 years old (range, 37 to 78). There were
13 males and one female. The average time from onset

of symptoms until repair was 15 months (two weeks to
13 years). The dominant arm was repaired in nine and
non-dominant in five. Time since repair averaged four
years (two to nine years). The type of open repair was
side-to-side in four, and attachment to a trough in ten.

 Analysis of the isokinetic data for shoulder abduc-
tion using the t-test showed a significant deficiency in
strength (p<0.05) of the operated shoulder only at the
speed of 120˚ per second. The average deficit in strength
across all speeds for shoulder abduction was 14%.

All isokinetic data related to shoulder rotation was
for 13 subjects only. This is because one subject was
unable to place and maintain the operated arm in the
test position of 90˚ of shoulder abduction.

Application of the t-test to the data for shoulder ex-
ternal rotation showed a significant deficiency at all
three speeds tested (p<0.05). The average deficit in
strength across all speeds for shoulder external rota-
tion was 27%.

Application of the t-test to the data for flexion showed
significant weakness of the operated shoulder compared
to the non-operated side (p<0.05) at all three speeds
tested. The average deficit in strength across all three
speeds for shoulder flexion was 20%.

In ten out of 123 tests (8%), there was a 100% differ-
ence between the operated and non-operated shoulders:
subjects eight and 13 at 180˚ in flexion; subject six at
60˚ and 120˚; subject 11 at 180˚; subject 13 at 120˚ and
180˚ in abduction; subject 12 at 60˚, 120˚ and 180˚ in
external rotation.

DISCUSSION
Over the years, there has been an evolution from

open to mini-open to arthroscopic surgery to treat ro-
tator cuff tears. In studies comparing and contrasting
the results of different surgical techniques, some inves-
tigators have reported clinical grading of strength after
rotator cuff repair, while others have used maximum
isometric contraction to gauge strength.1,8 These meth-
ods test strength at a single joint position. Isokinetic
testing has the advantage of allowing dynamic torsional
forces to be recorded throughout the functional range
of motion.

Using isokinetic testing, Kirschenbaum et al., Rokito
et al. and Walker et al. have found strength values of
104%, 142% and 97%; 90%, 91% and 84%; 80%, 90% and
75% for abduction, external rotation and flexion, respec-
tively, at one year following rotator cuff repairs.2,5,6

Converting the amount of strength deficit found in
our study to the corresponding relative strength values
of the operated versus opposite shoulder yields results
of 85%, 73% and 80%. Although no conclusions concern-
ing the effect of surgical repair of rotator cuff tears could
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be made due to our retrospective study design and small
sample size, our results obtained are in general agree-
ment with those reported in the literature, supporting
the validity of our method of isokinetic testing.

With our method of isokinetic testing we were able
to generate objective data amenable to analysis. How-
ever, we discovered that there was an instance in which
the data indicated that at a speed of 120˚ per second,
there was a 100% deficiency in performing shoulder
abduction on the operated arm compared to the non-
operated side, while for the same motion at 60˚ per sec-
ond, the opposite was true. The explanation for this
phenomenon lies in the way the apparatus works.

The machine is designed to record a subject’s at-
tempt to exceed the preset velocity. It is this attempted
acceleration that the machine measures and converts
into moments around the dynamometer axis. If a sub-
ject does not reach this preset value, a “0” output is
registered. Consequently, regardless of the absolute
value recorded on the comparison side, provided some
value is recorded, a 100% deficit will be registered when
bilateral comparisons are made. Therefore, the compari-
son is not quantified, but rather is arbitrary, and no
useful data for analysis is yielded for that speed. Data
for that particular motion must be obtained using a dif-
ferent testing speed. These phenomena must be sus-
pected whenever a 100% deficit is measured. Upon
closer examination of all of the data, we discovered that
this occurred in 10 out of 123 (8%) of the tests, and
involved various patients and testing speeds. In addi-
tion, when considering the pooled data, there was a sig-
nificant deficiency in abduction at only one of three
speeds. These findings demonstrate that, similar to
other studies, we also had incomplete isokinetic data.
However, because we used three speeds to test each
motion, we were able to find a speed whereby a mea-
surement of subject performance could be registered
for each motion.

If we had only used the one or two speeds routinely
employed in previous studies, there would have been
instances where no data for a particular movement
would have been obtained. Specifically, in subjects eight
and 13, we would not have obtained data for flexion if
only 180˚ was used; in subject six, we would not have
obtained data for abduction if either 60˚ or 120˚ were
used; in subject 11, we would not have obtained data
for abduction if only 180˚ was used; in subject 13, we
would not have obtained any data for abduction if ei-
ther 120˚ or 180˚ were used.

Another problem encountered in using the Cybex II
isokinetic dynamometer was that one subject could not
place their arm in the test position of 90˚ of shoulder
abduction for testing of external rotation. Leroux et al.

reported that 56 of their 128 patients were excluded
from isokinetic testing following anterior acromioplasty,
sometimes combined with rotator cuff repair, because
of pain and articular range limitations.13 We were not
sure from this that they had the same problem we
found. Other authors have reported isokinetic testing
of external rotation in normal volunteers employing the
scapular rather than traditional frontal or sagittal
planes.14,15

Although this is a different patient population, it is
worth considering testing rotator cuff repairs in sev-
eral planes in order to find a circumstance in which
some measurement of subject performance can be reg-
istered. We had not anticipated this positioning prob-
lem, and when it was discovered we could not logisti-
cally retest internal rotation for all of our patients using
the scapular plane.

In seeking a reference in which to compare postop-
erative results, it was noted that preoperative power
testing in the presence of rotator cuff lesions is limited
by restricted range of motion and pain. Heterogeneous
patient characteristics restrict the use of standardized
values from healthy individuals. Therefore, in this study
the patient’s contralateral shoulder was used as the con-
trol and we restricted the subjects investigated to those
having asymptomatic contralateral shoulders. Shklar
and Dvir,12 and Ivey and colleagues,16 have reported that
there is no statistical difference in isokinetic testing
between dominant and nondominant shoulders in nor-
mal volunteers, therefore providing support for our
method of obtaining controls. Watson17 reported that
the results of rotator cuff repair continued to improve
postoperatively, reaching a plateau at two years after
surgery. Therefore, we selected patients that were a
minimum of two years post-operative to maximize their
ability to perform the isokinetic te sting. All of these
factors resulted in a small but unique subgroup of the
total cuff repairs (14/52) that were done over the in-
vestigation period.

In conclusion, this study confirms that isokinetic test-
ing is a powerful tool that lends itself well to producing
objective data on shoulder strength after rotator cuff
repair. However, unlike the situation with normal vol-
unteers, we found that when used in patients after rota-
tor cuff repair, some subjects were not able to reach
the preset velocity and were not able to place and main-
tain the operated arm in the test position. Therefore, to
optimize the chances of obtaining isokinetic data for all
movements after rotator cuff repair, we suggest using
speeds of 60˚, 120˚ and 180˚ per second for all motions,
and consideration of scapular, frontal and sagittal planes
for testing.
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ABSTRACT
Six NCAA Division I wrestlers at The Univer-

sity of Iowa tore an anterior cruciate ligament
(ACL) during the 2002-03 season. In compari-
son, between the years of 1993 and 2002, only
five wrestlers sustained the same injury. Retro-
spective review and video data analysis were per-
formed. All six were injured while their knee was
near terminal extension and in a vulnerable posi-
tion. Eighty-three percent of all injuries occurred
during takedowns. Five of the six wrestlers’ mecha-
nism of injury involved rotation and stress on the
weight-bearing knee. Eighty-three percent sus-
tained their injuries while their foot was firmly
planted on the ground. Five of the injuries oc-
curred in competition. Of the six wrestlers injured,
four underwent immediate rehabilitation in hope
of wrestling that same season. Three ultimately
needed surgery and one continued to wrestle in
the same season without having surgery. Of the
five wrestlers who underwent surgical reconstruc-
tion of their ACL, each had bone-patellar-bone
grafts.

INTRODUCTION
Wrestling continues to be popular, with the number

of wrestlers at the collegiate level at over 6300 partici-
pants from 257 different schools.1 In comparison to
other major sports, wrestling has received little atten-
tion with respect to injury rate, and in particular, ACL
injuries. In wrestling, injury rates are relatively high
with overall per 1000 athlete-exposures averaging 27/
1000 in competition, and 6/1000 in practice, depending

on the study.1-4 An athlete exposure occurs when one
athlete is exposed to the risk of injury while participat-
ing in one competition or one practice. According to
Jarret et al.,1 who looked at injuries that occurred in
NCAA sports over an 11-year period, wrestling finished
second only to spring football for the highest rate of
injury at 9.6 injuries per 1000 athlete-exposures.1 Some
studies suggest the chance of getting a severe injury in
wrestling is high.5

Injuries to the knee tend to be severe in wrestling.6

Over an 11-year period in NCAA wrestling, 65%of
injuries requiring surgery involved the knee. In the
same study, 21% of injuries leading to greater than one
week absence from competition involved the knee.1 In
several longitudinal studies of collegiate wrestling
teams, the knee is the most commonly injured body
part.1,3,5,7-12

Although knee injuries appear to be very common
in wrestling, ACL tears are not, comprising between 0%
and 9.1% of all knee injuries.1,3,11-13 Snook followed the
University of Massachusetts’ wrestling program over a
five-year period of time and documented no ACL inju-
ries.11

During a one-year period involving 14 dif ferent
schools, Pasque et al.3 documented 219 injuries, 38 of
which involved the knee. Of the 38 recorded knee inju-
ries, two were ACL tears.3 Similarly, Wroble et al.12 docu-
mented that of 136 injuries sustained by The Univer-
sity of Iowa wrestling team between 1976 and 1982, 64
involved the knee and three were ACL tears.

During the 2002-2003 wrestling season, six elite
NCAA Division I wrestlers at The University of Iowa
sustained ACL tears. The reasons for this rate of ACL
tears in that one year are unclear. The purpose of this
study is to report the injury, demographics, and man-
agement. Information from athletic trainers, team phy-
sicians and orthopaedic surgeons, and the student-ath-
letes were reviewed to identify predisposing factors and
implement preventive intervention strategies.

METHODS
Information was gathered from a questionnaire filled

out by the head athletic trainer for wrestling, with help
from the student-athletes, and from summary reports
detailing each individual injury. Descriptive reports on
injuries sustained by The University of Iowa wrestling
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team from 1993-2003 were obtained to assess overall
incidence of ACL injuries in competitive collegiate ath-
letes.

Two types of summary information from the athletic
training staff were used for this review. The first was
student-athlete specific. In these summaries the ACL
injury was described in detail, including mechanism of
injury, time of injury, and physical tests used to deter-
mine that the athlete tore his ACL. The second sum-
mary received from the athletic training staff described
injuries that occurred on the wrestling team between
1993 and 2003. Injury frequencies were calculated, and
time loss from practice and competition was also deter-
mined.

RESULTS
Clinical Data and Management

At The University of Iowa, the wrestling preseason
starts when wrestlers begin intense practices in Sep-
tember, and lasts until the first competition in Novem-
ber. The regular season lasts from mid-November until
early March. Finally, the post season runs until mid- to
late March, and consists of two tournaments, the Big
Ten championships and the NCAA championships.

Of the six wrestlers injured, two were heavyweights
and four were middle-weights (149 lb, 157 lb, 165 lb,
and 174 lb). One of the wrestlers was a freshman, one
was a sophomore, three were juniors and one was a
senior. Three of the six wrestlers were starters on the
varsity team.

Four of the torn ACLs were in the right leg, and two
were in the left leg. Two of the wrestlers had previous
knee surgery prior to the ACL injury. One had under-
gone two surgeries: one for a chondral fracture, and
another for plica excision. The other wrestler had a pre-
patellar bursa excision.

Five ACL injuries occurred during the regular sea-
son and one during the postseason. Five of the six wres-
tlers were injured in competition: one in the first pe-
riod, three in the second period, and one in the third
period. The only practice injury occurred in one wres-
tler during the final quarter. The mechanism of injury
was similar for most of the athletes. Video recordings
were available for four of the six wrestlers at the time
of injury. Of the six wrestlers, five experienced exter-
nal tibial rotation with coronal knee stress (either val-
gus or varus). Five of the six wrestlers had a foot planted
firmly on the ground at the onset of injury.

Wrestler 1, while in the neutral position, believes he
hyperextended his knee while countering a takedown.
No film was taken of this match.

In the neutral position, wrestler 2 rotated his body
while keeping his foot planted, externally rotating his

tibia as his opponent fell on his knee applying a valgus
force.

In the disadvantage position, wrestler 3 had his leg
lifted while his knee was being flexed and a varus stress
was applied. This is the only injury in practice. This
wrestler is the only wrestler who did not have his foot
planted at the onset of injury. There was also no film
verification.

Standing in the advantage position, wrestler 4 tripped
his opponent with his right leg and his weight-bearing
left leg twisted and gave out.

In the neutral position, wrestler 5 was tripped dur-
ing his match and suffered a knee injury on his weight-
bearing right leg.

Wrestler 6 was in the neutral position and, while
countering a takedown, he twisted his knee.

Five of the six injuries occurred during takedowns,
and the other one occurred in the disadvantage posi-
tion. Four of the six wrestlers performed rehabilitation
to return to competitive wrestling during the same sea-
son. Only one wrestler continued to wrestle soon after
the injury. Three wrestlers underwent extensive reha-
bilitation and were eventually able to return to compe-
tition that season. The remaining two wrestlers had no
intention of returning to competition during the same
season and opted to undergo surgical repair of their
ACL shortly after the injury. The combined record for
all the wrestlers before their injury was 47 wins and 20
losses. The combined record for the wrestlers that at-
tempted to wrestle after the injury was 5 wins and 10
losses. Essentially, five of the six wrestlers opted for
surgery. Wrestler 3 was the most successful with a 3-1
record. Wrestler 6 is the only one that opted not to un-
dergo surgery, and continues to function and wrestle
at this point with minimal complaints.

After their injury, all six of the wrestlers reported
knee instability. All of the wrestlers had moderate swell-
ing around their knee within 12-24 hours after the on-
set of injury. Upon examination, six of the athletes dem-
onstrated a positive Lachman test, six showed a positive
anterior drawer test, and two had a positive pivot-shift
test. All six of the wrestlers’ MRIs showed a complete
proximal injury of their ACL. Furthermore, two of the
athletes had other related knee injuries at the time of
the ACL injury. Wrestler 4 had a complex tear in his
meniscus, and Wrestler 5 had a bucket-handle tear in
his meniscus. It should be noted that both of these wres-
tlers underwent rehabilitation and eventually wrestled
during the same 2002-2003 season.

All five athletes who had surgery had arthroscopic
bone-patellar-bone reconstructions. None of the wres-
tlers had any complications, and all are expected to re-
turn to wrestling. The rehabilitation staff directed a



Volume 25 147

ACL Tears in Collegiate Wrestlers

physician-approved accelerated postoperative rehabili-
tation protocol.

University Athletic Injury Demographics
Over the academic year of 2002-03, there were a to-

tal of 27 documented injuries on The University of Iowa
wrestling team that caused an athlete to miss one or
more days of competition and/or practice. Of those in-
juries, 13 (48%) involved the knee. Six of the thirteen
injuries were ACL tears, representing 22% of all of the
injuries. Of the 1,354 total days lost to injury, 805 days,
or 60%, were lost because of knee injuries. On average,
the athletes missed 50 days per injury

Information gathered from 1993-2002 showed that
over that ten-year period, there were a total of 94 knee
injuries sustained by wrestlers. Overall, the athletes
missed a total of 2,158 days, or roughly 23 days per
knee injury. During that time period, there were five
ACL tears (5.3% of all knee injuries).

DISCUSSION
Five of the athletes were injured during the regular

season and one was injured during the post-season. This
is similar to other reports. Jarret et al.1 reported that
most collegiate wrestling injuries occurred in preseason
and regular season, not postseason. The average injury
rate for each season was 10.1, 9.5 and 4.4 per 1000 ath-
lete exposures. None of the six injuries in this report
occurred in the preseason. This may reflect the inten-
sive year-round maintenance of physical conditioning
at The University of Iowa by Division I athletes com-
pared to athletes in Division II or Division III competi-
tion, which were included in the study by Jarret.1

The majority of our in-season injuries occurred early
in the regular season with four injuries being sustained
within the first 30 days of competition. This is similar
to the previous findings of Wroble et al.,12 from our in-
stitution. They found that 37 out of 94 injuries in colle-
giate wrestlers occurred during the first month of sea-
son, whereas only ten injuries were noted during the
last month of competition.12 Even though these athletes
are well conditioned, they may not be at their peak at
the end of preseason. Early in the competitive season,
the athlete may not yet be prepared for the added in-
tensity and emotion associated with competition com-
pared to practice. This may partially explain why these
injuries occur during competition during the early part
of the season.

Five of the athletes in our study were injured in com-
petition and the other was injured during practice. This
is similar to previous data showing that average injury
rates per 1000 exposures for practice and competition
for all collegiate wrestlers, was 5.5 and 24.8, respec-

tively.2,4 In our patients injured during competition, one
was injured in the first period, three in the second, and
one in the third. Others have failed to find a correlation
between period of match and injury rate.8,12,14 Pasque et
al.3 noted that 67% of injuries sustained during practice
occurred during the second half of practice. They also
found that 78% of injuries during competition were sus-
tained in the second and third periods. Based on the
available data, fatigue may mildly predispose competi-
tive wrestlers to ACL injuries.

Three of the six wrestlers injured were in the upper
one-third of the weight divisions (one at 174 lbs and
two heavyweights). The other three wrestlers were all
in the middle one-third of the weight divisions (one at
149 lbs, one at 157 lbs and one at 165 lbs). None were
in the three lightest weight classes. Previous studies
have not found any association between injury and
weight class.1,12-15 Wrestling deliberately matches the
physical size of competitors, which may explain the lack
of correlation between injury and weight class.

Five of the six wrestlers were injured during
takedown scrambles, four were countering a takedown
and the fifth was attempting a takedown. This compares
to other studies documenting that at least 50% and as
many as 68% of all wrestling injuries occur during
takedowns.1,3,5,8,12-13,15 Takedown scrambles are particu-
larly hazardous to the knee,8,12 and five of the six ACL
injuries in this study occurred during takedowns. Our
data reconfirm that takedowns are consistently one of
the most dangerous acts involved in the sport of wres-
tling. Unlike wrestling down on the mat, takedowns
likely involve greater inertial forces, thus placing the
wrestler at increased risk.

Regardless of the wrestling position (neutral, advan-
tage or disadvantage), each athletes’ knee was in or near
full extension at the time of injury, thus impairing the
leverage of the hamstrings to resist forces applied to
the knee by the quadriceps. In general, when the quad-
riceps muscle contracts, it creates an anterior tibial
translation which is countered by the posterior tibial
translation of the hamstring muscle contraction.16 Be-
tween 15 and 60 degrees of flexion, the hamstring co-
contraction is extremely important in reducing exces-
sive forces exerted on the ACL.17 As the knee moves
closer to full extension, it becomes less effective at coun-
tering the quadriceps contraction, and is therefore less
able to protect the ACL.18

All six of the injuries sustained by the wrestlers in-
volved a knee in or near full extension, five of the six
injuries involved a rotational knee injury and five of six
wrestlers had the foot of their injured leg firmly planted
on the ground at the time of injury. These precarious
and dangerous positions stemmed from either poor
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technique or from the wrestler being acted upon by his
opponent.

To the best of our knowledge, no previous study has
addressed the success of wrestlers returning to com-
petition after an ACL injury. Four of our wrestlers in
this study tried to return to competition in the same
season, and only one of four compiled a winning record.
This wrestler chose to have his ACL reconstructed af-
ter the season due to instability. Two of the other wres-
tlers chose to undergo surgery because of their lack of
success wrestling with an ACL-deficient knee. The
fourth wrestler has decided not to have reconstructive
surgery and will attempt to wrestle and improve his sta-
bility and comfort through rehabilitation.

Retrospective analysis of six ACL tears sustained by
collegiate wrestlers from one team suggests that wres-
tlers are at a greater risk for an ACL tear during com-
petition compared to practice. Wrestling in the neutral
position may be the greatest risk factor for sustaining
an ACL tear. Wrestlers may be more prone to injury
early in the competitive season. Coaches and athletic
trainers should emphasize proper technical positioning
while wrestling in the neutral position, avoiding posi-
tions with the knee near full extension. Our data sug-
gest it is difficult to return to competitive wrestling with
an ACL-deficient knee, even after extensive rehabilita-
tion.
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ABSTRACT
Degenerative change involving the acromioclav-

icular (AC) is frequently seen as part of a normal
aging process. Occasionally, this results in a pain-
ful clinical condition. Although AC joint symptoms
commonly occur in conjunction with other shoul-
der pathology, they may occur in isolation. Treat-
ment of isolated AC joint osteoarthritis is initially
non-surgical. When such treatment fails to pro-
vide lasting relief, surgical treatment is warranted.
Direct (superior) arthroscopic resection of the
distal (lateral) end of the clavicle is a successful
method of treating the condition, as well as other
isolated conditions of the AC joint. The following
article reviews appropriate patient evaluation,
surgical indications and technique.

INTRODUCTION
Symptomatic osteoarthritis (OA) of the AC joint can

be treated effectively with both non-surgical and surgi-
cal means. Historically, patients that have failed non-
operative management have been treated with resec-
tion of the distal clavicle, typically through an open
superior incision.14,19,31,33 With the acceptance of the
arthroscopic treatment of shoulder pathology, many
surgeons now prefer arthroscopic resection of the dis-
tal clavicle. Technically, arthroscopic resection of the
distal clavicle is feasible either from a direct (superior)
approach, in which the instrumentation and dissection
remains entirely intra-articular, or from a bursal ap-
proach, which is usually performed concomitantly with
acromioplasty, subacromial bursectomy, and/or rotator
cuff repair. Occasionally, AC joint arthrosis occurs in
isolation; in these situations, it may be preferred to avoid
trauma to the subacromial region, thereby minimizing
postoperative inflammation and scarring, and potentially
reducing recovery time. The following review article
discusses appropriate patient selection, technique, and

expected results when performing a direct arthroscopic
distal clavicle resection.

