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EDITORS’ NOTE

knowledge the generous contributions of our corporate
sponsors who provide the financial backing for the Jour-
nal.

Finally, we encourage and look forward to your feed-
back regarding this year’s Journal. We hope to continu-
ally improve the Iowa Orthopaedic Journal and make it
a usable and important resource for your continuing
education.

Mark Hagy, M.D.
Christopher Sliva, M.D.

It is our honor and privilege to present the twenty-
third edition of the Iowa Orthopaedic Journal. It has
been an enjoyable and educational experience acting
as editors this year, and we feel our work has been quite
rewarding. We hope you find this edition thought-pro-
voking and applicable to your practice. The Journal’s
previous editors have certainly set a very high standard,
and we hope to have maintained this standard.

In keeping with the tradition of the Iowa Orthopaedic
Journal, we have provided the reader with general re-
view manuscripts, articles in both clinical and basic sci-
ence, case reports and reports of historical and philo-
sophical interest. While our Orthopaedic department
is well represented in the Journal (with submissions
from residents, faculty, alumni and others with direct
ties to the University of Iowa), clinicians and scientists
worldwide submit articles for publication, and we en-
courage that. This can only improve the quality of the
Iowa Orthopaedic Journal and reflect positively on our
reputation.

Another of the rich traditions of the Iowa Orthopaedic
Journal is the dedication of each edition. This year’s
edition is dedicated to Dr. Stan James (University of
Iowa B.A. in 1953, M.D. in 1962, Iowa Orthopaedic Resi-
dent from 1964 to 1967). As a medical student and resi-
dent, Dr. James developed an interest in the basic sci-
ence of ligamentous healing while working with
Professor Charles Tipton and Dr. Ignacio Ponseti. While
a resident here, Dr. James received intensive training
in hand surgery with Dr. Adrian Flatt, and he subse-
quently began his practice as a hand surgeon in Eu-
gene, Oregon, with Dr. Donald Slocum. Dr. James re-
ceived an academic appointment at the University of
Oregon in the early 1970’s and began several studies in
sports medicine. Over the years, his interests led him
to alter his practice from hand surgery to sports medi-
cine.

We would like to extend our special appreciation to
faculty advisors, Dr. Jose Morcuende and Dr. Joseph
Buckwalter, who provided guidance in the review of
articles and practical advice on completing a quality edi-
tion of the Journal. In addition, several faculty provided
analysis and suggestions for articles. Diana Johannes,
our secretarial assistant, spent considerable hours work-
ing on this edition with us and behind the scenes, in
addition to providing countless resources in producing
this year’s Journal. We would also like to gratefully ac-
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In honor of Dr. Michael Bonfiglio’s distinguished career, the University of Iowa Or-
thopaedic Department initiated a campaign for the Bonfiglio Orthopaedic Education
Endowment in 1994. This serves as permanent recognition of Dr. Bonfiglio’s commit-
ment to the department and provides a variety of educational materials and activities for
the fellows, residents and students. The new department Education Center was dedi-
cated to Dr. Bonfiglio in September 1995 at the Iowa Orthopaedic Alumni Meeting. It
includes a collection of microscopic slides and imaging studies, computers, educational
computer software and literature-search capabilities, audiovisual equipment and educa-
tional programs.

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

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

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

BONFIGLIO EDUCATIONAL ENDOWMENT FUND
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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 Orthopaedic
Surgery, along with the Iowa Orthopaedic Society, spon-
sors 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 UI Carver College of Medicine who has
done outstanding orthopaedic research during his or
her tenure as a medical student. The student often has
an advisor in the Orthopaedic Department; however,
the student must have played a major role in the de-
sign, 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 clini-
cal or basic science, and each study is judged on the
basis of originality and scientific merit. The winner pre-
sents the work at the April meeting of the Iowa Ortho-
paedic Society. This year’s award winner is Jesse
Templeton.

The second award is the Medical Student Research
Award for Musculoskeletal Research, for students in the
UI Carver 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 continuing costs of the project and its publica-
tion. The student must provide an abstract and a
progress report on the ongoing research. The aim of
this award is to stimulate research in the field of ortho-
paedic surgery/musculoskeletal problems.

This year, the committee, consisting of members of
the Iowa Orthopaedic Society (Drs. Sterling Laaveg and
Douglas Cooper) as well as members of the Ortho-
paedic Surgery Department (Drs. Charles Saltzman and
Charles Clark), took a bold stance and recommended
that the award be given to four students, since the pur-
pose of the award is to stimulate interest in musculo-
skeletal research. All four of the awarded projects were
deemed to be worthy of our acknowledgment. Farid
Moussavi-Haami, Egon Ozer, Andrea Buckwalter and
Brian Ludwig will divide the $2000 stipend.

I personally believe that the Michael Bonfiglio Award
and the Medical Student Research Award for Musculo-
skeletal Research are very prestigious, recognizing stu-
dent research on the musculoskeletal system. These
awards have indeed attained their goal of stimulating
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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2003 GRADUATING SENIOR RESIDENTS

Jay C. Albright, M.D.
Jay was born in New Haven,
Connecticut, but was raised
in Iowa City, Iowa, the son of
University of Iowa ortho-
paedic surgeon John P.
Albright, M.D. Jay “commit-
ted a family felony” by at-
tending the University of
Michigan for his under-
graduate studies. Thereafter,
he attended The University
of Iowa Medical School (be-
fore it was renamed).

Jay and wife Stacy, with son Jackson, will be going to San
Diego, California after Jay completes his residency here.
He will train in Pediatric Orthopaedics under Dennis
Wenger, M.D., also an Iowa graduate. After the year in
San Diego, Jay and his family will continue on to Auckland,
New Zealand where he will train in Sports Medicine, and
practice Pediatric Orthopaedics.
Jay adds, “I have had the incredible experience to train
under my father, which has taught me a lot about myself
and who I want to be. I hope that I have lived up to this
example that has been set before me.”

Karen E. Evensen, M.D.
Karen Evensen was born in
the Upper Peninsula of
Michigan to parents Harold
and Liz Evensen. She was
raised in Houghton, Michi-
gan, along with two brothers,
Hal and David. She earned
her undergraduate degree in
Biological Sciences at Michi-
gan Technological Univer-
sity, then went on to medical
school at The University of
Michigan in Ann Arbor. Her

hobbies during residency have included running (though
less frequently than in the past), as well as spending time
with her nearby nieces and nephew, Claire, Leah and
Ethan. Next year she looks forward to heading out to
sunny Los Angeles to enter a Musculoskeletal Tumor fel-
lowship with Dr. Jeffrey Eckardt at The University of Cali-
fornia, Los Angeles.

Jay D. Keener, M.D.
Jay was born in Detroit,
Michigan, and later moved
to Scott Depot, West Vir-
ginia. He earned a Bachelor
of Science degree in Physi-
cal Therapy from West Vir-
ginia University in 1991. Af-
ter a three-year career as a
physical therapist, he en-
tered medical school, receiv-
ing his M.D. degree from
West Virginia University in
1998.

Jay and wife Tracy have a two-year-old son, Garrett. This
summer, the Keeners will move to St. Louis where Jay
will complete a fellowship in shoulder and elbow recon-
struction at Washington University Hospitals under the
direction of Dr. Ken Yamaguchi.

Joseph G. Khoury, M.D.
Joe was born and raised in
Iowa City, Iowa. He received
both his Bachelor of Arts and
M.D. degrees at The Univer-
sity of Iowa. He met his wife,
Carrie, while in college and
they have been married five
years. They have a one-and-
one-half year old daughter,
Anna. Joe enjoys movies,
computer games and spend-
ing time with his family.
Joe plans a fellowship in pe-

diatric orthopedics next year in Atlanta with Raymond
Morrissey. After that fellowship, Joe and Carrie would
like to live and work in the Midwest.
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2002-2003 FELLOWS

Anthony H. Nguyen, M.D.
Anthony moved to the
United States from Vietnam
with his family in 1975. He
grew up in northern Califor-
nia. He went to medical
school at St. Louis University
and completed an otolaryn-
gology residency in Buffalo,
New York. After being in pri-
vate practice for one year as
an Ear, Nose and Throat doc-
tor, he wanted to broaden his
surgical experience, and

spent two years in New Orleans, Louisiana, to study plas-
tic surgery. His exposure to and interest in hand surgery
led him to Iowa for a one-year hand fellowship. He states,
“The experience I’ve had here in Iowa has been amazing,
such a relaxed atmosphere, so many superb surgeons.”
He will be joining a hand group in southern California
after his fellowship in Iowa.

Stephen L. Knecht, M.D.
Steve was raised in Idaho
Falls, Idaho, and attended
high school there and in Salt
Lake City, Utah, at Rowmark
Ski Racing Academy. He
studied chemistry at Oberlin
College in Ohio, with a brief
one-year “beach interlude” at
U.C. Santa Barbara. Post-
graduate career exploration
took him to Los Angeles for
a job in advertising, then
back to Salt Lake City as a ski
and mountain bike bum.

2003 GRADUATING SENIOR RESIDENTS (continued)

Steve was accepted to New York Medical College in 1994,
hung up the skis one more time, and convinced his par-
ents to adopt his dog (which they can’t live without now).
His interest in orthopaedics was solidified during his ro-
tation at the Hospital for Joint Diseases in New York City.
After residency, Steve will enter an Orthopaedic Trauma
Fellowship in Auckland, New Zealand. After that, he plans
to return home to the mountains of the western United
States to join a general orthopaedics practice.

Soheil Najibi, M.D.
Soheil is originally from Per-
sia and is fluent in Farsi, the
language of that area. He
immigrated to the United
States in 1984 and grew up
in northern California. He
received his bachelor’s de-
gree from the University of
California at Berkeley and
went to Boston for his medi-
cal school training and resi-
dency. He received his M.D.
and Ph.D. degrees from Bos-

ton University and completed his orthopaedic surgery
residency at the same institution. Currently, he is the
Sports Medicine Fellow in Orthopaedics at The Univer-
sity of Iowa. On completion of his fellowship here, he will
begin a full-time academic orthopaedic faculty position
at Henry Ford Hospital in Detroit.
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Sergio Andres Mendoza
Lattes, M.D.
Sergio Mendoza joined The
University of Iowa Depart-
ment of Orthopaedic Sur-
gery faculty in January of
2003, as part of our Spine
Service. Sergio is originally
from Chile and has lived
abroad for most of his life.
Because of this he has at-
tended eight dif ferent
schools and is fluent in both
Spanish and German. He re-

ceived his medical degree at The Catholic University in
Santiago, Chile, in 1984. He also completed an executive
M.B.A. there, as well as his orthopaedic training. He has
been in practice since 1996 and spent three years at a

NEW ORTHOPAEDIC FACULTY

regional trauma institute where he did most of his spine
specialty training. In 1999, he joined the academic ranks
at The Catholic University in Santiago as a full-time
orthopaedic faculty member.
He arrived in Iowa with his family in 2001, intent on in-
creasing his knowledge in deformity surgery. His one-
year plan became a long-term plan thanks to the “warmth
and kindness” he and his family have found in the people
of Iowa. “You have something very special here,” he
states.
Outside of his practice, his highest interest is in the four
women in his life: his wife, Sandra Bruon Stocchero, and
daughters Sofia, Consuelo and Constanza. Because he
comes from mountain country, he is a passionate skier.
His main academic interests are non-fusion technology
in degenerative lumbar spine disorders, the natural his-
tory of spinal stenosis, and minimally invasive access to
the spine.
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2003-2004 SCHEDULE
OF LECTURESHIPS AND CONFERENCES

(Larson Conference Room, 01090 JPP)

Carroll B. Larson Shrine Memorial Lecture
May 9-10, 2003

Reginald R. Cooper
Orthopaedic Leadership Lectures
Friday and Saturday, April 25-26, 2003

Richard Cruess, M.D., Professor of Surgery
McGill University, Montreal, Quebec, Canada

Sylvia Cruess, M.D., Assoc. Professor of Medicine
McGill University, Montreal, Quebec, Canada

2003 Senior Residents and Fellows Day
June 6-7, 2003

Michael A. Kelly, M.D.
Department of Orthopaedic Surgery
Insall-Scott-Kelly Institute
New York, New York

James A. Nunley II, M.D.
Professor and Chief
Department of Orthopaedics
Duke University Medical Center
Durham, North Carolina

Iowa Orthopaedic Alumni Meeting
October 16-18, 2003

Roy Sanders, M.D.
Michael Bonfiglio Visiting Professor
Tampa, Florida

Laura Tosi, M.D.
First Ruth Jackson Lecturer
Washington, D.C.

Hawkeye Sports Medicine Symposium
December 5-6, 2003

James Andrews, M.D.
Alabama Sports Medicine & Orthopaedic Center
1201 11th Avenue South, Suite 200
Birmingham, Alabama 35205

Carroll B. Larson Shrine Memorial Lecture
Spring 2004

(Speakers tba*)

2004 Senior Residents and Fellows Day
June 11-12, 2004

Seventh Biennial Johnston Lectureship
In Hip Reconstruction
Fall, 2004

(Speakers tba*)

* to be announced
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A native of Iowa City,
Stan James graduated with
a degree in physical educa-
tion from the University of
Iowa in 1953. He then spent
four years serving his coun-
try in the Army as an avia-
tor. Following his military
obligation, he entered Uni-
versity of Iowa School of
Medicine, graduating in
1962. He spent a year in
Oregon for his internship

and completed an orthopaedic surgery residency at the
University of Iowa in 1967.

His interest in sports medicine began while a resi-
dent. He worked with the UI Exercise and Physiology
Laboratory and noted researcher, Charles Tipton, who
at the time was studying the effects of exercise on liga-
ments and ligament healing. These original animal stud-
ies contradicted medical practice at the time and ulti-
mately led to fundamental changes in the treatment of
ligamentous injuries. In addition, James worked with
then Hawkeye team physician, “Shorty” Paul, caring for
UI athletes.

Following residency, he joined a practice in Eugene,
Oregon established by Iowa alumnus, Don Slocumb. He
joined the group as a hand surgeon having been trained
extensively by Dr. Adrian Flatt while a resident, in or-
der to fill a void the practice had in upper extremity. As

STAN JAMES, M.D.
IOWA ORTHOPAEDIC JOURNAL DEDICATION

a hand surgeon, he began treating athletes from the
University of Oregon and Oregon State University. This
portion of his practice dramatically expanded over his
career, leading him to author a number of papers most
notably on the biomechanics of running and ACL re-
construction. Because of his expertise, a number of
elite athletes in the NBA, NFL, track and tennis have
sought his care. Through this excellence, he served as
a pioneer in the field of sports medicine.

One of his more intriguing endeavors was as a con-
sultant with Nike during the company’s infancy. Nike
co-founder Phil Knight and legendary Oregon track
coach Bill Bowerman asked James to consult on the
development of the company’s footwear. James analyzed
film of Oregon track athletes, evaluating running pat-
terns and gait. These study sessions led to the develop-
ment of prototypes, whose innovations in design led to
the creation of the early line of Nike shoes.

In addition, James is also an accomplished cross-
country skier. Holding two National Master Champion-
ships in 20k and 10k freestyle events. He also contin-
ues to run and was recently quoted in the Iowa Alumni
Journal stating, “I began running before the running
boom, and I used to run at night so that people would
not see me and think I was crazy.”

We would like to dedicate this journal to Dr. Stan
James, an orthopaedist whose interest in research pro-
voked fundamental change in patient care and whose
devotion to orthopaedic surgery should serve as an
example to us all.
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ABSTRACT
Complementary clinical and laboratory studies

were performed to identify variables associated
with polyethylene wear following total hip replace-
ment, and to elucidate the mechanisms respon-
sible for accelerated wear in the total hip arthro-
plasty construct.

Observational cohort studies were performed
using a prospective clinical database of more than
4000 consecutive primary total hip arthroplas-
ties performed by a single surgeon, to identify
wear-related variables. These variables included
head size, acetabular/femoral component impinge-
ment, and third body debris. Novel digital edge
detection techniques were developed and em-
ployed to accurately measure wear, and to deter-
mine the relationships of head size and third body
debris to acceleration of wear. A novel sliding-
distance-coupled finite element model was formu-
lated and employed to examine the mechanisms
responsible for wear. The long-term cohort stud-
ies demonstrated smaller head sizes to be associ-
ated with less wear. Third body debris generated
from cable fretting was associated with an increase
in wear, osteolysis, and acetabular loosening, es-
pecially with larger head sizes. The sliding-dis-
tance-coupled finite element model replicated the
wear rates occurring in vitro  and in vivo , demon-
strating the importance of sliding distance on
polyethylene wear following total hip arthroplasty.
It also demonstrated substantial increases in wear
associated with femoral head scratching from third

body debris. Further extension of the finite ele-
ment formulation demonstrated the potential for
acetabular component rim damage from impinge-
ment wear, and the enhanced potential for third
body ingress to the bearing surface with larger
head sizes. Edge detection wear measurement
techniques demonstrated that early wear rates
were predictive of long-term wear rates.

These complementary clinical and laboratory
investigations have provided insight into 1) the
significance of sliding distance and physiologic loci
of motion as contributing factors in minimizing
wear, 2) the deleterious effects of third body par-
ticulates in accelerating wear, 3) the potential for,
and factors related to, impingement wear, and 4)
the potential advantages and compromises related
to the use of larger head sizes in the bearing sur-
face construct.

INTRODUCTION
Almost a decade ago, when the authors reported the

first minimum twenty year follow-up of total hip replace-
ment in North America48, they confirmed the findings
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Figure 1. Survivorship curve (solid line) and 95% confidence in-
tervals (dashed lines) for Charnley prostheses implanted by the
senior author (RCJ) using first generation cementing techniques.
The endpoint is aseptic loosening of the acetabular component,
confirmed at revision. (Schulte et al., JBJS 1993).
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of others that osteolysis, acetabular loosening, and poly-
ethylene wear were the major long term problems as-
sociated with the total hip arthroplasty procedure (Fig-
ure 1).

Although the conventional wisdom at the time was
that head sizes in the range of 28 millimeters were as-
sociated with lower wear rates than either 22 or 32 mil-
limeter heads,28 the authors observed lower linear and
volumetric rates of wear with 22 millimeter femoral
heads12 (Table 1). This initial observation, along with
our reports9,30 of osteolysis around secure cementless
total hip arthroplasty devices helped redirect investiga-
tive efforts away from cement as the leading cause of
failure in the total hip arthroplasty construct. Instead,
attention moved toward investigation of clinical variables
and biomechanical mechanisms associated with
polyethylene wear. Since that time, a unique single-sur-
geon database with well-maintained serial radiographs
over a thirty-year follow-up period, and laboratory
efforts in experimental and computational biomechan-
ics, enabled the authors to conduct an integrated
series of complementar y clinical and laborator y
studies of total hip ar throplasty wear, aimed at
identifying causative factors and elucidating underlying

mechanisms.2,3,7,10,11,12,13,23,25,26,27,29,32,33,34,36,40,44,49,53,54,57

The prospective single-surgeon database included
more than 4000 consecutive primary total hip replace-
ments. Only a few specific changes were made in ei-
ther the design or technique, and these few changes

Follow-up Period  
Cohorts 

Linear Wear 
Mean 

(mm/year) 

Linear Wear 
Standard 
Deviation 

Volumetric 
Wear 

Mean (mm3/year) 

Volumetric 
Wear 

Standard 
Deviation 

5 Year     
22-mm machined 0.12 0.07 45.22 27.14 
22-mm molded 0.11 0.12 40.91 46.97 
28-mm molded 0.14 0.13 89.27 79.70 
28-mm molded metal back 0.11 0.07 64.70 45.83 

7–8 Year     
28-mm cementless metal back 0.11 0.06 65.78 39.01 

10 Year     
22-mm machined 0.12 0.06 48.36 24.51 
22-mm molded 0.08 0.06 32.71 24.59 
28-mm molded 0.12 0.10 70.88 59.61 

15 Year     
22-mm machined 0.11 0.07 41.20 25.79 
22-mm molded 0.09 0.06 34.59 22.65 

20–22 Year     
22-mm machined 0.10 0.07 40.69 26.24 

TABLE 1
Results of wear in cohorts of hips with various acetabular-femoral head articulations

(Pedersen et al., ASTM 1994; Callaghan et al., CORR 1995)

Figure 2. Changes made in prosthesis design or implantation tech-
nique over a 26-year period of 4164 hip replacements. Only ten
changes were involved, and only two of those changes occurred
simultaneously: 22⇒ 28 mm head size, and Charnley polished
flatback⇒ Iowa matte finish, in 1981.

Year

1970 1975 1980 1985 1990 1995

Variable 1970 1976 1996

Cement Hand pack Cement delivery system
Technique No porosity reduction Porosity reduction

1982

1970 1996

Trochanteric
Reattachment

Wire Cable Wire

1970 1996
All poly Metal back

22 mm 28 mm 22 mm
Acetabular
Prosthesis

Cemented Cementless

1994

1970 1993 1996

Femoral
Component

Charnley polished flatback Matte finish
Iowa

Grit blast Iowa Polished

1980 1985

Monoblock Modular head
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occurred at well-prescribed time points. This constituted
unique material for performing observational cohort
studies related to wear of polyethylene following total
hip arthroplasty (Figure 2). Through these clinical stud-
ies, the authors identified a number of variables relevant
to the understanding of wear mechanisms. This guided
the development of laboratory models to elucidate un-
derlying mechanisms of wear.

Over the last decade these authors have tested the
following hypotheses:

Hypothesis 1: Across large clinical series, the rela-
tive long-term wear performance of contemporary de-
sign variants can be reliably predicted directly from their
respective articulation dynamics (contact stress and slid-
ing kinematics).

Hypothesis 2: Across large clinical series, long-term
polyethylene wear and late loosening can be reliably
predicted on the basis of early wear behavior.

Hypothesis 3: In otherwise similar constructs, third
body particulate debris causes predictably accelerated
polyethylene wear, leading to early radiographic and
mechanical failure.

Hypothesis 4: The accelerated effects of third body
wear associated with larger head sizes depend on de-
bris access to the bearing surface, mediated by fluid
convection.

Hypothesis 5: The polyethylene acetabular compo-
nent rim damage observed at the time of component
retrieval during revision hip surgery is associated with
impingement of the femoral head, neck and collar on
the acetabular polyethylene liner.

MATERIALS AND METHODS
Clinical Materials

Over a 26-year period the senior investigator (RCJ)
performed more than 4000 primary total hip replace-

ments, with very few and discrete changes in the de-
signs and technique used (Figure 2). All radiographs
and clinical data were prospectively accumulated, and
were used to evaluate revision, radiographic loosening,
osteolysis, and wear in a standard manner4,20 over the
last decade.2,3,7,11,13,23,25,26,29,36,48,54,57 The follow-up studies
involved comparisons between cohorts, aimed at iden-
tifying how specific changes in implant design or op-
erative technique influenced long term outcome. This
group of patients and their radiographs were used to
determine variability in wear rates related to femoral
head size, to predict late wear rates from early wear
rates as determined by digital edge detection tech-
niques, and to evaluate the effect on wear, loosening,
and osteolysis of third body debris from cables used to
reattach the greater trochanter.

Analytical Methods
To complement the long-term clinical data and to

elucidate the mechanisms of wear, as well as to more
reliably predict and measure wear, several conceptually
new analytical paradigms were developed.

Sliding-distance-coupled finite element model
Three-dimensional nonlinear contact finite element

analysis of total hip replacement was linked to inter-
face sliding kinematics, enabling (for the first time)
parametric computational study (Figure 3) of polyeth-
ylene wear rates and spatial wear distributions.32,33,34 Hip
resultant loads from an inverse Newtonian gait analysis
model (validated in vivo with an instrumented implant)
were used in the FE analysis to determine contact stress
distributions on the polyethylene bearing surface (Fig-
ure 4) at each of 16 discrete instants of stance
phase.6,16,17,44 Incremental sliding distances of points on
the femoral head (Figure 5) were computed from cor-

A             B

Figure 3.  A three-dimensional finite element (FE) model of total hip reconstruction is used to calculate per-gait-cycle wear (in picometers,
10-12 meters) of the polyethylene liner of the acetabular component.

Superior

Anterior

Lateral
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responding flexion/extension kinematics.44 Wear rates
were determined by a custom-written computer pro-
gram that implemented Archard’s relationship,1 cou-
pling contact stress, sliding distance, and a
tribologically-based wear coefficient. Later, adaptive
remeshing capability was added to the FE model.34 This
feature was introduced to account for conformity
changes accompanying progressive removal of poly-
ethylene wear material from the bearing surface, thus
allowing for extension of the postoperative wear simu-
lations to the clinically more significant long term re-
gime (as long as 20 years).

The algorithm’s temporal convergence (i.e., the mini-
mum frequency of remeshing updates needed to ensure
a well-behaved solution) was investigated, with the find-
ing that under most circumstances it was reasonable to
make such updates at intervals of about 5x105 loading
cycles, corresponding to about 6 months of average in
vivo service. To physically validate the model, a collabo-
rative study was undertaken with colleagues experi-

enced in laboratory wear measurement, to determine
whether the finite element model could accurately pre-
dict wear occurring in a laboratory hip simulator.33 The
collaborative study design used two cohorts of other-
wise identical hemispherical cups, one cohort having a
22-mm bearing surface diameter and the other having
a 28-mm diameter. Both cup cohorts were subjected to
3 million cycles at 1 Hz in a biaxial rocking hip simula-
tor, programmed with a Paul-type loading curve, articu-
lating against similarly polished stainless steel balls with
bovine serum lubrication. Volumetric wear was mea-
sured gravimetrically. Since the true wear coefficient
prevailing in the experiments was not known a priori,
iterative comparisons of computed versus experimen-
tally measured volumetric wear for the 22-mm cups were
performed to arrive at a specific wear coefficient value
for which computation was brought into identical agree-
ment with the physical measurements. Then, assuming
that this same wear coefficient prevailed for the physi-
cal testing of the 28-mm cups (all tribological factors

Figure 4. Time-wise variations of contact stress and sliding distance during the articulation cycle in THA.  A finite element model (Figure
3a) is used to compute 3-dimensional polyethylene contact stress distributions (contour plots) at serial time points in the gait cycle.
Corresponding distributions of bearing surface sliding velocity (vector plots) are determined from recordings of the three-dimensional joint
motion patterns.  These data are then input to a modified version of the Archard equation.  Note that both the contact stress distribution
history and the sliding distance history for conventional laboratory wear simulations (left panels) are markedly dif ferent from those for
human locomotion (right panels), implying very dif ferent wear behavior.
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σ

ostensibly being identical between the two cup cohorts),
finite element trials were performed for the 28 mm case,
and the volumetric wear results were compared with
those obtained physically. Computed wear values agreed
with measurements to within 4.1%, a discrepancy of less
than one half of one standard deviation of the experi-
mental measurements themselves.

These initial total hip arthroplasty wear simulations
involved spatially uniform counterface roughness. These
were (gait cycle) temporal-spatial integrations of the
product of instantaneous local contact stress σ, times
instantaneous local counterface sliding speed ϖ, times
a spatially uniform wear coefficient κ, in hip-centered
spherical coordinates. To study the effects of head
roughening (from head scratches from 3rd body debris)
in accelerating wear, algorithmic logic was developed
to link head-based and cup-based coordinate systems,
thus allowing identification of the head surface site ap-
posing any given acetabular surface site at any given

point in time. By means of an automated computational
lookup table storing the wear coefficient for each of the
large number of sectors (Bezier surface facets) mak-
ing up the head surface, appropriate time- and site-spe-
cific wear coefficient variations were supplied for gait
cycle Archard integrations, at each acetabular finite el-
ement node. Hence, a non-uniform κ, as in the case of
regions of femoral head scratching created by 3rd body
wear, could be incorporated at any site of the finite ele-
ment model femoral head (Figure 6). Even with a rela-
tively small roughened region (5% of head surface area)
the resulting volumetric wear was substantially in-
creased, and the direction of wear appreciably altered,
relative to computed wear for otherwise similar non-
roughened femoral heads.

In addition, the recognition of high levels of wear in
acetabular components with rim damage retrieved at
revision surgery, and a review of the long-term follow-
up of dislocation8 which demonstrated that 26% of dis-

Figure 6.  Site-specific wear coefficients are assigned to model local head roughening effects. A patch of Bezier surface facets, which define
the femoral head (left panel), could be assigned an elevated wear coefficient value, associated with roughening.  Effects of local roughening
(wear coefficient = 1.065 X 10-7 mm2/N) on computed acetabular wear were simulated for 106 cycles of walking motion (B).  Compared to
the situation for an undamaged femoral head (A), a 2.13-fold increase in computed volumetric wear was induced.  Note also that, for the
roughened femoral head, the wear tract becomes less regular than the classic “test tube” pattern.

Figure 5.  Long-term wear behavior was computed using the adaptively-meshed sliding-distance-coupled finite element model. Material
removal at late times was based upon extrapolation of per-gait-cycle wear depth distributions (Figure 3b), but with the finite element mesh
(and therefore the contact stress distributions) periodically updated to reflect material removal. Patterns of computed long-term wear (left)
were consistent with material loss patterns on retrieval cups (middle), and in profile corresponded to unidirectional “test-tube” wear front
advance (right).
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locations occur late, prompted the authors to use the
sliding contact finite element model to study impinge-
ment, subluxation and dislocation (Figure 7).

The mechanistic link between rim damage and el-
evated bearing surface wear is that lever-out sublux-
ation, accompanying impingement, draws debris-laden
joint fluid into the opening created. This process was
quantified by means of a finite element computational
fluid dynamics (CFD) model. The results show that both
volumetric fluid ingress and fluid velocities increase with
head size (Figure 8), a finding consistent with the clini-
cal observation23 that larger head size components are
preferentially vulnerable to accelerated wear in the pres-

ence of a third body challenge. Peak influx velocities
for a 28-mm head are 1.29 times those for a 22-mm head,
a ratio roughly in proportion to the respective head ra-
tios (1.27), and expected intuitively: For a given distance
of head center subluxation, the volumetric rate of fluid
influx is proportional to the second power of head ra-
dius, whereas the available cross-sectional area avail-
able for influx peripherally is proportional to the first
power of head radius.