ANATOMY
The AC joint is a diarthrodial joint formed by the

medial facet of the acromion and the lateral, or distal,
end of the clavicle, both of which are covered with hya-
line cartilage. The joint has a variable degree of incli-
nation in both sagittal and coronal planes. There is an
intra-articular fibrocartilaginous disk of variable size and
shape; a complete disk is noted in less than 10% of the
population.4,15 Developmentally, there is no physeal plate
at the distal clavicle. The articular cartilage of the dis-
tal clavicle may function in the longitudinal growth of
the clavicle.12

Stabilityof the AC joint is primarily provided by the
capsular ligaments that are located anterior, posterior,
superior, and inferior.15,20,21 The superior AC ligament is
the strongest and blends with the fascial attachments
of the deltoid and trapezius muscles. The capsular liga-
ments provide anteroposterior (horizontal) stability of
the distal clavicle.7,22,30 Slight upward and downward
movement between the clavicle and acromion results
in approximately 20 degrees of rotational movement
between the two structures; however, this is likely vari-
able on an individual level.12 The capsular insertion is
approximately 1.5 cm medial from the end of the distal
clavicle; therefore, resections of greater than 2 cm can
compromise horizontal stability. The vertical stability of
the distal clavicle is provided by the coracoclavicular
(CC) ligaments, which are injured in moderate to high
grade (i.e. II-V) AC joint separations.

NATURAL HISTORY
It is well documented that the fibrocartilaginous disk

of the AC joint deteriorates with age. This natural ag-
ing process begins in the second decade of life.4 Sev-
eral studies have demonstrated such changes in cadav-
eric studies or radiographic or magnetic resonance
imaging of asymptomatic patients.9,17-18,23,25-28 Despite the
abundant evidence that degenerative changes at the AC
joint are common with aging, little is understood about
the likelihood that such changes will eventually result
in clinical symptoms.

In a study of 100 patients with osteoarthritis of other
joints, there was a 70% incidence of AC joint tenderness.

DIRECT ARTHROSCOPIC DISTAL CLAVICLE RESECTION:
A TECHNICAL REVIEW

Gregory N. Lervick, M.D.

Correspondence:
Gregory N. Lervick, M.D.
Minnesota Sports Medicine
Orthopaedic Consultants, PA
775 Prairie Center Dr.
Suite 250Eden Prairie, MN 55344
greglervick@ocpamn.com



G. N. Lervick

150 The Iowa Orthopaedic Journal

Treatment was provided for 30 consecutive patients in
the series with intra-articular corticosteroid injections
with successful results.32 The long-term efficacy of in-
jection therapy for AC arthritis is unclear. While the
previous study demonstrated success, others have found
such injections provide only short-term relief, with a
majority of patients ultimately requiring surgical treat-
ment.10

EVALUATION

History
A detailed history is critical to making an accurate

diagnosis of AC joint pathology. Pain is universally the
chief complaint. The patient should be questioned to
determine the onset, location, and character of pain. In
addition, a history of prior trauma or surgery should
be excluded. Finally, previous treatment, and the re-
sponse to that treatment, should be known.

Pain associated with isolated AC joint arthrosis or
synovitis is typically anterosuperior in location, in di-
rect proximity to the joint itself. Not infrequently, the
pain may radiate anterior, posterior, proximal, or distal,
and may mimic pain experienced with other shoulder
conditions, such as rotator cuff tears, subacromial or
subcoracoid impingement, bicipital tendonitis, or labral
or other intra-articular pathology. Most commonly, pain
is described as a dull ache, but may be sharp or burn-
ing. Symptoms are usually activity related but may be
present either at rest or during the night, and patients
may experience symptoms when sleeping on the af-
fected shoulder.

The patient should be asked about typical activities
that produce symptoms. Using the affected arm across
the body (in shoulder adduction) or behind the back
(such as reaching a wallet or tucking in a shirt) may be
particularly bothersome. As well, reaching with the arm
elevated or overhead can produce pain, not unlike that
associated with impingement pathology. The patient may
also describe crepitation that localizes to the AC joint
with certain maneuvers. However, such mechanical sen-
sations can be difficult to localize and should be corre-
lated during the physical examination.

Physical Examination
The examination begins with a thorough inspection

of the entire shoulder girdle. Male patients should have
the shirt removed, while female patients should be ap-
propriately gowned to leave the shoulder girdle ex-
posed. The resting posture of the shoulder is assessed,
including the sternoclavicular (SC) joint, clavicle, AC
joint, scapula, and surrounding musculature. Prior inci-

sions should be documented, particularly in the region
of the AC joint. Occasionally, the AC joint may demon-
strate swelling, hypertrophic change, or resting defor-
mity consistent with prior AC joint ligamentous injury.

Anatomic landmarks should be palpated for tender-
ness. This includes the SC joint, AC joint, acromion,
proximal humerus, and periscapular region. Palpation
tenderness at the AC joint is the hallmark of the condi-
tion. However, this should be compared to the unaf-
fected side. As well, the patient may not have direct ten-
derness at the joint on examination, but should be asked
whether the joint is the typical location of pain.

Next, shoulder range of motion is assessed. Move-
ment in forward elevation, abduction, external rotation
(both adducted and abducted) and internal rotation are
documented. In patients with isolated AC joint pathol-
ogy, there typically is no primary limitation to shoulder
movement. As well, scapular control and scapulo-
humeral rhythm are evaluated to rule out underlying
neurologic injuries or dysfunction. Additionally, strength
and function of the rotator cuff, deltoid, trapezius and
distal extremity are assessed.

Finally, specific tests to elicit isolated AC joint symp-
toms are performed. There are three tests which are
utilized. First, the cross-body adduction test is per-
formed with the arm in 90˚ elevation and maximal ad-
duction across the body. The maneuver increases con-
tact pressure at the AC joint and often reproduces
symptoms. Second, the active compression test is per-
formed with the arm in 90˚ elevation and 10-15˚ adduc-
tion, with the arm in maximal internal rotation with the
thumb pointed down. Likewise, this maneuver loads the
AC joint and often reproduces pain. It must be deter-
mined the pain is located mainly at the AC joint, as this
test is also used to demonstrate superior labral pathol-
ogy.16 Finally, pain reproduced at the AC joint with the
arm in maximal internal rotation is a common finding,
and may be the most sensitive test. Ranging the shoul-
der through full circumduction may also reproduce pain
and crepitation at the AC joint.

Imaging
A standard radiographic series is obtained on all pa-

tients with a chief complaint of shoulder pain. In gen-
eral, a series of four views are recommended that will
evaluate for most degenerative and inflammatory con-
ditions of the shoulder. Typically, true anteroposterior
(AP) views of the glenohumeral joint with the humerus
in both internal and external rotation, supraspinatus
outlet, and axillary radiographs are obtained. In addi-
tion, when the clinician desires a specific evaluation of
the AC joint, a Zanca radiograph is preferred, which is
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taken in the AP plane of the joint with a 10 degree cepha-
lic tilt.34 This view is also particularly helpful in the post-
operative evaluation of a distal clavicle resection.

Further imaging is often performed prior to consid-
ering surgical treatment. Magnetic resonance imaging
(MRI) is preferred due to its ability to evaluate both
bone and soft tissue. MRI of the shoulder allows de-
tailed visualization of the rotator cuff, subacromial and
subdeltoid bursae, acromion, greater tuberosity, cora-
coid process, subcoracoid interval, and medial clavicle.
Intra-articular contrast may be used when further de-
tail of the glenohumeral chondral surfaces or glenoid
labrum is desired. It is important to include T2 weighted
sequences that will demonstrate edema of the distal
clavicle and medial acromion. Such findings are more
suggestive of symptomatic AC joint arthrosis than are
hypertrophic changes (i.e., osteophyte formation)
alone.25 In addition, MRI allows evaluation of the cora-
coclavicular (CC) ligaments in situations where the pa-
tient has AC joint symptoms following a prior type I or
II AC separation. Such an evaluation may be helpful in
determining treatment in these instances. It is recom-
mended that patients with prior AC joint injuries, even
in the remote past, be thoroughly examined for residual
distal clavicular instability. Caution should be exercised
in selecting such patients for the procedure, as it has
been demonstrated that such patients are at higher risk
for postoperative failure.2,6

NONSURGICAL TREATMENT
Nonsurgical modalities include medical management

with nonsteroidal anti-inflammatories (NSAIDs) and
analgesics, local modalities such as moist heat, ice, or
ultrasound, and physical rehabilitation to correct under-
lying rotator cuf f or intra-ar ticular pathology, or
periscapular dysfunction. When associated conditions
have been either ruled out or corrected, the ideal form
of treatment of isolated AC joint arthrosis or synovitis
is an intra-articular corticosteroid injection. When symp-
toms have persisted beyond 6 months despite tran-
siently effective injections, surgical treatment of the
problem is reasonable.

SURGICAL INDICATIONS
The indication for surgical treatment of AC joint ar-

throsis is the failure of nonsurgical management to re-
turn the patient to the desired level of daily work and
recreational functioning. With regard to isolated treat-
ment of the AC joint (i.e., with open or arthroscopic
resection of the distal clavicle), it cannot be overem-
phasized that the key to an appropriate surgical indica-
tion is making an accurate preoperative diagnosis. This
is again done with a specific and detailed history, physi-

cal examination, evaluation of pertinent radiographic
and MRI images, and a documented clinical response
to diagnostic and therapeutic injections.

TECHNIQUE
The author prefers patient positioning in the beach

chair position; however, the procedure may be alterna-
tively be performed in the lateral decubitus position. A
regional interscalene block for shoulder surgery is uti-
lized. Care is taken to position the head and neck in
neutral, and all potential peripheral pressure areas are
thoroughly padded. The patient is given appropriate
preoperative antibiotics. The shoulder is draped sterile
using a standard arthroscopic shoulder drape that pro-
vides excellent exposure and collects excess fluid dur-
ing the procedure. Bony landmarks are then marked,
which is critical to creating the precise portals neces-
sary to perform the procedure. The scapular spine,
coracoid process, acromion, and clavicle are all accu-
rately drawn.

The standard portals for direct arthroscopic resec-
tion of the distal clavicle are typically 1.5 centimeters
directly anterior and posterior to the AC joint itself. In
larger patients with thicker subcutaneous tissue, the
portals must be referenced further from the joint, such
that the instruments will track beneath the skin for a
distance, thus entering the joint at the appropriate loca-
tion.

The joint initially is localized using two 22 gauge
needles and a 10 cc syringe with normal saline. The
needles are directed into the joint from anterior and
posterior, and fluid injected to distend the joint. With
appropriate placement, the anterior needle should al-
low outflow from the joint, suggesting accurate portal
location. The skin is then incised in the desired loca-
tions with a #11 blade. The joint is initially inspected
with a 2.7mm arthroscope (i.e., used for ankle or wrist
arthroscopy) through the posterior portal. A needle is
then utilized to create an anterior portal using an out-
side in technique. The portal is created with a #11 blade
and widened at the level of the joint capsule with a blunt
obturator. A 3.5 mm full radius resector is used to re-
move any inflammatory tissue or remaining meniscal
remnants which may be present. A tissue ablation de-
vice (TurboVac 90, Ar throcare, USA) is used to
subperiosteally expose the lateral end of the clavicle in
its entirety from the level of the anterior capsule to the
posterior capsule. As well, the bone must be exposed
from inferior to superior, while keeping the respective
capsular attachments intact. Maintaining the integrity
of the capsular attachments minimizes the amount of
bleeding and trauma into the subacromial space,
thereby decreasing postoperative pain and shortening
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patients can expect full recovery in 8 to 10 weeks post
surgery.

Postoperative radiographs, consisting of a Zanca and
axillary lateral view, are obtained to confirm the clav-
icular resection has been adequate. Alternatively, these
can be obtained immediately postoperatively or intra-
operatively, depending on the confidence level of the
surgeon. The author recommends the routine use of
intra-operative fluoroscopy or plain radiography when
the technique is being used for resection of distal
clavicle nonunions or excision of ectopic bone. This
avoids the unwanted complication of inadequate resec-
tion, which may lead to continued symptoms postop-
eratively.

RESULTS
The results of direct arthroscopic distal clavicle re-

section have been published previously. In a series of
29 patients with isolated AC joint arthrosis, 93% had
excellent or good results at minimum 2 year follow up.6

This is consistent with the extensive reported literature
evaluating either open distal clavicle resection,14,19,31,33

or arthroscopic resections performed using the more
common bursal approach.1,5,8,11,13,24,29 A higher incidence
of failure has been demonstrated in patients with prior
AC joint instability (i.e., previous type II AC separa-
tion).2,6

the recovery period. As well, preserving the posterior
and superior aspects of the capsule avoids creating ia-
trogenic distal clavicular horizontal instability. This is
particularly important in the unusual situation where
the procedure is being performed following a previous
type I or II AC separation (see previous text).

Once the lateral clavicle is exposed and any imping-
ing soft tissue removed, the surgeon may switch to vi-
sualization with a standard 4.0 mm arthroscope, if the
patient’s anatomy allows. Resection of the distal clavicle
is then performed with a 6.5 mm oval bur, beginning
anterior and working toward the posterior aspect of the
joint. If the joint space is excessively narrow to begin
with, resection may be started with a smaller bur (i.e.
3.5mm round), before progressing to the larger bur.
Care is taken to create an even resection from superior
to inferior; typically, 6-7 mm of bone is removed, which
has been shown to be adequate to prevent bone to bone
contact with rotation of the scapula.30

The arthroscope is then moved to the anterior AC
joint portal, to allow complete visualization of the pos-
terior aspect of the distal clavicle and posterior capsule.
If necessary, the ablation device is used to further ex-
pose the posterior clavicle. The bur is then used through
the posterior portal to complete an even resection of
bone, and confirm adequate decompression of the pos-
terior portion of the joint. This step is critical, as a com-
mon technical error is inadequate visualization and re-
section of the posterior clavicle when performing the
procedure arthroscopically.

Finally, in situations where it is desirable to inspect
the glenohumeral joint as part of the same procedure,
this can be done through a standard posterior portal
established in the soft spot just medial and inferior to
the posterolateral corner of the acromion. The anterior
AC joint portal may be used for outflow and instrumen-
tation, or a more standard anterior glenohumeral por-
tal can be established. Such an inspection may or may
not be preferred, depending upon the index of suspi-
cion of intra-articular pathology based on clinical exam
or by imaging modalities.

The portals are closed with nylon suture and stan-
dard dressings applied. The patient is placed in a
Cryocuff (Aircast, USA) for postoperative comfort and
to minimize swelling, as well as protect the arm while
the regional block remains effective. It is typically dis-
continued 3-4 days after surgery. The patient begins
gentle postoperative therapy 3-5 days after surgery,
performing active assisted range of motion exercises
within their tolerance level. The level of therapy is pro-
gressed to full active motion and isometrics in the en-
suing 7-10 days. Typically, the patient progresses to a
strengthening protocol 3 to 4 weeks post surgery. Most

Figure 1. Supraspinatus outlet view in patient one demonstrating a
flat acromial morphology consistent with successful prior
arthroscopic acromioplasty. Patient continued to complain of
anterosuperior shoulder pain.
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Figure 2. T2-weighted coronal (A), sagittal (B), and axial (C) MRI sequences of patient one. Note the edema pattern of the distal clavicle and
medial acromion, with subchondral cyst formation.

Figure 2A

Figure 2B

Figure 2C

Figure 3. Postoperative Zanca radiograph of patient one after
arthroscopic distal clavicle resection. Note the even resection of
bone.

Figure 4. Preoperative AP radiograph of patient two demonstrat-
ing hypertrophic degenerative change of the AC joint.
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CASE EXAMPLES
Patient One

A 39-year-old female was referred for evaluation of
persistent anterosuperior shoulder pain 6 months fol-
lowing prior arthroscopic subacromial decompression.
The patient was active in racquet sports and bowling,
and reported discomfort with rotational and overhead
movements of the shoulder. In particular, overhead
weighted presses, pushups, and reaching behind the
back were inciting activities.

Physical examination demonstrated healed prior
arthroscopic portals and no resting deformity of the
shoulder. Range of motion was full in all planes, al-
though maximal internal rotation behind the back pro-
duced pain specifically at the AC joint. Neer and
Hawkins impingement signs were negative. Cross body

adduction and active compression tests reproduced
symptoms at the AC joint. No signs of generalized lax-
ity or pathologic glenohumeral instability were evident.

Standard radiographs demonstrated prior
acromioplasty and relatively minimal degenerative
change of the AC joint (Figure 1). An MRI was obtained
which revealed brightly enhancing edema pattern of the
distal clavicle and medial acromion, with associated
subchondral cystic change (Figures 2A-C). No rotator
cuff, bicipital, or labral pathology was identified.

The patient underwent a diagnostic and therapeutic
AC injection of 4cc 1% plain Lidocaine and 1cc of
depomedrol, which demonstrated complete resolution
of symptoms. Other nonsurgical treatment included
scheduled NSAID use, modification of activity, and ro-
tator cuff and periscapular strengthening. She experi-

Figure 5. T2-weighted coronal MRI sequence of patient two dem-
onstrating edema pattern of the medial acromion and fluid within
the AC joint space. Figure 6. T2-weighted sagittal MRI sequence. Note the intact cora-

coclavicular ligaments. The patient had suffered a prior AC joint
separation.

Figure 7. (A) A tissue ablation device is used to denude the distal end of the clavicle of residual soft tissue, in preparation for resection. The
device is also used to maintain hemostasis. (B) View from anterior portal of the left AC joint. A 6.5mm bur is used to complete the posterior
resection of the clavicle. (C) View from posterior of the completed left distal clavicle resection.
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enced lasting relief for roughly 5 to 6 weeks, with
gradual return of pain. A subsequent injection produced
similar results in terms of duration and clinical efficacy.

When her symptoms again recurred, the patient then
elected to proceed with arthroscopic distal clavicle re-
section. Postoperative radiographs demonstrated ad-
equate clavicular resection (Figure 3). The patient un-
der went standard postoperative protection and
physiotherapy, and returned to full activity without re-
striction at 8 weeks following surgery. At 6 months, she
continues to be pain free and pleased with the outcome.

Patient Two
A 61-year-old male presented with an 8 month his-

tory of left anterosuperior shoulder pain of gradual on-
set. He reported an AC joint separation suffered roughly
23 years prior that was treated nonsurgically without
complication. He denied subjective instability to the dis-
tal clavicle with functional activities, which included
weight training, swimming, hunting, and fishing. Once
again, pain was particularly noted when reaching across
the body or behind the back.

Physical examination demonstrated moderate hyper-
trophic change at the AC joint, but no superior transla-
tion of the distal clavicle relative to the acromion. There
were no previous incisions. Range of motion and
strength of the shoulder were symmetric to the con-

tralateral side, and impingement signs were negative.
There was no gross manual translational instability of
the distal clavicle, although slight crepitation in this
region was produced with circumduction of the shoul-
der. Positive tests included cross-body adduction and
active compression, with pain located specifically at the
AC joint.

Standard radiographs demonstrated maintenance of
the AC joint space, but marked hypertrophic degenera-
tive change (Figure 4). MRI demonstrated an effusion
of the AC joint with a moderate edema pattern on T2
weighted sequences (Figure 5). The coracoclavicular
ligaments were demonstrated and intact on sagittal ob-
lique sequences (Figure 6). The remaining bone, carti-
lage, and rotator cuff were normal in appearance.

This patient likewise underwent a diagnostic and
therapeutic AC injection of 4cc 1% plain Lidocaine and
1cc of depomedrol, which demonstrated complete reso-
lution of symptoms. He experienced lasting relief for
roughly 7 to 8 months, with gradual return of pain. A
subsequent injection produced similar improvement for
2 months. He also elected to proceed with arthroscopic
distal clavicle resection (Figure 7A-C).

Postoperative radiographs demonstrated adequate
bone resection and no obvious translation of the clavicle
relative to the acromion (Figure 8). He underwent a
standard postoperative protocol and returned to swim-
ming and other functional activities at 8 weeks follow-
ing surgery. He remains pain free at one year following
surgery, with no complaints of mechanical instability of
the distal clavicle.

SUMMARY
Direct arthroscopic resection of the distal clavicle is

an acceptable method of treating osteoarthrosis or syno-
vitis of the AC joint that has failed to respond to a rea-
sonable course of nonoperative treatment. Other AC
joint disorders, such as distal clavicle osteolysis or non-
union of the distal clavicle, may also be treated with
this technique. The procedure should only be per-
formed when it is determined preoperatively that the
AC joint is the isolated area of pathology. The only ex-
ception to this is the rare situation when it is preferred
to diagnostically inspect the glenohumeral joint, but not
perform extensive work either there, or in the subacro-
mial or subcoracoid space. In comparison to other tech-
niques, it allows precise resection of bone with mini-
mal trauma to the surrounding soft tissue structures,
which may decrease postoperative discomfort and
shorten the recovery time. In addition, the procedure
is quite pleasing from a cosmetic standpoint, and mini-
mizes scar irritation from clothing or luggage straps that
may occur with a larger superior incision.

Figure 8. Postoperative Zanca radiograph of same patient demon-
strating distal clavicle resection. Again, note even bone resection
and avoidance of excessive bone removal, particularly in the set-
ting of a prior AC joint injury.
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INTRODUCTION
Stress fractures are a frequent injury in the running

population, commonly affecting the lower limb and foot.
The tibia is reported to be the most common site, rep-
resenting up to 64 percent of stress fractures, while the
metatarsals represent 21 percent.1 Femoral stress frac-
tures are less common and can be divided into those
involving the femoral neck, condyles or shaft. Those of
the femoral shaft are reported to comprise between 2.8
and 21 percent of femoral stress fractures in athletes.1,2,4,5

There is debate as to whether they are more prevalent
in the female population.2,6 Bilateral stress fractures have
been reported in the tibia and metarsals,1 but have only
been reported twice in the femur—one associated with
an endocrine disorder, and one associated with bilat-
eral tibia fractures.7,8

There are several factors that put athletes at risk for
stress fractures. These include inappropriate training
with overuse. Other suspected causes include
malalignment, nutritional deficiencies, and endocrine
disorders.1,3,5,6,9 Stress fractures in the female athlete also
are associated with the female athletic triad, involving
disordered eating patterns, amenorrhea, and low bone
mineral density.3,6

Here, we report a case of bilateral femoral shaft
stress fractures in a 15-year-old female long-distance
runner. To date, there has only been one other report
of bilateral femoral stress fractures in a medically
healthy runner, but that occurred following bilateral
tibial fractures.7

CASE REPORT
A 15-year-old female cross-country runner was seen

in the sports medicine clinic complaining of bilateral
thigh pain. The aching pain started following a training
increase from 32 to 72 kilometres per week over a six
week period. While at first the pain was only present
with continued running, it soon occurred with walking,
and was felt predominantly on impact. She continued
running with two weeks of worsening pain and ulti-
mately stopped running due to the pain.

Menstrual status was found to be normal and a
healthy diet supplemented with additional calcium was
being followed. There was no history of weight loss in
the previous six months and anthropometric measure-
ments established a BMI of 17.64. Physical exam of the
lower extremities revealed no significant swelling or
deformity. Thomas test and Ober’s test were negative
bilaterally. Bilateral lower limb motion, strength, sensa-
tion, flexibility, and tone were normal. Of significance,
a unilateral leg hop reproduced the pain on each side
with impact. A more directed physical exam of the proxi-
mal third of the left femur found it to be tender to pal-
pation.

Bilateral long-leg lateral radiographs were normal
with normal alignment. A technetium-99m bone scan
of the both lower limbs revealed bilateral mid-femoral
stress fractures localized to the posteromedial aspect
on both sides, left worse than right (Figure 1).

Treatment initially involved low-impact conditioning
using twice-daily pool workouts to maintain cardiovas-
cular fitness. With a decrease in symptoms over one
month, the intensity of her physiotherapy was increased
to include cross-training with Nordic track, stationary
bicycle, and aqua jogging, along with strengthening of
both lower extremities using closed-chain activities.
When she was free from pain, weight training with
lunges was added. Following this, a 10-week gradual
return to running program was instituted. This began
with one minute of jogging followed by one minute of
walking for a total of five minutes every other day over
two weeks. Swimming therapy was continued on the
other days for a total of five training days per week.
This progressed to 10- and then 15-minute periods over
the next four weeks. Finally the 15-minute regimen was
performed for five days a week for two weeks, and in-
creased to 20 minutes for the last two weeks of the pro-
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gram. After completing the 10-week return to activity
program, she remained pain-free and returned to a nor-
mal running program.

DISCUSSION
This case illustrates some aspects of the clinical pre-

sentation of femoral stress fractures and the difficulties
that may arise in their diagnosis and management. In
addition, a practical rehabilitation regimen is outlined
for the treatment of stable stress fractures.

A bone scan made the diagnosis that stress fractures
occurred in both femurs, localized to both posterome-
dial shafts. This area of the femur has been shown to
have the greatest strain in the sagittal plane, but is also
susceptible to stress fracture due to the origin of the
vastus medialis and the insertion of the adductor
brevis.2,9,10 The mechanism and etiology of stress frac-
tures in general is debatable.4,9 In cases of overuse and
elevated bone stress, it is suspected that either muscle
fatigue leads to a decrease in the ability to absorb shock,
and/or highly concentrated forces act through small
areas of tendinous insertion to overload bone. In the
case of female athletes, there is controversy in the lit-
erature as to the role of the female athletic triad in in-
creasing the risk of stress fractures due to decreased
bone density and strength.3,11 In our case, we describe
an athlete who clinically does not fit the female athlete
triad and who gives a history of bilateral thigh pain fol-
lowing a considerable increase in training intensity over
a short period of time.

Successful rehabilitation protocols have been dis-
cussed in the literature.4,9,12 In low-risk stable stress frac-
tures,13 a progressive loading regimen can usually be
followed as directed by symptoms. A similar philoso-
phy of low impact strength training and rest from run-

ning with a gradual return to activities was employed
in our case. Reduced pain was used as a marker for
improvement and progression of activity level. She did
not at any time rest completely from all activities. We
did not repeat a bone scan and would only have pur-
sued further imaging if symptoms did not resolve or
increased in intensity.

In conclusion, hip and thigh pain is a common com-
plaint in runners. Femoral stress fracture should always
be in the differential diagnosis. Bilateral femoral stress
fractures are extremely uncommon, and in this case the
etiology seemed to be overload of normal bone from
significantly increased running mileage over a short
interval. Femoral shaft stress fractures are stable stress
fractures that can be treated with a progressive reha-
bilitation program as discussed here.
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ABSTRACT
We describe a method of dynamic assessment

of patellar tracking intraoperatively during a
Fulkerson osteotomy. We utilize an electrically
conductive catheter intraopertively to directly
stimulate the femoral nerve to cause quadriceps
muscle contraction. The resultant active knee ex-
tension allows dynamic assessment of
patellofemoral tracking prior to and after final
Fulkerson fixation. This dynamic intraopertive
technique allows us to approximate in vivo
patellofemoral motion better than with passive
motion assessment.

INTRODUCTION
Symptomatic recurrent patellofemoral instability that

does not respond to conservative measures is often re-
lieved by surgical intervention. While there may be nu-
merous underlying factors that lead to clinical
patellofemoral dislocation and subluxation episodes, the
most common is a malalignment of the quadriceps
based extensor mechanism of the thigh. Because of the
slight skeletal valgus that normally exists at the knee
and the slightly lateral based attachment of the patellar
tendon on the tibial tubercle, there is tendency for the
normal patella to displace laterally. This tendency is
balanced passively by the medial patellofemoral liga-
ments and by the buttress effect of the lateral femoral
trochlea.6 From a dynamic standpoint, it is the orienta-
tion of the distal vastus medialis portion of the quadri-
ceps muscle that provides a medial restraint during
patellar tracking. When instability episodes occur, there
is a net resultant disequilibrium causing the patella to
be pulled laterally out of the trochlear groove on the
femur. The variety of combinations of anatomic factors
contributing to patellofemoral instability necessitates

that treatments are tailored specifically to the individual
patient.

As a general rule, a medial transfer of the tibial tu-
bercle with or without lateral retinacular release is the
most commonly employed treatment for the unstable
lateral tracking patella. Surgical procedures used in-
clude release of tight lateral structures, tightening or
advancement of lax medial structures, transposition of
the patellar tendon inser tion, and, more rarely,
derotational osteotomies and trochleoplasty. Although
the senior author (J.P.A) has employed numerous tech-
niques described for tibial tubercle osteotomy and trans-
position (e.g., the Hauser distal and medial transfer, the
Elmslie–Trillat medialization, the Southwick sliding
dovetail medialization),2,4,5 we currently use the
Fulkerson osteotomy,3 which moves the tubercle into a
more anterior and medial position.

Passive Intraoperative Assessment
Regardless of the technical aspects of the procedure,

the intraoperative determination of the amount of
medialization that is needed to produce a stable patella
traditionally depends upon passive intraoperative meth-
ods of assessment. The surgeon’s clinical judgment is
relied upon to determine the distance that the patellar
tendon attachment must be moved to allow the patella
to track centrally in the femoral groove. A number of
passive mechanical flexions of the knee are conducted
during the operation and the tuberosity is moved a cer-
tain distance so that the surgeon is convinced that re-
gardless of the position of the knee, the patella will re-
main stable within the trochlear groove.

First, with the leg in full extension, the patella is lat-
erally displaced manually as passive knee flexion is ini-
tiated with the coupled forces of external rotation and
valgus applied to the knee. Lateral subluxation is con-
sidered to be gross evidence of undercorrection. Con-
versely, over correction is assessed by displacing the
patella medially with the knee extended, then flexing
the knee and applying the opposite forces of varus and
internal rotation. Gross medial displacement with this
maneuver suggests overcorrection.

Unfortunately, regardless of the type of medialization
procedure employed, over- and undercorrection must
be avoided. It is felt that the intraoperative assessment
of the appropriate amount of medialization of the tu-
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bercle remains a notable shortcoming because the anes-
thetized patient is unable to produce the complicated
dynamic forces generated by the quadriceps.

Our technique reported here attempts to recreate
those dynamic forces to allow an intraoperative assess-
ment of approximate dynamic patellofemoral tracking.
The concept that this was possible emanated from the
popularization of the femoral nerve block anesthesia and
the particular nerve stimulator technique employed to
localize the nerve introduced by one of us (A.B.).

METHODOLOGY
Preoperative Technique

The patient has a “stimulating” femoral catheter
placed in the supine position with the operative leg in
the neutral position (neither externally nor internally
rotated). The inguinal crease and femoral artery are
identified and marked, and needle entry is one cm be-
low the inguinal crease, and one cm lateral to the
patient’s femoral artery (Figure 1). Using sterile tech-
nique, local anesthetic is administered to the skin and
subcutaneous tissue at the point of needle entry and
the area of planned catheter tunneling. A nerve stimu-

lator is attached to a 17-guage insulated Tuohy needle
(StimuCath, Arrow International, Reading PA), and the
needle is advanced in a postero-caudad direction at a
45-degree angle with the skin. The fascia lata and fas-
cia iliaca are penetrated and a motor response is elic-
ited of the quadriceps muscles. The current of the nerve
stimulator is initially set to a current output of 1 mA, a
frequency of 2 Hertz and a pulse width of 100–300 µs.
Once a motor response is elicited, the stimulator is
turned down and the needle position is adjusted until
brisk twitches of the quadriceps muscles are still
present at an output of 0.3–0.5 mA. The stimulating cath-
eter (StimuCath, Arrow International, Reading PA) is
threaded through the needle as it is held steady to
maintain quadriceps stimulation. The catheter is
threaded 5–10 cm past the needle tip and along the
femoral nerve in a cephalad direction. Because the
nerve stimulation is now via the stimulating catheter,
the quadriceps twitches should remain unchanged
throughout catheter advancement. It is possible to ad-
vance the catheter too far, under which circumstance
the adductors of the thigh will twitch due to stimula-
tion of the obturator nerve. The catheter would then
be withdrawn slightly.

After placement, the catheter is tunneled subcutane-
ously for approximately 8–10 cm to secure position of
the catheter during surgery. The same catheter can be
used postoperatively to provide analgesia by way of a
continuous femoral nerve block, though no local anes-
thetic agent is injected through the catheter until the
operation is nearly complete.

The electrical nerve stimulator is now clipped to the
catheter. After induction of general anesthesia or spinal
anesthesia, but before surgery, the nerve stimulator is
set to a frequency of 50 Hertz and the current is in-
creased incrementally until the correct motor response
in the quadriceps muscle is elicited. The motor response
is less active if the nerve stimulator leads are changed
from the usual, so the negative lead (the anode) is
grounded on the patient and the positive lead (the cath-
ode) is attached to the catheter. Careful testing and re-
cording of the nerve stimulator settings are made, keep-
ing in mind that a slightly higher current output would
most likely be required after a tourniquet has been ap-
plied and after muscle fatigue following repeated muscle
contractions.

Intraoperative Technique
Prior to the Fulkerson tibial tubercle medialization,

a preliminary assessment of the dynamic tracking of
the patella is made by femoral nerve stimulation. The
intensity of the stimulus is refined to the point that a
physiologic speed and force of quadriceps contraction

Figure 1. Schematic of needle localization for placement of femoral
nerve stimulator.
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is approximated. Since it is common that the J-sign is
the most obvious indicator of dynamic maltracking, the
knee is then supported at 10-20∞ flexion in order to
observe the extrinsically induced J-sign as the knee is
actively extended by the femoral nerve activated quad-
riceps muscle contraction. Comparisons are made to the
preoperative tracking characteristics of the patella.

After stimulation, a medial parapatellar arthrotomy
is made through a medial parapatellar skin incision. The
tibial tubercle is exposed and an osteotomy is made
from superficial medial to deep lateral, allowing for an
anterior and medial slide. A dovetail joint is cut proxi-
mally and a periosteal hinge is left distally. Passive as-
sessments are made of patellofemoral tracking as de-
scribed above. After the tubercle is appropriately
positioned, it is provisionally fixed with K-wires. The
knee is then supported at 10-20˚ flexion in order to ob-
serve the J-sign as the knee is again actively extended.
At this point, the femoral nerve stimulator is utilized to
attempt to recreate the forceful contraction of the quad-
riceps muscles (Figures 2 & 3). Slightly higher nerve
stimulator output currents may be required at this stage
to achieve the desired effect. The effect of the quadri-
ceps muscle contraction at varying levels of force is then
observed and the position of the tubercle altered ac-
cordingly.

DISCUSSION
We have found this technique useful. In one case,

the information from the dynamic assessment resulted
in us shifting the tubercle further laterally than we
would have otherwise done, because we feared subse-
quent medial instability. In two other cases, the tubercle
was shifted more medially because the force of the quad
was insufficient to normalize the lateral maltracking.

Prior to the institution of this novel technique of dy-
namic assessment, we had two patients who developed
medial patellar instability around one year post opera-
tively. We feel this phenomenon may have been due to
the fact that their quadriceps strength continued to im-
prove after surgery and eventually the stronger VMO
pulled the patella medially. It is uncertain that intra-
operative femoral nerve stimulation would have changed
the outcome, but it remains a possibility.

In terms of problems utilizing this technique, we have
had one patient whose quadriceps contracted forcefully
enough to dislodge the fixation intraoperatively. In this
instance, the distal bone bridge had been inadvertently
disrupted. Interestingly, the two screw, bi-cortical fixa-
tion was simply felt to have been inadequate to prevent
this pullout. This does raise the concern that provisional
or final fixation must be secure prior to a dynamic as-
sessment of quadriceps function than it would other-
wise need to be during passive assessment. Assurance
against detachment of the transferred tibial tubercle is
maximized by several maneuvers: 1) maintenance of a
sturdy bone bridge distally; 2) creating a dovetail un-
dercut of the proximal part of the osteotomy that locks
the transferred tubercle under the proximal tibial cor-
tex; 3) temporary fixation of the bone block with pins;
4) active counter pressure with the surgeons thumb,
compressing the bone block in its bed and; 5) deter-
mining the most effective level of electrical stimulus to
avoid the more violent muscle contractions.

We are encouraged that the use of intra-operative
femoral nerve stimulation may help address some of
the problems of passive assessment of patellofemoral
tracking and improve the success rate of patellofemoral
realignment procedures. A similar technique has previ-
ously been described for intraoperative stimulation of

Figure 3. Quadriceps stimulated with central patellar tracking.Figure 2. Patellar position just prior to quadriceps stimulation.
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the suprascapular nerve in rotator cuff repairs,1 but to
our knowledge, no such technique has been described
for intraoperative femoral nerve stimulation. We believe
that utilization of the described technique for dynamic
patellofemoral assessment helps more accurately realign
the extensor mechanism intraoperatively. Further pro-
spective analysis will be required to assess its long-term
benefit in the outcome of patellofemoral realignment
procedures.
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ABSTRACT
Anterior femoroacetabular impingement results

from abnormal abutment of the anterolateral femo-
ral head-neck junction with the anterior acetabu-
lar-labral complex resulting in pain and progres-
sive hip dysfunction. This under-recognized
problem could be the manifestation of acetabular
or proximal femoral deformity, and when left un-
treated leads to the development of osteoarthritis
of the hip. Conservative treatment is usually un-
successful and the optimal surgical treatment for
these disorders needs to be determined. We
present our technique for treating femoral (cam)
impingement which combines hip arthroscopy and
a limited open anterior head-neck osteoplasty as
a less invasive and more conservative surgical
approach, which still adequately addresses the
anatomy and pathophysiology of this disease.

INTRODUCTION
Impingement of the femoral neck on the anterior rim

of the acetabulum (anterior femoroacetabular impinge-
ment) has been described in conjunction with malunited
femoral neck fractures,3 acetabular dysplasia,12 acetabu-
lar retroversion,32,33 and as a complication of peria-
cetabular osteotomy.25 Increasingly, it is being recog-
nized as a cause of significant hip pain and disability
and is strongly implicated as a cause of secondary os-
teoarthritis.5,6,23 In 1999, Ganz and colleagues reported
the development of a secondary impingement syndrome
as a complication of periacetabular osteotomy.25 The
femoral head-neck junction abutted the anterior rim of
the acetabulum leading to pain in five patients after re-
positioning of the dysplastic acetabulum. Most impor-
tantly, successful resolution of anterior impingement

symptoms was noted after surgical treatment of the
anterior impingement lesion.

Although anterior femoroacetabular impingement
was initially described as a complication of surgery and
noted to be secondary to several other deformities, it
has recently and appropriately been recognized as a
disease process unto itself and as a significant cause of
hip pain in younger patients.1,5,23,34,38 Femoroacetabular
abutment is classified as either pincer or cam impinge-
ment.5 Pincer-type impingement has been associated
with acetabular retroversion,32 protrusio acetabuli, and
coxa profunda33 due to the relative over-coverage by the
anterior rim producing a linear contact between the rim
and femoral neck.5 Cam impingement is the result of
decreased head-neck offset with a gradual aspherical
contour from the femoral head to the neck
anterolaterally with a relative retroversion of the femo-
ral head.10,34 This results in an increased radius of cur-
vature anteriorly with a triangular shaped extension of
bone and articular cartilage onto the femoral neck. This
osteochondral lesion impacts the acetabular rim with
flexion and internal rotation of the hip.34 The suspected
etiology of this lesion is abnormal physeal development
6,20,28 but it can also occur in slipped capital femoral epi-
physis (SCFE),15,30 Legg-Calve-Perthes disease, and
malunited femoral neck fractures.3

Interestingly, the histopathological and morphologi-
cal changes seen in the labrum and cartilage with both
cam and pincer impingements are similar to and con-
sistent with chronic degeneration without signs of acute
inflammation9 and an etiology of repetitive microtrauma.
Impingement of the femoral head-neck prominence onto
the acetabular rim initially leads to hypertrophy of the
anterior-superior labrum with intrasubstance degenera-
tion. Over time, delamination of the acetabular cartilage
of the superior acetabular rim-labral junction occurs, and
degenerative labral tears are produced anteriorly by
repetitive compression and sheer forces. As the femo-
ral head levers out of the acetabulum with flexion, a
distraction force occurs on the posterior capsular-labral
junction resulting in the development of a posterior
counter-lesion with small tears noted in the posterior
labrum. As severity of the disease progresses, the en-
tire labrum becomes degenerative with further delami-
nation of the acetabular articular cartilage and subse-
quent wear damage to the anterior portion of the
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femoral head. The end result of this process is the de-
velopment of global hip arthrosis (Figure 1).

Early surgical intervention has been proposed to
avert the pathologic sequence of events starting with
impingement and resulting in end-stage arthrosis. Spe-
cifically, Ganz and colleagues have recommended sur-
gical dislocation of the hip to treat this disorder.4 The
purpose of this report is to describe an alternative, less-
invasive surgical strategy for the treatment of early
femoroacetabular impingent that combines hip
arthroscopy and a limited osteoplasty of the anterior
head-neck junction.

CLINICAL AND RADIOGRAPHIC EVALUATION
OF ANTERIOR FEMOROACETABULAR

IMPINGEMENT
History

Anterior femoroacetabular impingement usually pre-
sents in young athletic patients less than 50 years old
and involved in activities that require repetitive hip flex-
ion. These patients frequently complain of hip discom-
fort with sitting and hip flexion activities. The location
of the discomfort is predominantly in the groin (ante-
rior inguinal), but can be associated with buttock and
lower lumbar discomfort. Anterior femoroacetabular
impingement is consistently associated with anterior
labral pathology. Therefore, patients may complain of
mechanical symptoms (locking, catching, and giving
way) indicative of labral tears or articular cartilage
delamination lesions. Patients with more severe defor-
mity may also complain of restricted hip motion, spe-
cifically limited hip flexion and limited internal rotation
in flexion. When interviewing the patient, it is impor-
tant to elicit any history of previous hip disease or hip
surgery, especially SCFE. After characterization of the
patient history and symptoms, a careful physical exami-
nation is critical.

Figure 1. Radiograph demonstrating severe arthrosis of the right
hip secondary to untreated femoroacetabular impingement in a
thirty-eight year old patient. Note the aspherical femoral heads bi-
laterally.

Figure 2a

Figure 2. Case Example—A 21-year old collegiate wrestler with
symptomatic anterior femoroacetabular impingement. AP (a) and
frog-leg lateral (b) radiographs demonstrate an aspherical femoral
head with deficient head-neck offset anterolaterally. Eighteen-month
follow-up frog lateral.