Digital edge detection image analysis wear
measurement techniques

Historically, the accuracy and precision of radio-

Impingement Site 

Egress Site 

Figure 7.  Finite element analysis of the kinetics of total hip impingement, subluxation and dislocation.  The model was driven by triaxial
motion sequences recorded from subjects undergoing dislocation-prone activities (e.g., leg crossing, rising from toilet seat).  The joint
loadings were inferred from a 47-muscle inverse dynamics model of the hip.6  The model articulates normally until neck impingement on
the cup.  Computed local contact stresses at the impingement and (later) head egress sites are greatly elevated above those for normal
articulation, and substantially exceed the yield stress of UHMWPE (lower left panel), even on the outer cup edge, which corresponds with
the outer liner wear damage demonstrated in our dislocation studies8 and in retrieval studies24.
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graphic measurements of penetration of the femoral
head into the acetabular component had been compro-
mised by reliance upon subjective–manual assessment
of head penetration.14,15,18,28,37,45,55,56 To reduce the degree
of subjectivity entering into head penetration measure-
ments, digital edge detection image analysis was intro-
duced to more accurately determine the amount of head
penetration.51, 52 The edge detection technique allowed
the first-ever automatic, fully objective penetration mea-
surements, using ellipses best-fit to hundreds of com-
ponent sur face points that were identified
computationally as sites of maximal local gray-scale gra-
dient (Figures 9 and 10). The new penetration measure-
ment technique was validated by measuring wear arti-
ficially produced by spherical-front milling of
polyethylene liners in bench top series. Under such
conditions, digital edge detection proved 6.4 times more
accurate, and 7.1 times more reproducible, than manual
measurements made with conventional circular tem-
plates.53

RESULTS
Wear measurements using a circular template tech-

nique were performed on consecutive series cohorts
of patients with minimum five-year follow-up radio-
graphs (210 hips). Significantly less wear was demon-
strated for 22-millimeter head versus 28-millimeter head

Figure 8.  Computational fluid dynamics (CFD) models demon-
strate the nonlinear increases in fluid ingress velocities, fluid in-
gress volume, and concomitant potential third-body debris convec-
tion around the subluxating components of increasing head-size
total hip constructs.
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Figure 9.  Application of digital edge detection to measure THA
wear radiographically.  Search rays are computationally generated
at 0.5°  increments (here, for clarity, rays are displayed only at 10°
increments).  The pixel grayscale gradient is calculated at each
point along each ray.  The points of maximal gradient (denoted by
the ”ƒ” symbols for the femoral head and the “o” symbols for the
cup backing) identify the respective component margins.  Ellipses
are least-squares best fit to these two sets of points, to determine
the apparent penetration of the femoral head into the acetabular
component.  Doing this at follow-up, and subtracting the corre-
sponding measurement postoperatively, allowed assessment of in-
terval wear between those two time points.51,52,53

components12 (Table 1). There was a strikingly wide
range in the wear rates within the individual cohorts (0
to 0.8 mm per year). In addition, the wear rate distribu-
tions were strongly non-Gaussian, skewed by the small
number of outlier patients with very high wear rates.41

Digital edge detection techniques demonstrated lower
wear rates with cementless acetabular components with
22-millimeter head sizes than with 28-millimeter head
sizes (Figure 11).43

The sliding-distance-coupled finite element model
was able to reproduce the wear patterns occurring dur-
ing gait versus in biaxial rocking wear simulators (Fig-
ure 4). The model also accurately demonstrated the
volumetric wear increase with increases in head size
(Figure 12).32, 34

To evaluate the ability to determine long-term poly-
ethylene wear from early femoral head penetration (at
two years), edge detection techniques were utilized on
197 consecutive total hip replacements with 1,237
archived radiographs taken over a 10 year follow-up
period (Figures 13 and 14). The digital edge detection
measurements were analyzed using a novel random-
coefficients statistical formulation, developed specifically
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to address the distribution of wear rates observed across
this population across time. A formal regression equa-
tion was reported, by means of which the ten-year wear
depth could be quantitatively estimated from a given
patient radiograph at the two-year follow-up visit. Se-
ries-wide, the correlation between predicted versus ob-
served late wear depths was r = 0.683. Since many very
early (less than 2 year) radiographs were available, the
authors also used this database to make the first quan-
titative observations of the initial clinical “bedding-in”
process, behavior which could be described mathemati-
cally in terms of a best-fit decaying exponential func-
tion. Finally, differences in wear direction were detected
between hips, and also between subsequent time inter-
vals for the same hip.40

Evidence for accelerated polyethylene wear due to
third body debris was studied in 709 consecutive pri-
mary total hip arthroplasties performed over a five-year
period overlapping a thirty-month interval of braided
cable usage (Figure 15), all of which patients were fol-
lowed for a minimum of ten years. The sequential switch
from wire to braided cable coincidentally occurred dur-
ing a period of transition from use of a Charnley femo-
ral component with an all-polyethylene acetabular com-
ponent, to an Iowa femoral component with an
all-polyethylene acetabular component, and then to an
Iowa femoral component with a metal-backed acetabu-
lar component. Thus, accelerated wear due to elevated
third-body debris burden could be confirmed for three
distinct implant constructs. Across the entire study

population, (fretting prone) braided cable reattachment
hips had significantly more acetabular wear (p<.05),
osteolysis (p<.0001), and radiographically apparent loos-
ening (p<.001) than did the wire reattachment group.
The effect of cable debris on wear was less pronounced
with 22-mm head articulations,23 a finding consistent
with the CFD finite element model.

Using the sliding distance-coupled finite element
model to simulate femoral head roughening regions of
various sizes, severities, and locations resulted in ap-
preciable changes in the computed acetabular wear
patterns, including shifts in vectorial wear direction,
distortions of wear front sphericity, and changes in volu-
metric wear patterns (Figure 6). These findings reflect
the variability in wear direction noted with edge detec-
tion radiographic measurements, and seen in retrieved
acetabular components.5,19,21,22,24,35,46,47,58,59 The fluid me-
chanics model demonstrated the fluid pressures asso-
ciated with particle convection into the articulating sur-
face of a larger head construct, a plausible explanation
for the accelerated wear observed with 28-mm versus
22-mm head constructs in the cases with cable debris.

The computed local contact stresses (39 MPa) at the
impingement and head egress sites in the impingement/
dislocation model substantially exceeded the yield
stresses of ultrahigh molecular weight polyethylene
(Figure 7). Larger femoral heads with a constant head/
neck ratio demonstrated a decrease in these impinge-
ment stresses, and in the corresponding head egress
stresses. The dislocation FE model also demonstrated
the gain in stability achievable with increase in head
size: increases of approximately 0.59 N-m of peak re-
sisting moment per millimeter of head diameter in-
crease, up to 44 mm.

Figure 10.  Distribution of the separation distances between el-
lipses on consecutive radiographs (left axis).  Point-by-point sub-
traction of the distribution at the latest follow-up evaluation from
the postoperative distribution represents polyethylene wear (right
axis).  This also allowed precise determination of the direction of
maximum linear wear (i.e., peak of the measured wear curve).
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DISCUSSION
This paper summarizes a ten-year period of clinical

and laboratory investigation of wear associated with the
long-term performance of the total hip arthroplasty con-
struct. Using complementary clinical and laboratory
studies (enabled by the unique 30 years clinical and
radiographic database, and by novel laboratory compu-
tational and experimental techniques), the following
questions were addressed:

1. Can long-term wear performance be reliably
predicted directly from articulation kinetics (contact
stress and sliding distance)?

2. Can long-term wear be reliably predicted on the
basis of early wear behavior?

3. Do third body particulates cause accelerated

polyethylene wear and early total hip arthroplasty con-
struct failure?

4. What mechanisms are responsible for acetabu-
lar component polyethylene rim damage and wear?

This body of work included the first, or among the
first, reports that, in the clinical situation, the finding
that wear rates with conventional polyethylene are low-
est with 22 millimeter femoral heads.11,42,48 This was later
corroborated with autopsy and revision retrieval stud-
ies.24 The sliding-distance-coupled finite element model,
initially developed in 1995,31 documented for the first
time that favorable articulation kinematics were the key
reason for the lower wear rates observed with 22-milli-
meter heads, rather than head-size-dependent wear be-
ing attributable to Charnley’s concept of low friction.15

The digital edge detection techniques, introduced for
the first time in 199451,52 opened the way to more accu-
rately determine wear, and demonstrated that accurately
measured early wear rates predicted long term wear.
This body of work also included among the first, if not
the first, quantitation of the bedding-in period associ-
ated with wear, and highlighted the need for advanced
statistical means for analyzing wear, due to the non-
Gaussian distribution of wear rates within cohorts.38,39,40

The unique opportunity to study an unfortunate
group of hip replacement patients who encountered el-
evated third body debris due to fretting of trochanteric
cable, enabled documentation, with minimum 10-year
follow-up, of the accelerated rates of polyethylene wear,
osteolysis and component loosening attributable to third
body debris migration to the bearing surface.23,27 Sub-
sequent use of the finite element sliding-distance-
coupled formulation to study femoral head surface
roughness changes, consistent with third-body-gener-

Figure 12.  Effect of the head size on time-dependent accrual of
volumetric wear, up to as many as 20 years.  Volumetric wear
increased in proportion to increases in head size.

Figure 13.  Temporal evaluation of radiographically apparent in-
terval wear rates.  Data for a single patient cohort are illustrated as
a scattergram of individual interval linear-wear rate measurements
(197 hips, 1237 archived radiographs taken over a 14-year fol-
low-up period).40
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ated scratches, provided a plausible explanation for the
extreme variability of wear vector direction demon-
strated in autopsy acetabular component retrievals, and
in serial digital edge detection wear measurement stud-
ies.40,59 The computational fluid mechanics model dem-
onstrated that pronounced fluid convection differences
between smaller and larger femoral head articulations
are a plausible explanation for the less deleterious ef-
fects on bearing surface wear for cable debris cases with
22-mm head articulations than with 28-mm head ar-
ticulations.

Finally, the application of the finite element formula-
tion to study component impingement and dislocation,
the first of its kind, has helped explain the association
between impingement-related acetabular component rim
wear and dislocation following total hip arthroplasty.49,50

In the future, this same general approach of using
complementary clinical and laboratory studies should
prove useful to characterize and evaluate the wear
mechanisms encountered with the new highly-
crosslinked polyethylenes and hard bearing surfaces,
and issues such as the benefits and compromises asso-
ciated with the use of larger head sizes (i.e., 36 to 44
millimeters) in conjunction with these new bearing sur-
faces. In addition, continued work to elucidate the
mechanisms by which third body debris enters the bear-
ing surface of total hip replacement constructs should
aid the evolution of component designs and surgical
techniques to reduce this major additional risk to con-
struct longevity.
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28 mm metal-backed Tibac (Zimmer) cup.  One group (“Cable,”
197 consecutive patients) had trochanteric fixation with 1.5 mm,
7-strand Co-Cr-W-Ni cable, subsequently found to be fretting prone
(top) and its usage discontinued.  The other group (“Wire,” 157
consecutive patients) had trochanteric fixation with single-strand
stainless steel wire.  Series wide (bottom) there is a much larger
fraction of problem “Cable” patients (10%) with linear wear rates
exceeding the clinically problematic rate of 0.2 mm/year.



Volume 23 11

Clinical Biomechanics of Wear in Total Hip Arthroplasty

10. Callaghan JJ, Forest EE, Olejniczak JP, Goetz
DD, Johnston RC: Charnley Total Hip Arthroplasty
in Patients Less Than Fifty Years Old. A Twenty to
Twenty-Five-Year Follow-up Note. J Bone Joint Surg
[Am] 80:704-714, 1998.

11. Callaghan JJ, Johnston RC, Pedersen DR: Prac-
tice Surveillance: A Practical Method to Assess Out-
come and to Perform Clinical Research. Clin Orthop
369:25-38, 1999.

12. Callaghan JJ, Pedersen DR, Olejniczak JP, Goetz
DD, Johnston RC: Radiographic Measurement of
Wear in 5 Cohorts of Patients Observed for 5 to 22
Years. Clin Orthop 317:14-18, 1995.

13. Callaghan JJ, Tooma GS, Olejniczak JP, Goetz
DD, Johnston RC: Primary Hybrid Total Hip Ar-
throplasty—An Interim Follow-Up. Clin Orthop
333:118-125, 1996.

14. Campbell P, Ma S, Yeom B: Isolation of Predomi-
nantly Submicron Sized UHMWPE Particles from
Peroprosthetic Tissues. J Biomed Mater Res 29:127-
131, 1995.

15. Charnley J, Halley DK: Rate of Wear in Total Hip
Replacement. Clin Orthop 112:170-179, 1975.

16. Crowninshield RD, Brand RA, Johnston RC: The
Effects of Walking Velocity and Age on Hip Kinemat-
ics and Kinetics.  Clin Orthop 132:140-144, 1978.

17. Crowninshield RD, Johnston RC, Andrews JG,
Brand RA: A Biomechanical Investigation of the Hu-
man Hip.  J Biomechanics 11:75-85, 1978.

18. Devane PA, Bourne RB, Rorabeck CH, Hardie
RM, Horne JG: Measurement of Polyethylene Wear
in Metal-Backed Acetabular Cups. I. Three-Dimen-
sional Technique. Clin Orthop 319:303-316, 1995.

19. Dowson D, Taheri S, Wallbridge NC: The Role of
Counterface Imperfections in the Wear of Polyethyl-
ene. Wear 119:277-293, 1987.

20. Goetz DD, Smith EJ, Harris WH: The Prevalence
of Femoral Osteolysis Associated with Components
Inserted with or without Cement in Total Hip Replace-
ments: A Retrospective Matched-Pair Series. J Bone
Joint Surg [Am] 76A:1121-1129, 1994.

21. Hall RM, Siney P, Unsworth A, Wroblewski BM:
The Effect of Surface Topography of Retrieved Femo-
ral Heads on the Wear of UHMWPE Sockets. Med
Eng Phy 19:711-719, 1997.

22. Hall RM, Siney P, Unsworth A, Wroblewski BM:
The Incidence of Rim Damage Due to Impingement
in 3 Types of Prostheses in vivo: the Role of Penetra-
tion Depth, Socket Encapsulation, and the Femoral
Neck Radius Ratio. In-review manuscript, 2000.

23. Hop JD, Callaghan JJ, Olejniczak JP, Pedersen
DR, Brown TD, Johnston RC: Contribution to
Cable Debris Generation to Accelerated Polyethyl-

ene Wear. Proceedings of the Hip Society, Clin.
Orthop 344:20-32, 1997.

24. Jasty M, Goetz DD, Bragdon CR, Lee KR,
Hanson AE, Elder JR, Harris WH: Wear of Poly-
ethylene Acetabular Components in Total Hip Arthro-
plasty—An Analysis of One Hundred and Twenty-
Eight Components Retrieved at Autopsy or Revision
Operations. J Bone Joint Surg [Am] 79:349-358, 1997.

25. Katz RP, Callaghan JJ, Sullivan PM, Johnston
RC: Results of Cemented Femoral Revision Total Hip
Arthroplasty Using Improved Cementing Tech-
niques. Clin. Orthop 319:178-183, 1995.

26. Katz RP, Callaghan JJ, Sullivan PM, Johnston
RC: Long-Term Results of Revision Total Hip Arthro-
plasty with Improved Cementing Techniques. J Bone
Joint Surg [Br] 79B:322-326, 1997.

27. Kelley S, Johnston R: Debris from Cobalt-Chrome
Cable May Cause Acetabular Loosening. Clin. Orthop
285:140-146, 1992.

28. Livermore J, Ilstrup D, Morrey B: Effect of Femo-
ral Head Size on Wear of the Polyethylene Acetabu-
lar Component. J Bone Joint Surg [Am] 72:518-528,
1990.

29. Madey SM, Callaghan JJ, Olejniczak JP, Goetz
DD, Johnston RC: Charnley Total Hip Arthroplasty
with Use of Improved Techniques of Cementing. The
Results After a Minimum of Fifteen Years of Follow-
Up. J Bone Joint Surg [Am] 79A:53-64, 1997.

30. Maloney WJ, Jasty M, Harris WH, Galante JO,
Callaghan JJ: Endosteal Erosion in Association with
Stable Uncemented Femoral Components. J Bone
Joint Surg [Am] 72:1025-1034, 1990.

31. Maxian TA, Brown TD, Pedersen DR, Callaghan
JJ: A Sliding-Distance-Coupled Finite Element Model
for Polyethylene Wear in THA. Trans 41st ORS: 726,
1995.

32. Maxian TA, Brown TD, Pedersen DR, Callaghan
JJ: A Sliding-Distance-Coupled Finite Element For-
mulation for Polyethylene Wear in Total Hip Arthro-
plasty. J Biomech 29:687-692, 1996.

33. Maxian TA, Brown TD, Pedersen DR, McKellop
HA, Liu B, Callaghan JJ: Finite Element Analysis
of Acetabular Wear – Validation and Backing and Fixa-
tion Effects. Clin Orthop 344:111-117, 1997.

34. Maxian TA, Brown TD, Pedersen DR, Callaghan
JJ: Adaptive Finite Element Modeling of Long-Term
Polyethylene Wear in Total Hip Arthroplasty. J Orthop
Res 14:668-675, 1996.

35. McKellop HA, Campbell P, Park S-H,
Schmalzried TP, Grigoris P, Amstutz HC,
Sarmiento A: The Origin of Submicron Polyethyl-
ene Wear Debris in Total Hip Arthroplasty. Clin
Orthop 311:3-20, 1995.



J. J. Callaghan, D. R. Pedersen, R. C. Johnston, and T. D. Brown

12 The Iowa Orthopaedic Journal

36. Mohler CG, Callaghan JJ, Collis DK, Johnston
RC: Early Loosening of the Femoral Component at
the Cement-Prosthesis Interface after Total Hip Re-
placement. J Bone Joint Surg [Am] 77:1315-1322,
1995.

37. Morrey B, Ilstrup D: Size of the Femoral Head and
Acetabular Revision in Total Hip Arthroplasty. J Bone
Joint Surg [Am] 71:50-55, 1989.

38. Pedersen DR, Brown TD, Hillis SL, Callaghan
JJ: The Influence of 3rd Body Debris on In Vivo Poly-
ethylene Wear in Total Hip Arthroplasty. Trans 44th

ORS: 772, 1998.
39. Pedersen DR, Brown TD, Hillis SL, Callaghan

JJ: Early Prediction of Long-Term Polyethylene Wear
in Total Hip Arthroplasty. Trans 44th ORS: 54, 1998.

40. Pedersen DR, Brown TD, Hillis SL, Callaghan
JJ: Prediction of Long-Term Polyethylene Wear in
THA, Based on Early Wear Measurements Made
Using Digital Image Analysis. J. Orthop Res 16:557-
563, 1998.

41. Pedersen DR, Callaghan JJ, Heiner AD, Brown
TD: Chi-Square Testing of THA Wear Rate Distribu-
tion Normality. Trans 46th ORS: 577, 2000.

42. Pedersen DR, Callaghan JJ, Johnston RC: Rate
of In-Vivo Polyethylene Wear for Five Different Ac-
etabular Components used over a Five to Twenty-
Two Year Period. ASTM Committee F-4 workshop on
Ultra High Molecular Weight Polyethylene Materials,
1994.

43. Pedersen DR, Callaghan JJ, Johnston TL, Fetzer
GB, Johnston RC: Comparison of Femoral Head
Penetration Rates Between Cementless Acetabular
Components with 22 Millimeter and 28 Millimeter
Heads. J Arthroplasty, 16:111-115, 2001.

44. Pedersen DR, Maxian TA, Brown TD, Callaghan
JJ: Temporal and Spatial Distributions of Directional
Counterface Motion at the Acetabular Bearing Sur-
face in Total Hip Arthroplasty. Iowa Orthopaedic Jour-
nal 18:43-53, 1998.

45. Rokkum M, Brandt M, Bye K, Hetland KR,
Waage S, Reigstad A: Polyethylene wear, osteoly-
sis and acetabular loosening with an HA-coated hip
prosthesis. J Bone Joint Surg [Br] 81:582-589, 1999.

46. Schmalzried TP, Jasty M, Harris WH:
Periprosthetic Bone Loss in Total Hip Arthroplasty:
Polyethylene Wear Debris and the Concept of the Ef-
fective Joint Space. J Bone Joint Surg [Am] 74:849-
863, 1992.

47. Schmalzried TP, Kwong L, Jasty M, Sedlacek R,
Haire T, O’Connor DO, Bragdon CR, Kabo JM,
Malcolm A, Harris WH: The Mechanism of Loos-
ening of Cemented Acetabular Components in Total

Hip Arthroplasty. Analysis of Specimens Retrieved
at Autopsy. Clin Orthop 274:60-78, 1992.

48. Schulte KR, Callaghan JJ, Kelley SS, Johnston
RC: The Outcome of Charnley Total Hip Arthroplasty
after a Minimum of Twenty-Year Follow-Up. J Bone
Joint Surg [Am] 75:961-975, 1993.

49. Scifert CF, Brown TD, Lipman JD: Finite Element
Analysis of a Novel Design Approach to Resisting
Total Hip Dislocation. Clin Biomech 14:697-703, 1999.

50. Scifert CF, Brown TD, Pedersen DR, Callaghan
JJ: Finite Element Analysis of Mechanical Factors
Influencing Total Hip Dislocation. Clin Orthop
355:152-162, 1998.

51. Shaver SM: Development and Implementation of a
Digital Edge Detection Algorithm to Measure
UHMWPE Wear in Total Hip Arthroplasties. M.S.
Thesis, Department of Biomedical Engineering, Uni-
versity of Iowa (Advisor: TD Brown), 1994.

52. Shaver SM, Brown TD, Callaghan JJ: A Digital
Edge Detection Technique to Measure In Vivo
UHMWPE Wear in Total Hip Replacements. Advances
in Bioengineering 1994. BED Vol. 28: 155-156, Ameri-
can Society of Mechanical Engineers, New York,
1994.

53. Shaver SM, Brown TD, Hillis SL, Callaghan JJ:
Digital Edge-Detection Measurement of Polyethyl-
ene Wear after Total Hip Arthroplasty. J Bone Joint
Surg [Am] 79A:690-700, 1997.

54. Sullivan PM, MacKenzie JR, Callaghan JJ,
Johnston RC: Total Hip Arthroplasty with Cement
in Patients Who Are Less Than Fifty Years Old—A
Sixteen to Twenty-Two-Year Follow-Up Study. J Bone
Joint Surg [Am] 76A:863-869, 1994.

55. Sychterz CJ, Engh CA Jr., Swope SW, McNulty
DE, Engh CA: Analysis of Prosthetic Femoral Heads
Retrieved at Autopsy. Clin. Orthop. 358:223-234, 1999.

56. Sychterz CJ, Moon KH, Hashimoto Y, Terefinko
KM, Engh CA, Bauer TW: Wear of Polyethylene
Cups in Total Hip Arthroplasty—A Study of Speci-
mens Retrieved Post Mortem. J Bone Joint Surg [Am]
78A:1193-1200, 1996.

57. Weber KL, Callaghan JJ, Goetz DD, Johnston
RC: Revision of a Failed Cemented Total Hip Pros-
thesis with Insertion of an Acetabular Component
without Cement and a Femoral Component with Ce-
ment. A Five to Eight-Year Follow-Up Study. J Bone
Joint Surg [Am] 78A:982-994, 1996.

58. Wroblewski BM: Direction and Rate of Socket Wear
in Charnley Low-Friction Arthroplasty. J Bone Joint
Surg [Br] 67B:757-761, 1985.

59. Yamaguchi M, Akisue T, Bauer TW, Hashimoto
Y: The Spatial Location of Impingement in Total Hip
Arthroplasty. J Arthroplasty 15:305-313, 2000.



Volume 23 13

ABSTRACT
Joint implant design clearly affects long-term

outcome. While many implant designs have been
empirically-based, finite element analysis has the
potential to identify beneficial and deleterious fea-
tures prior to clinical trials. Finite element analy-
sis is a powerful analytic tool allowing computa-
tion of the stress and strain distribution
throughout an implant construct. Whether it is
useful depends upon many assumptions and de-
tails of the model. Since ultimate failure is re-
lated to biological factors in addition to mechani-
cal, and since the mechanical causes of failure
are related to load history, rather than a few load-
ing conditions, chief among them is whether the
stresses or strains under limited loading condi-
tions relate to outcome. Newer approaches can
minimize this and the many other model limita-
tions. If the surgeon is to critically and properly
interpret the results in scientific articles and sales
literature, he or she must have a fundamental
understanding of finite element analysis. We out-
line here the major capabilities of finite element
analysis, as well as the assumptions and limita-
tions.

INTRODUCTION
The relationship between implant design and clini-

cal outcome is unquestioned owing to excellent long-
term results with some designs and poor results with
others. Quite obviously, the outcome of total joint ar-
throplasty depends upon many patient-related and bio-

logical factors independent of the “mechanical environ-
ment” in the immediate vicinity of the implant. Equally
obvious, not all mechanical phenomenon (e.g., wear)
and their biological consequences (e.g., osteolysis) re-
late directly to that mechanical environment. However,
with good evidence, most investigators believe outcome
differences (and in particular, aseptic loosening) relate
to long-term adaptation of tissues to the mechanical
environment surrounding an implant.

What can we know about the mechanical environ-
ment, and what do we need to know? First, we can
measure or estimate the time-varying load magnitudes
and directions on an implant using a variety of ap-
proaches. Since experimental measurements and theo-
retical analyses of joint loads yield similar results, we
have reason to believe current estimates are reason-
ably accurate.4 Second, we can measure initial bone-
implant motions (i.e., stability, mobility) using either in
vitro or in vivo (roentgenstereophotogrammetry*)
methods, and we can estimate late implant stability us-
ing the latter approach.14,35,42 Third, we can readily esti-
mate how the loads are distributed at the organ (whole
bone), and small macroscopic levels, that is, estimate
stresses and strains. The question is whether this is
what we need to know: mechanistically it is not the load,
motion, and stress or strain magnitudes at a given time
or under given load conditions which relate to local ma-
trix microdamage or cell and tissue remodeling caus-
ing loosening. Rather, local (i.e., microscopic, if not ul-
trastructural) deformation histories ultimately cause
loosening. This latter point raises a question of what
structural analysis can provide.

Finite element analysis (FEA), is a powerful compu-
tational tool for estimating stress and strain magnitudes
and studying the mechanical interactions between bones
and implants. While implant design certainly affects
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stresses in bone, we do not yet know how bone stresses
or strains relate to tissue adaptation. This chapter will
explore the capabilities and limitations of current FEA
in predicting tissue adaptation, and will suggest some
new directions in an effort to improve the clinical appli-
cability of this tool. Some issues are philosophical in
nature, and while we do not focus on those issues, nei-
ther can we avoid them and adequately communicate
the capabilities and limitations of FEA.

FINITE ELEMENT ANALYSIS (FEA)
Finite element analysis is merely a way to compute

stress and strain fields throughout a structure: that is,
how loads and deformations are distributed. Long-
known relatively simple (partial differential) equations
of static equilibrium readily accomplish this task for
simple, solid structures (e.g., beams and rods), where
an exact solution can be found which satisfies the equi-
librium conditions. However, the equations for geometri-
cally and/or materially complex or non-solid structures
are intractable. FEA, introduced in the late 1940’s, pro-
vided a means to estimate stress and strain fields within
more complex structures. Simply stated, a complex
structure is modeled as a grid or mesh of many small
simple structures (“finite elements”), each with its own
typical material and geometric properties, and each
connected to its neighbors at discrete nodal locations
to insure the coherent displacements and stresses which
would occur in the actual structure when loaded. The
solution in these cases is approximate, and satisfied only
in a weak sense,24 but becomes more accurate with in-
creasing mesh refinement. Subsequently, stress and
strain throughout a more complex structure can be
computed since the states vary from element to element.

Despite the conceptual simplicity, the practical solu-
tion to adequately complex FEAs awaited the develop-
ment of powerful digital computers. Two of the early
FEAs of bone were reported only in 1972.6,47 Modest in
number of elements and other properties, the varying
thickness of the two-dimensional section was modeled
by varying the stiffness of the elements. (Ironically, the
stress trajectories predicted with beam theory analysis
more closely approximated trabecular architecture than
with early FEA!) Within the next decade, many investi-
gators applied the method to bones and prostheses,26

although the accuracy and validity* of some of these
early models was open to question in part owing to com-
puting limitations and lack of approaches to accurately
model interfaces (of differing materials or contacting
surfaces) and properties of complex materials.

With modern computing power allowing high mesh
resolution (many elements) and new approaches more
accurately modeling interfaces and materials, FEA now
affords stress analyses with greater biological and clini-
cal implications. Because the approach offers substan-
tial power to explore many aspects of implant design
prior to actual construction, the surgeon interested in
developing an implant or in understanding the struc-
tural implications of an implant should have at least a
basic knowledge of the approach, including its capabili-
ties and limitations.

Any FEA requires: 1.) a sufficiently-refined mesh
reflecting the external shape and the geometry of any
and all relevant structures; 2.) boundary conditions re-
flecting any and all relevant external constraints or loads
surrounding the structure; 3.) material properties ap-
propriately describing those within each element; 4.)
proper modeling of interfaces of differing materials or
non-connected structures.

These requirements are necessary, but not sufficient
for confirming models. At a minimum, model confirma-
tion requires: 1.) a convergence study demonstrating
model results do not change if mesh resolution is in-
creased. The greater number of elements, the greater
the fidelity to shape and material characteristics of the
modeled structure since the real structure may be
viewed as one with an infinite number of elements.
While the computed solution will change as one begins
with few elements and increases mesh resolution, at a
certain resolution the solution does not substantially
change (i.e., it converges). Normally it is not necessary
to further increase mesh resolution once one shows a
convergent solution. 2.) a reasonable comparison of
model results with independent observations (e.g., labo-
ratory strain analysis, analytic solutions). Reports not
demonstrating convergence and not containing compel-
ling confirmation (e.g., laboratory strain analysis, ana-

* Oreskes, et al., appropriately distinguish “verification” from
“validation.”43 “Verify” means to establish the truth of a proposition,
or in our case a finite element model. “Validate” on the other hand,
means to establish the soundness or legitimacy of a proposition; a
valid proposition or model contains no detectable flaws and is internally
consistent. Validity of a model is usually necessary, but not sufficient
to insure the truth (in our case, the state of stress or strain in an actual
biological structure). “Confirmation” implies agreement of model
results with observational (e.g., strain gauge) data. In most cases,
researchers mean “confirmation” when they use the term “validation.”
This distinction may appear semantic, but the terms have differing
roots and meanings. Further, the distinction would be academic,
except Oreskes, et al. effectively argue, “Verification and validation of
numerical models of natural systems is impossible.” This does not
mean numerical models are not useful; quite the contrary, they are
extremely useful, and without them, contemporary air and space flight
would likely be impossible! (Realize, though, early planes and rockets
were developed without such models!) Rather, the orthopaedic
surgeon should recognize finite element models have inherent
limitations, and should pay particular attention to model confirmation
(the term to be used in this chapter).
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lytic solution, natural observations, animal or experi-
mental observations) should be viewed with great cau-
tion not only for absolute values, but even relative com-
parisons.