Figure 2b
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Physical Examination
On physical examination, the patient’s gait is either

normal or slight limp will be present occasionally. A
Trendelenburg test may be positive, especially if the
disease is more established. Abductor strength is rou-
tinely assessed and commonly reveals slight weakness.
Hip motion should be evaluated very carefully. A re-
striction of hip flexion and hip internal rotation is quite
common. Many of these patients have hip flexion lim-
ited to 90-100 degrees (normally 120-130 degrees). In-
ternal rotation in 90 degrees of flexion is quite restricted
and is usually between 0 and 10 degrees. This restricted
internal rotation in hip flexion is due to osseous impinge-
ment of the anterolateral femoral head-neck junction
with the acetabulum.27 The anterior impingement test
is almost universally positive and should reproduce the
symptom of groin pain.18 Posterior impingement of the
hip is assessed with the patient in a prone position. The
hip is extended and externally rotated to produce pos-
terior impingement of the head-neck junction with the
posteroinferior rim of the acetabulum. Posterior im-
pingement is more common as the disease progresses
and a posteroinferior traction osteophyte develops which
can produce clinical symptoms of posterior impinge-
ment in extension.

Radiographic Evaluation
Radiographic evaluation includes an AP pelvis, false-

profile view, frog lateral view, and cross-table lateral view
of the hip. The cartilage space of the hip is assessed
and any structural abnormalities about the hip are
noted. Specifically assess the acetabular version,19 lat-
eral femoral head coverage,14 anterior femoral head cov-
erage,40 inclination of the acetabular articular surface,39

and the contour and sphericity of the femoral head.2,7,22,24

Specific attention is directed to the head-neck region.
Fullness or a prominence of this region laterally on the
AP view is indicative of anterolateral disease (Figure
2a). The frog lateral and cross-table lateral radiographs
are used specifically to quantify the femoral head-neck
offset along the anterolateral aspect of the head-neck
junction (Figure 2b). 2,6,24 The head-neck offset is mea-
sured on the cross-table lateral radiograph using a
method described by Eijer et al.2 A line bisecting the
longitudinal axis of the femoral neck is drawn; however,
this is not necessarily through the center of the femo-
ral head. A parallel line tangent to the anterior femoral
neck and a second parallel line tangent to the anterior
femoral head are then drawn. The perpendicular dis-
tance between these two lines is the measured head-
neck offset, with a value less than nine millimeters be-
ing abnormal. The offset ratio is determined by the ratio
of the head-neck offset distance relative to the diam-
eter of the femoral head, with a value of less than 0.17
being abnormal.2 In patients with subtle radiographic
findings and questionable femoroacetabular impinge-
ment, a hip motion exam with fluoroscopy can deter-
mine the presence or absence of osseous impingement.

MRI arthrography can provide additional information
regarding the integrity of the acetabular labrum,
anatomy of the head-neck junction and the degree of
acetabular cartilage deterioration (Figure 2c).11,16,17,29

Surgical Techniques
The basic principle of surgical treatment of anterior

femoroacetabular impingement is to restore sphericity
to the femoral head, thereby relieving the impingement,
and to also address the pathologic changes in the la-
brum and articular cartilage. Treatment can be tailored
to the specific pattern of the disease. In cases of cam
anterior femoroacetabular impingement, the offending
lesion is consistently located in the anterolateral aspect
of the femoral head-neck junction.27 This has led to the
treatment approach we describe below which addresses
this disorder with a less-invasive surgical approach.

The patient is positioned supine on a standard frac-
ture table. We presently prefer general endotracheal
anesthesia with muscle relaxation to aid in distraction

Figure 2c. MR arthrogram shows hypertrophic degenerative labral
tear and aspherical femoral head.
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of the joint. The first stage of the operation is a hip
arthroscopy to inspect the severity of disease and to
address labral and articular cartilage lesions. We per-
form this with slight hip abduction (5˚) and slight inter-
nal rotation of the lower extremity (5˚). The hip is main-
tained in a neutral position of flexion and extension. The
joint is distracted 8-10 mm with fracture table traction.
We utilize the anterior, anterolateral and posterolateral
portals. These are established with fluoroscopic assis-
tance placing 5.0, 4.5 and 4.0 mm cannulated hip
ar throscopy cannulas (Dyonics, Smith&Nephew,
Andover, MA) in the respective portals. The joint is
systematically evaluated with both a 70-degree and 30-
degree angled arthroscope. The articular cartilage of
the femoral head, the acetabulum and the acetabular
labrum are inspected. In patients with anterior
femoroacetabular impingement complex, degenerative
tears of the anterior and anterolateral acetabular labrum
are common (Figure 2d). These labral lesions are fre-
quently associated with delamination of the adjacent
articular cartilage at the transition zone (Figure 2e). In
more severe cases, the labral and adjacent articular
cartilage disease can extend along the entire anterior

and lateral margin of the acetabulum. It is also com-
mon to find articular cartilage disease at the articular-
labral transition zone posteroinferiorly. In early stages,
these posterior changes are mild, and major unstable
flaps of articular cartilage are uncommon. Labral dis-
ease posteriorly is commonly less extensive and less
severe. After careful inspection of the joint, the unstable
labrum and articular cartilage disease are treated with
conservative debridement (Figure 2f). We employ the
combination of a ligament chisel (Vulcan EAS, Oratec
Interventions, Menlo Park, CA), full-radius shaver and
an aggressive arthroscopic shaver (Linvatech, Largo,
FL) to debride unstable flaps of acetabular labrum and
associated articular cartilage flaps. Care is taken to re-
sect only unstable regions of the labrum and articular
cartilage. Further delamination of the articular margin
is possible if aggressive resection is performed. After
the anterior labral and chondral debridement is per-
formed, we proceed with a conservative debridement
of the posteroinferior acetabular labrum and associated
articular cartilage if necessary. After arthroscopic de-
bridement is completed, the joint is irrigated, instru-
ments are removed, and traction is released.

At arthroscopy, the patient had an anterior labral tear (d), and early articular cartilage delamination (e). These lesions were treated with
arthroscopic debridement (f). Intraoperative fluoroscopic views demonstrating the aspherical femoral head (g) and restoration of head-neck
offset (h) after anterolateral osteoplasty.

Figure 2d Figure 2e Figure 2f

Figure 2g Figure 2h
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After completion of the hip arthroscopy, the patient
remains in the same position and open debridement is
performed or the patient is repositioned for a limited,
open anterior decompression of the hip. Prior to inci-
sion, fluoroscopy images are taken to insure excellent
visualization of the proximal femur, specifically the femo-
ral head-neck junction. This is best visualized with a
cross-table lateral or a frog-leg lateral view (Figure 2g).
Internal rotation in the frog lateral position can better
define the anterolateral osteochondral prominence. An
8-10 cm incision is then made, starting just inferior to
the anterior superior iliac spine and incorporating the
previous anterior arthroscopy portal incision. Dissec-
tion is carried through the subcutaneous tissue later-
ally to dissect directly onto the fascia of the tensor fas-
cia lata muscle. The fascia is incised, and the muscle
belly is retracted laterally. The fascia is reflected medi-
ally. This medial sleeve of tissue contains the lateral
femoral cutaneous nerve which should be protected by
placing the fascial incision lateral to the tensor-sarto-
rius interval. The interval between the tensor and sar-
torius is then developed. The rectus origin is identified,
and the direct and reflected heads are released. The
rectus is reflected distally and the adipose tissue and
iliocapsularis muscle fibers are dissected off the ante-
rior hip capsule. An “I”-shaped capsulotomy is then per-
formed to provide adequate exposure of the anterolat-
eral femoral head-neck junction. Most commonly, an
outgrowth of osteochondral tissue is observed along the
anterolateral head-neck junction. The offset from the
femoral head to the neck in this region is deficient. The
normal head-neck offset anteromedially serves as a ref-
erence point for resection of the abnormal osteochon-
dral lesion. A half-inch curved osteotome is utilized to
perform an osteoplasty at the head-neck junction. The
osteotome is directed distally and posteriorly to perform
a beveled resection to prevent delamination of the re-
tained femoral head articular cartilage. After the osteo-
plasty is performed and the head-neck offset has been
established anterolaterally, the accuracy of the surgical
resection is confirmed with intra-operative fluoroscopy.
The frog-leg lateral or cross-table lateral views in neu-
tral and varying degrees of internal rotation are very
effective for visualizing the anterolateral head-neck junc-
tion (Figure 2h). The hip can also be examined at this
time to assess impingement in hip flexion and combined
flexion and internal rotation. This is performed while
palpating the anterior hip to test for residual impinge-
ment. If the anterior acetabular rim is overgrown sec-
ondary to labral calcification or osteophyte formation,
this is carefully debrided until adequate clearance is
achieved. Hip motion should improve at least 5-15 de-
grees in flexion and at least 5-20 degrees in internal

rotation. The goal of the osteoplasty is to remove all
prominent anterolateral osteochondral tissue that con-
tributes to an aspherical shape of the femoral head. If
sphericity has not been achieved, additional resection
of the head-neck junction is performed. Bleeding from
the surface of the osteoplasty is controlled with bone
wax. The joint is irrigated and the longitudinal and su-
perior transverse arms of the arthrotomy are closed
with absorbable sutures. The direct and reflected heads
of the rectus tendon are repaired with nonabsorbable
suture and the remainder of the wound is closed in stan-
dard fashion.

Post-operative Care
Postoperatively, patients are observed overnight in

the hospital. Physical therapy is instituted for toe-touch
weight bearing with crutches to minimize the risk of
femoral neck stress fracture. A pillow is used under the
thigh to protect the rectus repair and active flexion is
avoided for six weeks. Abductor strengthening is insti-
tuted immediately and continued with a home exercise
program. Crutches are discontinued at six weeks and
activities are resumed gradually as tolerated. Impact
activities like running are not encouraged for at least
six months. Aspirin 325mg is taken as thromboembolic
prophylaxis and indomethacin 75mg sustained release
is utilized for heterotophic ossification prophylaxis. Both
are taken for six weeks.

DISCUSSION
The contour of the femoral head and neck radio-

graphically has been noted to be a predictor of anterior
femoroacetabular impingement.27 The oval-shaped head,
as seen on the AP radiograph, has been described as a
pistol-grip deformity.37 This anterolateral prominence,
however, is best recognized on lateral radiographs.2 The
pistol-grip deformity has, over the years, been corre-
lated with idiopathic osteoarthritis.7 Subclinical slipped
capital femoral epiphysis has been suggested as a pos-
sible cause of this deformity, and thus, of secondary
osteoarthritis.24,35,36,37 Other authors have disputed this
suggestion and attribute the deformity to secondary
remodeling of the proximal femur as a result of idio-
pathic osteoarthritis itself.8,31 Goodman et al. noted that
the post-slip morphology was present at a constant rate
in multiple age groups, thus implying that the defor-
mity was primary and not secondary to remodeling from
osteoarthritis.6 It was also suggested in the same study
that the deformity might represent an anatomical vari-
ant in the shape of the adult femur instead of a conse-
quence of unrecognized childhood disease. Moreover,
it was hypothesized that this variant could result in con-
tact between the femoral neck and acetabulum with flex-
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ion and internal rotation, leading to the development of
osteoarthritis. The contention that the deformity is an
anatomic variant rather than the consequence of a sub-
clinical SCFE is further supported by an MRI study
showing that the orientation of the capital physeal scar
remains in normal position in these patients.34

Surgical treatment of femoroacetabular impingement
has been described by Ganz and colleagues,5 who de-
veloped an approach that involves dislocation of the hip
joint anteriorly with a trochanteric flip osteotomy.4 This
allows for access to the femoral head for debridement,
and open debridement of the labrum and acetabular rim,
and has been combined with femoral osteotomy, when
needed, to address the various causes of femoroacetab-
ular impingement.1,3,5,13,23,25,38 This surgical approach was
reported in 2001 by Ganz for the treatment of multiple
hip pathologies and included 164 patients with anterior
impingement.4 Average blood loss was 300ml with an
average of eight weeks until osteotomy healing, and four
to six additional weeks to regain abductor strength. The
overall incidence of heterotopic ossification was 37 per-
cent and there were two transient sciatic nerve palsies.
While there were no reported cases of avascular necro-
sis (AVN) in the initial description of the procedure,
laser Doppler flowmetry showed transient changes in
head perfusion during the procedure, which returned
to baseline after reduction of the joint.26 The disloca-
tion also requires the rupture or division of the liga-
mentum teres with loss of its proprioceptive nerve fi-
bers, the consequences of which are currently
unknown. In a midterm report of 19 patients with aver-
age follow-up of 4.7 years, Beck et al. noted that there
was significant improvement in the pain score and the
overall Merle d’Aubigne hip score. Five hips were con-
verted to total hip arthroplasty(THA), while the rest
were rated with good or excellent results. There were
no instances of AVN reported.1

Possible surgical treatment options for anterior
femoroacetabular impingement include hip dislocation
with trochanteric osteotomy, arthroscopy alone, or as
we recommend, hip arthroscopy with limited anterior
decompression. The inciting mechanical lesion in pri-
mary anterior femoroacetabular impingement is consis-
tently located along the anterolateral head-neck junc-
tion.27 In early and mid stages of the disease process,
intraarticular pathology is limited to labral degenera-
tion and tears associated with small articular cartilage
lesions and delamination around the acetabular rim.9

These lesions can be addressed appropriately with the
arthroscopic portion of the procedure. Advanced chon-
dral lesions have not responded well to open debride-
ment, with a high incidence of progression and subse-
quent conversion to THA.1,23 In their original reported

series of open debridements via hip dislocation, Ganz
and colleagues made an intraoperative decision to per-
form primary THA on patients with advanced chondral
lesions.4

While we admittedly have no experience with
arthroscopic debridement of the bony impingement
deformity, our experience with hip arthroscopy11 has
verified the efficacy of arthroscopy for labral pathology.
Our current opinion is that debridement of the femoral
head-neck junction arthroscopically has certain poten-
tial disadvantages including the potential for inadequate
exposure of the anterolateral head-neck junction, the
potential for bony debris to become entrapped in the
joint, and the possibility of inadequate osseous debri-
dement.

We have taken an intermediate approach to treating
this disease, which combines the advantages of hip
arthroscopy with an open osteoplasty of the femoral
head-neck junction. The arthroscopy addresses the
labral disease at the acetabular margin and any associ-
ated chondral damage. Additionally, posterior labral and
articular cartilage disease is accessed and treated
arthroscopically. The open osteoplasty is performed via
a limited anterior approach through the Smith-Peterson
interval. This allows excellent exposure of the antero-
lateral femoral head-neck junction and the anterior and
lateral acetabular rims. This provides adequate expo-
sure for osteoplasty of these anatomic sites. The expo-
sure also allows visualization of the anteromedial head-
neck junction, which is an excellent reference point for
normal neck contour. This exposure combines the ad-

Figure 2i. Demonstrates maintained head-neck offset without pro-
gression of degenerative changes.
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vantages of a less invasive surgery with a theoretical
lower complication rate. Importantly, we do not advo-
cate the use of this procedure for more advanced dis-
ease with posterior impingement lesions, or for hips that
have circumferential lesions of the femoral head. In
these cases, trochanteric osteotomy and surgical dislo-
cation as described by Ganz et al. provides superior
exposure to address more extensive disease patterns.4

This report presents our current surgical technique
for primary cam femoroacetabular impingement and the
disease pattern relevant to its development. In our ini-
tial cohort of patients treated with this procedure
(Clohisy, unpublished data), we have been very satis-
fied with the rapid recovery and clinical results over
the short term (Figure 2i). While our early results with
this technique are promising, continued follow-up for
mid-term and long-term results is essential to verify the
efficacy of this technique.
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INTRODUCTION
Intra-articular hip pathology has recently received

increased attention in the literature. Hip arthroscopy
was first introduced by Burman in 1931.1 Acetabular
labral tears were first described in 1957 and 1959, and
were identified through an open approach after irreduc-
ible traumatic hip dislocations.2,3 The first arthroscopic
description of an acetabular labral tear was in 1986.4

More recently hip arthroscopy has become a minimally
invasive diagnostic and therapeutic tool. The indications
for hip arthroscopy have expanded, and its usefulness
continues to be better defined in the literature.

ANATOMY
The hip joint is a ball and socket joint consisting of

the femoral head and acetabulum. This articulation pro-
vides multiple planes of movement and is highly con-
gruent. Articular cartilage, consisting of type II collagen,
covers the majority of the femoral head. The acetabu-
lum peripherally consists of articular cartilage while the
central floor is non-articular and filled with a fatty layer
termed the pulvinar. The ligamentum teres arises from
both the tranverse acetabular ligament and the central
non-articular layer of the acetabulum and attaches to
the central femoral head. It may play a role in stabiliz-
ing the hip joint.5

The acetabular labrum is a fibrocartilaginous struc-
ture that runs circumferentially around the periphery
of the acetabulum (Figures 1 and 2). Inferiorly, the trans-
verse acetabular ligament connects the anterior and
posterior portions of the labrum. The labrum is attached
to the acetabular articular cartilage via a thin transition
zone of calcified cartilage layer on the articular side.6

The non-articular side of the labrum is directly attached
to bone.6 Only the peripheral one-third or less of the
labrum has a rich blood supply, and this is provided by

branches from the obturator, superior gluteal and infe-
rior gluteal arteries.6,7 The central two-thirds of the la-
brum is avascular.6,7 Pain fibers have been identified
within the labrum and are most concentrated anteriorly
and anterosuperiorly.8 The labrum also appears to pro-
vide a stabilizing force for the hip joint by increasing
the acetabular volume by 33% and helping to create a
negative intra-articular pressure.6,9

 Three major ligaments surround the hip joint cap-
sule. The iliofemoral ligament of Bigelow lies anteriorly,
and has an inverted Y-shape.10,11 This ligament tightens
with hip extension.10 The inferior aspect of the iliofemo-
ral ligament blends distally with the pubofemoral liga-
ment, which covers the inferior and medial aspect of
the hip joint capsule.10,11 This ligament tightens with hip
extension and abduction.10 The ischiofemoral ligament
lies posteriorly and its fibers spiral upward to blend with
the zona orbicularis, a band that courses circum-
ferentially around the femoral neck.10,11 The ischiofemo-
ral ligament also tightens with extension which explains
why some degree of hip flexion increases capsular lax-
ity and allows for better exposure during arthroscopic
procedures.10

HISTORY AND PHYSICAL EXAMINATION
FOR HIP DISORDERS

 Determining the etiology of hip pain can be very
elusive. Both extra-articular and intra-articular hip struc-
tures can give rise to pain, creating a challenge for many
practitioners. The term “hip” is often not well defined
and is used to identify the groin, lateral trochanteric
region, lateral, medial or anterior thigh, as well as the
posterior pelvis, buttock and lower back.

The history for patients with intra-articular hip pa-
thology can range from an acute twisting or falling epi-
sode to the insidious onset of pain that increases over
months to years. Athletes participating in sports that
involve repetitive hyperextension and external rotation
(soccer, skating, hockey, tennis, golf) seem to be at a
higher risk for developing intra-articular hip disorders.12

The typical pain referral pattern is anterior groin or
medial thigh pain following an L3 dermatomal pattern.
Patients will occasionally complain of lateral and poste-
rior hip or pelvic pain. Byrd has described the classic
“C” sign where the patient places their index finger over
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the anterior aspect of the hip and thumb over the pos-
terior trochanteric region to indicate the location of their
pain.13 Pain is typically worse with twisting activities and
ascending or descending stairs or inclines.14 Patients
may also complain of painful catching in the hip, par-
ticularly when going from positions of flexion to exten-
sion such as with rising from a seated position.14

 Physical examination begins with gait evaluation.
Patients with intra-articular pathology may stand with
the hip flexed and walk with an antalgic gait with a
shortened stance phase and shortened stride length.
Palpation typically does not elicit tenderness with an
intra-articular lesion. Range of motion is next evaluated
and includes a side-to-side evaluation of internal and
external hip rotation, hip abduction and adduction, flex-
ion, and presence of a hip flexion contracture as indi-
cated by the Thomas test.5

 Pain with supine log-rolling of the hip is the most
specific test for intra-articular pathology.13 A more sen-
sitive measure of intra-articular pathology is recreation
of pain with the impingement test, which involves forced
flexion, adduction, internal rotation, and axial loading
of the hip.13,15 This may be present in patients with both
anterolateral labral tears and femoroacetabular impinge-
ment.13,15 Forced external rotation with an axial load and
hip flexion can cause pain in patients with posterior
labral pathology.12 Pain may also be elicited with a re-
sisted straight-leg raise. Moving the hip from full flex-
ion, external rotation, and abduction to a position of
extension, internal rotation and adduction can recreate
pain and snapping in patients with anterolateral labral
tears and iliopsoas snapping hip.16 Any of the above pro-
vocative maneuvers can recreate mechanical symptoms
in addition to pain, which can indicate labral, chondral
or ligamentum teres pathology, loose bodies, or some-
times extra-articular pathology secondary to a snapping
hip syndrome.

DIFFERENTIAL DIAGNOSIS
There are other diagnoses to consider in the evalua-

tion of patients with any of the above symptoms and
physical findings. In the young athlete, musculotendi-
nous strain, bony avulsion, stress or traumatic fracture,
slipped capital femoral epiphysis, Legg-Calve-Perthes
disease, developmental dysplasia, synovitis and septic
arthritis are possible diagnoses.5,13 Pain can be referred
from genitourinary, intra-abdominal, and abdominal wall
structures.5,13 Back pain, sacroiliac disorders,
radiculopathies and sciatica can mimic some of the
above findings.5,13 The snapping hip can be related to
the iliopsoas tendon snapping over the brim of the pel-
vis or the iliotibial band over the greater trochanter.5,13

Many of these above diagnoses may be differentiated
based on additional history or physical examination find-
ings, but may require certain imaging studies.5,13

IMAGING
The first radiographic studies that should be obtained

when evaluating patients presenting with hip pain are
plain radiographs. Plain radiographs are useful to iden-
tify arthritic changes involving the hip joint, avascular
necrosis, hip joint dysplasia, active and residua of Legg-
Calve-Perthes disease, slipped capital femoral epiphy-
sis, femoroacetabular impingement, ossified loose bod-
ies and other pelvic and lower lumbar pathology.
Practitioners evaluating these plain films should be fa-
miliar with techniques for identifying the above-men-
tioned disorders, which go beyond the scope of this
article. Normal plain radiographs by no means rule out
intra-articular pathology.

 Magnetic resonance imaging (MRI) is the preferred
radiographic method for diagnosing intra-articular hip
joint pathology (Figure 3). Byrd has shown conventional
MRI has high false negative rates (42 percent) but low

Figure 1. Normal Anterior Acetabular Labrum
Figure 2. Normal Posterior Acetabular Labrum
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false positive rates (10 percent) when used to evaluate
intra-articular hip pathology.14 Indirect evidence of in-
tra-articular pathology on conventional MRI includes the
presence of an effusion, paralabral cysts, and subchon-
dral cysts.14,17,18,19,20 MRI arthrography is preferred over
conventional MRI because of its greater than 90 per-
cent sensitivity in diagnosing hip joint pathology.14,17,18

Higher false positive results of up to 20 percent are
noted with MRI arthrogram, however, when compared
to conventional MRI.14 Both MRI and MRI arthrogra-
phy have been shown to have poor sensitivity and ex-
cellent specificity when evaluating cartilage lesions.14

The use of MRI arthrography also allows for the addi-
tion of an intra-articular anesthetic injection, which we
feel is the single most important diagnostic factor when
evaluating candidates for hip arthroscopy. Byrd has
found a positive response to this injection 90 percent
accurate for detecting intra-articular pathology, consis-
tent with our personal experience, also.14 (C.M.L. un-
published data). It is imperative that patients can recre-
ate their symptoms prior to the injection in order to
evaluate whether or not symptoms are temporarily im-
proved.

INDICATIONS FOR HIP ARTHROSCOPY
Hip arthroscopy is still in its infancy to some degree

and longer-term outcomes and improved techniques
should continue to better define the role for hip
arthroscopy. Currently, common indications include
symptomatic labral tears, loose bodies, ligamentum
teres lesions, focal symptomatic chondral lesions and
septic arthritis.5,13

The role for hip arthroscopy in the arthritic hip is
being better defined and is following a pattern similar
to that seen in the knee and other joints. The concept
of femoroacetabular impingement is gaining popularity

and there may be a role for treating this arthroscopically
in some cases.15,21 There have been repor ts of
arthroscopic treatment of pigmented villonodular syno-
vitis, synovial chondromatosis and iliopsoas tendon re-
lease or lengthening for the snapping hip as well.5,22

Other controversial roles for hip arthroscopy include
avascular necrosis and hip instability.5,13,23

Contraindications for hip arthroscopy include advanced
osteoarthritis, avascular necrosis with collapse, an
ankylosed joint, significant heterotopic ossification, or
any other condition that prohibits entry into the hip
joint.

HIP ARTHROSCOPY TECHNIQUE PRINCIPLES
Hip arthroscopy is performed with the use of trac-

tion in either the lateral, supine, or modified supine
position under fluoroscopic guidance. There is a steep
learning curve, but as the surgeon becomes more com-
fortable with the procedure and variations in anatomy,
the hip joint and peripheral capsular structures should
be well visualized with relative ease and safety. The
structures that should be visualized in each case include
the femoral head, acetabulum, pulvinar, ligamentum
teres, anterior, superior, and posterior labrum, the zona
orbicularis, standard medial plicae, femoral neck, pe-
ripheral femoral head-and-neck junction, peripheral la-
brum and occasionally the iliopsoas tendon attachment
(Figure 4). The use of three small standard portals and
occasionally accessory portals allows for visualization
and treatment of the above structures and associated
pathology. It is critical to know the anatomy adjacent to
the standard portals and this is well described.24

Figure 3. Anterosuperior Labral Tear

Figure 4. Labrum, Femoral Head and Neck and Viewed from the
Peripheral Capsular Approach
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HIP DISORDERS WITH A ROLE FOR HIP
ARTHROSCOPY

Labral Pathology
Multiple studies have documented successful treat-

ment of labral tears ar throscopically (Figure
5).5,19,21,22,27,28,29 Excellent outcomes are reported in 67 to
91 percent of individuals when treating labral
tears.5,19,21,22,27,28,29 When labral tears are associated with
chondral or arthritic changes, results are less predict-
able.5,19,21,27 Farjo reported that 46 percent of individuals
found to have significant arthritic changes at the time
of hip arthroscopy eventually underwent total hip ar-
throplasty (THA) within 14 months.19 McCarthy has
reported that the size of the chondral lesion is a pre-
dictor of outcome, and with diffuse degenerative joint
disease 78 percent of patients had a poor result and
43percent went on to THA.21,27 Byrd has reported find-
ing greatest improvement after arthroscopy in patients
with loose bodies and labral tears.22

There is limited data regarding nonsurgical manage-
ment of labral tears. Non-surgical treatment may be
most effective when treating an acute labral tear. Rea-
sons for this limited data may include patients infre-
quently presenting with acute labral tears, labral tears
often going misdiagnosed for months to years, and some
labral injuries becoming asymptomatic without ever
confirming the presence of an intra-articular lesion.

There is some evidence that if diagnosed early, non-
operative treatment of labral tears can be successful.25,26

Ikeda et al found six of seven patients that presented
with acute labral tears became asymptomatic with par-
tial weight bearing.26 Fitzgerald, however, found only
seven of fifty-five patients with documented labral tears
were successfully treated with partial weight bearing.16

In our practice we have had success treating some pa-

tients with acute labral tears with protected weight bear-
ing. The majority, however, have had continued symp-
toms and eventually under went hip ar throscopy.
(C.M.L. unpublished data)

Focal Articular Cartilage Injury
Although there is little in the literature with respect

to chondral resur facing procedures per formed
arthroscopically in the hip, McCarthy reported his ex-
perience with utilizing a microfracture technique.21,27

Good to excellent results were achieved in 71 percent
of patients with lesions less than one centimeter in di-
ameter compared to 40 percent for lesions greater than
one centimeter in size (Figures 6 and 7).21,27 We cur-
rently await further reports on the utility of osteochon-
dral autograft and allograft procedures performed open
and arthroscopically in patients with focal chondral de-
fects.

Figure 5. Anterosuperior Labral Tear
Figure 6. Microfracture to Acetabular Defect

Figure 7. After Chondral Debridement and Microfracture
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Avascular Necrosis
Traditionally, avascular necrosis (AVN) of the hip has

been treated with various techniques including core
decompression, vascularized and nonvascularized fibu-
lar grafts, osteotomies, and ultimately joint reconstruc-
tion.30 Byrd has reported a decrease in outcome mea-
sures after treating hip AVN ar throscopically.22

McCarthy reported on a series of seven patients with
hip AVN treated arthroscopically, and found it useful
for accurate staging of AVN and treating patients with
mechanical symptoms and pain secondary to loose bod-
ies, synovitis, chondral flap tears and labral tears.31

O’Lear y also repor ted improved outcomes after
arthroscopy in patients with hip AVN when mechanical
symptoms were present.28 We currently feel that hip
arthroscopy is indicated for patients presenting with
AVN when there is intra-articular evidence of loose bod-
ies, labral tears, and chondral flaps in the absence of
significant joint space narrowing and femoral head col-
lapse. Hip arthroscopy can also be helpful for more ac-
curate staging of AVN when contemplating various treat-
ment options. We have found hip arthroscopy useful for
staging at the same setting as core decompression for
patients with hip AVN.

Ligamentum Teres Lesions
Ligamentum teres lesions have been increasingly

reported in the literature and have been reported to be
the third most common finding during hip arthroscopy
in athletes.14,22 Typically, these patients present with
deep anterior groin pain with or without mechanical
symptoms.32 Activities reported to be associated with
these injuries include motor vehicle accidents, falls from
a height, football, skiing, and hockey.32 MRI has not
been shown to be effective in diagnosing these lesions.
MR arthrography is slightly better, with reported 29
percent sensitivity and 67 percent specificity for diag-
nosing these lesions.14,32 The diagnosis of ligamentum
teres lesions continues to be made based on history,
clinical examination and arthroscopic evaluation. The
treatment consists of simple debridement of the injured
portion of the ligamentum teres with reported signifi-
cant improvement in outcomes scores.32

Femoroacetabular Impingement
There is an increasing awareness of the diagnosis of

femoroacetabular impingement. It is typically identified
in young individuals (16 to 40 years old) and may be a
nondysplastic etiology of osteoarthritis.15 Patients typi-
cally present with groin pain and a positive impinge-
ment test.15,33,34 A positive impingement test is pain with
flexion, internal rotation, and adduction of the hip joint

with the patient in the supine position. There can be a
combination of anatomic characteristics that result in
femoroacetabular impingement. The typical features
include increased anterior coverage of the femoral head
from acetabular retroversion, a non-spherical femoral
head, short anterior head-neck offset, retroversion of
the femoral head, and a deep acetabulum (Figures 8
and 9).15,21,33,34 This type of impingment has been divided
into cam and pincer types. Cam impingment is the re-
sult of impingement of a non-spherical femoral head
against the acetabular rim and labrum.15,33,34 This typi-
cally leads to labral detachment and adjacent chondral
abrasion.15,33,34 Frog lateral radiographs typically reveal
a prominence or “bump” on the anterolateral portion of

Figure 8. Normal Head Neck Offset in Patient Who Underwent
Prior Proximal Hamstring Repair

Figure 9. Non-spherical Femoral Head, Short Anterior Head-neck
Offset Seen in Femoroacetabular Impingement
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the femoral head neck junction. Normally the head is
contained within a circle about the center of the femo-
ral head. In cam impingment, the anterolateral portion
of the femoral head lays lateral or outside of this circle.
There may also be a pistol grip deformity as seen after
slipped capital femoral epiphysis. Pincer impingement
is the result of linear contact between the acetabulum
and femoral head-neck junction.15,34 In this second situ-
ation, the head-neck junction is often morphologically
normal and impingement results from relative retrover-
sion of the acetabulum or overcoverage of the anterior-
superior acetabulum.15,34 On a true antero-posterior ra-
diograph, a line drawn along the anterior and posterior
walls will reveal an overlap of the two lines superiorly
called a “cross-over” sign which indicates relative ac-
etabular retroversion or anterior overcoverage of the
acetabulum (Figure 10). Pincer impingement can lead
initially to anterior labral lesions followed by posterior
inferior chondral lesions if impingement persists.15,34

Initial surgical management of femoroacetabular im-
pingement has focused on removal of the anterior-su-
perior acetabular prominence and removal of any non-
spherical portion of the femoral head.33,34 Beck reported
on results of surgical dislocation and offset creation in
19 patients with a mean age of 36 years.33 At a mean
follow-up of 4.7 years, 13 hips were rated excellent to
good, and five eventually under went THA.33

Arthroscopic proximal femoral resurfacing has recently
been presented in 25 patients and although early re-
sults have been promising there is no published series
in the peer reviewed literature to date.21 We have had
limited experience with two patients undergoing proxi-
mal femoral resurfacing arthroscopically with good
early results (C.M.L. unpublished data).

Figure 10. “Cross Over sign” indicative of Pincer type of femoral
acetabular impingement

Instability
The diagnosis of hip instability has recently received

more attention, but there is little data regarding the
specifics in diagnosing and treating this entity. It has
been reported to be a potential source of disability in
certain patients with unresolved hip pain.5,23 The inher-
ent stability of the hip joint makes this difficult to de-
fine. The labrum plays a role in stabilizing the hip joint,
and labral deficiency could theoretically contribute to
hip instability, as could the presence of capsular laxity
in some individuals.5,23 Patients with connective tissue
disorders or generalized ligamentous laxity may present
with symptoms of giving way or habitual subluxation
or dislocation. 5,23

This condition has primarily been described in elite
athletes involved in sports requiring repetitive hip rota-
tion with axial loading such as baseball, ballet, gymnas-
tics, football, figure skating and golf.5,23 Pelvic rotation
and, in particular, external rotation has been reported
to cause pain in these patients.5,23 Thermal capsulo-
rrhaphy in addition to labral debridement has resulted
in improvement in symptoms in over 80 percent of indi-
viduals according to one author.5,23 The diagnosis is typi-
cally made based on clinical suspicion and the presence
of capsular laxity seen at the time of hip arthroscopy.
Increased hip external rotation on examination or un-
der anesthesia may indicate incompetence or relative
laxity of the iliofemoral ligament. The introduction of a
large amount of saline into the hip joint at the time of
surgery (>50 cc) may also indicate relative laxity of the
hip joint capsule. One must take into account the typi-
cal history and examination findings when making the
diagnosis of hip instability. Unfortunately, there is little
published in the literature regarding outcomes in a large
series of patients and it remains unclear whether
capsulorrhaphy in conjunction with labral debridement
provides additional relief when compared to labral de-
bridement alone.

SUMMARY
The diagnosis and management of patients present-

ing with hip pain is often challenging. A thorough his-
tory and physical examination, imaging studies and
selective injections can help define the source of pain
in many of these individuals. As technology and techni-
cal skills continue to improve, the role for hip arthro-
scopy will continue to expand. Further well-designed
studies will better refine the indications for hip
arthroscopy in managing patients with hip pathology.
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ABSTRACT
Models of rehabilitation care vary widely within

academic medical centers, with most housing their
own inpatient rehabilitation units. The University
of Iowa Hospitals and Clinics focuses both on
acute hospital inpatient and outpatient rehabilita-
tion care instead of leaving rehabilitation to local
community-based hospitals. This article discusses
a method to provide adult inpatient rehabilitation
care, and simultaneously provide specialized re-
habilitation teams capable of spanning the entire
continuum of rehabilitative care from admission
at a Level I Trauma Center to the conclusion of
successful outpatient rehabilitation needs. The
costs of implementation of this plan can be justi-
fied by avoiding increased expenses already be-
ing incurred in addition to successful capture of
outpatient rehabilitation revenues.

THE CURRENT MODEL OF INPATIENT
REHABILITATION CARE AT ACADEMIC

MEDICAL CENTERS
Most academic medical centers provide a compre-

hensive array of acute medical services ranging from
specialized burn and trauma units and pediatric bone
marrow transplant units, to outpatient specialty clinics
and other “Centers of Excellence.” Most academic medi-
cal centers also felt the need to develop an inpatient
rehabilitation unit to serve their patients with neuro-
muscular injuries or diseases. When hospitals and aca-
demic medical centers were forced to utilize Diagnosis
Related Group payments for their hospitalized patients,
many inpatient rehabilitation units flourished as they
continued to be paid for actual charges under a fee-for-
service type of contract. However, with the recent de-

velopment of the Prospective Payment System for Re-
habilitation, running a viable rehabilitation unit has
posed increasingly difficult economic challenges. For
those academic medical centers without an inpatient
rehabilitation unit, these challenges are yet another bar-
rier to the development of an inpatient rehabilitation
unit. However, when examining the costs of an academic
health center without such an inpatient rehabilitation
unit, one must realize that there is a tremendous po-
tential for cost-savings by shaping the model of reha-
bilitation to one that spans the continuum of care from
admission to a Level I Trauma Center to successful cap-
ture of outpatient rehabilitation services.

THE PAST MODEL OF INPATIENT
REHABILITATION CARE AT UIHC

The University of Iowa Hospitals and Clinics (UIHC)
has traditionally focused on providing only acute care
hospital services and leaving rehabilitation care to its
local community hospitals in Cedar Rapids, Waterloo,
Davenport, Dubuque, and Des Moines. Patients admit-
ted for stroke or multiple traumatic injuries had their
acute neurological and orthopaedic surgical care pro-
vided by world-renowned neurologists, neurosurgeons,
orthopaedic surgeons and trauma surgeons. When they
reached medical stability, they were transferred to the
local rehabilitation unit nearest to their home, provided
that they had medical insurance or readily qualified,
given their new neuromuscular injuries or disabilities.

In August 2000, the University of Iowa Hospitals and
Clinics hired its first physiatrist (a physical medicine
and rehabilitation physician) for the main purpose of
running an outpatient musculoskeletal and spine prac-
tice for many of their non-surgical chronic spine pain
patients within the Department of Orthopaedics. UIHC
and the Carver College of Medicine did not have a
Department or Division of Physical Medicine & Reha-
bilitation recognized within its College of Medicine.

In January 2005, the University of Iowa Hospitals and
Clinics appointed its first Medical Director of Rehabili-
tation to coordinate rehabilitative services for its orga-
nization. Many positive changes had occurred for reha-
bilitation specialists within the past five years. The
Center for Disabilities & Development, formerly the
University Hospital School, has opened its eight-bed
Pediatric Neuro-Trauma Rehabilitation Unit, similar to
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a model of care existing at Denver Children’s Hospital.
The Department of Rehabilitation Therapies, a hospi-
tal-based department, consisted of a consolidation of
prior departments of physical therapy, occupational
therapy and activities therapy led by an experienced
physical therapy administrator. During a review by the
American College of Surgeons Committee on Trauma,
UIHC was criticized for its lack of physician-directed
rehabilitation services during a review of their Level I
Trauma Center. In response, UIHC developed a Trauma
Rehabilitation Consultation Service to provide physiatry
consultation and coordination of care for its spinal-cord
injured and traumatic brain-injured patients. The De-
partment of Orthopaedics also changed its name to the
Department of Orthopaedics and Rehabilitation, thus
reflecting the spectrum of care provided and the fact
that its two physiatrists were recognized by its College
of Medicine. The Spine Rehabilitation Program became
even better-recognized by physicians within The State
of Iowa for its expertise in treating patients with com-
plex chronic musculoskeletal pain by utilizing an inter-
disciplinary team approach with physical therapists,
psychologists, medical social workers and vocational
counselors. Despite these advances, there still contin-
ues to be significant room for improvement within the
spectrum of rehabilitation care at UIHC in the future.

THE CURRENT MODEL OF INPATIENT
REHABILITATION CARE AT UIHC

There are several reasons why many other academic
health centers have abandoned the current model of
rehabilitation utilized at UIHC in favor of “condition-
specific” rehabilitation teams. The current model of
rehabilitation at UIHC relies upon a physician referral
from one of the medical or surgical units (Figure 1).
There exists a wide variation in practice patterns by
individual trauma surgeons, neurosurgeons, neurolo-
gists, hospitalists, etc., so that some patients may get
early physical therapy referrals, other patients may be
referred much later during their hospitalization, and
unfortunately, some may not receive a referral. This may
explain why our inpatient physical therapy staff is much
smaller than comparable units in other academic health
centers (University of North Carolina, University of
Missouri, Mayo Clinic) and even our local community
hospitals (Mercy—Iowa City, St. Lukes, Covenant Hos-
pital). In addition, many patients do not get occupational
therapy referrals, which may explain why we have fewer
than six inpatient occupational therapy specialists staff-
ing our traditional inpatient floors, while most other
centers have over twenty, including those without inpa-
tient rehabilitation units.

When rehabilitation services are requested, a physi-
cian specializing only in rehabilitation does not coordi-
nate the rehabilitation team members. A patient admit-
ted to one of the ICUs may get some basic physical
therapy (PT) services for range-of-motion exercises or
stretching, but when the patient improves enough to
be transferred to the general medical/surgical floor,
usually a completely different team, another physical
therapist and sometimes even a different attending phy-
sician will then resume medical or surgical treatment.
Some physicians may also still feel that physical therapy
could be delayed until after discharge from the inten-
sive care unit settings, even though there have been
documented studies of the loss in functional capacity of
the musculoskeletal and cardiovascular systems.1 Simi-
lar studies also show earlier achievement of functional
milestones, improved satisfaction after uncomplicated
coronary artery bypass graft (CABG) surgery, and
therefore earlier discharges from an acute care hospi-
tal setting.2

Lack of involvement in physical medicine and reha-
bilitation is central to the problem of inconsistent phy-
sician referrals for physical therapy, under-utilization of
physical therapy, and prolonged lengths of stay. Many
academic medical centers have physicians in a Depart-
ment or Division of Physical Medicine and Rehabilita-
tion who are consulted when a patient with significant
neuromuscular disease or disability is admitted to any
service. This physician then coordinates the rehabilita-
tion interventions for the patient throughout the hospi-
talization and even arranges outpatient follow-up in his/
her rehabilitation clinic if needed. In the absence of this
service, some non-rehabilitation physicians may lose
interest or the ability to plan an appropriate discharge
setting. This puts the social workers, nurses, physical
therapists and occupational therapists in the awkward
position of helping determine appropriate discharge
recommendations and follow-up. The Continuum of
Care Management Department has greatly helped in
moving patients from UIHC to another setting, but this

Figure 1.
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system does not take into account how to get the pa-
tient back to UIHC for outpatient medical or rehabilita-
tion follow-up.

In addition, many of our patients who are sent to an
inpatient rehabilitation unit will need outpatient physi-
cal therapy, occupational therapy or speech therapy.
These outpatient therapies are typically well-reimbursed
by Medicare compared to inpatient rehabilitation ser-
vices. Because UIHC does not have an inpatient reha-
bilitation unit, UIHC receives fewer referrals for outpa-
tient stroke therapy compared with other local hospitals.
There is a significant ability to improve our outpatient
stroke rehabilitation offerings by increasing outpatient
physical therapy, occupational therapy and speech
therapy staffing. Because these patients require mul-
tiple rehabilitation disciplines within UIHC, they are best
managed by a UIHC physiatrist and not by an outside
referring physician.

In the recent UIHC practice to provide acute care
hospital services and leave rehabilitation to local hospi-
tals, we may inadvertently be sustaining significant costs
by not capturing revenue from outpatient rehabilitation
services. It is essential that we utilize and organize our
rehabilitation inpatient and outpatient services effec-
tively. This new model of rehabilitation care can improve
our hospital operating margin by reducing length of stay
and increasing our outpatient rehabilitation services.