With current technology and appropriate confirma-
tion, such analyses have the capability to provide rea-
sonable estimates of stress and strain in bone* (as an
organ) and implant materials. These models provide a
powerful capability not readily achievable (and perhaps
impossible to achieve) in any observational or experi-
mental approach: the potential to vary only one param-
eter or feature and no other. In a clinical study, for ex-
ample, one can use implants of two designs, but despite
the best controls (e.g., matched patient groups, single
surgeon, same approach, same post-operative regimen)
the biological differences and other variables (e.g., bio-
logical activity of the tissues, patient activity levels)
could obscure the effect of design variables despite a
large study (see Frost16 for a discussion of biological
and mechanical interactions). (A very large study with
radically different designs and very long-term follow-
up might be able to ascertain differences with reason-
able power, but such studies are usually impractical for
a variety of reasons.). The same argument applies to
the typically better controlled bench study (e.g., cadav-
eric study). In a FEA, however, all other variables are
absolutely controlled, providing an unexcelled oppor-
tunity to examine relative differences between implants
or a single implant with design differences. Such inves-
tigations vary a single parameter (e.g., stem thickness
or stiffness) keeping others constant and are accord-
ingly termed, “parametric” studies. These studies, in
addition to precision of strain computation at the mac-
roscopic level, is perhaps the most powerful capability
of most current FEA implant studies.

Thus, FEA does afford the opportunity to identify
high and low stress or strain regions in bone. As will
be obvious from subsequent discussion, contemporary
FEA computes stresses and strains over some averaged
region, and not the extremes. Nonetheless, given suffi-
cient mesh resolution, averages of small regions would
give some indication if the stresses and strains exceeded
the static or fatigue limits of bone strength, and how
design changes may relieve or exacerbate these limits.

GENERAL ASSUMPTIONS AND
LIMITATIONS OF FEA

Effective Continuum Assumption
FEA arises out of continuum mechanics, the science

on which the very concepts of stress and strain are in
fact based. “Continuum” implies a material is continu-
ous or solid and its properties (e.g., elastic modulus,
Poisson’s ratio, yield criteria, volumetric density) are
locally homogeneous (i.e., do not vary). Quite obviously,
at an atomic level, no materials are “solid,” although
from a practical point of view they may be so consid-
ered at a macroscopic level. In any continuum model, a
specific length scale of interest is usually implied by
the dimensions of the model. Material properties at the
length scale of a continuum model are typically just
averages of the material properties at smaller length
scales. Consequently, information pertaining to stresses
and strains at small length scales is usually not provided
by the continuum model. For example, in the design of
an implant, for most purposes (but importantly, not all)
cortical bone could be quite reasonably treated as a
homogenous continuum, since the heterogeneities as-
sociated with osteons, vascular porosity, lacunae, and
canaliculi exist on much small length scales. However,
in the design of an implant in trabecular bone, it is more
questionable to model the bone as a homogeneous con-
tinuum, since the length scale of the heterogeneities
within the bone (length of individual trabecula and the
associate pores) approaches that of the implant dimen-
sions. Architectural features such as osteons effectively
create “stress risers” or features which substantially
influence local tissue stresses or strains. One should
then ask: At what scale is the assumption of a homoge-
neous material valid? In an attempt “to establish the
length scales over which the continuum assumptions is
valid in cancellous bone,” Harrigan et al., concluded,
“Within three to five trabeculae of an (implant) inter-
face a continuum model is suspect.”20 This means the
average strain calculations do not apply at the trabecu-
lar (let alone cell) level, owing to variations from the
continuum-assumed averages. We do not currently
know the range of stresses or strains created by these
stress risers, although the estimates range from 2-3
times (46),51 to 10 times,41 or even 30023 times the con-
tinuum or average level. The biological (i.e., mechanis-
tic), if not predictive importance of this point will be-
come apparent later.

For the reasons stated above, the continuum assump-
tion is most likely valid when modeling prosthesis im-
plantation in the cortical bone of a cadaveric femur or
when modeling the initial state in a living femur imme-
diately after implantation. In fact, an FEA is often con-
firmed (“validated”) using a strain-gauged** cadaveric

* “Stress” as a concept does not likely apply at the cell or tissue level
for two reasons: 1.) cells are complex structures with complex load
distribution; 2.) deformation, rather than “stress” likely stimulates
cells. When appropriate we will use the term “strain” since it is more
closely related to deformation and likely cell response.
** Strain gauges record strains over length scales for which the
continuum assumption applies.
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experiment. Thus, despite the continuum assumption,
FEA still has the potential to be powerful in predicting,
although not mechanistically explaining, implant perfor-
mance in a population. In such a situation, biological
mechanism need not be incorporated into a model, al-
though no model should contradict known biological
mechanisms or clinical observation. However, most
published FEA studies do not adequately address strain
at the trabecular level, either because that architecture
in the vicinity of the implant is not included, or when it
is modeled, the variations in material properties at that
level are simply not known.

Design Criteria
Designing “better” implants requires some “design

criterion.” That criterion usually minimizes or maxi-
mizes - i.e., “optimizes”—stress or strain, either globally
or locally. That is, one identifies a design which reduces
or increases some feature which will have beneficial
effects. Given a design criterion, one parametrically
varies a given design feature to determine which de-
sign best achieves that criterion. A typical criterion
might be to minimize peak strain in bone cement. A
parametric study is conducted, examining a single de-
sign change (say, stem thickness), then searching all
cement elements for strain with each modeled thick-
ness. One chooses that thickness which best achieves
the criterion.

Design Features Not Directly Related to Stress
and Strain

Many important or critical aspects of design, such
as choice of implant material and surface finish are not
directly addressed by FEA. While the differing mate-
rial properties of an implant material are considered,
FEA does not account for material differences affect-
ing the system in biological ways not related to strain.
For example, some implant materials (e.g., titanium) are
believed to promote or tolerate bone ongrowth better
than others (e.g., stainless steel). Surface finish at the
microscopic level relates to cell responsiveness. An FEA
does not consider such design features, when in fact
they could be critical.

Design Features Related to Stress and Strain
Minimizing strain in an implant material (ceramic,

metal, high density polyethylene, polymethylmetha-
crylate) is relatively straightforward, because the con-
tinuum assumption is typically reasonable, and because
we have a good notion of the relationship between stress
or strain and material failure. Thus, if the questions
relate to failure of an implant material, including wear,

FEA provides a powerful approach. On the other hand,
if the questions relate to tissue adaptation, the FEA
approach is not straightforward since we do not know
the relationship between stress or strain and bone ad-
aptation. In the case of an implant, one might empiri-
cally reduce bone strain in high strain regions, and per-
haps increase strain in low strain regions if one
presumed the low level would lead to reduced bone
mass (density).

BONE ADAPTATION TO THE
DEFORMATION HISTORY

The relationship between the mechanical environ-
ment and connective tissue adaptation has been known
or suspected for centuries. Galileo recognized the gen-
erally similar shapes of animals of widely differing sizes,
yet each adapted in particular size and shape to the size
and anatomy of the animal. The observation of regular-
ity of trabecular architecture (from individual to indi-
vidual in the same bone) during the 19th Century sug-
gested description by mathematics (since mathematics
can theoretically describe all regularities). As early as
1851, Wyman suggested, “the cancelli in all those bones
that assist in sustaining the weight of the body, or in
locomotion, are arranged in definite directions, the di-
rections being those of the reception and transmission
of force.”56 The notion that trabecular architecture could
be described by the principle tensile and compressive
stresses which would occur in a solid, homogeneous
structure of the same shape in the 1860’s39 led to the
postulate that these stresses governed bone remodel-
ing.46,55 Following Wolf f ’s classic monograph, “Das
Gesetz der Transformation der Knochen,” published in
1892, the general relationship between the mechanical
environment and tissue adaptation has been generally
termed, “Wolff’s Law.”55

Wolff specifically noted:
Es ist demnach unter dem Gesetze der Transforma-

tion der Knochen dasjenige Gesetz zu verstehen, nach
welchem im Gefolge primärer Abänderungen der Form
Inanspruchnahme, oder auch bloß der Inanspruchnahme
der Knochen, bestimmte, nach mathematischen Regeln
eintetrende Umwandlungen der innerer Architectur und
ebenso bestimmte, denselben mathematischen Regeln
folgenden secondäre Umwandlungen der äusseren Form
der betreffenden Knochen sich vollziehen.

(It is therefore under the laws of transformation [re-
modeling] of bone, the one law to understand, after which
in the wake of the primary changes of utilized form, or
certainly just the use, after mathematical rules set in trans-
formation of the inner architecture and just as certainly,
following the same mathematical rules the secondary
transformation which is carried out on the outer form of
the bone in question.)
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Or, more compactly:
The law of bone remodeling is that mathematical law

according to which observed alterations in the internal
architecture and external form of bone occur as a conse-
quence of the change in shape and/or stressing of bone.

Quite obviously, Wolff and subsequent investigators
presumed something about stress and/or strain “gov-
erned*” bone adaptation. Two problems immediately
arise: First is Wolff’s implicit continuum assumption.
Stress and strain concepts arise from continuum me-
chanics, in which solid, continuous materials are as-
sumed at the level of interest. Bone and interfacial tis-
sues are not solid, continuous materials, however. In
fact, discontinuities observed at the trabecular macro-
scopic (not to mention those at the microscopic and
ultrastructural) level undoubtedly result in substantial
variations of “average” or continuum level stress or
strain predictions**. Second is Wolff’s implicit concept
of “governing laws.” While Wolff’s understanding and/
or philosophy of the meaning of mathematics in Nature
are not known, he surely implied something inherent
in mathematical “laws” “governed” bone remodeling in
particular, and Nature in general. Historically, this no-
tion reflects a school of thought believing mathematics
inherent in Nature, and mathematical quantities “gov-
erned” or “controlled” natural processes. An opposing
school of thought believes mathematics merely a man-
made artifice, which despite its immense power, could
be replaced by some alternative construct (e.g.,
Pythagorian versus Reimannian geometry) and in the
best of circumstances merely described or predicted
natural process. Newton reflected this latter school
when in formulating the “laws” of gravity, he com-
mented, “Hypotheses non fingo”: “I propose no expla-
nation.” Thus, he recognized his “law” merely described
Nature, not explained it.

This latter point is critical in interpreting modern
formulations of tissue adaptation: some contemporary
investigators apparently ignore the distinction between
mathematics as a way to describe or predict, and math-
ematics as a way to explain. In the former case, empiri-
cally derived mathematical formulations may accurately
predict tissue adaptation without consideration of
mechanism, while in the latter, mechanism would be
essential. Since the mechanisms of tissue adaptation are
poorly understood, known “steps” in cascades of events
are complex, and many steps undoubtedly remain to
be identified, it makes little sense to artificially intro-
duce mechanism into mathematics which at best de-
scribes and predicts. On the other hand, it makes
equally little sense to introduce mathematical formula-
tions contradictory to known mechanisms. Further, in
contrast to the mechanics where most “mathematical
laws” accurately predict at macroscopic levels, in biol-
ogy, such laws only approximate outcome for a popula-
tion (of individuals, tissues, cells). Thus, physical sci-
entists and engineers need an understanding of
biological constraints, while biologists and physicians
need an understanding of computational constraints.
Given this understanding, FEA offers the potential to
describe or predict implant performance for a popula-
tion.

CAN FEA PREDICT BONE ADAPTATION?
It is fair to state no current approach to numerically

predicting bone adaptation to implants has been corre-
lated with clinical outcome. Thus far, FEA cannot tell
us whether a given implant will loosen owing to me-
chanically-driven bone adaptation. This is one of its
greatest limitations. Why is this the case. First, con-
tinuum level average stresses or strains do not likely
directly related to implant failure. Second, tissues “tem-
porally process” deformation histories and this process
is key to adaptation; the typical FEA uses static loads
and does not account for either deformation histories
or temporal processing. Third, the individual cells re-
sponsible for adaptation do not respond to stress or
strain per se, although they might respond to some re-
lated quantity.

* “Govern” in this paper will be used in a broad sense to mean describe
or predict, and will not be used in any mechanistic sense implying
something actually controls tissue adaptation.
** As noted earlier, “stress” and “strain” arise from continuum
mechanics of materials with attendant assumptions. At the organ level,
bones, tendons, or ligaments may behave as materials of a given
geometry. However, at the cell level, they are not materials, but rather
complex structures. A definition of traditional engineering strain
requires establishing of reference frames and two distinct points
between which strain is ascertained. It would be difficult to know which
two points on a cell were most biologically relevant, even if one could
ascertain changes in distance between them under load. Thus, while
cells surely deform under load, it seems specious to speak of “cell
strain.” “Deformation” seems a more appropriate term for cells, since
deformation of the cell membrane, cytoskeleton, or other structures
(e.g., stretch-activated ion channels) are mechanistically believed to
be involved in cell responsiveness.
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Continuum Level Averages Do Not Likely Directly
Relate to Implant Failure

Why are the continuum averages computed by FEA
perhaps less important than the ranges of stresses and
strains* on the microscale? The reasons are several fold:
1.) Very high levels of local strains may lead to fatigue
fracture of dead or even living bone (microfractures)
within weeks or months following prosthetic implanta-
tion. 2.) Very high levels of local strains may lead to
bone resorption of living bone. 3.) Very low levels of
local strains may lead to bone resorption of living bone
(i.e., generalized disuse atrophy and localized “stress
shielding”). In each of these cases, support lost at one
small point, leads to load transfer elsewhere (presum-
ing the loading is the same), perhaps overloading and
fracturing or resorbing adjacent areas.

Several observations and one argument support
these reasons: 1.) The presence of micromotion (albeit
sometimes only in the range of 10-50 micrometers) be-
tween all implants and bone, both initially and subse-
quently. The presence of motion itself likely engenders
levels of stresses and strains not computed by the typi-
cal FEA (unless it were a contact model). 2.) The
roentgenstereophotogrammetry (RSA) documented ini-
tial settling of virtually all implants (again, in a small
range for clinically successful large joint implants). The
presence of near universal small but detectable initial
settling suggests overloading of some initially support-
ive bone with fracture. However, given the long-term
endurance of most implants, we must presume implants
reach some point of stability where interfacial stresses
at both global and local levels are tolerated by bone.
The RSA evidence of continued settling eventually lead-
ing to clinically significant implant loosening suggests
a point of stability is never reached in some implants.
That is, local loss of support in one region causes over-
loading in previously appropriately loaded regions, then
the new region fails, and so on. 3.) The higher levels of
stresses and strains (i.e., above the continuum level
computations) likely exceeds the breaking strain of
bone. Various authors suggest the static breaking strain
in the range of 14,000-35,000 microstrain2,12 while the

ultimate fatigue strain in laboratory cortical specimens
is in the range of 4000-8000 microstrain**.22 Thus, pre-
suming the range of continuum-predicted strains in tra-
becular bone are 10 times the average, it is likely some
trabeculae fail around implants some time shortly after
implantation. This argument is consistent with nearly
universal RSA-observed settling.

Temporal Processing of Deformation History Is
Key to Tissue Adaptation

Realizing the state of strain around implants is not
constant, some investigators have utilized iterative FEA,
in which one assumes extreme regions of strain will
change their properties as a result of the biological re-
sponses.34,53 In such models regions of low strain en-
ergy density become less stiff, which increases the en-
ergy density level, and regions of high strain energy
density become stiffer, which decreases the energy
density level†. These approaches assume the tissue is
attempting to reach some more ideal range of strain
energy density. If new moduli are assigned to these
regions, a new FEA solution may be obtained with a
differing distribution of strain. The re-assignment of
properties is continued until the solution converges (i.e.,
all elements of bone experience some specified range
of strain energy density). These sorts of models can
account for the clinically observed remodeling (changes
in radiographic density) which occurs around im-
plants.13,18,36,49,52

Models accurately predicting bone density necessar-
ily require adaptation rules. Current investigators se-
lect some strain (or strain-related) magnitude, presum-
ing tissues and/or cells differentiate the various forms
of stress or strain††. In fact, we do not know which will
most accurately predict bone response, and in fact we
do not even know whether individual cells indeed dif-
ferentiate say, compressive versus tensile strain. Thus,
the predictive model presumes the response of cell
population in a large tissue region is associated with a
given stress or strain quantity, but one should not con-
fuse individual cell responsiveness with population re-
sponsiveness. The magnitudes of some calculations of
stress or strain (e.g., longitudinal tensile or compres-
sive stresses) depend upon some more or less arbitrary
reference frame, and it seems quite obvious these sorts
of parameters may be irrelevant, since cells do not know

* Continuum estimates of peak loading range from 1000-3000
microstrain, and if the local strains are in the range of greater than
ten times those levels, they may well be in the range of the breaking
strain of bone, which is only 1.4-4.1 times the peak physiological levels.2
The survival of the implant may therefore depend upon the volume of
interfacial bone experiencing mechanically or biologically high levels
of strain.
** This range is astonishingly low in strain magnitude, and as
suggested by Biewener (2) would result in low safety factors. It is
likely, however, living bone has adaptational mechanisms not present
in dead bone.

† The ranges of acceptable stress or strain for bone homeostasis are
not known, but Frost postulated such a range or “window”.15

†† “Stress” and “strain” may be mathematically defined in many ways
(e.g., principal compressive and tensile strains versus strain energy
density).
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the orientation of such frames. Other stress/strain pa-
rameters (e.g., strain energy density) do not depend
upon a reference frame, and therefore seem more ap-
propriate as candidate predictors. In attempting to iden-
tify particular aspects of loads (i.e., stress/strain param-
eters) relating to tissue adaptation, recent investigators
assume tissues “seek” (i.e., remodel to achieve) some
identifiable and “optimal” state of stress or strain (e.g.,
“attractor state”), and further implicitly or explicitly
postulate the attractor state arises from peak loads,9,27

“averaged” strains,15,16 or “values which cause fatigue
microdamage”.11,17

Understanding the relationship between tissue adap-
tation and loading must involve some “cumulative ef-
fects of loading,” but not the time-averaged sort sug-
gested by Cowin.11 Carter9 and Whalen and Carter54

formulated a remodeling rule based upon summing a
number of discrete peak loads during some given num-
ber of occurrences of similar activities, assuming the
entire loading history influenced bone maintenance
and/or remodeling. One recent study, however, sug-
gests stress/strain magnitude alone does not predict
bone adaptation theoretically7 or experimentally,40 while
another suggests magnitude and cycle number, regard-
less of how the two are weighted, also do not predict
bone adaptation.1

Cowin noted, “The precise aspect of the strain his-
tory sensed by bone tissue is an open question.”11 The
recognition that strain history, rather than merely some
strain quantity at a given time, initiates remodeling
arises from experimental evidence suggesting tissues
account for temporal aspects of the stimulus; for ex-
ample, bones respond very differently to static loads
over time than similar magnitude dynamic loads.10,32

Further, Gross et al. demonstrated the strain distribu-
tion in bone at the instant of peak strains differs from
the distribution of strain at other times; therefore if sub-
maximal strains initiate bone remodeling, the new bone
distribution will differ substantially from that predicted
from the location of peak strains.19 Perhaps more im-
portantly, some regions of bone habitually experience
low strains while others experience high strains (at both
continuum and cell levels), yet maintain spatial concor-
dance.3

To date, however, these remodeling rules ignore
additional features inherent in any mechanical signal:
duty cycle (i.e., distribution of events over some time
frame termed “dose-fractionation”30,31 or “partitioning”45),
the interlinked frequency and strain rate,37,38 signal du-
ration, and wave form. The biological ramifications of
these features are likely interdependent in ways cur-
rently unknown. And although their importance is un-
questionable, they are virtually ignored by current in-

vestigators using FEA to study bone adaptation.
An abundance of in vivo and in vitro studies suggest

cells and tissues in fact “ignore” the majority of mechani-
cal signal content, “selecting” and responding only to
certain features.5 For example, rather than exhibiting a
dose response to cycle number, one observes a trigger
response in many systems. These sorts of observations
led to the hypothesis that tissues “temporally process”
mechanical signals, and do so in distinct ways: 1.) They
respond in a trigger-like manner after a relatively few
events or cycles of loading; 2.) They respond only to
some window of strain magnitude; 3.) They exhibit a
refractory period after a response; 4.) They have a
memory for previous stimuli. These characteristics do
not necessarily mirror distinct cellular phenomena but
rather reflect typical features of experiments.

FEA, even those which iteratively predict changes
in bone density, do not account for temporal process-
ing features of tissue adaptation. Rather, they assume
the changes occur primarily, if not exclusively as a re-
sult of some stress or strain magnitude. This is not to
say they could not incorporate such features. Based on
his own work and that of others, Turner recently noted
three “fundamental rules” of bone adaptation: “(1) It 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 accommo-
date to a customary mechanical loading environment,
making them less responsive to routine loading sig-
nals.”50 These and other sorts of arguments can be com-
bined with iterative FEA magnitude predictions at a
phenomenological level without considering mecha-
nism.

The question is whether FEA needs to incorporate
such adaptation rules to successfully predict loosening.
As earlier noted, a predictive model need not incorpo-
rate “mechanistic rules” to be successful, although a
mechanistic model obviously would. However, there are
times when incorporation of basic mechanisms into pre-
dictive models is useful either for enhancing predictive
or for heuristic reasons. Thus, the question is not an-
swered at this time.

Individual Cells Do Not Respond to Stress or
Strain

Whether or not FEA can accurately predict bone
adaptation, the question arises as to whether individual
cells respond to stress or strain. Abundant experimen-
tal evidence suggests many connective tissue cells re-
spond to various alterations in the mechanical environ-
ment at both physiological and supraphysiological (at
the continuum computed) levels of strain. Almost any
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sort of mechanical stimulus (hydrostatic pressure,
stretching on a substrate, poking) elicits cell responses.
While identical cell culture systems have not been sys-
tematically explored using differing stimuli, available
evidence suggests it may not matter how the stimulus
is applied. In turn, this suggests cell deformation of any
sort may be the stimulus rather than a specific sort of
stress or strain.

A number of experimental observations indicate os-
teoblast-like cells in culture respond to fluid
flow.21,28,29,44,48 Since bone has pores at various scales and
contains water, deformation will cause fluid flow, lead-
ing to the hypothesis that fluid flow, rather than or in
addition to deformation causes mechanically-driven ad-
aptation. These hypotheses could be explored using
poroelastic FEA formulations which simulate fluid flow.
(It should be added that under normal loading condi-
tions, poroelastic strain solutions of bone will not differ
much from elastic solutions, so the advantage of
poroelasticity is to explore hypotheses, not to create
more accurate strain predictions.)

Other arguments lead to the same conclusion. Con-
nective tissue cells are not rigid structures and are not
rigidly attached to their relatively stiff matrix. Thus,
even though we might infer a pure stress state (say
compression), one cannot suppose cells loosely con-
nected to a matrix in lacunae at all sorts of orientations
to the load experience pure “compression.” What they
likely experience is deformation, to which they unques-
tionably respond.

FEA could theoretically model cells in lacunae at dif-
fering orientations if one knew the geometry of the
structure (cells are indeed complex structures), the
material properties of each element in that structure
(including all the proteins connecting the cell to the
matrix) and the structure and properties of the sur-
rounding matrix. In this case, one could ascertain how
an individual cell deforms under some pure load. How-
ever, the material and structural property information
required for such a model is not available.

For the time being, we must accept that we can con-
struct finite element models which compute only aver-
age stresses and strains for a large region of cells, ma-
trices, and discontinuities. Thus, any true (biologically)
mechanistic model is impossible (40).43 That is not to
say, however, some predictive model which considered
only average stresses or strains might not accurately
predict tissue adaptation to an implant.

In fact, a number of FEA studies incorporating some
stress/strain magnitude and/or aspect of time do cor-
relate with bone density, one aspect of tissue adapta-
tion.25,33,49,52,53 Interestingly, different loading conditions

produced similar bone density distributions in one such
model.13 Bone density and in particular stress shield-
ing, however, has not been shown to correlate with long
term outcome.8 That is not to say some other sort of
FEA might not accurately predict mechanically-caused
long-term aseptic loosening.

CONCLUSIONS
We are unaware of anyone who has used FEA to ac-

curately predict clinical outcome. The primary value of
FEA in exploring design changes has thus far been
heuristic; that is, parametric exploration of design
changes in the same model provides substantial insight
regarding the mechanical interactions between bones
and implants. Quite clearly, we should avoid implant
designs associated with regions of very high and very
low stresses and strains. But while we have a good idea
of the static and fatigue behavior of bone and thus frac-
ture, we typically do not compute the range of trabecu-
lar stresses and strains leading to fractures, and we do
not know what mechanical environment will stimulate
beneficial or detrimental bone adaptation over time.

An incomplete understanding of the biological
mechanisms of bone adaptation does not preclude, how-
ever, an FEA model which might prove predictive of
implant loosening. We suspect, however, the most prom-
ising approaches will require incorporation of two fea-
tures: 1.) hierarchical modeling; 2.) iterative, adaptive
modeling. Hierarchical modeling simply means the tis-
sues are coherently modeled at multiple levels from
micro- to macroscopic. Thus, the investigator will more
reasonably predict the range of local strains at the level
of interest: those quantities which lead to trabecular
fracture or relate to cell responses and tissue adapta-
tion. Iterative modeling recognizes the initial effect of
the implant on the immediate mechanical environment
does not remain the same for very long. Within days
or weeks of implantation, a portion of the interface will
change as a result of injury-repair reactions, and when
that interface changes, the stress distribution and small
implant position changes. (RSA studies confirm such
position changes actually occur, and even predict out-
come.) Iterative modeling can account for the changes
since the local stresses/strains are known through the
hierarchical modeling. Further, the introduction of these
approaches does not preclude identification of empiri-
cal remodeling rules predicting bone adaptation and
loosening. These currently available refinements in the
use of FEA should enhance their value in implant de-
sign.
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ABSTRACT
The Bernese Periacetabular Osteotomy (PAO)

is an operation designed to relieve hip pain and
improve function in patients with symptomatic
dysplastic hips. The short-term results of the
Bernese PAO indicate that there is a learning
curve but most patients with dysplasia and mild
arthritis have excellent pain relief. Outcomes and
complications are the primary focus of discussion.
Operative data and complications from the first
36 patients undergoing the Bernese PAO at the
University of Iowa have been comparable to those
reported in the literature.

INTRODUCTION
Development dysplasia of the hip (DDH) is a het-

erogeneous disorder that can lead to disabling hip pain
and degenerative arthritis. The main pathoanatomic
component is osteoarticular deficiency of the acetabu-
lum with deficient lateral and anterior coverage of the
femoral head. This acetabular deficiency substantially
alters force transmission across the hip, subjecting the
acetabulum and femoral head to increased and abnor-
mally directed contact stresses1. Chronic abnormal
stresses eventually can lead to subluxation and end-
stage arthritis of the hip.

Patients with DDH who develop hip pain and sub-
luxation are at nearly uniform risk to progress to end-
stage arthritis. Unfortunately, many of these patients
are young adults. Total hip arthroplasty is an outstand-
ing option for elderly patients with disabling hip arthri-
tis, but it is a much less desirable option in young pa-
tients. Ganz developed the Bernese periacetabular
osteotomy (PAO), an operation designed to improve
femoral head coverage by reorienting the shallow ac-
etabulum, to relieve hip pain and slow the progression
of arthritis in patients with symptomatic DDH who were
young4. In this review, early and medium-term outcomes

on Ganz’s original patients and results from several
other centers are reviewed. Finally, early operative and
radiographic results as well as complications from the
first 36 cases performed at the University of Iowa are
presented.

REVIEW OF CLINICAL LITERATURE
The operation was originally described by Ganz in

1988 and often bears his name4. Ganz et al. reported on
the initial 75 patients treated with the Bernese PAO.
The authors cited several advantages compared to other
innominate osteotomies. They emphasized that the
Bernese PAO could achieve greater corrections which
was especially advantageous in severely dysplastic hips.
Secondly, they emphasized that the structural continu-
ity of the pelvic ring is not disrupted, eliminating nec-
essary postoperative immobilization or traction. Finally,
they felt the Bernese osteotomy was technically easier
than several of the described spherical osteotomies.
However, patient follow-up was too short to report on
any outcomes.

The authors emphasized that the operation has a
learning curve, with substantial decreases in operative
time and blood loss occurring throughout the series.
They also noted clinically substantial complications oc-
curred in the first 18 cases including several
intraarticular osteotomies, several malpositioned frag-
ments, a transient femoral nerve palsy, several cases of
resubluxation of the femoral head, and four cases of
heterotopic bone formation. They concluded that there
is a significant learning curve but the operation had
excellent potential to help young patients with symp-
tomatic acetabular deficiency.

Trousdale et al. reported on 42 patients from Ganz’s
original series who had a diagnosis of DDH at an aver-
age of 4 years (2-8 years) after surgery9. Overall, Har-
ris hip scores improved from 63 to 86 following sur-
gery. The authors noted that the amount of preoperative
arthrosis correlated with postoperative outcome. Pa-
tients with mild to moderate arthrosis (Tonnis Grades
0 - 2) had substantial improvements in their hip scores
compared to patients with Grade 3 osteoarthrosis which
showed little benefit. Five of the 6 patients who pro-
gressed to total hip ar throplasty had Grade 3
osteoarthrosis prior to their PAO. The authors reported
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no major neurovascular complications. One patient re-
quired resection of heterotopic bone and one required
neurolysis of the lateral femoral cutaneous nerve. Over-
all, the authors demonstrated that the Bernese PAO
provided dramatic pain relief and improved function in
selected patients with DDH who had minimal to mild
pre-existing arthritic changes in their hips. They cau-
tioned that the osteotomy was not a predictable opera-
tion for patients with advanced arthritic changes.

Recently, several other centers have reported short-
term results on patients treated with the Bernese
PAO2,5,7,10. Matta et al. reported on 66 hips treated with
the Bernese PAO in 58 patients with an average follow-
up of 4 years5. They had a similar experience in that
patients with minimal to moderate preoperative arthritic
changes (Grade 0 - 2) had 78% to 85% good or excellent
results, and patients with Grade 3 arthritic changes had
33% good or excellent results. Three of the 5 patients
who eventually required total hip arthroplasty had grade
3 osteoarthritic changes. Overall, the authors’ results
supported the Bernese PAO as an excellent option for
symptomatic young patients with mild to moderate ar-
thritic changes resulting from DDH. Crockarell et al.
reviewed 21 patients treated with the Bernese PAO with
an average follow-up of 3.2 years2. Overall, Harris Hip
scores improved from 68 preoperatively to 86 postop-
eratively. Trumble et al. reported results on 124 Bernese
PAO’s performed on 115 patients with an average fol-
low-up of 4.3 years10. Overall, Harris Hip scores im-
proved from 65 preoperatively to 89 postoperatively. The
authors’ noted that preoperative arthrosis correlated

with outcome. Patients with grades 0, 1, and 2 arthritic
changes achieved Harris Hip scores of 89 – 92. Patients
with grade 3 changes had an average Harris Hip score
of 77. Murphy et al. reported on 135 Bernese PAO’s
performed on 130 patients with an average follow-up of
3.9 years7. Five hips, all with grade 3 arthrosis preop-
eratively, progressed to total hip arthroplasty. The au-
thors did not specify outcomes for the remaining 130
hips.

Davey and Santore specifically reviewed complica-
tions occurring in the senior author’s first 35 cases com-
pared to his second 35 cases3. They categorized com-
plications as major, moderate, and trivial. Major
complications included 2 bleeding complications, reflex
sympathetic dystrophy in 2 patients, one sciatic nerve
palsy, one pulmonary embolus, and one ileum nonunion.
Most notably, major complications decreased from 17%
in the first group to 2.9% in the second group. Of note,
none of the major complications had any substantial
long-term sequela. Moderate complications included 3
ischial fractures, 2 superficial wound problems, 1 pos-
terior column fracture, and 3 peroneal neuropraxias,
none of which had any sequela. Matta et al. reported
no major complications5. One patient underwent exci-
sion of symptomatic heterotopic ossification. Crockarell
reported two intraarticular osteotomies in 21 patients
that affected their ability to correct the dysplasia and
two peroneal nerve palsies2. In Trumble’s series, 3 pa-
tients had major arterial thromboses (2 femoral and 1
iliac) that required emergent intervention10. All of these
occurred in patients treated through an ilioinguinal ap-

TABLE 1

Magnitude of Correction

Table 1. Magnitude of correction of the Lateral Center Edge Angle, Anterior Center Edge Angle, Acetabular Index, and Femoral Head
Medialization for four previously reported series and the current series at the University of Iowa. Values represent dif ferences between
preoperative and postoperative values.
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proach and the authors subsequently have abandoned
this approach. They reported 2 deep infections requir-
ing multiple debridements and they also had to evacu-
ate 5 postoperative hematomas.

In summary, short-term outcomes from multiple cen-
ters have remarkably consistent results. Patients with

minimal to moderate arthritic changes usually achieve
substantial pain relief and improved function. Con-
versely, patients with advanced radiographic arthritic
changes had much less predictable success. There is a
substantial learning curve in performing the operation.
Major complications tended to occur early in all authors’

Figure 1B

Figure 1. Preoperative and postoperative AP and false profile x-rays of a 34 year old woman with left hip pain and dysplasia. Preoperative
lateral center edge angle (LCE) was 7 degrees, anterior center edge angle (ACE) was 5 degrees, and acetabular index (AI) was 28 degrees
(Figure 1A). Postoperative x-rays demonstrate an LCE of 36 degrees, an ACE of 30 degrees, and an AI of 0 degrees (Figure 1B).

Figure 1A
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series and this was shown to be statistically significant
by Davey and Santore3. Infection rates are uniformly
low. Vascular problems in patients operated through an
anterior approach are minimal. The most clinically sig-
nificant complications have been intraarticular osteoto-
mies. Finally, surgical corrections were markedly con-
sistent (Table 1). The operation allows substantial
three-dimensional improvement of femoral head cover-
age.

Siebenrock et al. were the first to report longer-term
results on 71 of the original 75 patients operated on by
Ganz8. Fifty-eight of 71 (82%) hips had been preserved
over a mean follow-up period of 11.3 years. Hip recon-
struction was performed at a mean of 6.1 years after
the PAO in the 13 patients who did not preserve their
hips. Fifty-two of the 71 hips (73%) were graded good
or excellent by the Harris hip score and the D’Aubigne
hip score. Eighty percent of preserved hips had grade
0 or 1 osteoarthritis. Again the authors found that ad-
vanced radiographic preoperative arthritis was a strong
predictor of poor outcome.

UNIVERSITY OF IOWA EXPERIENCE
From October 2000 through February 2003, 36

Bernese PAO’s have been performed on 30 patients at
the University of Iowa by a single surgeon. This report
summarizes preoperative and postoperative radio-
graphic corrections, quantifies perioperative data, and
details complications of these initial consecutive 36 op-
erations. Patients include 24 women and 7 men with an
average age of 33 years (+/- 7.9 years; range 15 – 47
years). The typical patient is a young woman with an
unexplained, insidious history of progressive buttock
or groin pain that has lasted approximately 6 months
to several years. The pain is often mistaken for low back
pain and a substantial percentage of patients have been
treated for mechanical back pain.

Typical physical findings include fairly normal range
of motion but substantial exacerbation of pain with flex-
ion, adduction, and internal rotation. Standard radio-
graphic examination begins with a standing AP xray of
the pelvis to determine lateral femoral head coverage
(lateral center edge angle), determine the slope of the
roof of the acetabulum (acetabular index), and judge
pre-existing arthritic changes (Figure 1). A false pro-
file view (standing lateral of the affected hip which is
rotated approximately 20 degrees anterior to the unaf-
fected hip) is obtained to determine anterior coverage
of the femoral head (anterior center edge angle) (Fig-
ure 1). An obturator oblique view is obtained to judge
posterior coverage of the femoral head. An AP of the
pelvis with the affected hip in maximum abduction and
internal rotation combined with a false profile view in

flexion allow assessment of how the hip joint will ap-
pear after correction.

Normal hips have a lateral center edge angle (LCE)
and anterior center edge angle (ACE) greater than 25
degrees. The acetabular index (AI) is 8 degrees or less
showing a horizontal roof of the acetabulum. In dys-
plastic hips, radiographs show deficient coverage of the
lateral and anterior femoral head due to a shallow ac-
etabulum (Figure 1A). The degree of lateral deficiency
compared to anterior deficiency of the acetabulum is
highly variable; therefore three-dimensional CT scans
are obtained on all patients to aid in planning
intraoperartive correction. In the 36 hips in this series,
the mean preoperative lateral center edge angle was 8
degrees, anterior center edge angle was 5 degrees, ac-
etabular index was 20 degrees, and Shenton’s line was
broken in 10 hips.

Surgery is performed through a modified anterior
approach5. The acetabulum is mobilized through a se-
ries of cuts maintaining the continuity of the pelvic ring4.
Meticulous care is taken to optimize the final position
of the acetabulum. The goal is a femoral head that is
medialized and well centered under a horizontal roof of
the acetabulum. This is judged on AP and false-profile
views taken with fluoroscopy and a hard-copy intraop-
erative AP pelvis radiograph. Care is taken to avoid
uncovering to posterior aspect of the femoral head by
overcorrecting anterior coverage or retroverting the
acetabulum. This is checked with obturator oblique fluo-
roscopic view and the AP pelvis x-ray. Once the frag-
ment is positioned, it is secured with four screws (Fig-
ure 1B). In the 36 hips in this series, the mean
postoperative lateral center edge angle was 32 degrees,
anterior center edge angle was 31 degrees, acetabular
index was 1 degree (Figure 1B).

Average operative time was 217 minutes and blood
loss averaged 956 ml for all 36 patients. Average opera-
tive time for the first 18 patients was 237 minutes ( +/-
40 minutes; range 195 – 348 minutes) compared to 197
minutes (+/- 36 minutes; range 144 – 287 minutes) for
the second 17 patients (p = 0.003) (Figure 2). Average
blood loss for the first 18 patients was 1147 ml (+/- 681
ml; range 600 – 2800 ml) compared to 766 ml (+/- 353
ml; range 300 – 1500 ml) for the second 17 patients (p
= 0.04) (Figure 3). Patients are allowed touch-down
weightbearing for the first eight postoperative weeks
and then progress as tolerated. The vast majority of
patients are full weightbearing by three months after
surgery and have returned to laboring occupations by
six months. Patients with sedentary occupations are
usually back to work within two months.

There have been six major complications in the whole
series. These include four poor corrections, one pero-



Volume 23 27

The Bernese Periacetabular Osteotomy

neal nerve palsy, and one case of post-operative pulmo-
nary edema. Minor complications include seven cases
of superficial wound problems and one case of asymp-
tomatic heterotopic bone.

Two cases with poor corrections occurring early in
the series (cases 1 and 4) were overcorrected with ex-
cessive anterior coverage. Both patients have had sub-
stantial clinical improvement but have not had complete
resolution of pain. Two cases later in the series (cases
28 and 32) were undercorrected. One of the cases of
undercorrection involved a 47 year old woman with
severe dysplasia and preoperative hip subluxation. Ra-
diographs taken two months after surgery showed her
hip had resubluxated, however her acetabular fragment
appeared well healed and unchanged in position. Her
acetabulum was undercorrected, and her substantial
femoral valgus deformity had been ignored. She is cur-
rently scheduled for a varus proximal femoral os-
teotomy. The second case of undercorrection (case 32)
was a difficult case in a 41 year old male with moderate
to advanced arthritic changes. This patient had a pro-
longed operation and suffered postoperative pulmonary
edema requiring four days of mechanical ventilation.
Review of preoperative abduction with internal rotation
radiographs demonstrated poor improvement of joint
space. In retrospect, the patient was a poor candidate
for acetabular realignment.

There has been one postoperative peroneal nerve
palsy (case 8). This patient had a proximal femoral os-
teotomy concurrent with her PAO. The patient has sub-
sequently recovered some ankle and great toe dorsi-
flexion but still requires a shoe insert for persistent
footdrop. Most patients have experienced transient
numbness in the distribution of the lateral femoral cu-
taneous nerve, which typically resolves. No patients
have had any ongoing complaints due to dysfunction of
the lateral femoral cutaneous nerve.

There have been no intraarticular osteotomies or
inadvertent fractures during surgery. There has been a
substantial incidence (7 of 36 cases) of superficial
wound dehiscence at the apex of the curved incision in
the region of the ASIS. This problem has occurred only
in obese patients. One patient did not respond to local
wound care and required an operative debridement and
repeat wound closure 6 weeks postoperatively. She has
subsequently healed with no sequela. The other 6 pa-
tients responded to wet-to-dry dressing changes and a
10 day course of cephalexin. Obese patients now have
their skin closed with monofilament, interrupted su-
tures, avoiding subcuticular techniques.

Only 13 patients have at least two years follow-up
making it too early to report outcomes from this se-
ries. However, the majority of patients have had com-
plete to nearly complete pain relief. Radiographic cor-
rections are detailed in Table 1. Values compare well
with other reports in the literature demonstrating the
substantial correction of acetabular dysplasia which can
be achieved with the Bernese PAO.

DISCUSSION
This consecutive series clearly demonstrates the sig-

nificant learning curve associated with the Bernese
PAO. Surgical complications have occurred throughout
the entire case series, including two poor corrections
later in the series (cases 28 and 32). The poor surgical
corrections are likely the most significant complications
in this series of patients. Fortunately, other serious com-
plications including vascular injuries, neurologic inju-
ries, and deep infections are rare in the current series
and in other reports. Operative time and blood loss
showed a significant improvement in the second 18
cases and figures 2 and 3 suggest they have not pla-
teaued.

Figure 3. Estimated blood loss for 36 patients undergoing the
Bernese PAO at the University of Iowa.

Figure 2. Operative time for 36 patients undergoing the Bernese
PAO at the University of Iowa.
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Outcomes from the current series are unknown.
However, the majority of patients have enjoyed dramatic
pain relief and have substantially improved their daily
function. Outcomes from other authors reporting early
results (mean postoperative periods of 3.2 – 4.3 years)
have been consistently good, especially in patients who
meet ideal indications. Siebenrock et al. have shown that
the consistent early success reported by several insti-
tutions held up for greater than ten years, casting opti-
mism for longer-term success of the Bernese PAO.

The literature strongly suggests that young patients
with dysplastic hips and minimal to mild arthritic
changes are ideal candidates for this operation. Patients
with moderate arthritic changes have also consistently
fared well. The operation becomes less predictable with
advanced preoperative arthritic changes. However, the
literature demonstrates that even a substantial percent-
age of patients with advanced arthritic changes (grade
2 and 3) have good short-term and medium term out-
comes. The difficult patient becomes increasingly clear
from the literature: a young patient with dysplasia with
advanced arthritic changes. The PAO is less predict-
able but arthroplasty in a 20 to 40 year old active pa-
tient is undesirable. Murphy and Deshmukh have
shown that patients with advanced arthrosis that im-
proved their joint space with functional radiographs
predictably improved with the PAO, even with advanced
arthrosis. Functional radiographs included comparing
anterior/posterior views with the hip in neutral posi-
tion compared to the hip in maximum abduction and
internal rotation. They also looked at false-profile ra-
diographs with the hip extended compared to the hip
flexed. Improvements in joint space on both views cor-
related with good outcomes in patients with advanced
preoperative arthritic changes.

As with any major elective intervention, careful con-
sideration of the ratio of benefits and risks dictate proper
indications. Davey and Santore demonstrated compli-
cation rates significantly decrease with experience.
More importantly they found that the major complica-
tions encountered by their patients left no long-term
sequela. In general, patients undergoing the Bernese
PAO are young and healthy, allowing them to tolerate
and recover from predictable perioperative complica-
tions. While only one-half the size of Davey and
Santore’s series, the current series had similar findings.
Complications with this operation occur but patients
tend to overcome them and enjoy substantial benefits
from acetabular realignment.

In conclusion, the Bernese PAO remains a techni-
cally demanding operation that has potential to pro-
foundly improve patient function and prolong the use-
ful life of dysplastic hips. The ideas conceived, executed,
and taught by Ganz have now achieved reproducible
short-term success, and in one report, continued longer-
term success. While complications should be expected,
they decrease with experience and usually cause mini-
mal long-term sequela. Fortunately, patient outcomes
have justified expected complications.
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ABSTRACT
The purpose of this paper was to determine

the extent to which the technique used in ACL
reconstruction and fixation influences graft place-
ment.

This is a Comparative Radiographic cohort
study.

Precise graft placement is one of the most cru-
cial components of a successful anterior cruciate
ligament (ACL) reconstruction. Two commonly
used techniques of ACL reconstruction are
arthroscopic bone–patellar tendon–bone (B-PT-B)
autograft with interference screw fixation and semi-
tendinosus and gracilis (ST + G) tendon autograft
with endobutton femoral and multiple staple belt
buckle tibial fixation. Using radiographic measure-
ments of bone tunnel position following ACL re-
construction this study quantified the extent to
which these techniques influenced graft placement.

Femoral and tibial tunnel position in ACL re-
construction was determined using the post-op-
erative radiographs of 40 male patients who had
undergone ACL reconstruction (20 B-PT-B and
20 ST+ G). The primary outcome measure was
location of bone tunnel position following ACL
reconstruction. Measurements were based on the
guidelines of Amis et al.

Femoral tunnel position of B-PT-B grafts was
an average of 9.36% more anterior in the sagittal
plane than with ST + G grafts. The mean position
of B-PT-B grafts was at 31.11% (SD= 5.45%). The
mean position of the ST + G grafts was 21.76%

(SD= 6.62%). This difference between the two was
found to be significant (p<.001).

As demonstrated by this study, placement and
orientation may vary to accommodate technique
and fixation. Clinical outcomes measured were
similar in both groups.

INTRODUCTION
Reported success rates for current techniques of ACL

reconstruction in terms of functional stability, relief of
symptoms and return to activity range from 75% to
90%.1,2,3,4 Reports of unsatisfactory long-term results
range from 5% to 52%.1,2,3,4,5 Graft failures with recurrent
functional instability occur in 0.7% to 8% of ACL recon-
structions.1,2,6

Precise graft placement is felt to be crucial in a suc-
cessful ACL reconstruction.7 In fact, the most common
surgical cause of graft failure is non–anatomic bone tun-
nel placement.1,8 Palmer emphasized the importance of
graft placement over sixty years ago.9 Since that time
many different graft placements have been advocated
and their merits debated and rejected.10,11 If a femoral
tunnel is placed too anteriorly, the graft will tighten in
flexion and become slack in extension.1,10,12. A tibial tun-
nel placed too far anteriorly will cause graft impinge-
ment on the roof of the intercondylar notch.1,11,13,14,15,16,17

A tibial tunnel placed too far posteriorly will be impinged
on the posterior cruciate ligament (PCL).1,11 Medial or
lateral malpositioning of the tibial tunnel may result in
impingement of the graft by the femoral condyles.1,11,18

Yoshiya et. al. has described the optimal orientation
of bone tunnels when bending and strain on the graft
throughout the range of motion of the knee is minimal.19

The consequences of non-anatomical positioning of an
ACL graft are abnormal length and tension changes
within the graft throughout range of motion that may
lead to unacceptable laxity.1,4,10,12,20 Theoretically, placing
the graft at isometric points would solve this problem.
However, there are no such points on the tibia or fe-
mur that create isometry in the normally functioning
knee.10 Therefore, the current goal, is to position the
graft anatomically in order to resist anterior translation
of the tibia on the femur during the weight-bearing
phase of gait. This is best accomplished by placing the
femoral tunnel as posteriorly as possible, while the tibial
location is anatomical.1,4,10,21,22,23
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At the study centre, two techniques are commonly
used for ACL reconstruction: B-PT-B reconstruction
with interference screws fixation and doubled ST+ G
reconstruction with EndobuttonTM femoral fixation and
tibial fixation with multiple low profile staples in a belt
buckle arrangement. Endoscopic interference screw
fixation requires 1mm to 2mm of cortical bone sur-
rounding the tunnel to avoid cortical breakout4,21,26 that
may predispose to anterior femoral tunnel placement,
while EndobuttonTM fixation allows posterior breakout
at the notch entrance to the femoral tunnel. The pur-
pose of this paper was to determine if the technique
utilized affects graft position.

MATERIALS AND METHODS
All male patients undergoing primary ACL recon-

struction by one surgeon at the center from 1994 to
1997 were identified through the patient database. All
male patients 18 years of age or greater who had un-
dergone isolated primary ACL reconstruction with au-
togenous B-PT-B or ST + G grafts at least 12 months
previously were included in this study. Exclusion crite-
ria included other techniques, additional procedures (i.e.
meniscal allograft or posterolateral reconstruction), re-
vision surgery and bilateral injury. Twenty patients who
had undergone B-PT-B reconstruction and a matched
cohort of 20 with ST + G reconstruction and who met
the study criteria were randomly chosen. All patients
in both groups returned for clinical and radiographic
evaluation. An independent examiner carried out stan-
dard follow-up evaluations and operative findings and
hospital charts were reviewed.

Primary outcome measures were radiographic mea-
surements of bone tunnel position following ACL recon-
struction. Graft position was assumed to be at the cen-
ter of these bone tunnels on anteroposterior (AP) and
lateral radiographs. Measurements were based on the
guidelines of Amis et al.27 True AP and lateral x-rays
were taken at follow-up (Figure 1). The use of fluoros-
copy helped eliminate rotation and allowed digital en-
hancement of the images. Clinical outcome measures
included the International Knee Documentation Com-
mittee (IKDC) Assessment, The Mohtadi Quality of Life
Assessment in Anterior Cruciate Deficiency28 and KT
1000TM Arthrometer measurements of anterior tibial
translation.29

The position of the femoral tunnel was measured on
the lateral films as a percentage of the distance along
Blumensaat’s line extended to the outline of the femur
(Figure 2). The over-the- top position was designated
as 0%. The point at which this line crossed the anterior
cortex of the lateral femoral condyle was designated as
100%. The position of the tibial tunnel was measured in

the sagittal (lateral) plane as a percentage of the dis-
tance from anterior to posterior of a line drawn tangen-
tial to the medial tibial plateau. The positions of both
the femoral and tibial tunnels were measured in the
coronal (AP) plane as a percentage of the distance along
the tibial plateau from medial to lateral (Figure 2).

Orientation of the tibial tunnel was measured rela-
tive to the posterior shaft of the tibia in the sagittal and
the lateral shaft of the tibia in the coronal planes in all
subjects. The orientation of the femoral tunnel was mea-

Figure 1: Radiographs obtained of postoperative Bone-Patellar
Tendon-Bone and Hamstring ACL reconstructions. Rotation has
been eliminated by the use of fluroscopy. (A: AP-BPTB; B: Lateral-
BPTB; C: AP-ST/G; D: Lateral-ST/G).
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sured relative to the posterior shaft of the femur in the
sagittal plane. The orientation of the femoral tunnel in
the coronal plane was measured relative to the tibial
plateau. This measurement differs from Amis et al. since
sufficient length of the femoral shaft is not consistently
present on AP radiographs of the knee for accurate
measurement. A more detailed description of the mea-
surements used and illustrated in Figures 2 and 3 can
be found in Figure 4.

RESULTS
Average time to follow–up was 27.5 months (range:

12 to 54 months). Demographic information and follow-
up times were similar in each group. The results of ra-
diographic measurements are shown in Table 1. In the
sagittal plane, the femoral tunnel in B-PT-B reconstruc-
tion was an average of 9.36% more anterior than in ST +
G reconstruction. The mean position of B-PT-B grafts
was 31.11% (SD=5.45%) and of the ST + G grafts was
21.76% (SD=6.62%). This difference is statistically sig-
nificant (p<.001). Between groups no difference was
noted in femoral tunnel position in the AP plane or in
the tibial tunnel position in either AP or lateral planes.
There was a significant difference (p=0.011) between

Figure 2: Measurements made
on lateral radiographs (<FL =
Angle of the femoral tunnel in
the sagittal plane (lateral view);
<TL = Angle of the tibial tun-
nel in the sagittal plane (lat-
eral view); FTP(LAT) = Posi-
tion of the femoral tunnel in
the sagittal plane (lateral view);
TTP(LAT) = Position of the
tibial tunnel in the sagittal
plane (lateral view).)

Figure 3: Measurements made
an Anteroposterior radio-
graphs (<FAP = Angle of the
femoral tunnel in the coronal
plane (AP view); <TAP = Angle
of the tibial tunnel in the coro-
nal plane (AP view); FTP(AP)
= Position of the femoral tun-
nel in the coronal plane (AP
view); TTP(AP) = Position of
the tibial tunnel in the coro-
nal plane (AP view).)

FIGURE 4

Description of measurements made on radiographs.

A - Lateral Radiographs

FTP(LAT): Position of the femoral tunnel in the sag-
ittal plane (lateral view). Measurements are based
on a line drawn along the sclerotic representation of
the roof of the intercondylar notch (Blumensaat’s
Line) extended from the posterior cortex to the an-
terior cortex of the lateral femoral condyle. The point
at which the line crosses the posterior cortex is des-
ignated as 0%. The point at which the line crosses
the anterior cortex is designated as 100%. Measure-
ments to the center of the femoral tunnel are re-
ported as a percentage of the way along this line.

TTP(LAT): Position of the tibial tunnel in the sagit-
tal plane. Measurements are based on a line drawn
tangent to the medial tibial plateau. The point at
which the plateau drops off anteriorly is designated
as 0%. The point at which the plateau drops off pos-
teriorly is designated as 100%. Tunnel position is re-
ported as a percentage along the reference line.

<FL: Angle of the femoral tunnel in the sagittal plane
(lateral view). The tunnel angle is measured with ref-
erence to the posterior shaft of the femur.

<TL: Angle of the tibial tunnel in the sagittal plane.
The tunnel angle is measured with reference to the
posterior shaft of the tibia.

B - Anteroposterior Radiographs

FTP(AP): Position of the femoral tunnel in the coro-
nal plane (AP view). Measurements are reported as
a percentage of the distance from medial to lateral
along the tibial plateau.

TTP(AP): Position of the tibial tunnel in the coronal
plane (AP view). Measurements are reported as a
percentage of the distance from medial to lateral
along the tibial plateau.

<TAP: Angle of the tibial tunnel in the coronal plane.
The tunnel angle is measured with reference to the
lateral shaft of the tibia.

<FAP: Angle of the femoral tunnel in the coronal
plane. The tunnel angle is measured with reference
to the tibial plateau. We discarded this measurement
as this angle is not consistently evident on AP radio-
graphs.
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TABLE 1

VARIABLE MEAN STANDARD
DEVIATION

DIFFERENCE
BETWEEN
GROUPS

STATISTICAL
SIGNIFICANCE

FTP(LAT) – BPTB
FTP(LAT) – HAM

31.11%
21.76%

5.45%
6.62%

9.36% P<0.001

TTP(LAT) – BPTB
TTP(LAT) – HAM

33.75%
37.45%

9.31%
11.25%

3.69% P=0.257

FTP(AP) – BPTB
FTP(AP) – HAM

55.27%
55.41%

8.31%
5.80%

0.13% P=0.953

TTP(AP) – BPTB
TTP(AP) – HAM

43.22%
42.49%

4.73%
4.76%

0.73% P=0.620

<FL – BPTB
<FL – HAM

23.6°
24.0°

9.4°
7.6°

0.4° P=0.865

<TL – BPTB
<TL – HAM

39.3°
34.8°

8.6°
6.1°

4.5° P=0.063

<TAP – BPTB
<TAP – HAM

13.4°
19.9°

9.1°
5.9°

6.5° P=0.011

<FAP – BPTB / HAM X X X X

TABLE 2

TEST FORCE MEAN SIDE TO
SIDE
DIFFERENCE

STANDARD
DEVIATION

DIFFERENCE
BETWEEN
GROUPS

STATISTICAL
SIGNIFICANCE

20N – BPTB
20N – HAM

1.67mm
1.06mm

1.15mm
1.45mm

0.61mm P=0.239

30N – BPTB
30N – HAM

2.05mm
1.53mm

1.29mm
1.34mm

0.52mm P=0.304

MAX –MAN – BPTB 2.13mm
2.76mm

1.22mm
1.25mm

0.63mm P=0.191

Table 1: Results of radiographic measurements. ( Note: X denotes unobtainable value). (<FL=Angle of the femoral
tunnel in the sagittal plane (lateral view); <TL=Angle of the tibial tunnel in the sagittal plane (lateral view);
FTP(LAT)=Position of the femoral tunnel in the sagittal plane (lateral view); TTP(LAT)=Position of the tibial tunnel in
the sagittal plane (lateral view); <FAP=Angle of the femoral tunnel in the coronal plane (AP view); <TAP=Angle of the
tibial tunnel in the coronal plane (AP view); FTP(AP)=Position of the femoral tunnel in the coronal plane (AP view);
TTP(AP)=Position of the tibial tunnel in the coronal plane (AP view); BPTB=Bone Patellar Tendon-Bone Group;
HAM=Hamstring Tendon Group.)

Table 2: Results of KT-1000 arthrometer measurements. (BPTB=Bone Patellar Tendon-Bone Group; HAM=Hamstring
Tendon Group; MAX-MAN=Maximum Manual Translation.)

groups in tibial tunnel angle in the coronal
plane. In the B-PT-B group the tibial tunnel
was 6.5˚ more vertical the than in the ST + G
group. The mean tibial tunnel angle was 3.4˚
(SD=9.1˚) relative to the shaft of the tibia in
the B-PT-B group and 19.9˚ (SD=5.9˚) in the
ST + G group. There were no other differences
in tunnel orientation as measured radiographi-
cally.

No clinical differences were found between
groups in KT-1000TM measures (Table 2), or
Quality of Life (Table 3). IKDC scores in the
B-PT-B were 29% A, 54% B, 17% C and 0% D

compared to 6% A, 59% B, 35% C and 0% D in the ST + G
group.

DISCUSSION
Several studies have measured graft position. This

study compared graft position between two common
techniques. Our results suggest that the B-PT-B tech-
nique with endoscopic femoral interference screw fixa-
tion may result in a more anterior and therefore less
anatomical graft position. While this may be a factor in
graft failure, tunnel position in both study groups was
acceptable based on published recommendations and
our clinical outcome was not significantly different.
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Previous work by Good and colleagues compared the
tibial and femoral tunnel positions in cadaver knees af-
ter drilling one group of tunnels free hand and another
group using a drill guide.30 In this study, the femoral
tunnel positions were further anterior in both the free-
hand and drill guide groups than in either of our two
groups {Good: cadaver group: 34%; freehand: 40%; drill
guide: 33%}. In fact Good et al. measured the femoral
tunnels from anterior to posterior and we have adjusted
the values here to correspond to our convention. Also,
in this study grafts were more posterior than the ca-
daver grafts in the Good study. The tibial tunnels in both
of our groups were comparable to all three of Good’s
groups {cadaver: 32%; freehand: 33%; drill guide: 33%}.

Lintner et al. showed that the femoral tunnel was
placed more parallel to the shaft of the femur when the
tunnels were drilled with endoscopic technique than
when the tunnels were drilled from the outside in.31

Khalfayan et al. attempted to correlate clinical results
with graft position.32 They reported a positive correla-
tion between clinical outcomes and posterior graft posi-
tion. However, they divided their data into two groups:
one with the femoral tunnel position greater than 40%
anteriorly and one with the femoral tunnel less than 40%
anteriorly. They also used the same method as Good et
al to report their measurements. Khalfayan and col-
leagues were also able to calculate the interobserver
and intraobserver variability for these radiographic
measurements and found them to be acceptable. They
concluded that the tunnel position should be at least
60% posteriorly along Blumensaat’s line. In our study,

grafts in both groups, were at least 60% posterior along
Blumentsaat’s line.

Yoshiya et al. determined the optimum orientation
of bone tunnels in ACL reconstruction based on mini-
mizing bending and strain on the graft.19 They found
that the tibial tunnel should be oriented 20˚ anteriorly
in the sagittal plane and 30˚ medially in the coronal
plane. In our study, the ST + G grafts were significantly
closer to this ideal in the coronal plane than the B-PT-B
grafts. (Hamstring: 19.9˚; B-PT-B: 13.4˚. p=0.011) The
clinical outcome in both groups is similar.

It is generally accepted that the most anatomic place-
ment of the ACL graft is posterior along femoral notch.
However, most published reports suggest that there
exists a range of acceptable graft placement, explain-
ing the similar outcome in both groups in this study.

One limitation to this study is that tunnel sizes may
vary from one subject to the next. It is common surgi-
cal practice to measure the diameter of the graft after
harvesting and drill the tunnels accordingly. Therefore,
tunnel diameters can vary from 7mm to 10mm. Tun-
nels may then be chamfered to allow a better graft fit.
In our technique, the measurements were made to the
center of each tunnel. The impact of this method on
our measurement is not known, but should be minimal
since the centre of the tunnel was used.