In summary, concerns with the current model of
rehabilitation at UIHC include: a) Relying upon indi-
vidual physician prescribing patterns

for who gets PT/OT; b) A different therapist typi-
cally treats the patient on the floor after the intensive
care unit stay; c) Weekend PT services are provided
only if the potential for prolonged discharged would
otherwise occur; d) Patient discharge planning is left
to the primary physician, continuation of care manager,
social worker, physical therapists and occupational
therapists, and not a rehabilitation physician; f) No team-
specific rehabilitation team – Rehabilitation physician,
physical therapist, occupational therapist, social worker
or registered nurse; g) UIHC lengths of stay that are
greater than UIHC data for select populations; and h)
Poor capture of outpatient PT and OT services after
discharge from UIHC.

Therefore, we suspect that a Physical Medicine &
Rehabilitation Consultation for all patients with neuro-
musculo-skeletal impairments or disability as a part of
early discharge planning would reduce length of stay
for all inpatients by creating a care plan for rehabilita-
tion, and allow an opportunity for nursing units, Con-
tinuum of Care navigators, the primary medical or sur-
gical teams, and rehabilitation specialists to improve
communication.

THE NEXT GENERATION MODEL:
SPECIALIZED REHABILITATION

SERVICE MODELS
Many hospitals abandoned the prior model of care

20 to 30 years ago when sufficient physical medicine
and rehabilitation physicians became available, trained
in the management of neuro-musculo-skeletal disease
and disability. Some hospitals formed their own inpa-
tient rehabilitation units managed by these physical
medicine and rehabilitation physicians. Another state
hospital, the University of Missouri in Columbia,
partnered with HealthSouth Rehabilitation to provide
rehabilitation care for most of their patients, while the
Missouri Rehabilitation Center receives money from the
Missouri Legislature to provide rehabilitation services
for indigent residents of Missouri. Still other prominent
rehabilitation hospitals such as the Rehabilitation Insti-
tute of Chicago, the Rehabilitation Institute of Michi-
gan, the Charlotte Institute of Rehabilitation and the
National Rehabilitation Hospital provide specialized re-
habilitation centers while allowing acute care hospitals
to focus on medical/surgical growth opportunities.
Many of the hospitals that did not create their own re-
habilitation units have created specialized hospital units
trained to care for specific patient populations (Figure
2). The most common type of unit is a comprehensive
stroke unit. There are also a number of specialized com-
prehensive geriatric units (or Acute Care for the Eld-
erly –ACE units) in the country. As mentioned before,
the Center for Disabilities and Development has devel-
oped a Pediatric Neuro-Trauma Rehabilitation Unit from
a model of care that has been successful at the Denver
Childrens Hospital for over 15 years.

THE ROLE OF THE PHYSICAL MEDICINE
AND REHABILITATION PHYSICIAN

Physical medicine and rehabilitation physicians pro-
vide a unique ability to thoroughly assess problems
ranging from medical, surgical and psychosocial impair-
ments that may impact the patient’s ability to return to
become a productive member of society. This includes
the prevention of medical complications related to swal-

Figure 2.
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lowing problems (dysphagia or aspiration pneumonias),
skin breakdown (costly pressure sores or wound treat-
ments), venous thrombosis and pulmonary embolus,
bowel and bladder dysfunction, malnutrition and pain.
Evaluation of impairments in communication (speech
therapy), mobility (physical therapy), cognitive deficit
or visual and spatial deficiency (occupational therapy),
psychological or emotional deficit, and sensory impair-
ments are also important considerations in a patient’s
rehabilitation program. Psychosocial assessment and
family/caregiver support and education on prognosis
is vital at the early stages of a devastating neurological
illness such as a spinal cord injury or traumatic brain
injury. An assessment of function prior to entry into a
formal inpatient rehabilitation program is also neces-
sary and can best be provided by a physical medicine
and rehabilitation physician coordinating communica-
tion among the primary medical and surgical teams, the
nurses and rehabilitation specialists, the patient, and
family.

SPECIALIZED SERVICES: STROKE UNITS
AND GERIATRIC TEAMS

These comprehensive stroke units use “specialized
stroke teams—an interdisciplinary approach to care,
and a single unit where the patient remains in the same
bed throughout the acute and rehabilitation stages of
care.” Commitment to the new delivery model by for-
mal leaders, informal leaders, and front-line staff, as well
as a supportive organizational structure, contributed to
an expedited and successful implementation. Bisaillon
et al. showed that average length of stay is shorter than
the national standard, and that provider and patient sat-
isfaction has improved.3 Ma et al. revealed in a random-
ized trial of either stroke unit or general ward for treat-
ment of stroke, that stroke patients treated in a special
stroke unit were able to return to normal daily activi-
ties earlier, with better social abilities and reduced neu-
rological defects, without increasing the overall eco-
nomic burden.4

A randomized controlled trial of 370 geriatric medi-
cal/surgical patients in an early-discharge rehabilitation
service team setting used fewer days in hospital at three
months (average nine days, median difference four
days). This patient-centered service set clear goals,
worked as a team, and considered physical, psychologi-
cal, social and environmental issues. Cunliffe et al. con-
cluded some older people can be discharged from the
hospital sooner, with better health outcomes using a
well-staffed and organized patient-centered early dis-
charge service providing rehabilitation.5

EARLY INITIATION OF THERAPY
Physical therapy is typically started as early as pos-

sible and given as much as needed. The VA/Depart-
ment of Defense Clinical Practice Guideline for the
Management of Stroke Rehabilitation “strongly
recommend(s) that rehabilitation therapy start as early
as possible, once medical stability is reached.” Cifu et
al. demonstrate in a systematic review of 38 random-
ized control trials dating back to 1965, that early reha-
bilitation therapy appears to have a strong relationship
with improved functional outcome at hospital discharge
and follow-up.6 Paolucci et al. also found a strong in-
verse relationship between the start date of rehabilita-
tion and functional outcome.7 The earliest starters had
significantly higher effectiveness of treatment than did
the medium or latest groups. Treatment initiated within
the first 20 days was associated with a significantly high
probability of excellent therapeutic response, and be-
ginning later was associated with a poor response.

INTENSITY OF THERAPY
Two meta-analyses both concluded that greater in-

tensity produces slightly better outcomes. Langhorne
et al. found that intensive physiotherapy input was as-
sociated with a reduction in the combined poor outcome
of death or deterioration and may enhance the rate of
recovery.8 Kwakkel et al.9 reported a small but statisti-
cally significant intensity-effect relationship in the re-
habilitation of stroke patients. Therefore the Clinical
Practice Guideline recommendation is “that the patient
receives as much therapy as needed to adapt, recover
and/or reestablish the premorbid or optimal level of
functional independence.”10

IMPROVED PATIENT SATISFACTION
Improvements in patient satisfaction are usually in-

tangible and difficult to measure using standard fiscal
markers of return on investment. When a patient has a
good experience during a hospitalization, this can lead
to increased returns for elective procedures such as
elective admissions, outpatient visits, and physical
therapy and occupational therapy visits. Because UIHC
does not have an inpatient rehabilitation unit, few pa-
tients return here for outpatient PT and OT. Further-
more, the costs of inpatient physical therapy and occu-
pational therapy are included in the inpatient DRG
payment while outpatient physical therapy and occupa-
tional therapy costs are reimbursed under Medicare
Part B. When patients return to their dismissing reha-
bilitation facility for additional therapy instead of return-
ing to UIHC, we lose further revenue. Development of
additional specialized rehabilitation teams to span the
continuum of inpatient and outpatient services are es-
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sential for our state mission, to provide comprehensive
health care to all Iowans, in addition to meeting patient
expectations of our ability to offer the full continuum of
health care services.

In summary, the benefits of specialized rehabilitation
team acute care are: a) early physical medicine and re-
habilitation assessment to provide care plan for reha-
bilitation; b) PT started as early as possible, given as
much as needed (in ICU and on weekends); c) De-
creased complications of immobility through early mo-
bilization; d) Decreased length of stay; e) Increased elec-
tive admissions and outpatient PT/OT visits; f)
Enhances state mission to provide comprehensive
health care for all Iowans.

A current model for a specialized rehabilitation ser-
vice is the Trauma Rehabilitation Consultation Service.
This service involves a team-based approach including
the trauma/burn surgeon, trauma/burn nurse, physi-
cal medicine and rehabilitation physician, medical so-
cial worker, physical therapist, occupational therapist
and nutritionist/dietitian. When patients are admitted
with severe neuro-musculo-skeletal injuries, the sur-
geons consult the physical medicine and rehabilitation
physician in addition to implementing the standard
physical therapy and speech therapy services. The
physical medicine and rehabilitation physician is con-
sulted on the patient and manages the overall rehabili-
tation care including PT and OT for these patients,
throughout the patient’s ICU stay, to the medical/sur-
gical floor, and even to the housed outpatient floor if
needed. Recommendations are made for whether pa-
tients are appropriate to transfer to acute inpatient re-
habilitation facilities, subacute rehabilitation facilities,
or outpatient rehabilitation. Follow-up visits into the
rehabilitation medicine clinic are also arranged when
patients have ongoing nerve or muscle injuries or need
extensive outpatient rehabilitation services. The team
meets weekly with the Trauma Service and the physi-
atrist frequently meets with the rehabilitation therapists
more frequently, or even daily if needed.

A FUTURE OF REHABILITATION:
SPANNING THE CONTINUUM OF CARE

Even the development of additional inpatient reha-
bilitation services would not bring us up to what will
shape the future of rehabilitation care for an academic
medical center. Many academic medical centers that
already have specialized stroke units, geriatric units, or
even inpatient rehabilitation units, are experimenting
with a care process that expedites discharge from these
units followed by outpatient day rehabilitation programs
or other such services that allow patients to move
through their continuum of care more quickly than

before (Figure 3). In another study, Fjaertoft et al.11 in
2003 studied 320 acute stroke patients who were ran-
domized into an ordinary stroke unit service or a stroke
unit with early supported discharge and further reha-
bilitation. The authors concluded that more patients
treated in the early supported discharge setting were
independent with this type of care compared to ordi-
nary stroke unit care. These newest models of rehabili-
tative care represent the future standard in rehabilita-
tion. We have an opportunity as well as a responsibility
to provide this level of expert care to the residents of
Iowa. Not only will this improve our patient care, but
any costs will likely be offset in decreased lengths of
stay through earlier discharge, increased outpatient
revenues, or improved patient or provider satisfaction.

Fortunately, we are not alone when compared to
other academic health centers in term of having spe-
cialized outpatient rehabilitation programs. In fact, many
other academic health centers such as the University
of North Carolina, Dartmouth and others, are trying to

Figure 3.
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develop an effective spine rehabilitation program for
their chronic pain patients. Our Spine Rehabilitation
Team has treated difficult, complicated chronic pain
patients for almost 20 years. By using an interdiscipli-
nary team including physical therapists, clinical psy-
chologists, spine nurses, a medical social worker and a
vocational counselor, we have provided cost-effective
and clinically effective care for patients with chronic
back pain, as revealed by Lanes et al.,12 and Patrick et
al.13 Not only are these patients difficult from a medical
or surgical evaluation standpoint, they typically have
many medico-legal or psychosocial impairment and dis-
ability issues that play a significant role in the medical
treatment of chronic pain.

Impairment and disability are words that generate
little enthusiasm in many physicians. Many patients with
chronic pain believe they are temporarily or perma-
nently disabled from society’s work force. A physician-
led team of rehabilitation specialists knowledgeable of
impairment and disability can resolve these issues, and
rehabilitate a patient to still get back into the work force.
When patients with chronic pain are seen by physicians
unaware of impairment and disability issues, medical
costs increase substantially due to inappropriate diag-
nostic testing, subspecialty consultations, or referrals
for functional capacity evaluations. These chronic pain
patients are frequently dissatisfied by bouncing among
clinics in neurosurgery, anesthesia/pain, neurology,
rheumatology, internal medicine and family medicine.
When patients with significant neuromuscular impair-
ment are sent to the housed outpatient unit, waiting up
to 90 days for their disability determination, this also
leads to significant costs to UIHC.

The Spine Rehabilitation Team model for treatment
of chronic pain patients provides outpatient assessment
and a team approach toward teaching a patient to man-
age chronic pain through an active exercise program
and other pain- and stress-management exercises. Evi-
dence-based medicine shows that treatment of chronic
spine pain utilizing physical and cognitive-behavior in-
terventions is just as effective as surgical treatment, as
revealed by Keller and Brox et al.14

Patients with chronic pain and neuromuscular impair-
ments are costly to UIHC. Chronic pain patients with
disability issues are not patients that most departments
want to return to their clinics. Management of these
patients in a cost-effective and clinically effective man-
ner is vital to our success. Without such a service, pa-

tients with chronic pain or musculoskeletal impairments
would continue to seek and occupy outpatient clinics
and housed outpatient units. Growth and expansion of
services in Orthopaedics, Neurosurgery, Neurology,
and the Pain Clinic at UIHC in these areas would be
curtailed by these unnecessary visits. The Spine Reha-
bilitation Team’s approach is interdisciplinary, remains
patient-centered, improves patient satisfaction, and fol-
lows evidence-based guidelines for treatment of chronic
pain, impairment and disability. This is exactly the model
of care that hospitals and academic health centers
should adopt for management of chronic musculoskel-
etal diseases and disabilities.

In summary, a model of rehabilitation at UIHC should
include a specialized inpatient rehabilitation team with
early discharge services based on diagnosis/impair-
ments, focusing on: a) Patients receiving rehabilitation
treatments based on diagnosis/impairments, not spe-
cific referring physician patterns; b) Early physical
medicine and rehabilitation assessment to provide a
necessary care plan for rehabilitation and improve com-
munication among teams; c) Improved provider (MD/
PT/OT/SW) satisfaction – development of specific re-
habilitation teams; d) Decrease complications of immo-
bility through early mobilization (PT, activity order); e)
Improved patient satisfaction – developing a patient-cen-
tered approach; f) Decrease length of stays, bring level
of stay to below UIHC standards.

The model will also increase specialized outpatient
rehabilitation services like the spine rehabilitation team,
focusing on: a) Improved capture of UIHC elective out-
patient PT/OT services after supported inpatient dis-
charge, bypassing the need for UIHC Inpatient Reha-
bilitation Unit; b) Unmeasurable potential financial
benefits in increased outpatient PT/OT revenues, avoid-
ance of lost revenues due to current loss in outpatient
PT/OT referrals, reduction of expenses (housed out-
patient unit), avoidance of increased expenses in man-
agement of preventable recognized medical complica-
tions (pressure ulcers, DVTs/Pulmonar y emobli,
aspiration pneumonias, etc. and; c) patient satisfaction.
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ABSTRACT
A 67-year-old woman with chronic lumbosac-

ral and hip symptoms involving gluteus medius
tendon rupture and strain injury is presented
here. We report her work-up and management.
Although this is an uncommonly reported pathol-
ogy, many patients with back, buttock and leg pain
see physicians who often focus on lumbar spinal
stenosis, lumbar radiculopathy or hip/knee osteo-
arthritis. Careful physical examination guided us
to this patient’s diagnosis.

INTRODUCTION
The gluteus medius muscle is important in stabiliz-

ing the ipsilateral hip in the stance phase of gait. When
patients are unable to maintain pelvic neutrality, the
energy cost of ambulation increases. We speculate that
patients with weakness in the gluteus medius will sub-
sequently develop low back pain, buttock pain or tro-
chanteric bursitis pain.

We present a woman whose weakness in the gluteus
medius was discerned through physical examination for
back pain. Her weakness was treated with an appropri-
ate rehabilitation program. Her pain then subsequently
subsided.

CASE REPORT
The patient is a 67-year-old retired woman with a

chief complaint of low back pain, right buttock pain and
lateral thigh pain down to the knee. Her symptoms
started four years previous with no specific precipitat-
ing traumatic event. Her symptoms worsened recently.
They have now limited her walking and stair climbing.

She stopped many of her outside activities like shop-
ping, exercising at the health club or babysitting her
grandchildren. Her pain was aggravated the most with
any weight bearing on the right side. Standing and walk-
ing were painful, as was prolonged sitting. She could
not lie on her right side in bed.

She had an extensive work-up. She initially saw her
family physician locally, where x-rays of the lumbar
spine were obtained which indicated spondylosis. She
was referred for physical therapy that included lumbar
stabilization exercises. She did not appreciate much
relief and was sent for a lumbar spine magnetic reso-
nance imaging (MRI) that indicated moderate spondy-
losis without significant canal stenosis. She was referred
to a pain management facility locally for an interlaminar
epidural steroid injection followed by lumbar facet in-
jections at L4-5 bilaterally, both only producing tempo-
rary relief. Lumbar facet radiofrequency denervation
was done at the same level without significant relief. A
CT-myelogram of the lumbar spine as well as hip x-rays
were negative. She also had electromyography and
nerve conduction studies which were normal. Two more
interlaminar epidural steroid injections at the L4-5 level
were done with minimal benefit. She also had a trochan-
teric bursal injection which afforded only temporary
relief.

Since she was continuing to have worsening pain and
inability to ambulate, further treatment involved con-
sideration of a spinal cord stimulator. She requested a
second opinion regarding this procedure and came to
our physiatry and physical therapy clinic.

Her physical exam revealed a positive Trendelenburg
sign in stance and with gait. Hip rotational movements
were normal without groin pain, but painful in the but-
tocks on the right. Neurologic examination was normal
with no neural tension signs or weakness in toe exten-
sors or ankle dorsiflexor muscles. Trunk flexion and
extension movements in standing were limited 25% with
pain in the gluteal area. She had adequate abdominal
muscle control. Most notably, manual muscle testing
for the gluteus medius muscle (side-lying, hip in exten-
sion, with the leg in abduction) on the right was 2/5
and reproduced her pain symptoms. Testing on the left
was 5/5 and pain free. There was considerable tender-
ness over the right trochanter and in the gluteal muscles
lateral to the posterior superior iliac spine (PSIS).
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We obtained MRI of the pelvis to rule out a stress
fracture or other hip joint pathology, as well as exam-
ine the integrity of the gluteal muscles. The MRI re-
vealed a strain injury as well as a large tear of the right
gluteus medius muscle at the musclotendinous junction.
(Figure 1).

Treatment involved protection of the strain injury
during ambulation with the use of a straight cane and
frequent use of cold packs over the gluteal muscles and
trochanteric bursa. She also began a very low-level ex-
ercise program for strengthening the gluteus medius
muscle. She was seen for follow-up in one month and
reported a significant reduction in her painful symptoms
and was making progress with strength. Manual muscle
testing indicated a grade 3/5 that was still painful. Her
exercise program was progressed and she continued
use of the cane whenever she was out of the house. At
four months, she was essentially asymptomatic and had
returned to her regular activities. She no longer used a
cane but continued to do her strengthening exercises.
Manual muscle testing was a 4/5 and was not painful.
A follow-up MRI was obtained which indicated healing
of the strain injury, but the rupture remained (Figure
2).

DISCUSSION
In the past several years, there has been limited lit-

erature describing MRI and ultrasound diagnosis of glu-
teus medius strains or tears. Bird et al. found 46% of 24
patients with chronic buttock pain and symptoms rang-
ing between 1-5 years, to have a gluteus medius tendon
tear by MRI.2 The Trendelenburg test was the most
sensitive and specific physical exam finding for this
condition. Chung looked specifically at elderly women
with buttock pain and found six out of six women age
62-79 with full- or partial- thickness tendon tears by MRI
findings. Three had surgical intervention for repair.4

Connell et al. reported on ultrasound imaging in 75
patients, and found 63 had tendinopathy with 25 show-

ing full-thickness or partial-thickness tears.5 MRI param-
eters for diagnosing hip abductor strain and
tendinopathy have been described as yielding an accu-
racy of 91%. Sensitivity and specificity of T2
hyperintensity superior to the greater trochanter are 73%
and 91% respectively.10

Gluteus medius tendon tears have been described
mostly in relation to findings during hip surgeries or
gamma nailing procedures for proximal femur fractures
in which up to 27% of the gluteus medius tendon inser-
tion is disrupted during correct placement of this hard-
ware.8 Kagan found seven patients who had a partial
tear of the gluteus medius tendon during treatment for
refractory trochanteric bursitis, and reattached the ten-
dons.9 At median follow-up of 45 months, patients were
pain free. Other studies report the surgical repair of
some tears, but some authors have concluded that not
all of them need to be surgically repaired.14 Little is
written regarding non-surgical treatment for gluteus
medius tears. Bewyer and Bewyer reported a recom-
mended treatment protocol and algorithm.1

The authors feel this problem is not as rare as most
commonly thought. In a pilot study through our spine
clinic, 70% of people presenting with lumbosacral and/
or leg pain were found to have painful, weak gluteus
medius muscles on examination. Not all of these people
had tendon r uptures, but muscle strain versus
tendinopathy versus tendon tear would seem to be a
consideration. We are in the process of a more formal
prevalence study of 150 consecutive patients. We hope
to be able to describe this problem more completely in
terms of diagnostic work-up as well as treatment.
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ABSTRACT
An older technique of limited open reduction

and wire fixation was applied in the treatment of
an open transverse humeral shaft fracture in a
14-year-old female. The original operative tech-
nique by H. Bigelow is described.

INTRODUCTION
Fractures of the humerus have tremendous capacity

to heal with closed treatment. Infrequently, however,
operative treatment of humeral diaphyseal fractures may
be required. Multiple methods of operative treatment
are currently available in these situations, including
open reduction internal fixation (ORIF) with dynamic
compression plates (DCP), external fixation, and in-
tramedullary (IM) stabilization. Another older method
is lateral humeral tension band wiring, based on an idea
advocated by Bigelow in 1867, for treatment of non-
union in long bones.1 This is a limited open procedure
with minimal soft tissue stripping and good healing rates
in non-unions of the humerus, radius and femur. We
report here the use of this technique in a meromelic
14-year-old skeletally immature female with an open
transverse right humerus fracture.