There is evidence that bone tunnels may change in
shape and diameter following ACL reconstruction.33,34

Current studies show that this is less apparent with
autografts than with allograft tissue. Pilot data at our
centre show that there may be a significant change in

TABLE 3

VARIABLE MEAN STANDARD
DEVIATION

DIFFERENCE
BETWEEN
GROUPS

STASTISTICAL
SIGNIFICANCE

S & P C – BPTB
S & P C – HAM

84.69
75.50

9.54
20.10

9.19 P=0.106

W – R C – BPTB
W – RC – HAM

83.80
73.33

17.49
20.55

10.47 P=0.118

R A S P / C – BPTB
R A S P / C – HAM

67.15
60.73

24.68
23.41

6.42 P=0.421

L S – BPTB
L S – HAM

79.27
76.14

18.37
18.58

3.13 P=0.610

S & E – BPTB
S & E – HAM

72.98
64.75

22.43
22.79

8.23 P=0.268

TOTAL QOL – BPTB
TOTAL QOL – HAM

73.70
67.90

18.41
17.98

5.80 P=0.34

Table 3: Results of Mohtadi Quality of Life Following Anterior Cruciate Ligament Reconstruction Questionnaire.
(S & PC=symptoms and physical complaints; W-RC=work-related concerns; RASP/C=recreational activities and sport
participation or competition; LS=lifestyle; S&E=social and emotional).
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the size and shape of the tunnels with time in our au-
tograft procedures. This may affect the reliability of our
measurement techniques. However, in this matched
cohort study, the results and group are comparable. The
next logical step is to investigate the exact nature of
tunnel widening following ACL reconstruction. Prospec-
tive studies to evaluate this are currently under way at
our centre.

In theory, graft placement should be similar regard-
less of fixation technique or type of graft. However, in
practice, graft placement and orientation may, as dem-
onstrated in this study, vary to accommodate technique
and fixation. With the endoscopic interference screw
fixation for the B-PT-B graft, cortical breakout needs to
be prevented. Therefore, the tibial tunnel is slightly
more vertically orientated and the femoral tunnel is
slightly more anterior. With EndobuttonTM fixation cor-
tical breakout can occur without consequences and the
femoral tunnel can be slightly more posterior. Clinical
outcomes were similar because graft placement was
within the ideal range in both groups.

 In general the most common reported cause of graft
failure is graft placement that is too anterior causing
impingement on the roof of the notch. In the single in-
cision, BTB ACL reconstruction, there is a tendency to
remain somewhat more anterior to avoid posterior
breakout when compared to the EndobuttonTM ham-
string technique.
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ABSTRACT
The senior author performed 4967 total hip

arthroplasties, 4164 primary and 803 revision,
between 1970 and 1996 in a community setting.
All charts were evaluated for postoperative death
including in-house, 30, 60, and 90 days follow-
ing the procedure. 1.0 per cent of patients (42)
died following a primary procedure and 0.87 per
cent (7) died following a revision procedure within
3 months of surgery. The number of in-house
deaths were 26 (0.52 per cent), including 21 in
the primary group (0.5 per cent) and 5 in the
revision group (0.62 per cent). In both the pri-
mary and revision situation and independent of
co-morbidities, age greater than 70 years was sig-
nificantly associated with increased risk for post-
operative mortality (p<0.0001), with 0.44% mor-
tality in patients aged 70 years or younger (0.51
per cent primary and 0.00 per cent revision), and
1.45 per cent mortality in patients greater than
70 years of age (1.38 per cent primary and 1.86
per cent revision). This experience of a single sur-
geon with a high volume community practice per-
forming both primary and revision total hip ar-
throplasty, documents a low but significant
incidence of postoperative death in the first 3
months following total hip arthroplasty (0.98 per
cent).

INTRODUCTION
Death during or shortly following the total hip ar-

throplasty procedure has been well-documented. How-
ever, there are few series of large numbers of patients
where the incidence and etiology have been studied.

The purpose for this study was to retrospectively
examine the causes for postoperative mortality in the
in-house period and first 30, 60, and 90 days following
total hip arthroplasty performed by a single surgeon in
a community setting with a high volume practice over
a 26 year period. Age at surgery, primary diagnosis,
anesthesia method and comorbid conditions were evalu-
ated in primary and revision cases, including those with
hip fractures or malignancy. The information from this
single surgeon’s experience of 4967 total hip arthroplas-
ties over 26 years with few changes in the procedure
should provide a benchmark for comparison of mortal-
ity rates associated with total hip arthroplasty performed
with other anesthetics, other surgical techniques, other
postoperative management regiments and in similar
(i.e., community ) or varied (i.e., tertiary care) settings.

MATERIALS AND METHODS
Between 1970 and 1996, the senior one of us (R.C.J.)

performed 4967 total hip arthroplasties on 3865 patients,
4164 primary and 803 revision cases. There were no
changes made in surgical technique during this time.
Anesthesia method consisted of a combination general
anesthesia with spinal anesthesia employed for im-
proved muscle relaxation during the procedure. Rou-
tine postoperative care included in-house dextran ad-
ministration and aspirin, anti-embolic stockings, and
multi-vitamins for 2 months postop. Patients with revi-
sion surgery also received oral antibiotic prophylaxis
postoperatively for 6 months. Earlier mobilization post-
operatively was begun in 1982. Primary diagnoses in-
cluded primary osteoarthritis, post-traumatic arthritis,
rheumatoid arthritis, congenital hip dysplasia, osteone-
crosis, nonunion of the femoral neck, Legg Perthes,
acetabular fracture with secondar y osteoarthritis,
slipped capital femoral epiphysis with secondary os-
teoarthritis, and malignancy. Utilizing a retrospective
review of these records, those who died while in-house
and within 30, 60, and 90 days of total hip arthroplasty
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were analyzed according to age, weight, year of sur-
gery, primary diagnosis, primary versus revision,
comorbid conditions and anesthesia method. All patients
had a preoperative medical evaluation by an internist
which was recorded in the office chart. Autopsies were
performed in 20% of cases, with the remainder of the
causes of death determined by clinical diagnosis and
death certificates. In addition, all patients, who have now
been extensively databased, were reviewed to see if the
date of death (of deceased patients) occurred within 3
months of their operations. Fisher’s exact test was used
to compare primary and revision cases with regard to
age, year of death and comorbid conditions.

RESULTS
49 patients (0.98 per cent) died within 90 days of to-

tal hip arthroplasty, including 42 primary (1.0 per cent)
and 7 revision (0.87 per cent). The average age at the
time of surgery in the primary cases was 70 years, com-
pared to the senior surgeon’s overall age in the primary
situation of 63 years. In revision cases, the average age
at the time of surgery was 79 years, compared to an
average age of 61 years in the overall revision popula-
tion. There was a statistical difference in age > 70 years
in both primary and revision procedures (p<0.0001).
There was no difference in death rate in primary vs.
revision cases (p=0.825).

Classification of the 4164 primary cases by primary
diagnosis included 3211 primary osteoarthritis, 273 post-
traumatic including pathologic fractures, 339 nonunion,
179 congenital hip dysplasia, 178 rheumatoid arthritis,
83 osteonecrosis, 28 Legg Perthes, 27 acetabular frac-
ture with secondary osteoarthritis, 26 slipped capital
femoral epiphysis with secondary osteoarthritis, and 159
other cases including cases of malignancy.

Classification of deaths by diagnosis for primary pro-
cedures included 26 in the osteoarthritis group (0.81
per cent), 7 post-traumatic (2.6 per cent), 2 acetabular
fractures with secondary osteoarthritis (7.4 per cent),
1 rheumatoid arthritis (0.56 per cent), and 6 other (3.8
per cent). There was no statistical difference between
primary diagnoses (p=0.0016). Classification of deaths
by reason for revision included 3 for aseptic loosening
(1.0 per cent), 1 for septic loosening (0.1 per cent), 1
for recurrent dislocation (0.1 per cent), and 2 for femo-
ral fracture (0.2 per cent).

Cause of death within 90 days postoperatively in pri-
mary cases included 12 myocardial infarction (0.28 per
cent), 12 pulmonary embolism (0.28 per cent), 5 pneu-
monia (0.12 per cent), 4 congestive heart failure (0.09
per cent), 2 sepsis secondary to other infection (0.05
per cent), 1 respiratory arrest (0.02 per cent), 1 arrhyth-
mia (0.02 per cent), 1 renal failure (0.02 per cent), 1

lung carcinoma (0.02 per cent), 1 suicide (0.02 per cent),
and 2 multifactorial (0.05 per cent). Cause of death
within 90 days postop in revision cases included 3 myo-
cardial infarction (0.37 per cent), 1 pulmonary embo-
lism (0.12 per cent), 1 pneumonia (0.12 per cent), 1
acute respiratory distress syndrome (0.12 per cent), and
1 hemorrhage (0.12 per cent) (Table I-V).

The number of in-house deaths were 26 (0.52 per
cent), including 21 in the primary group (0.50 per cent)
and 5 in the revision group (0.62 per cent). Most com-
mon causes for in-house deaths in the primary cases
were 7 myocardial infarction (33 per cent), 8 pulmo-
nary embolism (38 per cent), and 2 congestive heart
failure (9 per cent), and in revision cases were 3 myo-
cardial infarction (60 per cent), 1 pulmonary embolism
(20 per cent), and 1 acute respiratory distress syndrome
(20 per cent). There were no intraoperative deaths and
cement was used in all cases. Average length of hospi-
tal stay was 14 days.

There were 27 deaths (0.54 per cent) noted within
30 days following surgery including in-house deaths,
22 in the primary group (0.52 per cent) and 5 in the
revision group (0.62 per cent). Most common causes
for 30-day deaths in the primary cases were myocar-
dial infarction 7 (32 per cent), pulmonary embolism 9
(41 per cent), and congestive heart failure 2 (9 per cent),
and in revision cases were 3 myocardial infarction (60
per cent), 1 pulmonary embolism (20 per cent), and 1
acute respiratory distress syndrome (20 per cent).

From 31-60 days, there were 15 deaths (0.30 per
cent), including 14 in the primary group (0.34 per cent)
and 1 in the revision group (0.12 per cent). Most com-
mon causes for death in the primary situation were
pneumonia 5 (36 per cent), myocardial infarction 3 (21
per cent), and pulmonary embolism 2 (15 per cent).
Most common cause of death in the revision situation
from 31-60 days was pneumonia 1 (100 per cent).

There were 7 deaths that occurred 61-90 days fol-
lowing surgery (0.14 per cent), 6 in the primary group
(0.14 per cent) and 1 in the revision group (0.12 per
cent). Most common causes for death in these primary
cases included myocardial infarction 2 (33 per cent),
pulmonary embolism 1 (16 per cent), and in the revi-
sion group was a single pulmonary embolism (100 per
cent)

Myocardial infarction was the most common cause
of death overall (30.6 per cent), with fatal myocardial
infarctions occurring in 12 within the primary group
(0.28 per cent) and 3 in the revision group (0.37 per
cent). Cardiac related complications (myocardial infarc-
tion, congestive heart failure and arrhythmia) accounted
for 40 per cent (17 of 42) of primary deaths. In the pri-
mary situation, 8 fatal pulmonary emboli were noted
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during the first 15 years of the senior surgeon’s prac-
tice, whereas 3 were documented in the last 11 years.
In addition, 34 of the 49 deaths (1.15 per cent mortal-
ity) occurred in the first 15 years, versus 15 deaths in
the last 11 years (0.74 per cent mortality). The demo-
graphics of the postoperative deaths by time following
surgery are recorded in Tables 1-4.

DISCUSSION
Postoperative mortality following total hip arthro-

plasty has been documented in many hip arthroplasty
series.1-10 Fatal pulmonary emboli has been the focus of
most studies.1,3,10 However, the literature is lacking in
the study of postoperative mortality in a single surgeon’s
or multiple surgeons’ practice involving a high volume
of cases over an extended period of time.2 The purpose
of the present study was to evaluate the early mortality
following total hip arthroplasty in a community setting
performed by a high volume surgeon.

The incidence of mortality within 90 days after total
hip replacement was 0.98 per cent in the present study.
A significant correlate to the mortality rate was age
greater than 70 years at the time of surgery, making
the risk of mortality 0.44 per cent in those 70 years old
or less, and 1.45 per cent risk of mortality in those
greater than age 70. Death rates were similar for pri-
mary and revision cases. The lesser incidence of mor-
tality following revision total hip replacement may rep-
resent the health of that population deciding to have
the procedure.

Myocardial infarction, the most common cause of
death (30.6 per cent) and cardiac related complications
accounted for 40 per cent (17 of 42) of deaths following
primary arthroplasties. Previous myocardial infarction,
diabetes mellitus, and peripheral vascular disease in the
patient histories did not correlate with increased inci-
dence of fatal myocardial infarction following total hip
replacement. Fatal pulmonary emboli decreased by a
factor of 5 within the last 11 years of practice, likely
related to earlier postoperative mobilization.

Dearborn & Harris2 studied 2736 total hip arthro-
plasty procedures, and reported a 90-day mortality of
0.2 in per cent primary and 0.7 per cent in revision
cases. These values are lower than the 1.0 per cent and
0.87 per cent, respectively, observed in this study. How-

ever, the average age of their patients was 59 years, well
below the 70 year average of the present study. This
difference may be related to the difference in practices
between a community and tertiary care setting. Parvizi
et al4 reported a .29% 30 day mortality rate in the Mayo
Clinic review once again a review in a tertiary center.

Sharrock6 studied 15559 total hip arthroplasty and
total knee arthroplasty cases, and noted a 3-fold de-
crease in in-house mortality associated with a change
to epidural anesthesia with postoperative epidural anal-
gesia (0.10 per cent from 0.36 per cent). Patients with
fractures and metastatic cancer diagnoses were ex-
cluded.

Whittle9 studied 6385 total hip arthroplasty cases in
1992 for 30 day postoperative mortality, and found mor-
tality to be 0.34 per cent in patients aged 66-69 years
and 3.75 per cent in patients aged 80 years or more,
with the average mortality of 0.95 per cent. Patients with
fractures were excluded from the analysis. Our study
corroborates the increase in mortality with increasing
age. Because the patient population undergoing elec-
tive or emergent total hip arthroplasty tends to be late
middle age to elderly, the mortality rate in the general
population not undergoing surgery must also be fac-
tored. Soderman7 studied mortality following total hip
arthroplasty in comparison with the general population,
and found that the mortality for primary and revision
arthroplasty patients was lower than an age- and sex-
matched population.

Numerous studies have noted a significant increase
in mortality following total hip arthroplasty in patients
whose primary diagnoses included fractures and ma-
lignancy.5 The present study did not find a significant
difference in mortality between primary diagnoses,
likely due to the much greater number of cases done
for primary osteoarthritis versus post traumatic arthri-
tis or malignancy conditions.

This study of a high volume community practice
should provide a benchmark for comparison of mortal-
ity rates following total hip arthroplasty in other com-
munity settings as well as tertiary care settings. It
should also provide a historical control for cases where
newer anesthetic techniques and postoperative regi-
ments are used.
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TABLE 1
Total In-House Postoperative Deaths:

Primary Cases

Patient Primary Diagnosis Age at Sex Death on Cause of Death
Surgery Postop Day

1 Primary Osteoarthritis 74 M 12 Pulmonary Embolism
2 Primary Osteoarthritis 72 F 3 Congenital Heart Failure
3 Primary Osteoarthritis 75 F 0 Myocardial Infarction
4 Primary Osteoarthritis 75 M 2 Myocardial Infarction
5 Primary Osteoarthritis 80 M 18 Pulmonary Embolism
6 Primary Osteoarthritis 77 M 2 Myocardial Infarction
7 Primary Osteoarthritis 77 F 15 Pulmonary Embolism
8 Post Traumatic 88 F 5 Myocardial Infarction
9 Other 87 F 4 Myocardial Infarction
10 Primary Osteoarthritis 58 M 12 Pulmonary Embolism
11* Primary Osteoarthritis 51 F 28 Pulmonary Embolism
12 Malignancy 76 M 16 Arrhythmia
13 Primary Osteoarthritis 80 F 7 Respiratory Arrest
14 Primary Osteoarthritis 81 M 15 Pulmonary Embolism
15* Primary Osteoarthritis 73 M 14 Pulmonary Embolism
16 Primary Osteoarthritis 78 M 3 Myocardial Infarction
17 Primary Osteoarthritis 66 M 14 Pulmonary Embolism
18 Primary Osteoarthritis 80 F 27 Congenital Heart Failure
19** Primary Osteoarthritis 85 M 21 Cardiac Failure
20 Post Traumatic 71 F 18 Myocardial Infarction
21 Post Traumatic 88 F 20 Sepsis

Revision Cases

Patient Secondary Diagnosis Age at Sex Death on Cause of Death
Surgery Postop Day

1 Aseptic Loosening 81 M 5 Adult Respiratory Distress Syndrome
2 Post Traumatic 87 M 1 Hemorrhage
3 Aseptic Loosening 85 F 9 Myocardial Infarction
4 Aseptic Loosening 73 M 0 Myocardial Infarction
5 Aseptic Loosening 77 M 2 Myocardial Infarction

*Patient underwent bilateral procedures within 30 day period.
**Patient underwent abdominal surgery postop within 30 day period.
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TABLE 2
Total 30 Day Postoperative Deaths Including In-House Deaths:

Primary Cases

Patient Primary Diagnosis Age at Sex Death on Cause of Death
Surgery Postop Day

1 Bone Mets 56 F 20 Pulmonary Embolism
2 Primary Osteoarthritis 74 M 12 Pulmonary Embolism
3 Primary Osteoarthritis 72 F 3 Congenital Heart Failure
4 Primary Osteoarthritis 75 F 0 Myocardial Infarction
5 Primary Osteoarthritis 75 M 2 Myocardial Infarction
6 Primary Osteoarthritis 80 M 18 Pulmonary Embolism
7 Primary Osteoarthritis 77 F 15 Pulmonary Embolism
8 Primary Osteoarthritis 77 M 2 Myocardial Infarction
9 Post Traumatic 88 F 5 Myocardial Infarction
10 Other 87 F 4 Myocardial Infarction
11 Secondary Osteoarthritis 58 M 12 Pulmonary Embolism
12* Secondary Osteoarthritis 51 F 28 Pulmonary Embolism
13 Malignancy 76 M 16 Arrhythmia
14 Primary Osteoarthritis 80 F 7 Respiratory Arrest
15 Primary Osteoarthritis 81 M 15 Pulmonary Embolism
16* Primary Osteoarthritis 73 M 14 Pulmonary Embolism
17 Primary Osteoarthritis 78 M 3 Myocardial Infarction
18 Primary Osteoarthritis 66 M 14 Pulmonary Embolism
19 Primary Osteoarthritis 80 F 27 Congenital Heart Failure
20** Primary Osteoarthritis 85 M 21 Cardiac Failure
21 Post Traumatic 71 F 18 Myocardial Infarction
22 Post Traumatic 88 F 20 Sepsis

Revision Cases

Patient Secondary Diagnosis Age at Sex Death on Cause of Death
Surgery Postop Day

1 Aseptic Loosening 81 M 5 Adult Respiratory Distress Syndrome
2 Post Traumatic 87 M 1 Hemorrhage
3 Aseptic Loosening 85 F 9 Myocardial Infarction
4 Aseptic Loosening 73 M 0 Myocardial Infarction
5 Aseptic Loosening 77 M 2 Myocardial Infarction

*Patient underwent bilateral procedures within 30 day period.
**Patient underwent abdominal surgery postop within 30 day period.
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TABLE 3
Total 31-60 Day Postoperative Deaths:

Primary Cases

Patient Primary Diagnosis Age at Sex Death on Cause of Death
Surgery Postop Day

1 Bone Mets 61 F 56 Lung Cancer
2 Post Traumatic 72 M 35 Pneumonia
3 Post Traumatic 63 M 34 Pulmonary Embolism
4 Post Traumatic 78 F 39 Pneumonia
5 Primary Osteoarthritis 73 M 35 Pneumonia
6* Primary Osteoarthritis 80 M 39 Sepsis
7 Primary Osteoarthritis 65 M 39 Myocardial Infarction
8 Primary Osteoarthritis 68 M 58 Suicide
9 Primary Osteoarthritis 78 M 37 Multifactorial
10 Primary Osteoarthritis 80 M 33 Myocardial Infarction
11 Primary Osteoarthritis 78 F 38 Myocardial Infarction
12 Primary Osteoarthritis 79 F 40 Pneumonia
13 Primary Osteoarthritis 76 M 51 Pulmonary Embolism
14* Rheumatoid Arthritis 70 F 51 Pneumonia

Revision Cases

Patient Primary Diagnosis Age at Sex Death on Cause of Death
Surgery Postop Day

1 Dislocation 80 M 52 Pneumonia

*Patient underwent bilateral procedures within 30 day period.

TABLE 4
Total 61-90 Day Postoperative Deaths:

Primary Cases

Patient Primary Diagnosis Age at Sex Death on Cause of Death
Surgery Postop Day

1 Post Traumatic 70 M 71 Renal Failure
2 Primary Osteoarthritis 74 M 83 Myocardial Infarction
3 Bone Mets 79 M 74 Myocardial Infarction
4 Primary Osteoarthritis 87 M 77 Multifactorial
5 Primary Osteoarthritis 78 M 74 Pulmonary Embolism
6 Septic Hip 94 F 73 Congenital Heart Failure

Revision Cases

Patient Primary Diagnosis Age at Sex Death on Cause of Death
Surgery Postop Day

1 Aseptic Loosening 73 M 74 Pulmonary Embolism



K. A. Miller, J. J. Callaghan, D. D. Goetz, and R. C. Johnston

42 The Iowa Orthopaedic Journal

REFERENCES
1. Cleves MA, Golden WE: Assessment of HCFA’s

1992 Medicare Hospital Information Report of Mor-
tality Following Admission for Hip Arthroplasty.
Health Serv Res 31:39-48, 1996.

2. Dearborn JT, Harris WH: Postoperative Mortal-
ity after Total Hip Arthroplasty. J Bone Joint Surg 80-
A: 1291-1294, 1998.

3. Huber O, Bounameaux H, Borst F, Rohner A:
Postoperative Pulmonary Embolism After Hospital
Discharge. An Underestimated Risk. Arch Surg
127:310-313, 1992.

4. Parvizi J, Johnson BG, Rowland C, Ereth MH,
Lewallen DG: Thirty-day Mortality After Elective
Total Hip Arthroplasty. J Bone Joint Surg 83-A:1524-
1528, 2001.

5. Schoning B, Schulitz KP, Pfluger T: Statistical
Analysis of Perioperative and Postoperative Mortal-
ity of Patients With Prosthetic Replacement of the
Hip Joint. Arch Orthop and Traumatic Surg 97:21-26,
1980.

6. Sharrock NE, Cazan MG, Hargett MJL, Will-
iam-Russo PG, Wilson Jr PD: Changes in Mor-
tality After Total Hip and Knee Arthroplasty over a
Ten-Year Period. Anesth Analg 80:242-248, 1995.

7. Soderman P, Malchau H: Mortality After Total Hip
Arthroplasty Compared to the Normal Population.
Acta Ortho Scand, In press.

8. Taylor HD, Dennis DA, Crane HS.: Relationship
Between Mortality Rates and Hospital Patient Volume
for Medicare Patients Undergoing Major Ortho-
paedic Surgery of the Hip, Knee, Spine, and Femur. J
Arthroplasty 12:235-242, 1997.

9. Whittle J, Steinberg EP, Anderson GF, Herbert
R, Hochberg MC: Mortality After Elective Total Hip
Arthroplasty in Elderly Americans. Clin Ortho Related
Research 295:119-126, 1993.

10. Wroblewski BM, Siney PD, White R: Fatal Pul-
monary Embolism After Total hip Arthroplasty. Sea-
sonal Variation. Clin Orthop 276:222-224, 1992.



Volume 23 43

ABSTRACT
A review was performed of all patients over the

age of 60 years who were treated with a locked
intramedullary nail for a femoral shaft fracture.
There were 15 patients with 16 femoral shaft frac-
tures. Four patients died perioperatively. Of the
surviving 11 patients with 12 fractures, union oc-
curred in 100 percent. Knee range of motion was
greater than 100 degrees in 11 of the 12 knees.
Nine of the 11 patients returned to their preop-
erative level of ambulation.

Intramedullary nailing of femoral shaft fractures
in patients over the age of 60 years is an effective
method of treatment. The mortality rate in elderly
patients who sustain this injury is comparable to
that seen after a femoral neck fracture in this age
group.

INTRODUCTION
Intramedullary nailing has developed into a common

method of treatment for femoral shaft fractures. Al-
though a number of large studies have reported on the
results of intramedullary nailing of femoral shaft frac-
tures, few reports have concentrated on this form of
treatment in the elderly population. Femoral shaft frac-
tures are most commonly the result of high energy
trauma in the young adult population, and therefore,
little is known of the expected functional outcome after
a femoral shaft fracture in the elderly. As our popula-
tion ages, the incidence of femoral shaft fractures in
older patients is likely to increase. Knowledge of the
results of treatment in this age group is therefore im-
portant to the orthopaedic surgeon.

Most of the literature on femur shaft fracture is pre-
dominantly in young patients. Most of the literature on
elderly patients with femur fractures involve proximal
femur of distal femur fractures and not femoral shaft
fractures. Yet it is clear that femur shaft fractures do
occur in the elderly and their outcome may very well
be different from young patients with femur shaft frac-
tures and different from elderly patients with proximal
or distal femur fractures.

In order to better understand the problems associ-
ated with femoral shaft fractures in the elderly and to
analyze their treatment with intramedullary nailing, we
reviewed the results of all patients over the age of 60
years treated in this manner at the University of New
Mexico Hospital for six consecutive years.

MATERIALS AND METHODS
A review of the medical records and radiographs of

all patients over the age of 60 years who had a femoral
shaft fracture treated with intramedullary nailing for six
consecutive years was performed. Patients were ex-
cluded from the study if they had pathological fractures
or a fracture about a prosthesis or implant.

Particular attention was given to survival rate, heal-
ing rate, the amount of knee motion, and the level of
ambulation which was attained.

There were 15 patients with 16 femoral shaft frac-
tures. This represented approximately 5% of the femo-
ral shaft fractures treated with intramedullary nails dur-
ing this same time period. The minimum length of
follow up was six months (range six months to five
years).

There were eight females and eight males. The av-
erage patient age was 72 years (range 62 years to 98
years). The mechanism of injury was a fall in seven, a
motor vehicle accident in four, a pedestrian vs. motor
vehicle in three, and a crush injury in one.

The fracture location was in the proximal shaft in
eight, the middle shaft in seven, and the distal shaft in
one. The amount of comminution was graded by the
Winquist classification. Grade I comminution was
present in six, grade II in two, grade III in six and grade
IV in two fractures. The Singh index was used to give a
determination of relative osteopenia. Grade VI bone tra-
beculae was present in zero, grade V in two, grade IV
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in five, grade III in five, grade II in three, and grade I in
zero patients.

The injury severity score (ISS) was determined for
all patients. The ISS was less than 10 in eight patients,
between ten and 20 in six patients, and greater than 20
in one patient.

TECHNIQUE
Closed reamed antegrade intramedullary nails were

placed in all of the patients. The surgery was performed
between zero and nine days from the time of injury.

General anesthesia was performed on all patients. A
tibial skeletal traction pin was utilized, and the patient
was then positioned on the fracture table. The supine
position was used in 11 patients and the lateral position
in four.

The skin incision began at the tip of the greater tro-
chanter and was extended proximally. An awl was used
to enter the intramedullary canal at the piriformis fossa,
and reaming was performed over a guide rod which
had been placed across the fracture site under fluoro-
scopic control. No fracture required an open reduction.

The diameter of the nail was 12 mm in one, 13 mm
in three, 14 mm in eight, 15 mm in four. All patients
had locking nails placed.

RESULTS
Four patients died in the perioperative period. One

death occurred one month after the date of injury in a
72-year-old male with an injury severity score of 45 who
had sustained multiple trauma, including a closed head
injury after being struck by a car. One death occurred
from cardiac failure in an 84-year-old woman three days
after surgery. She had sustained a fracture from a fall
and had a history of diabetes mellitus and coronary
artery disease. One death occurred 11 days after sur-
gery in a 68-year-old woman who had been struck by a
car and who had an injury severity of 18. The cause of
death is presumed to be from pulmonary embolism. The
fourth death occurred from cardiac failure two weeks
after surgery in a 98-year-old female who had sustained
a fracture from a fall. This patient was a nonambulatory
nursing home patient with a history of dementia and
congestive heart failure.

Of the surviving eleven patients with twelve fractures,
union occurred in 100 percent. No patient required
reoperation to obtain union. There were no failures of
the fixation, and fracture alignment was maintained in
each of these patients.

The range of motion of the knee was 100 degrees or
more in eleven of the twelve knees. One patient had
only 90 degrees of knee motion present at three years
follow up.

Before injury, all of the eleven surviving patients were
independent community ambulators. After healing, nine
patients returned to this level of ambulation, one pa-
tient required a cane, and one patient became
nonambulatory secondary to a below knee amputation
resulting from an open tibia fracture.

DISCUSSION
Femoral shaft fractures are usually the result of high

velocity trauma and are more common in the younger
population6. As our population ages, the incidence of
femoral shaft fractures in the elderly is likely to increase.

There are few reports about this injury in elderly
patients. In studies performed prior to the populariza-
tion of intramedullary nails, both Dencker and Hubbard
were unable to show any benefit of operative fixation
over traction in the treatment of femoral shaft fractures
in the elderly7, 8. More recently, Moran et al reviewed
the results of 24 patients who were over the age of 60
treated with an intramedullary nail12. They found this
method of treatment to be effective in managing femo-
ral shaft fractures, yet there was a 54 percent
perioperative complication rate.

Local and systemic problems may compromise the
results of fracture treatment in the elderly leading to
increased morbidity and mortality. This has been well
documented in the treatment of femoral neck fractures2,

3, 4,5,9,11,16. In addition, advanced age has a negative influ-
ence on the survival of trauma victims with similar in-
jury severity scores1, 13.

In our series, there was a 27 percent (4/15) mortal-
ity rate. Moran, et al reported a 17 percent mortality
rate in their series of 24 elderly patients with femoral
shaft fractures12. Most of the patients in that series had
sustained their fracture from a simple fall. This rate of
mortality is compatible with the rate reported in the
elderly population who sustain a femoral neck fracture
from a fall, but it is much higher than the rate reported
in the younger patients with a femoral shaft fracture. In
a prospective study by Bone et al on the results of op-
erative stabilization of femoral fractures in patients less
than 65 years old, only three deaths occurred in 83 pa-
tients who had an injury severity score of greater than
18, and no deaths occurred in 95 patients who had an
injury severity score of less than 183. Only one of the
four patients who died in our series had a high injury
severity score.

After femoral shaft fractures, (Jenkins et al and
Brumback et al) reported loss of fracture fixation in
elderly patients with osteopenia treated with intramed-
ullary nails4, 5, 10, 14. While this remains a concern, in our
study no patient experienced a failure of fixation or loss
of reduction in spite of the number of individuals with
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comminuted fractures and osteopenic bone. The use of
large diameter interlocking nails is felt to have been
beneficial in this respect. Four of the fractures in our
series required a 15 mm diameter nail due to a rela-
tively wide intramedullary canal, and previous studies
have reported that elderly patients frequently benefit
from a larger diameter nail.

The rate of union and the return of knee motion were
similar in our series of elderly patients as has been re-
ported in younger patients. In addition, the majority of
our patients were able to return to their preoperative
ambulatory status.

Few patients over the age of 60 with a femoral shaft
fracture have been treated by methods other than in-
tramedullary nailing at our institution. We therefore
cannot comment on how this form of treatment com-
pares with others. Based on our review, we feel that
intramedullary nailing is an effective treatment for femo-
ral shaft fractures in the elderly. It offers many of the
advantages seen in the younger population. We caution,
however, that the perioperative mortality rate may be
similar to that seen after a femoral neck fracture in this
age group7, 8,9,15. We are currently reviewing compara-
tive efficacy of retrograde versus antegrade femoral
nailing in the elderly population. With current trend
toward smaller nails many sets do not have large diam-
eter nails available. We are currently reviewing data to
determine optimal diameter and the incidence of prob-
lems placing regular sized (12 mm) nails in patients with
large (>16 mm) medullary canals.
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ABSTRACT
Ulnar shortening osteotomy is a surgical treat-

ment option for patients with symptomatic ulnar
positive variance for a variety of reasons. Delayed
healing and nonunion of the osteotomized sites
have been reported and present problematic com-
plications of this procedure. Studies have shown
nonunion rate with transverse cuts ranging from
8-15%. The goal is to achieve parallel cuts, thus
maximizing the contacting bony surface area for a
better union rate. The senior surgeon attempted
using a custom thick blade to insure parallel cuts.
The concern is whether the heat generated dur-
ing such a cut would contribute to non-union. It
is our hypothesis that complications with ulnar
shortening osteotomy using a thick blade are sec-
ondary to excess heat generation. When gener-
ated heat surpasses the threshold temperature of
bone tissue, the organic matrix is irreversibly
damaged and necrosis of the bony ends may oc-
cur. The present study measured the heat gen-
eration during ulnar osteotomy using dif ferent
blade thicknesses. Thirty-five fresh turkey femurs,
having similar size and cortical thickness of the
human ulna, were used. Loading was done at three

different speeds of 0.66, 1.0, and 1.5 mm/sec-
ond corresponding respectively to 30, 20, and 10
seconds for the complete cut. A general linear sta-
tistical model was fitted relating temperature rise
to three predictive factors: blade thickness, sen-
sor distance, and initial bone temperature. There
was a statistically significant relationship between
temperature rise and all three predictor variables
at the 99% confidence level. There was no statis-
tically significant relationship between temperature
rise and the number of cuts with the same blade
up to 10 times. Compared with the single micro-
sagital saw blade, the temperature rise for the
double thickness blade was 14% higher and for
the triple thickness blade was 23% higher. The
temperature rise was inversely related to the speed
of the cut. The temperature rise for the bone cut
in 30 seconds was 1.5 times higher than the tem-
perature rise when the bone was cut in 10 sec-
onds. Complications with ulnar shortening os-
teotomy may be secondar y to excess heat
generation. A new thick saw blade design and the
use of proper internal/external irrigation may
overcome the problem.

INTRODUCTION
Patients with a relatively longer ulna than radius at

the wrist (positive ulnar variance) are susceptible to a
complex of degenerative changes due to the abnormally
high load supported by the ulnar head16. Positive ulnar
variance can be congenital, a result of radial shorten-
ing from a malunited distal radial fracture or prema-
ture physeal closure, or dynamically produced from
repetitive grip pronation3,9,17,20. Ulnar shortening is a
surgical procedure to correct length discrepancy be-
tween the ulna and radius. Osteotomy at the diaphysis
and removing a section of the ulna has been shown to
produce good results. Often patients return to pain-free
function at previous work levels2,4,6,10,11,13,19.

Problems with delayed healing or nonunion after
osteotomy have been reported in the literature and com-
plicate the shortening procedure. Oblique osteotomy
was developed when inadequate compression of bone
ends was implicated in nonunion cases. The placement
of a lag screw across the osteotomy site provides a sec-
ondary means of compression in addition to the inter-
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nal fixation plate. Nonunion rates in oblique osteotomy
patients have ranged from 0-4%5 compared to 8-15% in
patients with transverse osteotomy where placement of
a lag screw is impossible. Though compression appears
to be important in adequate healing, it does not address
all of the challenges inherent in osteotomy surgery that
increase the risk of complications.

Whether a surgeon is able to make parallel cuts dur-
ing the osteotomy impacts how the bone ends will op-
pose each other. Even the most skilled surgeons may
not be able to make these cuts perfectly using a free-
hand technique. The resulting surfaces may not match
when they are fixed, leading to less bony contact. This
may result in delayed healing or a nonunion requiring
a bone graft. An unpublished trial by the senior sur-
geon investigator attempted to ensure parallel cuts by
using one cut with a specially designed thick blade. The
technique has been proposed by Labosky and Waggy12

who found the single cut to produce a more predict-
able amount of shortening than the technique of using
two parallel cuts. Surprisingly, the results of the afore-
mentioned trial were not encouraging, showing high
incidence of delayed and non-union of the ulna follow-
ing osteotomy and fixation.

We hypothesize that the complications associated
with ulnar shortening osteotomy using the thick blade
are secondary to excess heat generation. When the heat
generated during osteotomy surpasses a threshold tem-

perature, bone tissue is damaged, potentially resulting
in malunion or nonunion postoperatively.

Thermal injury in bone is described as irreversible
damage to the organic matrix from exposure to an el-
evated temperature. Early studies described the dam-
age in terms of temperatures in which key proteins were
denatured. Matthews and Hirsch found bone alkaline
phosphatase was inactivated in vitro at 56˚C15. Bonfield
and Li attributed mechanical alteration of bone after
heating to 50˚C to the reorientation of collagen mol-
ecules1.

More recent research has focused not only on maxi-
mum tolerable temperatures but also on duration of
exposure at an elevated temperature. Lundskog dem-
onstrated an exponential increase in inactivity of dia-
phorase in the osteocyte, dependent both on the expo-
sure temperature and the duration of heat exposure;
necrosis was initiated at 50˚C14. Rouiller and Majno de-
scribed necrosis in the long bones of rabbits when ex-
posed to temperatures of 55˚C for one minute18. Most
recently, Eriksson’s microscopic studies of living bone
tissue have shown bone to be more sensitive to heat
than previously thought. He demonstrated that a temp
of 47˚C maintained for one minute severely impaired
bone regeneration7,8.

Our study seeks to quantify the temperature increase
in cortical bone while cutting with microsagittal saw
blades of varying thickness. We hypothesize that thicker
blades will generate temperature increase above
baseline (∆T≈H 10˚C) that would begin to cause dam-
age to the bone matrix if occurring in vivo.

Figure 1. This picture shows the positioning of the bone and the
saw blade in the testing machine. The bone specimen was held in
a custom designed chuck, which was attached to the moving load
frame of MTS. The oscillating saw was fixed to the floor of the MTS
load frame and kept stationary. The three thermocouple probes
are also shown in the picture.

Figure 2. This figure indicates the number of cuts and the associ-
ated speed of the cut for single, double, and triple blades used in
the study. Double and triple blades are simply two and three single
blades spot-welded together, respectively.
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Figure 3. This figure shows the temperature rise as a function of
time for three dif ferent speeds of 0.66, 1.0, and 1.5 mm/second,
corresponding respectively to 30, 20, and 10 seconds for the com-
plete cut.

Figure 4. This figure shows the overall average temperature rise
and its standard variation as a function of blade thickness.

METHODS
Thirty-five fresh turkey femurs, having similar size

and thickness of the human ulna, were obtained from a
local butcher, stripped of flesh, and frozen until needed.
Hours before a testing session the bones were removed
and allowed to warm to room temperature. Two cuts
were made on each individual bone. Serial bone cross-
section revealed an area of uniform thickness on the
posterior aspect of the femurs. This area of 3-4 mm
thickness was where we embedded the temperature
sensors during cutting. Holes for temperature probes
were drilled in the bone cortex. The holes were placed
as close as possible to the intended line of cut of the
saw blade (0.5-2mm). A thermoconductive paste was
applied to the holes to rapidly transfer heat generated
to the probes.

The bone specimen was held in a custom designed
chuck mounted to an 85.8 Bionix System MTS moving
load frame. The chuck and bone were lowered onto a
Microaire microsagittal 2250 hand piece which inserted

the blade, driven by compressed nitrogen at 95 pound
per square inch (psi) (Figure 1). The blades were used
in the single, double, or triple configuration (Figure 2).
Double and triple blades are simply two and three single
blades spot-welded together respectively. The hand
piece was anchored to the floor of the MTS with a cus-
tom built vise (Figure 1). The bone was cut with the
single width blade at three different feed rates, 0.66,
1.0, and 1.5 mm/second, corresponding, respectively
to 30, 20, and 10 seconds for a complete cut. The double
and triple width blades were evaluated only at the 0.66
mm/sec feed rate. Fourteen cuts were made for each
combination of blade type and feed rate.

Temperature measurements were made through
three Exacon type T-N0605 thermocouple probes mated
with a computer workstation. The probes were held in

Figure 5. This figure represents a three-dimensional configuration
of temperature rise as a function of both sensor distances from the
cut and the initial bone temperature.

Figure 6. This figure represents a three-dimensional configuration
of temperature rise as a function of both the speed of cut and the
sensor distance from the cut.
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the bone cortex by a length of surgical tubing stretched
to provide some forward pressure on the probes (Fig-
ure 1). The computer interface measured temperature
input from the probes versus time. Recording began
before cutting commenced and continued for 1-1.5 min
after cut was complete to allow bone to cool back to
room temperature. After each cut, calipers were used
to measure the distance of each probe from the line of
cut. Major and minor diameters of the femur were re-
corded at the cut site, as well as the number of cuts
that were made with each blade to gauge any effect of
blade wear on temperature.

A general linear statistical model was fitted relating
temperature rise to three predictive factors: blade thick-
ness, sensor distance from the cut, and initial bone tem-
perature. Other variables included, number of cuts per
blade, and speed of the cut. A p-value less than 0.05
was considered as statistically significant.

RESULTS
Figure 3 shows the temperature rise as a function of

time for three different speeds of 0.66, 1.0, and 1.5 mm/
second corresponding, respectively, to 30, 20, and 10
second for the complete cut. Figure 4 shows the aver-
age temperature rise and its standard variation as a func-
tion of blade thickness. Figure 5 represents a three-di-
mensional configuration of temperature rise as a
function of both sensor distance from the cut and the
initial bone temperature. Figure 6 represents a three-
dimensional configuration of temperature rise as a func-
tion of both the speed of cut and the sensor distance
from the cut. There was a statistically significant rela-
tionship between temperature rise and all three predic-
tor variables at the 99% confidence level. Compared with
the single micro-sagital saw blade, the temperature rise
for the double thickness blade was 14% higher and for
the triple thickness blade was 23% higher. The tempera-
ture rise was inversely related to the speed of the cut.
The temperature rise for the bone cut in 30 seconds
was 1.5 times higher than the temperature rise when
the bone was cut in 10 seconds. There was no statisti-
cally significant relationship between temperature rise
and the number of cuts with the same blade up to ten
times.

DISCUSSION
For a variety of reasons, ulnar shortening osteotomy

is a surgical treatment option for patients with symp-
tomatic ulnar positive variance. The ulnar osteotomy is
technically challenging using either free-hand tech-
niques or guided systems to ensure parallel cuts. Ob-
lique osteotomy fixed with lag screws, although more
technically challenging, can improve clinical outcome.

The placement of a lag screw across the osteotomy site
provides a secondary means of compression in addi-
tion to the internal fixation plate. Nonunion rates in
oblique osteotomy patients have ranged from 0-4%5 com-
pared to 8-15% in patients with transverse osteotomy
where placement of a lag screw is impossible. For the
case of transverse osteotomy, the goal is to achieve par-
allel cuts, thus maximizing the contacting bony surface
area. Union rates should increase with greater bony
contact.

Using thick saw blades for the osteotomy greatly
reduces the technical challenge of the procedure as
parallel cuts are assured each time with a free-hand tech-
nique. Unfortunately, delayed union and nonunion are
a common complication with this procedure. Thermal
injury to bone may occur during the osteotomy, thus
increasing the risk for poor healing. Our study found
the temperature rise for the double thickness blade was
14% higher than the single, and 23% higher for the triple
thickness blade. We also found the speed of the cut to
be a significant factor. The higher the speed, the lower
the temperature rise.

Ulnar shortening osteotomy presents many chal-
lenges technically, yet provides great benefit clinically
for many patients. This is a useful surgical option, and
developing ways to minimize the complications of de-
layed union and nonunion would make it an even more
appealing one as well. Limitations of the current study
included the following: lack of in vivo study, initial bone
temperature did not match body temperature, and the
effect of irrigation on heat removal was not studied.

CONCLUSION
Complications with ulnar shortening osteotomy may

be secondary to excess heat generation. A new thick
saw blade design and use of proper internal/external
irrigation my overcome the problem.
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ABSTRACT
We examined 114 segments in 23 patients’ lum-

bar spine plain radiographs affected by disc de-
generation. Two consultant orthopaedic surgeons,
two consultant radiologists, and one spine nurse
practitioner made independent observations on the
radiographs. MRI scan films of the correspond-
ing 114 segments were used as a gold standard.
Kappa coef ficients were used to evaluate the
interobserver error, and the error between the
independent observers and the MRI scanning re-
ports. The systematic dif ferences between the
observers for the diagnosis of the disc degenera-
tion at each segment level was recorded.

There was significant interobserver error be-
tween the independent observers. The pairwise
interobserver agreement ranged from fair to sub-
stantial on the plain radiograph observations
[Weighted kappa coef ficient, mean: 0.517
(CI=0.388-0.646)]. The pairwise interobserver
agreement between the independent observers and
the MRI scan ranged from fair to moderate
[Weighted kappa coef ficient, mean: 0.388
(CI=0.259-0.518)].

There is significant error in interpretation of
the plain radiographs for the diagnosis of lumbar
disc degeneration. MRI may be more accurate in
the diagnosis of lumbar disc degeneration.

INTRODUCTION
Degenerate disc disease affecting the lumbar verte-

bra shows up as morphological changes on plain radio-
graph as decreased disc height, osteophytes, Schmorl’s
nodes, vertebral end-plate sclerosis, and vacuum sign.
These are usually late changes of a degenerate disc.
Early changes of disc dehydration are not seen on a
plain radiograph.

A MRI scan is the most accurate imaging modality
to demonstrate gross intervertebral disc morphology1,2.
Dehydration and change in the proteoglycan content
associated with early degeneration manifests as loss of
signal intensity with MRI3,4. Decreased disc signal in-
tensity on MRI are correlated to histological and mac-
roscopic degenerative changes3,4,5. It is difficult to sepa-
rate pathologic degenerative processes from age-related
changes1,6. Sether et al5 showed that T2-weighted sig-
nal intensities do not decrease significantly with age if
the disc is not pathologically degenerate. Their results
suggested that age influences signal intensity less than
pathologic degenerative process. Thus, changes in the
disc signal intensity may correlate with the degree of
degenerative change.

A radiologist’s opinion of the lumbar spine radiograph
may vary with that of the clinician due to the disadvan-
tage of not seeing the patient. Interobserver studies
have been done to quantify the level of disagreement
between the radiologists on several variables7,8.

The aim of our study was to detect the disagreement
between a General Orthopaedic Surgeon, a Spine Sur-
geon, a Spine Nurse Practitioner and Radiologists in the
diagnosis of degenerative disc disease on plain radio-
graphs of the lumbar spine. Unlike other studies7,8 we
considered only one pathology, i.e. disc degeneration,
to quantify the interobserver error. Also MRI scanning
of the lumbar spine was used as a gold standard against
which the plain radiograph interpretation was measured
and disagreement quantified.
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METHODS
Twenty-three consecutive patients with degenerative

lumbar disc disease who had an MRI scan were selected
for this study. There were 14 men and 9 women of av-
erage age 43.4 yrs (range:24-58). Plain AP and Lateral
radiographs of the lumbar spine were examined inde-
pendently by Consultant Orthopaedic Spine Surgeon
(A), Consultant Orthopaedic Surgeon (B), Consultant
Spine Radiologist (C), Consultant Radiologist (D), and
Spine Nurse Practitioner (E). All the participants were
blinded to the patient identification parameters.

They looked for the degenerative signs of
osteophytes, subchondral vertebral end-plate sclerosis,
Schmorl’s nodes, disc space height and vacuum phe-
nomena (Figure 1). 116 segments were studied in the
23 radiographs as one patient had lumbarization of the
S1 vertebra. Visual appraisal is an accurate way to
record the disc height9. Disc degeneration at each seg-
ment was classified as none, mild, moderate and severe.
The following was the criteria for disc degeneration on
plain radiographs2,10-12:

Mild—Minimal loss of
disc height; early osteophyte
formation.

Moderate—Loss of disc
height > 25%, but < 50%; os-
teophyte formation; mild
end-plate sclerosis.

Severe—>50% loss of disc
height; significant osteo-
phytosis; obvious end-plate
sclerosis; vacuum sign.

None—None of the above
changes.

116 lumbar disc levels
were examined on the MRI
scan by an independent Con-
sultant Radiologist. The vi-
sual classification system
used for the disc signal in-
tensity was bright (high-sig-
nal) appearance for normal,
gray (intermediate-signal)
appearance for early degen-
erative change, and dark
(low-signal) appearance for
well established degenera-
tive change2 (Figure 2).

Statistical Tests
We used the Landis and Koch’s12 interpretation of

kappa: <0.00 = poor agreement, 0.00-0.20 = slight agree-
ment, 0.21-0.40 = fair agreement, 0.41-0.60 = moderate
agreement, 0.61-0.80 = substantial agreement, and 0.81-
1.00 = almost perfect agreement. Weighted kappa was
used rather than simple kappa and the disagreements
were weighted by degree. Systematic differences in the
ratings, i.e. one observer repeatedly reporting a greater
or lesser number of abnormal findings compared with
the other observer, were examined by the Bowker’s
test14.

Figure 2. MRI disc signal changes from the lumbar spine.

Figure 1. Changes of disc
degeneration on plain radio-
graph.
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TABLE 1
Pairwise interobserver agreement between the 5 independent observers (doctor vs doctor)

(Weighted kappa in parentheses)

Slight Fair Moderate Substantial Almost Perfect
(0.00-0.20) (0.21-0.40) (0.41-0.60) 0.61-0.80) (0.81-1.00)

B&C (0.386) A&B (0.436) A&C (0.671)

B&E (0.351) A&D (0.546) A&E (0.622)

B&D (0.440) C&E (0. 673)

C&D (0.521)

D&E (0.526)

Weighted kappa coefficient WTKAP, Mean: 0.517 (CI=0.388-0.646)

TABLE 2
Pairwise interobserver agreement between the independent observers and MRI scan

(a gold standard) (doctor vs MRI) (Weighted kappa in parentheses)

Slight Fair Moderate Substantial Almost Perfect
(0.00-0.20) (0.21-0.40) (0.41-0.60) (0.61-0.80) (0.81-1.00)

B (0.245) A (0.432)

D (0.358) C (0.468)

E (0.438)

Weighted kappa coefficient WTKAP, Mean : 0.388 (CI= 0.259-0.518).

RESULTS
The interobserver variation for all the five indepen-

dent observers is summarised in Tables 1 and 2. These
tables show the pairwise interobserver agreement. The
range of agreement is from slight (almost no agreement
to almost perfect agreement).

The five independent observers are
A—Consultant Orthopaedic Spine Surgeon
B—Consultant General Orthopaedic Surgeon
C—Consultant Spine Radiologist
D—Consultant General Radiologist
E—Spine Nurse Practitioner
The interobserver agreement was assessed at each

segment from L1-S1 for all the 23 patients. There were
significant differences at each segment level when it
was compared to the MRI scan. The number of obser-
vations on plain radiographs classed as none were 318;
mild were 162; moderate were 79; and severe were 29.
Overall interobserver agreement was calculated on 114
segments (2 segments were omitted because of < 5
observer evaluations). The overall weighted kappa co-
efficient, comparing the plain radiographs (four doctors

and one nurse practitioner) with the MRI scanning re-
port at each segment level was 0.245 (95% CI= lower:
0.193, and upper: 0.298). This shows that there was a
fair agreement between the independent observers and
the MRI scanning report.

Tables 3 and 4 show the results of the Bowker’s test
of symmetry.

DISCUSSION
Lumbar spondylosis and degenerative disc disease

were assessed on plain radiographs of the lumbar spine
by two Orthopaedic Surgeons, a Spine Nurse Practitio-
ner, and two Radiologists. Many previous studies have
shown poor agreement between observers in the inter-
pretation of the plain radiographs of the lumbar spine
and the sacroiliac joints7,15-18. An interpretation of radio-
graphs depends on the observers, patients and the dis-
ease. There can be variation in the observation due to
the heterogeneity in the population, diagnostic strategy
and preference of the observers, and the importance,
presentation and frequency of the abnormality8. This
has implications in diagnosis and treatment.
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We found variation in agreement between the observ-
ers in the interpretation of the plain radiographs at each
segment level (L1- S1) for the diagnosis of degenera-
tive disc disease. There was significant variation be-
tween the Consultant General Orthopaedic Surgeon (B),
and the Consultant Spine Radiologist (C) and the Spine
Nurse Practitioner (E) (Table 1). There was substan-
tial agreement between the Consultant Spine Surgeon
(A), Consultant Spine Radiologist (C), and the Spine
Nurse Practitioner (E). Also the same group of observ-
ers (A, C, and E) had moderate agreement with the MRI
scan which was used as a gold standard. Consultant
General Orthopaedic Surgeon (B) and Consultant Gen-
eral Radiologist (D) had significant variation with the
MRI scan. This suggests that the observers who spe-
cialize in the lower back problem of degenerative disc
disease are more likely to diagnose this condition than
the general orthopaedic and general radiologists.

Although the spine specialists had moderate agree-
ment with the MRI scan in diagnosing lumbar disc dis-
ease, it falls far short of the MRI scan result. Also the
overall weighted kappa coefficient comparing the ob-
servations of the plain radiographs by the 5 doctors with
the MRI scan was 0.245 (mean). Thus there is only fair
agreement between the doctors and the MRI scan in
diagnosing lumbar disc disease.

As was noted by Espeland et al8 when there was dis-
agreement between the observers, one observer often
diagnosed significantly more or less abnormality than
the other colleague (Table 3). Consultant General Or-
thopaedic Surgeon (B) and Consultant General Radi-
ologist (D) are less sensitive in diagnosing disc degen-
eration compared to the other observers. These two
doctors and the Consultant Spine Surgeon (A) were
more likely to give false negative report (less sensitive)
than the MRI scans (Table 4). The Consultant Spine

TABLE 3
Systematic differences in the ratings between doctors using Bowker’s test of symmetry

Test of symmetry

Significant asymmetry Sensitivity/Specificity Insignificant asymmetry

A&B (p=0.005) B less sensitive A&C (p=0.239)

A&D (p=0.005) D less sensitive B&D (p=0.661)

A&E (p=0.038) A less sensitive C&E (p=0.374)

B&C (p=0.001) B less sensitive

B&E (p=0.001) B less sensitive

C&D (p=0.001) D less sensitive

D&E (p=0.001) D less sensitive

TABLE 4
Systematic differences in the ratings between doctors and the MRI scan using

Bowker’s test of symmetry

Test of Symmetry

Significant asymmetry Sensitivity /Specificity Insignificant asymmetry

A (p=0.005) less sensitive None

B (p=0.001) less sensitive None

C (p=0.001) less specific None

D (p=0.001) less sensitive None

E (p=0.001) less specific None
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Radiologist (C) and the Spine Nurse Practitioner (E)
were more likely to give false positive report (less spe-
cific) than the MRI scan in the diagnosis of lumbar disc
degeneration (Table 4).The systematic differences be-
tween the observers took a consistent direction at each
lumbar segment, indicating that the observers had dif-
ferent thresholds for abnormal rating for disc degen-
eration. Such diagnostic threshold for ambiguous ob-
jects may depend on the observer’s ‘response bias’, i.e.
tendency to prefer one or another response category,
independent of the characteristics of the object19. Thus
the response bias and the different thresholds for actu-
ally reporting the ‘minor’ or clinically insignificant find-
ings that were observed, may be the factors that have
contributed to the systematic differences found in our
study. There was significant systematic difference be-
tween all the observers and the MRI scan, indicating
that the scan is more accurate in diagnosing disc dis-
ease in the lumbar spine. It is difficult to identify spe-
cific reasons for different diagnostic thresholds between
the observers, although eliminating this could improve
the diagnostic capability of the doctors8,20.

In conclusion, we found in our study that there is
wide variation in diagnosing lumbar disc disease be-
tween the Orthopaedic Surgeons and the Radiologists
at our institution. There is also systematic difference in
the interpretation between all observers. These varia-
tions and differences are particularly significant on com-
paring it to the MRI scan. The General Orthopaedic
Surgeon, the General Radiologist, and the Spine Sur-
geon were diagnosing less degenerate discs. The Spine
Radiologist, and the Spine Nurse Practitioner were di-
agnosing more degenerate discs. Due to this amount
of inaccuracy, it is risky to comment on degenerate disc
disease on a plain radiograph alone. Therefore MRI scan
should only be used to comment on the disc diseases
of the low back, as plain radiographs are unreliable.
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ABSTRACT
Patients with lower back or buttock pain that

radiates into the posterior or lateral leg are often
referred to physical therapy with a diagnosis of
sciatica. Often the physical exam does not reveal
neurologic findings indicative of radiculopathy.
Instead, there is hip abductor muscle pain and
weakness. This syndrome involves muscle imbal-
ances that result in overuse strain of the gluteus
medius and gluteus minimus muscles, myofascial
trigger points, and trochanteric bursitis. This pa-
per describes hip abductor pain syndrome and
provides a rationale for the diagnosis and treat-
ment.

INTRODUCTION
Low back pain is widely recognized as a common

reason for health care visits. However, frequently the
main complaint is not back pain per se, but “hip” or
buttock pain, often extending to the lateral thigh or calf.
Patients with these complaints are commonly referred
to physical therapy with a diagnosis of “sciatica,” which
connotes nerve root irritation or pressure causing pain
in the distribution of the sciatic nerve.16 However, when
the physical exam for this type of presentation reveals
no neurologic deficits or neural tension signs, perhaps
the more appropriate terminology would be “pseudo-
sciatica.” This paper provides a rationale and guide for
explaining diagnostic conclusions, as well as symptom
control for patients with this type of presentation. Ra-
tionale and treatment recommendations are based on
physical exam and basic neuromuscular principles re-
lating to problems with muscle length, strength, and
motor recruitment. These patients typically complain of

predominant hip and buttock pain, which worsens with
prolonged standing or sitting, long bouts of walking,
and with lying on the involved side. Physical exam for
suspected spine problems usually focuses on lumbar
spine mechanical findings, neurologic findings, and the
absence or presence of tension signs. It is important to
be thorough in this examination as radiculopathy in-
volves a much different diagnostic and treatment pro-
cess than referred pain. Patient history as well as the
physical exam can often help to rule out serious pathol-
ogy (infection, tumor, neurologic deficit, etc). However,
when the neurologic exam is negative, further exami-
nation is required. There is often palpation tenderness
in the gluteal muscles lateral to the posterior superior
iliac spine (PSIS) and/or out toward the trochanter. In
fact, studies indicate that as many as 20% of patients
seen in a spine specialty clinic actually have trochant-
eric bursitis.21 Manual muscle testing usually reveals hip
abduction using tensor fascia lata (TFL) is normal. How-
ever, testing hip abduction with extension using the pos-
terior gluteus medius (PGM) is very weak, testing no
more than 3/5. It may be painful as well.

RATIONALE
Muscle performance is a critical aspect of movement

that can influence tissue stress.14 A commonly observed
muscle imbalance present in those with posterior pel-
vic pain involves abnormal length, strength and motor
recruitment of the PGM and TFL. The posterior por-
tion of the gluteus medius muscle performs hip abduc-
tion with extension as well as some lateral rotation.11

Often, a motor pattern fault involving habitual prefer-
ence of the tensor fascia lata (TFL) in performing hip
abduction movements can result in posterior gluteus
medius disuse weakness and atrophy.19,23 Specifically,
this muscle imbalance presents as a lengthened/weak-
ened PGM and a shortened/strong TFL, with preferred
recruitment of TFL over PGM for hip abduction. For
many, this imbalance may exist without any symptoms.
However, when the PGM is overloaded/overused a
strain may occur. This can be due to several factors in-
volving overuse. Injury may occur by either high mag-
nitude stress over a brief time, low magnitude stress
over a long time, or moderate stress repeated many
times.14 For instance, weight gain greatly increases the
demand on the PGM during gait and standing, which
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may explain the prevalence of this problem in pregnant
women.6,17 In fact, one study indicated posterior pelvic
pain to be four times more prevalent than lumbar pain
in pregnant women.17 Postural habits such as standing
on one leg with the pelvis dipped to the other side or
side lying with the top leg flexed and adducted over
the other leg can result in adaptive lengthening of the
PGM.19 A Trendelenburg gait pattern results in both
adaptive lengthening of the PGM and trochanteric bur-
sal irritation.

Muscle strain injury is painful and is usually the pre-
dominant symptom. Persistent muscle guarding due to
injury may cause relative ischemia due to muscle ten-
sion.1,2 The “vicious cycle” of pain, increased muscle
tension, decreased capillary fill, lactic acid build up, and
pain is often self-perpetuating. This is thought to be the
mechanism for myofascial “trigger points” and pain re-
ferral patterns.22 The pain referral patterns for the glu-
teal muscles are well mapped out by Travell and others
(Figure 1).7,9,10

Sometimes the bursal irritation due to the laxity
caused by the PGM length and strength problems is
the most prominent. Palpation in the bursal area is ex-
quisitely painful. Weakness of PGM resulting in a
Trendelenburg sign may also contribute to lumbar pain
due to abnormal segmental movement of the lumbar
spine if the pelvis is not stable during gait or standing.
The lumbar facets can become irritable due to this ab-
normal movement repeated thousands of times a day.13

There is more wear and tear to the intervertebral discs
as well.