BIGELOW TECHNIQUE HISTORICAL
DESCRIPTION

The humerus is approached laterally with a small
single incision made through the skin and subcutane-
ous tissue down to the bone, avoiding the radial nerve
by careful dissection. In the case of a non-union, the
non-union site is often covered by fibrous tissue inter-
spersed with callus that is subsequently debrided. With
help from an assistant, the denuded ends of the non-

union are flexed gently
into view. The irregulari-
ties of the fracture frag-
ments and inflamed tissues
are removed. Minimal pe-
riosteal stripping over the
area of bone to be excised
(usually 1.5-2 cm) is under-
taken. Tissue protectors
are crucial in avoiding un-
necessary local soft tissue
injury as the roughened
edges are finished with a
straight cut using a mini
saw. The length of bone
resected determines the
amount of periosteum that
is stripped (usually 1.5-2
cm). A unicor tical drill
hole is then placed into the
proximal fragment ap-
proximately 1.5 cm from
the fractured end, and a
#10 wire is passed through
the drill hole into the in-
tramedullary (IM) canal.
The wire is then passed from the IM canal through
another drill hole 1.5 cm from the fracture on the distal
fragment, and the fractured ends are brought into ap-
position. The wire ends are then pulled slightly off the
surface of the bone to compress the fracture site, are
twisted tightly into place and buried. Wound closure is
undertaken in a meticulous manner. Post-operatively,
the humerus is placed in a concave coaptation splint
with an axillary pad to increase the compression of the
fracture site and immobilize the limb. The position of
immobilization is at 90 degrees of flexion at the elbow
with neutral rotation at the wrist. The post-operative
splint is continued for several weeks until there are clini-
cal signs of union. At that time, range of motion of the
elbow and shoulder is initiated. The wire is left in place
until clinical healing is complete and is only removed if
irritation persists.
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BRIEF CASE REPORT AND HISTORICAL PERSPECTIVE
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Figure 1. Pre-operative x-ray of
a 14-year-old female with an
open midshaft humerus frac-
ture that is transverse and
shortened.
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CASE REPORT
The patient is a 14-year-old female who was crossing

the street when an oncoming car at moderate speed hit
her. She had transient loss of consciousness but was
easily aroused at the scene. Glascow coma score (GCS)
was 15. Her injuries included abrasions over the right
eye, periorbital edema with ecchymosis, Grade III liver
laceration, diffuse pain localizations, and a grade I open
midshaft humerus fracture of her right meromelic limb.
Neurovascular status was completely intact.

She was evaluated by all services, and cleared for an
irrigation and debridement of the open fracture within
six hours of injury. The 1cm laceration was posterome-
dial, and was surgically extended by 1cm proximally and
distally for complete exposure of the bone ends and
thoroughly irrigated with saline under pulsatile lavage.
It was a transverse midshaft fracture that could be ma-
nipulated with direct intraoperative pressure to main-
tain alignment (Figure 1). Because of the open fracture
in an already shortened limb, it was decided to inter-
nally stabilize her fracture. A tension wire construct was
chosen, and placed as lateral as possible using the tech-
nique closely approximating the fracture ends, as de-
scribed by Bigelow1 (Figure 2). Post-operatively, she was
placed into a long arm cast.

Because of the posteromedial nature of the tension
band, mild varus drift occurred in the loosened cast,
but no shortening resulted (Figure 3). She also missed
initial follow-up appointments. She was then placed into
a functional brace until complete consolidation of the
bone was appreciated (Figure 4). She was then released
to regular activities. She only complained of mild irrita-
tion at the wire site because of her thin arm. The dis-
comfort was not enough to want hardware removal. She
is now active and able to carry out activities of daily
living (Figure 5).

DISCUSSION
For isolated fractures of the humeral shaft, non-op-

erative methods are the accepted form of treatment,
especially in shaft fractures not associated with neu-
rovascular injuries.2 The majority of these fractures heal
rapidly, without significant residual disability. The hu-
meral functional brace further improves conservative
closed treatment, providing effective stabilization while
minimizing upper extremity joint stiffness associated
with other immobilization techniques.3 Surgical inter-
vention in the acute setting is generally reserved for
fractures with neurovascular injuries, open fractures,
multiple fractures with associated ipsilateral extremity
injuries, bilateral fractures and pathologic fractures.4,5

Figure 2. The technique of limited open reduction and wire fixation is demonstrated.
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In our current case, the open fracture was stabilized
with the lateral wire after thorough irrigation and de-
bridement. No further periosteal stripping was neces-
sary to place the wire and the fracture remained more
stable. She was able to mobilize the shoulder and el-
bow early (within four weeks).

In 1867, Bigelow first published a series of long-bone
non-unions treated through this limited approach and
insertion of a lateral longitudinal wire. This is essen-
tially the first description of the modern tension-band

Figure 3. Because the wire was not directly lateral (due to the open
laceration on the posteromedial humerus), direct tensioning ef-
fects could not be maintained with external immobilization and the
fracture angulated at the next followup (left). The fracture was then
manipulated in clinic and placed into a functional brace with good
restoration of alignment (right).

wiring technique.1 In his
series of 11 non-united
fractures (nine humeri,
one radius and one fe-
mur), all healed except
for one patient with a
pathologic fracture who
desired an above-elbow
amputation five months
after wire fixation. The
success of Bigelow’s
technique is based on the
understanding that de-
layed unions and non-
unions are more prob-
able to occur with more
severe local soft tissue
injury with altered vascu-
larity. The Bigelow opera-
tive procedure, at the
time of its inception, was
successful at positively
affecting healing because
it involved minimal viola-
tion of soft tissue and
periosteum, and pro-
vided bone-to-bone appo-
sition as along as the ex-
tremity was fur ther
stabilized with an exter-
nal post-operative splint.

Another factor underlying Bigelow’s successful pro-
cedure for non-unions resides in the inherent anatomy
and biomechanics of the arm. The musculature around
the humerus, including the powerful deltoid and pecto-
ralis major, tends to place a varus deforming force on
mid-diaphyseal fractures. With this lateral angulation,
the medial side of the fracture experiences compres-

Figure 4. Final radiograph taken
at seven months after complete
healing. No significant problems
are encountered, except occa-
sional mild irritation from the
wire tips.

Figure 5. Clinical photographs showing the small incision and the
excellent alignment of the limb.
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sive forces, while strong tensile forces are created on
the lateral side. By inserting a lateral wire on the con-
vex side of the fracture, the wire directs an eccentric
load on the bone and acts as a tension band. Conse-
quently, the wire in this system absorbs all of the ten-
sile forces and affects dynamic compression across the
fracture site. Pauwels was one of the first authors to
demonstrate the success of tension-band wiring in a
series of fractures, osteotomies and pseudarthroses6. It
has now become the standard of treatment in fractures
of the patella7 and olecranon,8 areas where the inher-
ent fracture stability is compromised by excessive ten-
sile forces. Unlike the olecranon and patella, where
normal range of motion further induces dynamic com-
pression of the tension band, the humerus fracture re-
lies on the muscular pull and support from an external
splint to affect its compression.

Even in Bigelow’s period, despite the lack of radio-
graphs, antisepsis and antibiotics, ten out of 11 chronic
non-unions healed in his series including a femur frac-
ture. The only failure occurred in a patient with patho-
logic bone who did not allow sufficient time for com-
plete union before desiring an amputation.
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ABSTRACT
The orthopedic surgery literature is replete with

techniques for managing primary humeral shaft
nonunions, with success rates upwards of 90 per-
cent with plate fixation and autogenous bone graft-
ing. Despite this success, persistent nonunion
following one or more initial failed nonunion in-
terventions can occur, imposing a significant clini-
cal and surgical challenge. We report the applica-
tion of a standard treatment protocol for refractory
humeral shaft nonunions including optimization
of patient co-morbidities in the peri-operative pe-
riod, rigid 4.5mm compression plating with a
minimum of eight cortices of fixation proximal and
distal to the nonunion site, and utilization of au-
togenous bone grafting. This study, a retrospec-
tive review of seven patients, all managed based
on this standard treatment protocol, revealed that
all achieved fracture nonunion within six months
of revision surgery. Six of seven patients were
clinically satisfied with the outcome of surgery;
one remained dissatisfied secondary to a chronic
neuropathic pain syndrome. Although more com-
plex surgical options such as Ilizarov external fixa-
tion and allograft cortical strut augmentation have
been reported, and are available in the salvage
situation of refractory humeral nonunions, we
conclude strict application of basic nonunion prin-
ciples can result in successful salvage of humerus
nonunions in patients who have failed two or more
prior surgical interventions.

INTRODUCTION
The incidence of nonunion after operative treatment

of humeral shaft fractures has been reported to range
between 2.5 and 13 percent.1,2,3,4 Nonunions can result
in significant patient morbidity by limiting activities of
daily living secondary to pain and loss of function. Re-
vision surgical management is indicated for treatment
of nonunions following an initial failed surgical proce-
dure. The literature is replete with studies outlining the
various methods of treating humeral shaft nonunions
following primar y operative manage-
ment1,3,5,6,7,8,9,10,11,12,13,14,15,16,17 with success rates approach-
ing 100 percent in achieving nonunion healing. Despite
this success, no studies have focused specifically on the
salvage of refractory nonunions after failure of one or
more nonunion surgical interventions. The purpose of
this study was to review a standard treatment protocol,
including optimization of associated patient co-morbidi-
ties, rigid 4.5mm compression plating with at least eight
cortices of fixation, and utilization of autologous bone
grafting, in a select group of patients who had failed
two or more operative procedures for a humeral shaft
fracture (an index surgery and at least one additional
nonunion intervention).

METHODS
Patient Selection

Following Institutional Review Board approval, eight
consecutive patients who were referred to our institu-
tion between 1992-2001 with refractor y humeral
nonunions following failure of at least two prior surgi-
cal procedures, were retrospectively reviewed. One pa-
tient was excluded from the study because of incom-
plete/missing medical records. Seven patients fulfilled
criteria to be entered in the study group.

All charts were reviewed from initial presentation to
final follow-up for history and physical examination,
operative reports, and all radiographs. Laboratory stud-
ies including complete blood count with differential,
erythrocyte sedimentation rate (ESR) and C-reactive
protein (CRP) were obtained to rule out infection. All
patients presented with complaints of functional loss of
the involved extremity due to pain and weakness and
demonstrated radiographic evidence of humeral non-
union.
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The subjects (Tables 1 and 2) included four females
and three males. Co-morbidities included smoking (2),
polytrauma (2), obesity (3), diabetes mellitus (2), ipsi-
lateral above-knee amputation (1) and mental retarda-
tion (1). The average age of the patients was 52 years
(range 36-69). The average time interval between the
initial procedure and definitive procedure was 29
months (range 18-54). An average of 2.3 (range 2-3)
procedures had been performed on each patient prior
to the final procedure. Fracture types included two trans-
verse, four short oblique, and two long oblique. Two
fractures were comminuted. All fractures were closed.
There were five middle-third, and two extra-articular
distal-third humeral fractures. The original mechanism
of injury was a fall in five patients, and motor vehicle
accident in two patients.

The initial operative indication was failure of closed
treatment in four patients, polytrauma in two patients,
and obesity in one patient. Initial operative procedures
included open reduction and internal fixation with plate-
and-screw fixation in four patients and intramedullary
(IM) fixation in three patients. Secondary procedures
consisted of revision open reduction and internal fixa-
tion (3), exchange intramedullary nailing (2), removal
of intramedullary nail with open reduction and internal
fixation (2), removal of internal fixation with external
fixator placement (1) and internal bone stimulator im-
plantation (1). Two patients received external bone
stimulators.

All seven patients had persistent nonunions classi-
fied as atrophic. Four of the seven patients underwent
autogenous bone grafting to the fracture site during at
least one prior surgical procedure. Complications from
prior management reported at presentation included
radial nerve palsy in two patients, one of which was
resolving and the other requiring a dynamic glove for
support.

Surgical Management
Prior to undertaking revision surgery, patient co-

morbidities were addressed. Within this study popula-
tion, this included mandating smoking cessation (two
patients) and optimizing medical management of dia-
betes mellitus (two patients). The operative approach
selected for the revision procedure was based on prior
skin incisions and the surgical approach necessary to
remove hardware and expose the nonunion site. Four
patients had undergone a prior posterior approach and
three an anterolateral approach. The previously im-
planted hardware was removed in all patients, includ-
ing an antegrade intramedullary nail in one patient and
an external fixator in one patient. The radial nerve was
identified and protected for the duration of the proce-
dure. The intramedullary canal was reconstituted with
a drill and bone ends were contoured to provide ad-
equate diaphyseal contact. Tissue samples were sent to
the microbiology lab for routine cultures. Compressive
plating techniques with 4.5mm DCP plates were utilized
and autogenous iliac crest bone graft was placed at the
nonunion site. A minimum of eight cortices of fixation
above and below the fracture site were obtained in all
cases. If adequate cor tical fixation could not be
achieved, additional methods of fixation were utilized.
Dual plating techniques were performed in (short-seg-
ment) distal fractures to obtain eight cortices of fixa-
tion of the distal fragment. Dual plating was also per-
formed if any residual motion was detected at the
nonunion site after primary plate fixation, to provide
enhanced stability. With dual plating, one plate was po-
sitioned posteriorly, while the other was positioned ei-
ther on the medial or lateral surface to create an or-
thogonal construct. In one patient with osteoporotic
bone, methylmethacrylate was used to augment fixa-
tion.

TABLE 1
Patient Demographics

Case No. Sex Age Mechanism Fracture Location Co-morbidities Time From Injury Until
Definitive Procedure

1 F 69 Fall Mid-shaft, closed Diabetes, ipsilateral 31 months
rotator cuff tear

2 M 36 MVA, polytrauma Mid-shaft, closed Smoker, ipsilateral 23 months
above-knee amputation, ETOH

3 M 48 Fall Mid-shaft, closed Obesity 18 months
4 M 42 MVA, polytrauma Mid-shaft, closed Smoker, obesity 25 months
5 F 64 Fall Mid-shaft, closed Positive intra-operative cultures 54 months
6 F 42 Fall Distal third Mental retardation, smoker 22 months
7 F 61 Fall Distal third Diabetes, obesity 35 months

MVA—motor vehicle accident
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Postoperatively, patients were placed in a sling for
comfort for two weeks. Early gentle pendulum and ac-
tive assisted shoulder and elbow range of motion were
started within two weeks of surgery. Progression to
strengthening and passive range of motion exercises
was instituted after radiographic evidence of union.

At final follow-up, clinical outcome was assessed by
active range of motion of the shoulder and elbow and
the presence or absence of pain in the extremity when
conducting activities of daily living. Patients were asked
if they were satisfied with the outcome of the final sur-
gical intervention and the level of their satisfaction.
Union was determined by radiographic evidence of cor-
tical bone bridging at the nonunion, stable hardware
position on radiographs, as well as absence of pain with
manual palpation of the nonunion site.

RESULTS
All patients had normal preoperative laboratory stud-

ies. All patients had negative intraoperative tissue gram
stains. Operative cultures revealed rare amounts of co-
agulase-negative Staphylococcus in one patient, who was
treated with six weeks of intravenous vancomycin re-
sulting in uneventful healing. The average number of
cortices with screw fixation was 8.5 following the de-
finitive surgical procedure. Six of seven patients showed
evidence of complete healing as defined by radiographic
evidence of at least three out of four bridging cortices
within three months of the revision procedure. One
patient demonstrated clear bridging of two of four cor-
tices with stable hardware position over a period of over

nine months at final follow-up. Additionally, he was
nontender over the fracture site with manual stress ap-
plied to the humerus, and therefore he was considered
clinically healed. No new radial nerve palsies resulted
from revision open reduction and internal fixation.

At final follow-up (Table 3), shoulder and elbow func-
tion was full (symmetric to the contralateral side) in five
of seven patients. One patient who only regained 90 de-
grees of active shoulder forward flexion had an ipsilat-
eral rotator cuff tear at the time of her initial surgical
procedure at an outside institution that was repaired dur-
ing that procedure. Despite the repair and active physi-
cal therapy, she never regained full shoulder motion. An-
other patient presented with 130 degrees of active
forward flexion of the shoulder and a ten-degree elbow
flexion contracture prior to definitive surgical interven-
tion. Range of motion was not regained after surgery.

Six of seven patients reported that they were either
very satisfied or satisfied with the outcome the revision
nonunion surgery. One patient was dissatisfied. His ini-
tial humerus fracture resulted from a polytrauma mo-
tor vehicle accident in which he sustained a closed head
injury and multiple other long bone injuries. He also
had a history of a contralateral traumatic above-knee
amputation from a previous trauma. Despite meeting
criteria for humeral union after his revision procedure,
he continued to complain of a vague, ill-defined pain in
his upper arm that was not localized to a specific loca-
tion or nerve distribution. He was diagnosed with a
neuropathic pain syndrome and is currently being man-
aged by a multidisciplinary pain clinic.

TABLE 2
Surgical Information

Case Number Number of Surgical Initial Surgical Implant Prior To Bone Graft Utilized Final Implant
Procedures Prior to Procedure, subsequent Definitive Surgical on prior procedures
Definitive Procedure failed procedures Procedure

1 2 ORIF, revision ORIF 8 hole narrow 4.5 DCP Autograft 10-hole narrow 4.5 DCP
2 2 ORIF, revision ORIF 9 hole broad 4.5 DCP, Autograft 9-hole broad 4.5 DCP,

7 hole 3.5 LCDCP 1 interfrag screw
3 2 ORIF, revision ORIF 6 hole narrow 4.5 DCP, Autograft 12-hole broad 4.5 DCP

5 hole 3.5 LCDCP
4 2 IMN, exchange IMN Antegrade Locked None 8-hole narrow 4.5 DCP

IMN,
5 3 IMN, exchange 7 hole 4.5 DCP . None 8-hole 4.5 DCP,

IMN, ORIF 7-hole 3.5 LCDCP with
methylmethcralate

screw augmentation
6 2 ORIF, HWR with External Fixator Autograft 8-hole 4.5 DCP, 7

External Fixator hole 3.5 LCDCP
Placement

7 3 Rush Rod, HWR and 12 hole narrow None 8-hole 4.5 DCP
ORIF, placement of peri-articular distal

internal bone stimulator humerus plate

ORIF—open reduction and internal fixation; IMN—intramedullary nail; HWR—hardware removal; DCP—dynamic compression plate;
LCDCP—limited contact dynamic compression plate
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DISCUSSION
The surgical techniques required to successfully treat

humeral shaft nonunions following initial operative man-
agement have been well described. The most commonly
described techniques include exchange nailing follow-
ing failed primary IM nailing11,17 and open reduction and
internal fixation with a dynamic compression plate and
autogenous bone graft.1,3,4,5,10,14,15 Considered the gold
standard, the success rate reported using compression
plating with a 4.5mm plate and autogenous bone graft-
ing has been reported to be greater that 90 per-
cent.3,4,5,10,14,15 The most commonly reported cause of
failure of operative treatment of primary humeral shaft
fractures is inadequate internal fixation.1,3,5,10,18,19 How-
ever, the recommendations for optimal fixation in both
the primary fracture and nonunion settings are varied,
ranging from six to ten cortices.1,3,4,10,14,19,20,21

Although various investigators have reported on the
treatment of primary humeral diaphysis nonunions, few
papers have focused exclusively on revision procedures
for salvaging refractory nonunions following a failed
initial nonunion intervention. Several papers have fo-
cused on complex surgical techniques for managing
persistent nonunion following two or more surgical in-
terventions. Hornicek et al described the successful use
of cortical allograft bone plates or struts in conjunction
with internal fixation by metal plates to achieve healing
in six patients with diffuse osteopenia and refractory
nonunion following two failed surgical procedures.8

Patel utilized an Ilizarov circular external fixator in 16
patients averaging 2.6 previous surgeries to achieve
union in 15 of the 16 cases.13 Other authors have ob-
tained successful results with an operative protocol simi-
lar to the present study. Marti recently reported a se-
ries of 51 patients with humeral diaphyseal nonunions,
ten of which had undergone at least two prior surgical

procedures prior to authors’ intervention.10 These pa-
tients underwent uniform surgical repair with decorti-
cation, 4.5mm compression plating (with a minimum of
six cortices of fixation proximal and distal to the frac-
ture site), and application of autogenous bone grafting.
All nonunions demonstrated consolidation at one year
with 96 percent excellent or good shoulder and elbow
function. Although this series does include patients with
multiple previous operative failures, it is a mixed popu-
lation that includes failure of nonoperative management,
or one or more previous procedures. The specifics of
treatment in the multiple failure subset population are
not discussed.

Within the present series, seven patients who failed
at least two prior surgical interventions of a humeral
shaft fracture underwent successful salvage of the per-
sistent nonunion with a standard protocol that included
rigid fixation with a 4.5mm DCP plate and a minimum
of eight cortices of fixation on each side of the frac-
ture, application of autogenous bone graft, and optimi-
zation of associated patient co-morbidities in the
perioperative period. Adjunctive fixation techniques in-
cluding dual plating (two cases) in distal fractures and
methylmethacralate screw augmentation (one case)
were utilized. All seven patients achieved clinical and
radiographic union within six months, although one
patient remained clinically dissatisfied secondary to a
designated chronic pain syndrome.