In summary, the physical exam for this specific en-
tity involves manual muscle testing for the PGM vs the
TFL11, palpation of the trochanteric bursae and gluteal

muscles, and checking for a Trendelenburg sign.18 The
Trendelenburg sign is the most sensitive physical exam
finding for PGM tendonitis or tear.3 An AP film of the
pelvis may be useful to rule out hip dysplasia, DJD,
stress fracture, calcific bursitis, or osteonecrosis.

TREATMENT
We propose a treatment algorithm based on the

above understanding of this pathology (Figure 2). Treat-
ment for muscular pain is with the use of cold packs
for 20 minutes several times a day. The cold pack should
reach out to the trochanter. Other soft tissue modali-
ties may also be beneficial, such as ultrasound or ionto-
phoresis. Strengthening exercises are directed specifi-
cally to the PGM to decrease the influence of the TFL.
The exercises need to be graduated according to the
level of strength assessed in the physical exam.
Strengthening is done in the shortened position to fa-
cilitate normal length. They are done at least twice daily
for 4 weeks. It takes at least 4 weeks to actually add
sarcomeres to atrophied muscle.15

Recommendations are given for altering activities of
daily living to decrease stretching of the muscle. Spe-
cifically, sleeping with pillows between the knees when

Figure 1. Trigger points (TP) with pain refer-
ral patterns (arrows) into the low back,
sacrum, buttock, and leg that mimic S1 and
L5 radiculopathy.

Figure 2. Algorithm for treatment.
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in side lying, not sitting with the legs crossed, standing
with weight evenly distributed to both sides and the
pelvis level. Recheck visits are at 1 or 2 weeks to as-
sess improvement and to progress exercises as neces-
sary. At 2 weeks, 20% of muscle strength change is at-
tributed to contractile capacity and 80% to neural
training.15 In the 2-4 week time frame, bursal injection
or trigger point injections may be considered to facili-
tate the exercise program. If the muscle strain is se-
vere or too painful, the use of a cane is suggested.19

Taping of the area to lessen forces during weight bear-
ing could also be used.14 If, at 4-6 weeks, there is no
improvement in strength assessment, an MRI would be
suggested. This would be to determine tendonopathy
vs. tendon rupture.12 A recent study reported the MRI
findings of 24 people with this syndrome; nine demon-
strated gluteus medius tendonitis, five had a tear, six
had both evidence of tear and tendonitis, 3 were nor-
mal, and one showed avascular necrosis.3 If a tendon
rupture is found, treatment could involve surgical re-
pair4,8 and/or bracing in 0˚ of hip flexion and slight ab-
duction with a hip-spica brace. Tendonitis would con-
tinue to be treated in a conservative manner.

SUMMARY
Evidence indicates that an important factor in con-

servative management involves providing accurate in-
formation to patients regarding an explanation of their
problems and recommendations on methods of symp-
tom control as well as limiting recurrence. Failure to
receive an explanation of the problem results in patient
dissatisfaction, increased use of diagnostic tests, and
patients seeking treatment from other professionals.5

Often, a reasonable explanation of the probable
causes of their pain and expected recovery will relieve
anxiety and improve compliance with a home exercise
program. The rationale for treatment of this syndrome
involves mostly myofascial strain related to muscle im-
balance that often mimics a lumbar radiculopathy. When
the physical exam is negative for radiculopathy, further
physical exam may reveal this syndrome. Recognition
of this syndrome may well reduce the number of lum-
bar MRI’s ordered and speed appropriate treatment
because a more accurate diagnosis was achieved. We
plan further studies involving gait patterns, pain dur-
ing pregnancy, and acute care and chronic pain preva-
lence as well as specific interventions as described
above.
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“We are in this business to serve people, and that
means not only maintaining and restoring their health,
but doing it without violating the budget they are will-
ing to spend . . . The unifying principle is that when we
run into a tough choice, we should try to resolve it by
reference to the people we serve: what is important to
them and how they weight the different consequences.”
David Eddy, MD, PhD.1

Evidence-based medicine (EBM) is a buzzword, part
of a health care movement that claims to improve medi-
cal decision making, thus improving patient care1,2,3. The
rationale for EBM is that medical literature is similar
to legal evidence that is used to prove (or disprove) a
belief 4. The scientific framework of evidence-based
medicine is 1) systematic reviews based on clinical tri-
als and 2) validated outcome measurements5 and 3)
evidence is then used to guide clinical practice. How
EBM will affect orthopaedic practice depends on the
quality of evidence (numbers 1 and 2 above) provided
by clinical research and the willingness of orthopaedists
to adopt the “best evidence” into their delivery of care
(number 3).

The goal of evidence-based clinical information is to
provide scientific information to orthopaedists that
translates into quality patient care while mindful of costs,
ethics and safety. As many in the academic orthopaedic
community have pointed out, there is a history of resis-
tance to performing well-designed clinical trials of or-
thopaedic procedures6,7,8,9. Past neglect now leaves us
with few published orthopaedic clinical trials, and the
consequences are that orthopaedics lags behind many
fields in the “raw material” for evidence based medi-
cine. The next few years will be crucial for the produc-

tion and application of orthopaedic evidence and mo-
mentum is gathering in our publications to provide more
of that is needed as evidence.

For example, there are no clinical trials with mod-
ern outcome measures compare operative versus non-
operative treatment of large joint arthritis. This seems
non-sensical to most orthopaedists. The principles of
good orthopaedic practice are 1) first try non-operative
treatment and 2) perform surgery when non-operative
treatment fails. With this paradigm, there can be no
valid comparison of operative and non-operative treat-
ments because they are applied to mutually exclusive
groups (though paradoxically the same patients!). What
is needed in order to provide evidence is clinical trials
that prove the efficacy of a surgical procedure versus
other common treatments. And, in some instances there
should be comparison of operative and non-operative
care. That is how evidence will be assembled that an-
swers patients’ questions and provides the highest qual-
ity of orthopaedic care.

With the information explosion, patients have access
to enormous amounts of information regarding diag-
noses and treatments. I argue that the burden shifted
to orthopaedic surgeons to provide evidence that they
deliver the best available care to patients with muscu-
loskeletal disorders. The case may be made that ortho-
paedic surgeons should insist on evidence-based guidelines
for the highest quality, most cost-effective care for mus-
culoskeletal patients4,11. The answer to the question of
best orthopaedic treatment is to prove by patient-gen-
erated measurements that demonstrate how well ortho-
paedic surgery has improved the quality of life. In the
case of fracture care, evidence may show that one treat-
ment reduces impairment rather than provide an im-
provement in life quality.

Insurers and government payers currently monitor
monetary cost, safety and durability (and sometimes the
patient’s return to work). In essence, they are holding
orthopaedists fiscally accountable for professional be-
havior1,5. What orthopaedic surgeons should add to fi-
nancial accountability of patient care is patient satisfac-
tion. Thus the case for orthopaedic EBM is going “one
better” than the insurance industry or government ac-
countability.
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 If patients prove that a hip replacement is better than
medication and a cane, it is possible to justify expense
and physical risks of surgery and the possible need for
expensive revision surgery. If patients do not prove that
a hip replacement is better than pills and a cane, then
there is no need for further justificatio—it’s a dead is-
sue, no surgery. Once replacement arthroplasty for hip
arthritis is justified, the same process justifies the ap-
plication of improvements (changes) in technology.
Thus if ceramic surface components are to prove more
effective than the conventional metal-polyethylene in-
terface, there must be patient oriented evidence to sup-
port that claim.

In a manufacturing analogy, EBM delivers informa-
tion that is a high quality, cost-effective product to or-
thopaedic surgeon consumers. Basic research and prod-
uct development produces information useful to clinical
research that in-turn produce information that is pack-
aged and transported as manuscripts and presentations
at clinical conferences. Manuscripts that provide patient
oriented evidence that matters (POEMs) are consumed
by the orthopaedic surgeon and put into practice12. As
defined, POEM is “patient-oriented evidence with which
we can evaluate the efficacy of interventions in terms
of results that patients care about and that we as clini-
cians want for our patients”13.

 Feedback from practicing orthopaedists will gener-
ate the next round of basic research and product devel-
opment in order to solve problems that arise from the
first cycle of production (Figure 1). This is similar to
the figure (Figure 2) illustrating production and mar-
keting of gasoline from crude oil: raw material, refin-
ing, distribution, sales & marketing giving rise to the
demand of more product. As a practical matter, EBM is

the application (sales & marketing) of POEMs that are
derived from valid clinical trials of orthopaedic proce-
dures as published in the appropriate peer-reviewed
journal (or presented at a peer-reviewed meeting). Clini-
cal trials are the refinery that takes basic research or
applied technology and generates useful information.
The peer-reviewed journals (e.g., JBJS American- Evi-
dence Based Orthopaedics), peer-reviewed Internet
bulletin boards (ScHARR- www.shef.ac.uk/~scharr/ir/
netting.html ) serve as the distribution network for the
results of clinical trials and systematic reviews
(Cochrane Database of Systemic Reviews, EBM Best
Evidence).

Several recent clinical trials in the English language
orthopedic literature illustrate a trend toward provid-
ing the type of evidence needed to keep orthopaedics
in the mainstream of health care3,14,15,16,17,18. As this trend
becomes more expansive and inclusive of musculoskel-
etal disorders, orthopaedic surgeons will more readily
implement improvements and advancements in surgi-
cal treatment. This empowerment comes from the
power of the people- patients want safe and effective
treatments, at reasonable cost. Clinical trials and com-
parison studies are researches done on humans for the
good of other people. When evidence from clinical tri-
als pass the filter of scientific scrutiny and become
POEM, it will benefit people when orthopaedists change
their professional behavior by implementing the POEM.

Another example, if a relatively safe oral antibiotic
given for a few days is as effective in reducing bone
infections as a week of combination intravenous antimi-
crobials for open long bone fractures, this is worthy of
implementation in practice. On the other hand, if ce-
ramic hip prostheses are proven to produce far less

Figure 2. Production cycle for gasoline.Figure 1. Production cycle for evidence-based orthopaedics
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particulate debris than conventional total hip, it still re-
mains to be proven that painful loosening is diminished
when using a ceramic device. What makes sense infer-
entially needs to be proven clinically, that is the reason
for evidence in orthopaedic practice. Evidence based
orthopaedics does not replace common sense and clini-
cal judgment; it should reinforce good orthopaedic prac-
tice. And, orthopaedic surgeons still need to apply per-
sonal experience, a sense of risk, and a cost-benefit ratio
to the individual patient. Because there is a guideline
that suggests a treatment, does not mean that all pa-
tients get the same treatment.

The techniques and devices that are being developed
for use in the future should prove their safety and effi-
cacy in the court of best evidence. Similarly, evidence
for pharmaceuticals commonly prescribed by ortho-
paedic surgeons should be held to the same standard
as surgical technology. What evidence supports oral
chondroitin sulfate/glucosamine compared with
NSAIDs for painful osteoarthritis of the knee? Is there
evidence for prescribing Cox-2 inhibitors versus less
expensive anti-inflammatory medication?

As a profession, orthopaedic surgeons will learn how
orthopaedic practice questions can be answered by valid
clinical trials. Trials are expensive and take consider-
able time to produce results—research design; planning
and execution are crucial to success. Though masking
is difficult, there are several elements of randomized
clinical trials that are relevant to orthopaedic surgery.
Starting with a good question that can be answered by
a clinical trial, the research team needs to design an
ethical study that can capture enough patients to an-
swer the question (Table 1).

Randomized clinical trials work much better for
highly prevalent conditions than for rare events. It is
easier to design a clinical trial for patients with low back
pain and disc herniation than to determine the best
surgery for adults with chondrosarcoma of the proxi-
mal humerus. Not all orthopaedic questions are answer-
able by clinical trials (e.g. risk factors in postoperative
joint sepsis- this is a disease oriented measure) and
other forms of patient oriented evidence are sometimes
needed. Prospective clinical studies measuring out-
comes that matter provide better evidence for decision
making than disease oriented evidence12,13.

TABLE 1
Characteristics of a Clinical Trial

Posing a good question What patients are available for study?
What treatments should be compared?
What is the comparison of interest?
What outcome shall be measured?
Who will benefit from the results?

Deciding if the question is answerable/feasible Can enough patients be enrolled?
Statistical plan – likelihood of reaching significance?
Affordable/fundable?
Adequate surgeons with expertise?
Are the surgeons able to provide different treatments
without technical bias?
Means of randomization – many cases are subverted
by investigators’ bias.

Ethical Patients are free to decline or withdraw without
coercion.
Controls must be ethically decided (non-treatment is
rarely ethical).
Independent quality control/monitoring.
Will the study give the best answer that will benefit
patients?
Financial incentives for patient enrollment,
investigator?
Full disclosure to insurers that won’t pay for services
as “part of a study”?
Surgeons must have equipoise – i.e. no prejudice
about treatment efficacy.
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These points are summarized, from the viewpoint of
a clinical investigator by Cummings’ acronym FINER:
Feasible, Interesting to the investigator, Novel, Ethical
and Relevant19. From the vantagepoint of the ortho-
paedic surgeon as consumer of evidence-based medi-
cine, there is no authoritative orthopaedic resource that
evaluates surgical clinical trials for accuracy and valid-
ity. But, efforts underway by the American Journal of
Bone and Joint Surgery and orthopaedic subspecialty
journals will soon produce a body of literature that will
educate orthopaedic practitioners how to change with
the times as good evidence is written.

This is not to say that orthopaedists have ignored
good evidence in the past or refused to keep-up with
improvements in patient care. What is new about EBM
is the concept that orthopaedists change their practice
more swiftly when compelling evidence is presented.
The problem has been the lack of evidence and that is
now being corrected. Orthopaedic surgeons who tried
new things in the past have been “burned”. With good
reason, these surgeons are likely to resist moving
quickly to implement a new procedure or technique.
With the presence of one or two valid POEMs, evidence
based orthopaedics decreases the likelihood of making
bad practice decisions about using new technologies and
procedures. Conversely, if a surgeon bases their deci-
sion to try a new technique based solely on safety and
efficacy information (disease oriented evidence), there
is greater probability that unreported problems or pa-
tient dissatisfaction will occur postoperatively. The oc-
casional need to rely on entirely on disease oriented
evidence is understandable if no POEMs exist.

As mentioned by Wright & Swiontkowski3,20,21, the
number of published clinical trials in orthopaedic jour-
nals has dramatically increased in the past decade. The
nature of randomized clinical trials is they require mul-
tiple centers and several surgeons and a large infrastruc-
ture, both personnel and electronic informatics. There
are many logistical problems that include finding sur-
geons who are competent to provide different surgical
treatments without bias, truly random allocation of pa-
tients to the treatment groups, enrolling adequate num-
bers of patients and keeping the enrollees participating
for the duration of the study. How the principal investi-
gator and the study designers eliminate or reduce bias
is critical to the clinical trial. If there are serious (fatal)
flaws in design or implementation, serious issues of bias
or credibility, serious problems with safety, the result
will not be accepted by the practicing orthopaedic sur-
geon—even if published and presented.

Statistical correctness 6,7, akin to political correctness,
is another issue that needs to be addressed in gaining
the confidence of orthopaedists who do not have the

training or inclination to understand the nuances of sta-
tistics and statistical terms. Evidence should be clearly
recognized by reputable experts in the field and by lo-
cal practitioners, without having an extensive knowledge
of statistics. When there is no patient oriented evidence
and orthopaedic practice is based upon disease oriented
evidence, an orthopaedic research team should take up
the challenge and design a clinical trial that measures
treatment outcome in an attempt to make POEM. The
creation and application of POEM is where a sea change
in attitude is needed within the field of orthopaedic sur-
gery.

As an aside, changing physician’s behavior is not an
easy task. A recent report by team of French epidemi-
ologists indicated that when orthopaedists had access
to a computer-based clinical decision support system,
compliance increased with a validated deep vein throm-
bosis prophylaxis regimen22. And, when the computer
system was removed from the hospital, surgeons re-
verted to their previous practice of haphazard DVT pro-
phylaxis and the clinical outcome reflected the change
in the surgeon’s prescription. This type of study high-
lights the difficulty in changing surgeon’s behavior, even
when there clearly is benefit to do so.

Randomized clinical trials and evidence-based medi-
cine for orthopaedic surgeons are not an oxymoron!
Randomized clinical trials that answer orthopaedic ques-
tions, if given the chance, will provide the basis for much
of the future practice of orthopaedic surgery. Ortho-
paedic literature is providing more and more evidence.
The readers may not be completely familiar with the
language of the investigator (e.g., statistics) but the con-
clusions (benefit to patients) should be clearly under-
standable—outcomes that are meaningful to patients.
And, published orthopaedic POEM should be put into
practice by orthopaedic surgeons for the benefit of their
patients and to keep this process moving forward.
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ABSTRACT
The risk of post-traumatic osteoarthritis follow-

ing an intra-articular fracture is determined to
large extent by the success or failure of osteo-
chondral repair. To measure the efficacy of osteo-
chondral repair in a primate and determine if
osteochondral repair differs in the patella (PA)
and the medial femoral condyle (FC) and if pas-
sive motion treatment affects osteochondral repair,
we created 3.2 mm diameter 4.0 mm deep osteo-
chondral defects of the articular surfaces of the
PA and FC in both knees of twelve skeletally ma-
ture cynomolgus monkeys. Defects were treated
with intermittent passive motion (IPM) or cast-
immobilization (CI) for two weeks, followed by six
weeks of ad libitum  cage activity. We measured
restoration of the articular surface, and the vol-
ume, composition, type II collagen concentration
and in situ  material properties of the repair tis-
sue. The osteochondral repair response restored
a mean of 56% of the FC and 34% of the PA
articular surfaces and filled a mean of 68% of the
chondral and 92% of the osseous defect volumes
respectively. FC defect repair produced higher con-
centrations of hyaline cartilage (FC 83% vs. PA
52% in chondral defects and FC 26% vs. PA 14%
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in osseous defects) and type II collagen (FC 84%
vs. PA 71% in chondral defects and FC 37% vs.
PA 9% in osseous defects) than PA repair. IPM
did not increase the volume of chondral or os-
seous repair tissue in PA or FC defects. In both
PA and FC defects, IPM stimulated slightly greater
expression of type II collagen in chondral repair
tissue (IPM 81% vs. CI 74%); and, produced a
higher concentration of hyaline repair tissue (IPM
62% vs. CI 42%), but IPM produced poorer res-
toration of PA articular surfaces (IPM 23% vs. CI
45%). Normal articular cartilage was stif fer, and
had a larger Poisson’s ratio and less permeability
than repair cartilage. Overall CI treated repair tis-
sue was stif fer and less permeable than IPM
treated repair tissue. The stif fness, Poisson’s ra-
tio and permeability of femoral condyle cast im-
mobilized (FC CI) treated repair tissue most
closely approached the normal values. The differ-
ences in osteochondral repair between FC and PA
articular surfaces suggest that the mechanical en-
vironment strongly influences the quality of ar-
ticular surface repair. Decreasing the risk of post-
traumatic osteoarthritis following intra-articular
fractures will depend on finding methods of pro-
moting the osteochondral repair response includ-
ing modifying the intra-articular biological and
mechanical environments.

INTRODUCTION
Intra-articular osteochondral repair occurs under

unique complex biological and mechanical condi-
tions4,6,20. Disruption of subchondral and metaphyseal
bone creates conditions similar to bone fractures, but
the bone repair response extends into the chondral
portion of the defect. At the same time the chondral
and osseous portions of the defect are exposed to the
synovial environment including the synovial fluid and
the cellular and vascular reactions in the synovial mem-
brane4. Joint loading and motion causes poorly under-
stood mechanical stresses in the chondral and bony
portions of the defect that do not occur with any other
type of injury.

The success or failure of acute osteochondral repair
is critical in determining the outcome of intra-articular
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fractures, a clinical problem faced by tens of thousands
of patients and surgeons each year20. Yet, basic research
and clinical experience give only a vague outline of the
osteochondral repair response and the factors that in-
fluence this response. Immediately following an acute
articular surface fracture, the osseus portion of the
defect and a part of the chondral defect fill with a fibrin
clot. Over a period of approximately six weeks the fi-
brin clot is replaced with repair tissue that contains cells
with the appearance of chondrocytes in the chondral
part of the defect and osteoblasts in the osseous part
of the defect2,3,5,6,8,9. In some instances the repair tissue
remodels and functions well as a joint surface for de-
cades, but in others the chondral portion of the repair
tissue progressively degenerates, a process that fre-
quently leads to the clinical syndrome of joint pain, de-
formity and dysfunction recognized as post-traumatic
osteoarthritis. The mechanical and biological events that
influence the formation and remodeling or degenera-
tion of osteochondral repair tissue have received little
attention.

Current treatment of intra-articular fractures consists
of attempting to restore the alignment and position of
the fragments of the fractured articular surface and sta-
bilizing these fragments in the reduced position. Even
when surgeons oppose the fracture fragments and re-
store the alignment and contours of the articular sur-
face, the injured joint frequently undergoes progressive
degeneration. The reasons for joint degeneration follow-
ing anatomic restoration of a fractured articular surface
remain poorly understood20, but to a large degree this
phenomenon is related to failure of the osteochondral
repair response to restore a normal articular surface.
Some intra-articular fractures cause such severe osteo-
chondral damage that despite optimal treatment, large
gaps or defects are left in the articular surface. In these
gaps, the restoration of an articular surface depends
on production of substantial quantities of chondral and
osseous repair tissue and the remodeling of the repair
tissue to form a functional articular surface. For these
reasons better understanding of osteochondral healing
is critical for the advancement of treatment of intra-ar-
ticular fractures and decreasing the risk of post-trau-
matic osteoarthritis.

The limited ability of the natural osteochondral re-
pair response to restore an articular surface has been
recognized for more than 250 years15,17,22. Continuous
passive motion treatment of one mm diameter osteo-
chondral defects in rabbit knees has been shown to fa-
cilitate chondral repair24, and more recently, multiple
investigators have reported improved healing of acute
experimental articular surface defects with growth
factors, cell transplants and ar tificial matri-

ces2,3,5,6,10,11,13,14,16,18,19,21. However these studies have not
examined osteochondral healing in primates, potential
differences in osteochondral healing in regions of the
joint subjected to dif ferent patterns of mechanical
forces, and the effects of passive motion on repair of
different regions of the joint. The purpose of this study
was to answer the following questions. How success-
fully does the natural osteochondral repair response
restore an articular surface in skeletally mature pri-
mates? Does repair of patellar and femoral condylar os-
teochondral defects differ? Do cast and intermittent pas-
sive motion treatment of acute osteochondral defects
produce different results?

MATERIALS AND METHODS
Experimental Design

We created identical cartilage defects in the central
weight-bearing articular surface of the medial femoral
condyle and the central articular surface of the patella
in both knee joints of twelve skeletally mature cyno-
molgus male monkeys. All surgery was performed asep-
tically under inhalation anesthesia at the Ohio State
Department of Veterinary Clinical Sciences. A 3.2 mm
drill bit and a drill sleeve with an adjustable stop, which
ensured that the depth of the hole would be 4 mm, were
used to create uniform defects. Animals were given post-
operative analgesia. For two weeks postoperatively, the
animals were maintained in a seated position in padded
restraint chairs so that one limb could be immobilized
in a long leg cast in 15 degrees of flexion at the knee
and the contralateral limb was subjected to IPM (one
cycle/40 seconds) for 16 hours a day, seven days a
week. The animals had free arm movement but were
controlled from the waist down and the neck up. The
casted limb was suspended from the chair with the hip
flexed to 90° . The foot of the IPM limb was secured in
a cloth boot that was attached to a pedal on a fly wheel.
The pedal’s height was adjusted to each individual ani-
mal so that the limb would go through a full range of
motion in the seated position but the limb would not be
over-extended or over-flexed. A bicycling motion was
thus produced. The motor on the fly wheel was set at a
speed that would take the limb through a full range of
motion every 40 seconds. The animals were monitored
constantly and their skin checked daily for problems
associated with the restraint chairs. At the end of one
week in the chairs, the monkeys were placed in their
cages for 12 hours to allow for chair maintenance and
examination of each animal. At the end of two weeks
the cast was removed and the animals were allowed
cage activity ad libitum for six weeks, before sacrifice.
None of the animals developed complications of the
surgery or treatment of the knee joints. The eight knees
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from four randomly selected animals were used for stud-
ies of the material properties of the repair tissue and
the sixteen knees from the remaining eight animals
were used for histologic and biochemical studies. The
knees of two normal cynomolgus monkeys were har-
vested for use as normal controls. Knee joints were
harvested at the Ohio State University, frozen and
shipped to the University of Iowa for analysis.

Articular Surface Restoration
At the University of Iowa, the articular surfaces of

all 48 defects were photographed the images enlarged
40 times with maximum resolution and printed. At this
magnification it was possible to identify regions of the
repair tissue surface that had the same smooth white
appearance as the surrounding articular cartilage and
regions that had an irregular appearance. A transpar-
ent grid with 100 equally spaced points was superim-
posed on the images of the repair tissue surface and
the number of points falling on repair tissue with the
appearance of normal articular cartilage and the total
number of points falling on the defect recorded. For
each experimental group the percent of repair tissue
with a normal appearance was determined. Differences
among groups were evaluated using t-tests.

Repair Tissue Volume and Composition
To evaluate the chondral and osseus repair tissue

volume and composition, 32 defect sites from eight ani-
mals were briefly decalcified and divided along the sag-
ittal plane into two equal parts. One half of each defect
was randomly selected to measure the type II collagen
concentration in the chondral and osseous parts of the
defect. A dissecting microscope was used to separate
the chondral and osseous repair tissue in the specimens
used to measure the type II collagen concentration. The
osseous repair tissue was decalcified and the type II
collagen concentration measured in the chondral and
osseous repair tissue as previously described12,23. The
other half of each defect was decalcified, fixed and
embedded in paraffin. Beginning with the center of the
defect, four full thickness sections of the defect and
surrounding tissue were collected by taking the first,
fifth, tenth and fifteenth section. After staining with Sa-
franin O, images of the sections were projected with a
superimposed grid with 200 equally spaced points. The
total area of repair tissue relative to the total area of
the original defect was determined by point counting
for each section as was the area of hyaline cartilage
and the area of fibrocartilage or fibrous tissue in the
chondral part of the defect and the area of bone ma-
trix, bone marrow, hyaline cartilage, fibrocartilage or

fibrous tissue in the osseous part of the defect. The total
areas of chondral and bone repair tissue and each re-
pair tissue type were then calculated for each defect.

Repair Tissue Material Properties
The eight knee joints randomly selected for biome-

chanical testing were shipped frozen from the Univer-
sity of Iowa to Columbia University1. The joints were
stored at -20˚C and underwent two freeze-thaw cycles
before testing. Sixteen repair sites in the patella and
the medial femoral condyle were identified. Two of the
16 defects were not tested, because they were devoid
of repair cartilage. Normal, cynomolgus monkey knee
joints were used as controls for the experimental speci-
mens. Three mechanical properties of repair tissue (ag-
gregate modulus, Poisson’s ratio, and permeability),
were measured as previously described1. After mechani-
cal testing, the repair sites were sectioned and the thick-
ness of the chondral repair tissue measured with a digi-
tal scale using a stereomicroscope1.

RESULTS
Articular Surface Restoration

All 48 defect sites could be identified by differences
in the appearance of the chondral repair tissue and the
surrounding articular cartilage (Figures 1 and 2). The
degree of restoration of the articular surface varied
among animals (Table 1). The extent of filling of the
articular surface defect with chondral repair tissue var-
ied from more than 90% to less than 10% (Figures 1 and
2). The extent of articular surface restoration did not
differ between femoral defects treated with CI or IPM,
or between femoral and patellar defects treated with CI,
but IPM treated patellar defects had significantly less
restoration of the articular surface (Table 1 and Figure
3).

Repair Tissue Volume and Composition
The extent and quality of the repair response varied

among animals (Figure 4), but certain characteristics
of the repair response occurred consistently. Osseous
repair was substantially more effective than chondral
repair. The repair response filled 68% of the total vol-
ume of the chondral defects and 92% of the volume of
the osseous defects (Figure 5). Repair of femoral de-
fects produced significantly more hyaline repair tissue
and contained higher concentrations of type II collagen
than repair of patellar defects (Table 2 and Figure 6).
Intermittent passive motion treatment did not increase
the volume of osseous or chondral repair tissue in ei-
ther patellar or femoral defects. Passive motion treat-
ment did increase the type II collagen concentration in
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Figure 1. Photographs of the surface of femoral condylar defects
eight weeks after creation of the defects showing the variability in
the extent of chondral repair tissue among defects. Top: The poor-
est repair of a femoral condylar defect. Middle: Moderate chondral
repair tissue. Bottom: The specimen with the most complete re-
pair of the defect. The outlines of the defect are dif ficult to identify.

Figure 2. Photographs of the surface of patellar defects eight weeks
after creation of the defects showing the variability in the extent of
chondral repair tissue among defects. Top: The poorest repair of a
patellar defect. Middle: Some chondral repair tissue is visible.
Bottom: The specimen with the most complete repair of the defect.
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treated with casts (HA=0.244±0.138 MPa) than with
passive motion (HA=0.148±0.053 MPa). The aggregate
modulus of patellar repair tissue was significantly higher
in the cast treated group (p<0.05). Similarly, repair tis-
sue in the femoral condyle was more permeable in the
passive motion treated defects (p<0.10).

Chondral Repair Tissue Thickness
At eight weeks following creation of the osteochon-

dral defects the mean thickness of the chondral repair
tissue was 2.16 mm, compared with 0.72 mm for nor-
mal femoral articular cartilage and 0.71 mm for the car-
tilage adjacent to the defects (Table 3). The original

Figure 3. Histogram showing that the osteochondral repair response
restored more of the articular surface in femoral defects than in
patellar defects and that patellar defects treated by cast immobili-
zation had better restoration of the articular surface than patellar
defects treated by IPM.

TABLE 1
Articular Surface Restoration
(% of 3.2 mm diameter defect)

Location

Treatment Number of Femoral Condyle Patella
Animals

IPM 12 53±29 23±17

Cast 12 58±22 45±26

Bars connect means that are not significantly different (p<0.01)

femoral and patellar chondral defects. In patellar defects,
passive motion treatment produced a higher concentra-
tion of hyaline repair tissue.

Repair Tissue Material Properties
The material properties of repair tissue differed from

those of normal articular cartilage (Figure 7)1. The nor-
mal articular surface (Table 3) was four times stiffer
than the osteochondral repair tissue (p<0.0001). Simi-
larly, the Poisson’s ratio of the repair tissue was about
half that of the normal articular surface (p<0.01) and
the repair tissue was more permeable (p<0.01).