With regard to our treatment protocol, although
some authors have achieved success in the treatment
of primary humeral shaft nonunions with a guideline of
six cortices of fixation at each side of the nonunion site,
we believe that in the salvage situation of multiple failed
previous procedures, a minimum of eight, and possibly
ten, cortices of fixation should be obtained. There are
likely several reasons that the amount of fixation re-
quired to stabilize a nonunion (and especially a persis-
tent nonunion) differs from that required for stabiliza-
tion of an acute fracture. The surgical technique for
nonunion surgery requires more extensive dissection,
debridement of the fibrous nonunion tissue and short-
ening to bleeding bone. This frequently results in con-
toured bone ends that do not provide the same contact
and stability as seen in acute fractures. Longer healing
times are also common, requiring the implants to toler-
ate more stress for a longer period of time. In order to
achieve the minimum of eight cortices of fixation, ad-
junctive techniques including dual plating were em-
ployed if necessary.12,14,15,21

Our standardized treatment protocol also re-empha-
sizes the importance of autogenous bone grafting dur-
ing revision nonunion surgery, especially in the case of
atrophic nonunions. The importance of autogenous

TABLE 3
Patient Outcomes

Clinically and
radiographically Shoulder Elbow

Case healed at Function/ Function/ Patient
Number 6 months? AROM AROM Satisfaction

1 Yes 90 forward Full Very Satisfied
flexion

2 Yes Full Full Not Satisfied

3 Yes Full Full Very Satisfied

4 Yes Full Full Very Satisfied

5 Yes Full Full Very Satisfied

6 Yes Full Full Satisfied

7 Yes 130 forward 10 flexion Satisfied
flexion contracture

AROM – active range of motion
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bone grafting has been reported previously and should
be considered a standard adjunct to the surgical treat-
ment of these nonunions.3,4,7,10,15,20

In addition to surgical factors, standard treatment of
refractory humeral shaft nonunions in this series in-
cluded the assessment and management of patient co-
morbidities which may impair bone healing. Smoking
has been implicated as a specific risk factor for humeral
nonunion.9 Similarly, others have found alcohol to be a
risk factor for humeral nonunion based on a proposed
mechanism of both physiologic (malnutrition, periph-
eral vascular impairment) and behavioral (noncompli-
ance) mechanisms.2 Smoking and alcohol cessation
were mandatory before the definitive procedure. Al-
though diabetes mellitus has not been demonstrated to
be a specific risk factor for humeral shaft nonunion,
several studies have demonstrated its impact on bone
healing.22 Before performing definitive surgery in dia-
betic patients, attention was given to medically optimiz-
ing blood glucose control and hemoglobin A1c levels.
We believe that prior to undertaking a salvage proce-
dure for refractory humeral nonunion, patient co-mor-
bidities should be addressed, when possible.

Because of the retrospective nature of this series,
there are limitations regarding the analysis that can be
made about the causes of the multiple failures prior to
definitive management. Possible contributing factors
include: a combination of inadequate fixation (lack of
six cortices of fixation on each side of the fracture site
or utilization of a plate with inadequate mechanical
strength), fracture distraction (antegrade IM nail or
external fixation), or lack of autogenous bone grafting
at the initial nonunion procedure. Moreover, tobacco
and alcohol abuse cessation, as well as diabetes con-
trol, had not been optimized in certain patients. One
patient, however, did meet all criteria of our treatment
protocol at the time of her initial nonunion surgery, yet
failed to achieve union. More specifically, prior to revi-
sion surgery she had no readily identifiable co-morbidi-
ties, and surgical data from an outside institution re-
vealed eight cortices of screw fixation on both sides of
the nonunion site with utilization of autograft. As the
surgery did take place at an outside institution, how-
ever, we are unable to fully evaluate the intricacies of
the surgical technique performed, such as whether ad-
equate debridement, re-cannulization of the intramed-
ullary canal, and decortication at the nonunion site were
performed. At the definitive procedure, a longer plate
with ten cortices of fixation was placed with repeat ap-
plication of autograft. Nonunion healing ensued. Al-
though more complex surgical procedures remained an
option in this patient, revision surgery with application
of standard nonunion principles proved successful.

In summary, although specialized techniques such
as Ilizarov circular external fixators and utilization of
cortical allograft strut augmentation provide additional
surgical fixation options in the salvage of refractory
humeral shaft nonunions following failure of two or
more prior surgical interventions, a standard revision
operative protocol of 4.5mm DCP plating with at least
eight cortices of fixation and autogenous bone grafting,
as well as optimization of patient co-morbidities, led to
a high rate of union and significant improvements in
patient function and outcome. These techniques can
lead to bone healing in the revision setting even after
multiple fixation attempts, including previous intramed-
ullary nailing, intramedullary nail exchange or plate and
screw fixation.
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ABSTRACT
In Caucasians, the range of normal

intracompartmental pressure of the leg is from 0
mmHg to15 mmHg. In the literature, such mea-
surements have not been done in Africa to iden-
tify normal leg intracompartmental pressures. We
have sought to identify the normal range of pres-
sures in such a population of Nigerians, and to
demonstrate the reproducibility of the Whitesides
injection technique with materials that are easily
available in most hospitals so that compartment
syndromes could be identified promptly and in-
expensively in developing countries. We performed
a 16-month hospital-based prospective study at
Wesley Guild Hospital in Ilesa, Osun State, Nige-
ria, to measure the intracompartmental pressures
in the anterior and deep posterior compartments
of 49 contralateral uninjured legs of patients with
closed contralateral tibial fractures, measured at
presentation. The Whitesides infusion technique
was used with the aim of determining the normal
range of compartmental pressure in Nigerians. The
anterior compartment pressures ranged from 3
mmHg to 18 mmHg with a mean 7.6 ± 2.6 mmHg.
The pressure in the deep posterior compartment
ranged from 3 mmHg to 14 mmHg with mean of
7.4 ± 2.7 mmHg. The values are similar to those
reported in the literature. There was no statisti-
cally significant difference between the pressures
in the two compartments (p = 0.668).

INTRODUCTION
The fascial compartments of the limbs have unyield-

ing walls and contain compressible neurovascular struc-
tures.1 The leg has four compartments—anterior, lat-
eral, superficial posterior and deep posterior.2 Among
Caucasians, both experimental and clinical experience
has demonstrated that normal tissue pressures within
closed compar tments range between 0 to 15
mmHg.3,4,5,6,7,8

The objective of this work was to determine the av-
erage normal compartmental pressure in the legs of
Nigerians using the simple pressure-measuring devices
advocated with Whitesides.9

METHODS
This was a prospective hospital-based study of the

measurement of compartmental pressure in the legs of
adults that presented at the Wesley Guild Hospital
(WGH). The WGH is located in Ilesa in the southwest-
ern part of Nigeria within a major road network linking
various parts of Nigeria. The hospital serves part of
Osun state and is a referral center to the states of Ekiti,
Ondo and part of Edo. Approval was obtained from the
Obafemi Awolowo University Teaching Hospitals, Re-
search and Ethical Committee.

Consecutive adult patients who were aged 16 years
and above presented to the Accident and Emergency
Department of WGH over a course of 16 months with
unilateral closed tibial fractures. In fully resuscitated
patients, consent was obtained for the measurement of
normal compartmental pressures of both anterior and
deep posterior compartments of contralateral uninjured
legs of 49 patients with closed tibial fractures.

Excluded from the study were patients with soft tis-
sue injury to the contralateral site of the fractured tibia.
The measurement was done using the Whitesides’ tech-
nique.9 The procedure was carried out under aseptic
conditions with the patient supine.

The data obtained was analyzed with Statgraphic
software package version 5.0 (Statistical Graphics Corp.
Inc., Rockville, MD). An average of two readings for
each compartment was taken and presented in the fre-
quency table (Table 1).
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RESULTS
Over a sixteen-month study, 151 patients with tibial

fractures were treated at the Wesley Guild Hospital
Ilesa. Forty-nine had unilateral closed tibial fractures.
There were 34 males (69.4%), and 15 females (30.6%)
(M:F = 2.3:1).

The anterior compartmental pressure in the unin-
jured legs ranged between 3 mmHg and 18 mmHg with
a mean of 7.6 ± 2.6 mmHg. The deep posterior com-
partmental pressure was 7.4 ± 2.7 mmHg with a range
of 3-14 mmHg. The frequency distribution of the com-
partmental pressure in anterior and deep posterior com-
partments is shown in Table I.

There was no statistically significant difference be-
tween the anterior and the deep posterior compartments
(p = 0.668). Using Spearman correlation coefficient,
there was correlation between the measured anterior
and deep posterior compartmental pressures (r = 0.36,
p = 0.014).

DISCUSSION
Since the first reported measurement of compart-

ment tissue pressures by Landerer in 1884, many mea-
surements done with different measurement techniques
have been used to measure intracompartmental pres-
sure.8 In this study, the simple Whitesides injection tech-
nique was used. Literature provides no data as to what
constitutes the range of normal intracompartmental
pressure in a West African patient population, although
we hypothesized that they would be similar to data in
Caucasian patients. The results obtained from this study
are, in fact, similar to normal compartmental pressures
obtained in six patients by McDermott in Halifax,

Canada, who found the normal supine intracompart-
mental pressures using Solid-state Transducer
Intracompartment Catheter (STIC) to be 7 ± 2 mmHg.4

The San Diego group reported that this value is less
than 10 mmHg.3,5,6 Puranen reported an average com-
partmental pressure of 15 mmHg as the upper limit of
normal.7 Matsen found the anterior compartmental pres-
sure to be 11.5 ± 0.5mmHg in seven normal limbs.8 The
intracompartmental pressures measured in seven pa-
tients in the studies done in Halifax and six patients in
Washington are comparable to those in our 49 Nige-
rian patients in this study. Even though sophisticated
and more modern equipment was used in determining
the intracompartmental pressure in most of these other
studies, the values obtained in this study using a simple
Whitesides infusion method fall within the previously
reported range. Also, larger numbers of patients were
studied in our group than the six or seven in the previ-
ously mentioned studies. Concerns have been raised
that the Whitesides method could generate falsely high
pressure readings10, but Clayton evaluated this injection
technique by applying known pressures to the extremi-
ties of six rabbits with a pneumatic cuff, showing a good
linear correlation with a slope of 1.03 (r =0.99)11 The
advantage of the Whitesides injection technique is that
it uses materials that are easily available in most hospi-
tals, and this technique can be used in developing coun-
tries to promptly detect compartmental syndrome.
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INTRODUCTION
Ganglions on the dorsum of the wrist have been

shown to originate from the scapholunate joint, often
with direct attachment to the scapholunate interosseous
ligament (SLIL).1 It has long been recognized that non-
surgical techniques for the treatment of dorsal wrist
ganglia are unreliable with a high recurrence rate. Sur-
gical intervention is often necessary. It has been rec-
ommended that surgical excision of the ganglion should
be accompanied by excision of a small cuff of surround-
ing dorsal joint capsule, and removal of all attachments
of the ganglion to the SLIL that are thought to mini-
mize recurrence rate.1,2 While excision of the dorsal
carpal ganglion is a common operation performed on
the wrist, carpal instability is rarely considered a com-
plication of this surgery.

We present a case here of scapholunate instability
occurring following excision of a dorsal wrist ganglion
in a young patient. Surgeons should be aware of this
complication. Obtaining preoperative radiographs of the
wrist, not performed in this case prior to ganglionec-
tomy, may help to rule out any pre-existing abnormal-
ity of the scapholunate joint.

CASE REPORT
A 23-year-old male environmental worker presented

with a six-month history of a left dorsal wrist ganglion.
He gave no history of pain or trauma, or any symptoms
in his wrist aside from the general appearance of the
wrist mass. He sought surgical removal of the dorsal
ganglion. He underwent ganglionectomy at another
center in June 1997, with an uneventful post-operative
course. Three weeks after the operation, while he was
playing table hockey, he had a mild twisting injury and
experienced a painful pop in his wrist. Following this
minor injury, he felt something move spontaneously in
his wrist. He was seen by his hand surgeon, and was
immediately referred to our center for further evalua-
tion and treatment.

Active motion of the wrist was painful and accompa-
nied by a click. A transverse well-healed scar was ap-
parent on the dorsum of the wrist, with mild swelling
and tenderness on the scapholunate joint. The range of
motion of the wrist was limited, with dorsiflexion of 15o

and palmar flexion of 60o. Pronation and supination of
the forearm were within normal limits. The
scapholunate ballottement test showed abnormal mo-
tion between the scaphoid and lunate bones, and was
accompanied by pain at the scapholunate joint. The
Watson test (scaphoid shift test) was painful and showed
dorsal scaphoid displacement. The grip strength of his
injured hand was one-third of the strength of the other
hand. Radiographs of his left wrist showed evidence of
scapholunate instability with a scapholunate interval of
15 mm, marked dorsal intercalated segment instability
(DISI) deformity, a scapholunate angle of 110o and de-
creased carpal height (Figure 1).

He was subsequently treated with open reduction and
ligamentous repair. This was performed one month af-
ter his ganglionectomy. Through a dorsal longitudinal
incision, a Z-cut was made in the extensor retinaculum
and the retinaculum was preserved for later reconstruc-
tion. The wrist capsule was approached between the
third (extensor pollicis longus) and fourth (extensor
digitorum communis) extensor compartments. A small
rent was seen in the dorsal capsule from which
synovium was expressed. A capsulotomy was performed
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just distal to the insertion of the capsule onto the distal
radius. Following capsular retraction, carpal
malalignment was clearly evident. The scapholunate
interosseous ligament (SLIL) appeared to be completely
disrupted with only minimal remnants left behind, ren-
dering primary repair impossible.

Therefore, the surface of the scaphoid and lunate
were roughened, and following exact reduction of the
scapholunate joint, three Kirschner wires were inserted
to maintain the reduction (Figure 2). The capsule, reti-
naculum and skin were subsequently repaired and the

wrist was immobilized in mild flexion. Six weeks later,
the cast was removed and limited wrist motion was al-
lowed in a removable splint. The pins were removed
ten weeks after their insertion and range of motion ex-
ercises were prescribed. Radiographs obtained six
months after the operation (Figure 3) showed normal
scapholunate alignment.

A year after surgery, he complained of no pain and
was completely satisfied with his operation and resumed
all his previous activities. Physical examination of the
wrist showed a stable carpus with a negative Watson
test and no tenderness on the scapholunate joint. The
range of motion of the wrist was normal, with grip
strength of 76% compared to the contralateral normal
hand.

DISCUSSION
Watson3 reported 25 patients with scapholunate in-

stability following ganglion excision. Eight were found
to have static instability, while the other 17 had either
dynamic instability with a positive Watson test, or iso-
lated arthritis of the scaphotrapeziotrapezoidal (STT)
joint on the radiographs (felt to be indirect evidence of
scapholunate instability). Apart from this striking report,
there have only been three other case reports docu-
menting this in the literature. Clay and Clement4 evalu-
ated 62 dorsal wrist ganglia following excision, and de-
tected one case of scapholunate instability in their
patients. Duncan5 repor ted the occurrence of

Figure 1. Anteroposterior (a) and lateral (b) radiographs of the
wrist, 4 weeks after ganglionectomy following trivial injury to the
wrist.

Figure 1b.

Figure 1a.

Figure 2. Anteroposterior (a) and lateral (b) radiographs of the
wrist following open scapholunate reduction and fixation.
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scapholunate instability following a minor twisting in-
jury in a patient who had had his ganglion removed
four months before this event. Finally, Crawford and
Taleisnik6 reported a rotator y subluxation of the
scaphoid after excision of a dorsal carpal ganglion and
wrist manipulation. Apparently, the wrist in that case
report was manipulated post-ganglionectomy to regain
the loss of motion. The authors attributed the instabil-
ity to the trauma imposed on the wrist during manipu-
lation. In contrast, Kivett et al.7 found no case of
scapholunate instability after having evaluated the post-
operative results in 91 ganglion excisions.

While it has been suggested that scapholunate insta-
bility occurs only after injur y to the SLIL and
radioscapholunate ligaments (a magnitude of injury
unlikely following routine ganglion excision), anatomi-
cal studies8 have revealed that the SLIL is the primary
stabilizer of this joint. The relatively high tensile
strength of the SLIL suggests the important role of this
ligament in carpal kinematics. The SLIL has three dis-
tinct anatomical portions, of which the dorsal portion
is considered the strongest,8 and is considered by
Kauer,9 Ruby, and Linsheid10 to be the major stabilizer
of the proximal scaphoid. They have shown experimen-
tally that sectioning of the dorsal portion of this liga-
ment, as can occur in radical ganglion excision, can
create scapholunate instability in the wrist.

Although our present case had no radiographs be-
fore ganglion excision to document the status of the
scapholunate interval, the absence of symptoms (except
for the ganglion mass itself) before ganglion removal
suggests a normal SLIL pre-ganglionectomy. The trivial
injury to the wrist post-operatively while playing table
hockey, and the brief interval between the ganglionec-
tomy and the appearance of scapholunate instability
suggest an iatrogenic primary cause for this instability
complication. It is remotely possible that underlying
myxoid degeneration of the periarticular wrist connec-
tive tissue could have pre-existed, thus pre-disposing
to the formation of dorsal wrist ganglia. In that setting,
of a possibly degenerative scapholunate ligament and
status post a ganglionectomy with excess dorsal wrist
capsule excision, it is plausible that an innocuous wrist
injury could have caused the significant scapholunate
diastasis. Regardless of the proximate cause, the man-
agement of acute SLIL instability is open reduction and
anatomic reduction with pinning.11

Considering our case and the literature, it seems
prudent to avoid damage to the SLIL if at all possible
during ganglion excision. The absence of preoperative
wrist symptomatology does not guarantee a healthy and
robust SLIL. At present, no clear risk factors can be
identified to predict the potential complication of

Figure 3. Anteroposterior (a) and lateral (b) radiographs of the
wrist three months after open reduction and internal fixation of the
scapholunate joint.
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scapholunate instability following ganglion excision.
Further studies on scapholunate instability may iden-
tify the risk factors associated with this complication,
which surgeons should be aware of.
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CASE PRESENTATION
In a family in the southwestern part of Nigeria, eight

out of nine siblings had classical features of bilateral
carpal tunnel syndrome (CTS). Their mother, first
cousin, and an aunt also had bilateral involvement of
their hands. They all presented similarly with noctur-
nal wrist pain and paresthesias in the media nerve ter-
ritory. Their occupations all varied, but included physi-
cian, teacher, engineer, zoologist, businessman and
mechanic.

In total, three male and five females were affected.
All were right handed and all were above 40 years of
age at the time of presentation. Medically, the oldest of
the patients had hypertension. Otherwise, there was no
family or patient history of diabetes mellitus, myxe-
dema, obesity, gout or rheumatoid arthritis. They were
all generally fit and muscularly built. There was thenar
muscle wasting in one patient (the medical doctor) who
presented late. Five of the siblings underwent release
of the bilateral carpal tunnels at one sitting. Four sur-
geries were performed within five months of onset of
symptoms, and one at 14 months of onset of symptoms.
The releases were all done by the same orthopaedic
surgeon under tourniquet and involving the vertical
division of the flexor retinaculum and transverse carpal
ligament under direct visualization, through a 5-cm skin
incision. The incision extended from the junction of
proximal third and distal two-thirds of the thenar crease,
along the ulnar border of the thenar crease, almost to
the transverse skin crease of the wrist. Bandaging with
collar and cuff was applied for 14 days. All the wounds

healed primarily. Splinting was not done. Postoperative
physiotherapy was performed after the incisions healed
for two weeks, and for six months for the patient with
thenar atrophy who presented late. There was complete
recovery of the neuromuscular function of the hands
in the four patients that presented early for surgery and
there was residual atrophy in the patient that presented
late with thenar atrophy. The history and the manage-
ment outcomes of the patients are shown in Table 1.

DISCUSSION
The literature reveals that familial bilateral carpal

tunnel syndrome may be a genetically distinct disor-
der.1,2 In some reports, onset is in childhood.3

Familial bilateral carpal tunnel syndrome has been
reported in siblings with mucolipidosis III (pseudo-
Hurler polydystrophy).4 Hereditary neuropathy with li-
ability to pressure palsies (HNPP) is also a known cause
of bilateral carpal tunnel syndrome in childhood, where
the CTS may be the first manifestation of this systemic
nerve pathology.5 Swoboda et al. reported a case of a
seven-month-old infant with familial CTS presenting with
mutilated hands due to recurrent chewing of his digits
in a median nerve distribution.6 Gray et al. identified
bilateral carpal tunnel syndrome in 19 out of 43 living
persons of a nonconsanguineous family with no single
common etiologic feature identified.1 They suggested
that an inheritable disorder transmitted by an autoso-
mal dominant gene with high-degree penetrance might
be responsible. Leifer et al. in Massachusetts reported
two families with multiple members who had bilateral
carpal tunnel syndrome, with a pattern consistent with
autosomal dominance inheritance.7 Stoll et al. in
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Figure 1. Family tree showing siblings and mother affected with
CTS, and their ages at presentation.
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Strasbourg, France reported a family with multiple early
symptom onset with CTS between ages nine and 52
years of age, with an autosomal dominant inheritance
pattern.8 Braddom reported familial carpal tunnel syn-
drome, not bilateral, in seven members of three gen-
erations of a black African-American family in United
States.9 The ages of those affected ranged from 29 to
67 years.

Based on our search of the English-language litera-
ture, no case series of familial bilateral CTS has been
reported in Africans in the literature. In our patients,
traditional open carpal tunnel releases were performed.
Bilateral releases were done at one surgical sitting to
minimize the overall convalescence time, and surgical
expenses. Bilateral releases have been reported to have
acceptable outcomes in the literature.10,11,12 It is also
noteworthy that our patients presented with bilateral
carpal tunnel symptoms at ages above forty. No genetic
testing was performed for our patients. In general, our
case and the literature reveal that familial bilateral car-
pal tunnel syndrome with autosomal dominant pen-
etrance could present in patients in adulthood, not nec-
essarily in children. The family history and past medical
history of these patients needs to be evaluated in de-
tail. In our case, there were no other obvious underly-
ing familial medical conditions. Further basic science
and genetic studies in such patients with familial bilat-
eral carpal tunnel syndrome may someday help better
understand the role of HNPP or some other underly-
ing disorder.
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