Passive motion and cast treated osteochondral repair
tissue differed in material properties. The repair tissue
had a higher compressive modulus (p<0.10) in joints

Figure 4. Photomicrographs showing the variability in osteochon-
dral repair among animals. Top: The osseous portion of the defect
is filled with new bone and chondral repair tissue projects above
the normal articular surface. Bottom: The osseous portion of the
defect contains fibrovascular tissue as well as bone and the chon-
dral portion of the defect contains primarily fibrous tissue.
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Figure 5. Histogram showing that repair tissue filled more than
90% of the osseous defect volume but only about 68% of the chon-
dral defect volume. Figure 6. Photomicrograph showing chondral repair tissue with a

hyaline appearance.

TABLE 2
Volume and Composition of Repair Tissue

Cartilage Repair Tissue Bone Repair Tissue
Treatment Number Total Type II Total Type II

and of Volume Hyaline Fibrous Collagen Volume Bone Marrow Hyaline Fibrous Collagen
Location Animals (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

IPM 8 69±15 64±29 34±25 75±27 93±19 49±18 25±16 13±8 11±8 10±10
Patella
Cast 8 67±22 42±37 57±39 67±20 89±17 48±17 26±19 15±16 9±9 8±5
Patella
IPM 8 65±23 83±23 17±23 87±19 92±7 40±12 24±8 26±13 9±8 35±32
Femoral
Condyle
Cast 8 71±19 83±19 15±20 81±19 93±17 38±16 23±19 25±16 9±9 38±33
Femoral
Condyle

Bars connect means that are not significantly different (p<0.01)

depth of the osteochondral defects was 4 mm, a 0.72
mm deep chondral defect and a 3.18 osseous defect.
Thus, by eight weeks, bone had not filled the entire
original bone defect and the chondral repair tissue was
slightly more than three times the thickness of normal
articular cartilage.

DISCUSSION
The results of this study confirm that the repair re-

sponse to an acute osteochondral articular surface in-
jury in a primate fails to restore a normal articular sur-
face by eight weeks. It is possible that with more time
the quality of the chondral repair tissue would have

improved and the volume would have increased, but
given previous studies of articular cartilage repair2,5,9,12

it seems more likely that the chondral repair tissue
would degenerate with time. Cynomolgus monkey nor-
mal articular cartilage was about four times stiffer than
osteochondral repair tissue. The Poisson’s ratio of the
normal articular surface, which is indicative of the
tissue’s apparent compressibility, was twice that of the
repair cartilage, and the permeability was greater. Be-
cause of its inferior material properties, normal joint
use would subject the repair tissue to elevated strain
fields causing progressive degeneration of the repair
tissue.
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Figure 7. Histogram showing that the osteochondral repair response
produced tissue that most closely approached the properties of a
normal articular surface in femoral condylar defects treated by
cast immobilization.

The difference in the repair tissue in the chondral
and osseous portions of the defects eight weeks follow-
ing injury was striking. Initially the chondral and osseus
portions of the osteochondral defect fill with the same
clot and then the same initial repair tissue5,7,9. Although
hyaline cartilage and synthesis of type II collagen oc-
cur in both the chondral and osseous portions of the
defect the concentration of hyaline cartilage and type
II collagen was greater in the chondral portion. Bone
matrix and marrow appeared only in the osseus part of

the defect. The explanation for the differentiation of the
tissue in the chondral part of the defect toward hyaline
cartilage and the repair tissue in the osseus part of the
defect toward bone remains unknown. Possible expla-
nations include differences in mechanical environment,
and diffusion of biologically active molecules from the
synovial fluid, the bone or the cartilage.

An equally interesting result is the increased con-
centration of hyaline repair tissue and type II collagen
in the femoral chondral and osseous defects as com-
pared with the patellar defects. The initial repair tissue
in both locations presumably is the same, yet by eight
weeks the patellar chondral defects have more fibrous
tissue and the patellar osseous defects have more bone
matrix than the corresponding femoral defects. Since
the defects were made in the same joint at the same
time it seems unlikely that the maturing repair tissue
would be exposed to important differences in biologi-
cally active molecules, cells, free radicals or oxygen ten-
sion. The only apparent difference between the two lo-
cations is the pattern of mechanical loading with joint
use, an observation that suggests that different loca-
tions in the same joint and different joints may differ in
osteochondral repair depending on the patterns of load-
ing of the repair tissue.

The optimal mechanical environment for osteochon-
dral and chondral repair has not been defined. In this
study, two weeks of IPM did not stimulate more effec-

TABLE 3
Material Properties of Repair Tissue

Treatment Number Aggregate Poisson’s Ratio Permeability Cartilage Cartilage
and of Modulus vs kx1015 (m4/N-s) Thickness at Test Thickness

Location Animals HA (MPa) Site (mm) Adjacent to Test
Site (mm)

Normal 6 0.82±0.18 0.24±0.06 2.44±1.13 0.72±0.09
Femoral
Condyle

IPM 4 0.12±0.04 0.09±0.10 3.17±1.06 2.05±0.81 0.66±0.09
Patella

Cast 4 0.22±0.06 0.10±0.01 3.38±0.48 2.18±0.73 0.87±0.57
Patella

IPM 3 0.17±0.06 0.11±0.03 3.86±0.55 2.22±0.56 0.71±0.14
Femoral
Condyle

Cast 3 0.27±0.22 0.16±0.11 2.40±1.45 2.19±0.58 0.60±0.21
Femoral
Condyle
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tive osteochondral repair than two weeks of cast immo-
bilization. These conclusions do not discount possible
beneficial effects that continuous passive motion treat-
ments may have on articular cartilage healing in smaller
defects or in other species.

This study shows that the important limitation of the
natural acute osteochondral repair response in a primate
is the failure to produce a sufficient volume and quality
of chondral repair tissue. However, it also shows that
the acute osteochondral repair response produces chon-
dral repair tissue that more closely approximates articu-
lar cartilage than bone or dense fibrous tissue and that
temporary cast treatment of femoral condylar defects
followed by active movement produces the best chon-
dral repair. These observations indicate that osteochon-
dral repair can be improved and the risk of post-trau-
matic osteoarthritis following intra-articular fractures
decreased by better understanding of the biological and
mechanical conditions that govern acute osteochondral
repair.
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ABSTRACT
The pentapeptide NKISK has been reported to

inhibit the binding of decorin, a proteoglycan on
the surface of collagen fibrils, to fibronectin, a
tissue adhesion molecule. Relaxin has been shown
to be effective in relaxing ligaments and other
connective tissues. Through collagen staining stud-
ies, we have previously demonstrated that collagen
fiber sliding is important during changes in liga-
ment length. Because of our interest in fibril-fibril
binding as it relates to changes in length of ten-
don or ligament, we investigated the potential of
NKISK, relaxin, or both in combination to poten-
tiate creep. We suspended stained rat tail tendons
in test solutions under a constant stress and ob-
served length changes and subsequent collagen
fiber sliding. Both NKISK and relaxin potentiated
rat tail tendon creep with changes in length most
likely occurring as a result of collagen fiber slid-
ing as evidenced by photomicrography.

INTRODUCTION
It is accepted that tendon and ligament have the abil-

ity to change lengths2, 5,9,10,19; however, little is known
about the mechanism responsible for these phenomena.
Our laboratory has focused on the hypothesis that slid-
ing of collagen fibers past one another plays an impor-
tant role during these length changes. We have shown
in previous in vivo experiments that ligament length
changes occur by the movement of collagen fibers past
one another during growth and contracture20 and that
the length changes occur diffusely throughout the en-
tire ligament or tendon2,5,9,10,19. The “sliding fibril hy-

pothesis” requires that tapered, discontinuous
fibrils7,14,16,17 have a reversible mechanism of fiber to fi-
ber bonding, which releases to allow such dif fuse
changes in length. A better understanding of collagen
interaction during length changes is important because
very little is currently known about the development
or the mechanism of wound healing in tendon, liga-
ment and other collagen-rich tissues.

Previous work in our laboratory has examined the
impact of modifying interfibrillar bonding by immers-
ing stressed tendons in different solutions (varying in
pH, calcium ion concentration, osmolarity and concen-
trations of acetylcholine and epinephrine) all without
success. We have, however, found and reported in-
creased strain in stressed tendons when immersed in
gentamycin and polylysine, both of which are small
polycations with similar charge configurations11.

Schmidt, et al showed that a pentapeptide, NKISK,
competitively inhibits binding of fibronectin to decorin
by mimicking the sequence in the decorin molecule,
which is presumed to be the fibronectin binding site12.
Decorin is a small proteoglycan which “decorates” the
surface of collagen fibrils and fibronectin frequently
functions as an adhesion molecule. Hedbom and
Heinegard have proposed that one possible function of
decorin is to connect neighboring collagen fibrils6. Un-
published work from our laboratory has shown that
stressed tendons immersed in NKISK or in relaxin (a
hormone effective in relaxing ligaments and other con-
nective tissues)1,8,13,18 stretch significantly more than
control tendons and we have published that free, intact
fibrils can be isolated after exposure of ligament to
gentamycin or NKISK2,4.

This study focuses on the effect of NKISK and/or
relaxin as well as the possible additive effect of the two
agents (in combination) on interfibrillar bonding and
on subsequent collagen fiber sliding in the stressed rat
tail tendon model. By applying a covalently bonding,
fluorescent collagen dye, we were able to label collagen
fibers and observe subsequent movement during ten-
don strain.

TENDON CREEP IS POTENTIATED BY NKISK AND RELAXIN
WHICH PRODUCE COLLAGEN FIBER SLIDING
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METHODS
NKISK was synthesized

for this experiment by the
University of North Caro-
lina Peptide Synthesis Facil-
ity and porcine relaxin was
provided by Dr. Michael
Fields at the University of
Florida, Gainesville. The
test solutions were 1 mM
NKISK and 46 units/ml por-
cine relaxin (3,000 units/
mg) in commercially pre-
pared phosphate buffered
saline (PBS - Invitrogen
Corp, Grand Island, NY -
136mM NaCl, 3mM KCl, 1
mM KH2PO4, and 6 mM
Na2HPO4), pH 7.4, to which
0.03% NaN3 had been
added. These concentra-

tions were chosen after they were found to be appro-
priate in previously performed pilot studies. PBS with
0.03% NaN3 was the control solution.

After Institutional Review Board approval, rat tail ten-
dons were harvested from sacrificed, fresh frozen, 500
g Sprague Dawley rat cadavers under a dissecting mi-
croscope. Each experiment was done with the tendons
from a single rat tail, and from the same segment of
that tail (2 tails). The tails were thawed for 15-30 min-
utes then cut through a vertebral disc near the base of
the tail and again 6 cm distally. Micro forceps were used
to pull tendons out of the distal end of the tail under a
dissecting microscope, obtaining similar (medium) sized
tendons. The tendons were marked twice, at a gauge
length of 15 mm near the center of the tendon segment
using a 25 gauge hypodermic needle dipped in India
ink. The tendons were pulled individually into glass
tubes made from Pasteur pipettes, cut just below the
tapered section and again 2 cm above the taper, so that
the ends of the tendon protruded from both ends of
the pipette segment tubes. The bottom end of the tube
was plugged with silicone vacuum grease and a small
obdurator, then the tube was filled with the test solu-
tion. During the experiment, small volumes of evapora-
tion (approximately 1–2% of the weight of the entire
apparatus) were replaced.

Alligator clips grasped the ends of the tendons and
the tendon/tube apparatus was suspended from the
upper clip (Figure 1). This assembly was weighed at
the end of the experiment to determine the load ap-
plied to the tendon. There were 4 models (control,
NKISK, relaxin, and NKISK/ relaxin mixture) each con-

sisting of 10 tendons (a total of 40 tendons). The dis-
tance between the India ink gage marks was blindly
measured (twice, then calculating the average) using a
1.5X magnifier and a micro caliper accurate to 0.02 mm
at the beginning of the suspension period and again after
3, 6, 12, 27, 36 and 48 hours. The experiment was re-
peated using the above procedure in a second rat tail
with the same 4 models, each consisting of 4 tendons
(a total of 16 tendons).

In the 2nd experiment, the tendons were stained (per-
pendicular to the collagen fibers) between the ink
marks, with an extremely thin line (Figure 2) using a
10-0 nylon suture dipped in the fluorescent collagen dye
dichlorotriazinyl fluorescein (DTAF—5 mg/ml in fresh
0.2 M sodium bicarbonate)3. A picture, demonstrating
the DTAF stain width, was taken with a fluorescence
microscope at 16X magnification. Utilizing photomicro-
graphy for measurements allowed standardization be-
tween individual specimens as well as blinded measure-
ments.

Each tendon was then suspended for 27 hours at
which time a final picture was taken using the fluores-
cence microscope at 16X magnification. The initial and
final fluorescent marking widths were blindly measured
(twice, then calculating the average) on the 16X photo-
micrographs using the caliper (accurate to 0.02 mm)
and the percent increase in width (defined as the in-
crease in width normalized to the initial width, ex-
pressed as a percent) of the mark was calculated. When
the edges of the marks were not sharp, the most uni-
form area was measured from “tip to tip” in both the
initial and final photomicrographs. In both experiments,
the India ink mark measurements were used to calcu-
late the percent creep (defined as the increase in length
normalized to the initial length, expressed as a percent)
at each of the time points. At the end of the experiment
stress was calculated15. The portion of tendon between
the India ink marks was isolated using a scalpel under
the dissection microscope and then air dried for three
days. Each segment was weighed for 0.00 mg accuracy.
For the 15 mm segment, multiplying the weight by the
constant 0.133 (this depends on the tendon being 57%

Figure 1. Diagram of the rat
tail tendon suspension/load-
ing apparatus.

Figure 2. A diagram representing a rat tail tendon and the initial
India ink marks with a dichlorotriazinyl fluorescein (DTAF) stain
applied perpendicular to the collagen fibers.
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water, 43% dry material and having a density of 1.16
gm/cc) converted that weight to cross sectional area
in mm2.  Stress is measured in Megapascals (Mpa = N/
mm2), so conversion of the grams of the load to N
(9.8N=1 Kg) was done by multiplying by 0.0098.

Stress was calculated by dividing this load by the
cross sectional area. Differences between models ver-
sus control were evaluated for statistical significance
using a Bonferroni modified Student’s t-test.

RESULTS
The first experiment consists of 40 tendons (10 per

model) without photomicrographs and the second ex-
periment 16 tendons (4 per model) with photomicro-
graphs. In the first experiment, the mean tendon stress
in the control, NKISK, relaxin, and NKISK/relaxin mix-
ture models were 0.662 +/- 0.116 (SE) MPa, 0.383 +/-
0.079 (SE) MPa, 0.589 +/- 0.102 (SE) MPa, and 0.481
+/- 0.118 (SE) MPa, respectively. In the first experiment,
breakage occurred in 1 of 10 tendons in the control
model at 27 hours, 2 of 10 in the NKISK model at 27
hours and 36 hours, 2 of 10 in the relaxin model both
at 48 hours, and 0 of 10 in the mixture model. No break-
age occurred in the second experiment at 27 hours.

Despite the higher stress in the control group of the
first experiment, NKISK and relaxin treated tendons
demonstrated significantly more creep than the controls
from the same tail in both experiments. Figure 3 dis-
plays the induced creep in experimental models com-
pared to that of the control model in the first experi-
ment with all experimental values being statistically
significant (p<0.05) from the 3 hour time point on.

Figure 4 shows representative initial and final photo-
micrographs of a DTAF mark in the control and NKISK/
relaxin mixture groups. The final photomicrograph in
the control model shows that the stained edges remain
sharp while in the NKISK/relaxin model, it appears
“fuzzy” and collagen fibers seem to be protruding from
either side of the mark as would be expected with col-
lagen fiber sliding.

Figure 5 shows that the DTAF marking widths in
the NKISK, relaxin, and mixture models all showed
percent increases greater than in the control though
only the mixture model versus control was statistically
significant.

Figure 3. Percent creep over time for rat tail tendons exposed to
NKISK, relaxin, and NKISK/relaxin mixture models versus con-
trol (PBS). Hash marks represent standard error and all experi-
mental values are significant versus control (p<0.05).

Figure 4. Representative initial (top row) and final (bottom row)
photomicrographs of a DTAF mark in the control (left column) and
NKISK/relaxin mixture (right column) groups. The final photomi-
crograph in the control model shows that the stained edges remain
relatively sharp while in the NKISK/relaxin model, collagen fiber
tips can be seen protruding from either side of the mark as would
be expected with collagen fiber sliding.
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Figure 5. Percent increase in DTAF marking widths in the NKISK,
relaxin, and mixture models all showed percent increases greater
than in the control, but only the mixture model versus control was
statistically significant (p<0.05). The hash marks represent the stan-
dard error.
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DISCUSSION
NKISK is known to inhibit decorin-fibronectin bind-

ing12 and postulated to interfere with interfibrillar bond-
ing. Relaxin is known to allow stretching of collagenous
tissues1,8,13,18, but the mechanism is unknown. In this
study, tendons exposed to NKISK and relaxin consis-
tently stretched significantly more than the control ten-
dons at each time interval. We feel that NKISK and re-
laxin potentiated tendon creep and that the changes in
length are secondary to collagen fiber sliding as evi-
denced by DTAF photomicrography. As hypothesized,
the fluorescence photomicrographs demonstrated
stained collagen protruding from either side of the origi-
nal mark as one would expect if fibers slid past one
another and away from their initial location during
changes in length. Actual fibril sliding could not be
observed in this study with DTAF as collagen fibril di-
ameters are 50-200nm and individual fibrils could not
be resolved with light microscopy. We were able to ob-
serve translational collagen movement and it is possible
that it may be at the fiber level rather than the fibril
level.

DTAF selectively labels collagen in collagen-rich tis-
sues such as tendon. By utilizing gel filtration experi-
ments, Davison and Galbavy have shown that approxi-
mately 97% of applied DTAF dye will bind to collagen.
The remaining small percentage binds to proteoglycan,
glycoprotein and other stromal components. It is un-
likely that the observed broadening of the bands is due
to diffusion of the dye because of the covalent bonding
of the DTAF to collagen. Likewise, it is unlikely that
NKISK or relaxin affect the DTAF—collagen covalent
bonding. Experiments have shown that collagen-rich
cornea stained with concentric rings of DTAF in the
growing rabbit show expansion of the stained ring, not
diffusion from the ring, which would have narrowed the
inner diameter3.

The DTAF marking widths in the NKISK, relaxin,
and mixture models all showed percent increases
greater than in the control. Increased marking widths,
in the absence of sliding, would require permanent fibril
stretching, a phenomenon which is incompatible with
the crosslinked structure of collagen fibrils. Collagen
molecules wound into triple helices are cross-linked to
one another in a staggered array to form fibrils, which
by virtue of the fact that all connections are molecular,
could be considered to be large “super molecules”.
While perhaps not absolutely rigid, the tendons should
at least be elastic and once unloaded for photomicrog-
raphy, should return to their original lengths. The pho-
tomicrographs document collagen fibers protruding af-
ter unloading, thus stretching is unlikely to account for
the observed changes.

Although this technique is limited to measuring
movement only on the surface of the tendon, it seems
unlikely that the collagen interactions are different in
the depths of the tendon. NKISK and relaxin are small
polypeptides and should penetrate the depths of the
tendon quite readily. Interactions in the depths of ten-
don are likely similar to the surface because collagen
composition is uniform throughout the tendon and it
would be very unlikely to observe the increases in ten-
don length if the depth of the tendon’s length remained
constant while the surface elongated.

All values were statistically significant in the first
experiment, however, not in the second. The smaller
number of tendons used (16 versus 40) in the second
experiment was a result of the technically challenging
and time consuming procedure involved in staining and
photographing DTAF stained tendons. In the second
experiment, there was statistical significance (p<0.05)
only in the NKISK/relaxin model versus control for the
percent increase in marking widths. In the NKISK and
relaxin test solutions, the mean percent increase in
marking widths were greater than the controls, how-
ever, the small “n”, or the large standard error, or both,
made these differences not statistically significant.

We postulated that if NKISK and relaxin worked by
different mechanisms they would have an additive ef-
fect when combined. No such additive effect was ob-
served. Bundle ruptures were not likely the source of
tendon elongation as this would have been indicated
by sliding of large bundles in the DTAF photomicro-
graphs.

There are now reports of three agents that interfere
with fibril association (NKISK, relaxin and gentamycin)
and to date, we are not aware of any reports that docu-
ment these agents have anything in common. NKISK
is known to inhibit decorin-fibronectin binding and pos-
tulated to interfere with interfibrillar bonding12. Relaxin
is known to allow stretching of collagenous tissues, but
the mechanism is unknown. Some authors propose that
relaxin removes cross-linking of fibrils allowing them
to slip and re-orient, which may be stimulated by in-
creased collagenase expression and downregulation of
collagen secretion13,18. Gentamycin is a small polycation
and its size and charge configuration are very similar
to the KKK tripeptide, which also allows increased ten-
don lengthening11. We hypothesize that it may also bind
to the decorin-fibronectin binding site.

Though this study provides some understanding of
vertebrate fibril sliding, much work remains to be done.
Future work should include further investigations to
elucidate the mechanisms by which collagen fibrils are
presumably bound as well as the mechanism of col-
lagen sliding. In this study, decorin-fibronectin bind-
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ing appears to play an important role in the bonding of
fibrils to one another to prevent constant sliding. These
results provide further support for the “sliding fibril hy-
pothesis” for length changes in collagenous tissues.
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ABSTRACT
This study evaluated Internet use among or-

thopaedic patients in a private practice general
orthopaedic setting. Of 201 participants, 45% had
used the Internet either personally or thru a sur-
rogate to search for information about their or-
thopaedic condition. Utilization of the Internet was
significantly higher than that reported for a com-
munity orthopaedic practice surveyed in 1998,
suggesting that utilization by orthopaedic patient
populations mirrors the increasing societal use
for health information.

 Most users in this study employed multiple
search strategies, including using search engines
and sites recommended by others. The majority
of users found medical information on Internet
sites to be useful and accurate. The number one
choice for reconciling conflicting information was
to ask a physician or a nurse. Most users and
non-users reported that they would recommend
the Internet to others as a source for medical in-
formation. We recommend several strategies for
orthopaedic surgeons to stay abreast of these
changes and to utilize Internet Patient education
resources to their own advantage.

INTRODUCTION
We previously reported on Internet use by outpatient

orthopaedic patients in a community and in an academic
tertiary care setting based on data collected in 1998.1 2

Internet use in the United States has grown exponen-
tially over the past five years, and access to the Internet
has increased yearly. In this study, we surveyed a popu-
lation of patients in a community outpatient orthopaedic
practice in 2002 to see whether there were changes in
Internet utilization.

METHODS
After obtaining Institutional Review Board (IRB) ap-

proval, we invited patients visiting an outpatient com-
munity orthopaedic practice (OSMC, Elkhart, Indiana)
during a one week period in July 2002 to participate.
We used a questionnaire that had previously been found
to be reliable in another outpatient orthopaedic sample.2

Patients were recruited by a medical student investiga-
tor (JK) at time of check-in for their appointment in the
outpatient office, and surveys were filled out on-site.
As many patients as possible were invited to participate
in the study. Informed consent was obtained and pa-
tients were surveyed regarding their Internet use and
their attitudes about Internet-retrieved health informa-
tion. Specifically, the questionnaire was designed to as-
sess study group demographics, access to and usage of
the Internet, and opinions about the utility of the
Internet in obtaining medical information. As in previ-
ous studies, we assessed not only Internet use by re-
spondents, but also Internet use by persons other than
the respondent for the respondents’ use (designated
“surrogate” users). We also surveyed patients regard-
ing their methods of identifying information to review,
and asked how they planned to utilize the information.
All survey responses were sorted and prepared for
analysis using the SPSS (Chicago, Illinois, USA) statis-
tical package.

RESULTS
During a one week period, 568 patients were seen in

this clinic. Of these eligible patients, 210 were invited
to participate in the study; 201 returned the question-
naire. Of the 201 respondents, 108 (54%) were female,
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93 (46%) were male. The mean age of participants was
46 years (range 12-86 years), and the mean time be-
tween initial orthopaedic diagnosis and questionnaire
completion was 1.8 years (range 0-46 years). Of the 178
patients responding to the question regarding prior
surgery, 93 (52%) reported having had surgery for their
orthopaedic conditions. One hundred fifty-one respon-
dents (75%) reported that they had access to the internet
at work or home. Of the 50 who reported no Internet
access, 3 (6%) reported that they nevertheless person-
ally searched the Internet for information on their con-
dition, and 3 (6%) had a surrogate search for them. Of
the 151 participants with Internet access, 59 (39%) re-
ported that they personally searched the Internet for
orthopaedic information; 45 (30%) had a surrogate
search for them, and 69 (46%) reported that they had
used the Internet either personally or through a surro-
gate to find information about their condition (further
designated as “Internet users”).

Internet users were slightly younger on average than
non-internet users (42.7 yrs vs. 47.4 yrs), but the differ-
ence was not statistically significant. There was no sig-
nificant difference in percentage of women among us-
ers vs. non-users. There was no significant difference
is surgery status between the two groups.

Of the 68 subjects who reported how they found their
sites, 55 (81%) reported that they used a search engine
to find information about their orthopaedic condition.
Forty-two percent used sites recommended by others,
and 47% found sites through other means. The most
frequently used search engine was Google (24%), fol-
lowed by Yahoo (21%), AOL (17%) and Netscape (8%).
Not everyone who reported using a search engine listed
which one they used, but of those who did, many listed
two or three different engines.

Of the 64 who responded to the question, 50 (78%)
reported that sites they visited helped them better un-
derstand their medical condition. Of the 66 who re-
sponded to the question, 27 (41%) reported that sites
they visited raised questions to discuss with their phy-
sicians. Of the 62 who responded to the question, 49
(79%) reported that all or most of the information on
the sites they visited was accurate, and the remaining
13 (21%) reported that some of the information was ac-
curate. Of the 62 who responded, 42 (68%) reported that
they usually can tell if the information on a site is accu-
rate, 16 (26%) reported that they can sometimes tell,
and 4 (7%) reported that they can rarely tell. Seventy-
five percent of those who responded would ask a physi-
cian or nurse to help them reconcile conflicting infor-
mation they found on a site; 16% would compare
information on different sites to reconcile conflicts; 12%

would ask support group members; and 4% used other
strategies. Many who responded gave multiple re-
sponses.

 Of the non-Internet users with valid responses, 77%
said that they would recommend the Internet to others
as a source of medical information. Of the internet us-
ers with valid responses, 96% said that they would rec-
ommend the Internet to others as a source of medical
information. Of the non-internet users with valid re-
sponses, 46% would use Internet access available in the
clinic; of the internet users with valid responses, 74%
would use Internet access available in the clinic

DISCUSSION
We identified a higher use of the Internet among

community outpatient orthopaedic patients in this study
(46%) than in our previous report (20%) from data col-
lected only four years earlier, confirming that Internet
utilization for medical information among orthopaedic
patients mirrors the substantial increases in use of the
Internet for health information seen in the general popu-
lation.

Not only are more orthopaedic patients using the
Internet, but they are having questions about the mate-
rial they have researched which they plan to raise with
their caregivers—75% in this study. Unfortunately, in this
study as in others, patients are mainly finding material
by using commercial search engines, a strategy which
has proved to be inefficient of their time and often finds
incomplete or inaccurate web sites.3

Patients may not be the best judges of the quality or
accuracy of material they retrieve. A study by Consumer
Web Watch looked at how Internet health experts rated
sites compared to “consumers”.5 Not surprisingly, health
experts highly rate such factors as the posting institu-
tion, presence or absence of solicitation or advertising,
and the source of the material as the most important.
Consumers, on the other hand, rated “design look” as
the most important criteria in determining the credibil-
ity of a site.

What is the best strategy for addressing this grow-
ing trend among patients? Orthopaedic surgeons can
a) familiarize themselves with available web material,
b) recommend sites to patients, and c) participate within
the AAOS and specialty societies to create high quality
web-based instruction.

While the thought of reviewing all patient education
material on the Web is daunting, it is also unnecessary.
Several sources of high quality patient education are
available, including the American Academy of Ortho-
paedic Surgeons (www.aaos.org), and the University of
Iowa Virtual Hospital (www.vh.org). Reviews of Web
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based patient education information can be found in the
AAOS Bulletin4, or at Orthopaedic Web Links (http://
www.orthopaedicweblinks.com). Taking only a few min-
utes to review material in one’s area will pay off.

By recommending sites to patients, the surgeon can
ensure they are receiving quality materials to review,
patients can be saved many hours fruitless searching
and finding material which may or may not apply to
them, and the surgeon can, to some extent, preempt
patient explorations of material of questionable quality.
Expedient ways of making these recommendations in-
clude a) making a handout of sites, especially focusing
on specific documents or portions of web sites for a
specialty practice, or b) placing links on one’s own web
site (which American Academy of Orthopaedic sur-
geons members can create for free at the AAOS web
site).

Finally, as we strive to keep up with this trend in
patient education, we should promote and contribute
as much as possible to the Web based patient educa-
tion efforts of our professional societies. If we, rather
than the commercial sector, wish to be our patient’s
main educators, staying on the leading edge of the in-
formation wave is crucial.
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ABSTRACT
Parents have traditionally relied on health care

professionals for advice and treatment for most
orthopaedic conditions, including clubfoot. How-
ever, the unprecedented access to health care in-
formation offered by the Internet is changing how
parents gather information and make treatment
choices. This study was designed to evaluate the
effect of the Internet in the treatment of clubfoot.
We performed a retrospective review of the clini-
cal census, statistics of the Virtual Hospital web
pages on clubfoot, web sites, and web based sup-
port-groups related to clubfoot from 1995 to
2002. There were 157 patients that came to our
clinic for treatment, a dramatic increase compared
to previous years. There were a total of 790,084
hits to the Virtual Hospital web pages, with infor-
mation requested from all states and 72 coun-
tries. Interestingly, the referrals also changed with
patients coming from 30 states and 8 different
countries, compared to previous years when the
majority came from our own state. In addition,
75% of the patients were self-referred, many of
them while on treatment at outside institutions.
There were 160 web sites providing information
on clubfoot and 5 large support groups. There
were approximately 30,000 messages (average
1000 messages/month) posted into the support
clubfoot websites. After visiting Internet support
groups, 125 parents transferred or initiated the
care of their children to a doctor practicing the
Ponseti method. In conclusion, the Internet pro-
vides a mean for parents to obtain disease-spe-
cific information in a timely manner. Parents used
the support-groups to find and proffer informa-
tion, share experiences and opinions, and pro-

vide encouragement. This sharing of information
is af fecting how parents make their treatment
choices and also has the potential to induce un-
expected changes in clinical orthopaedic practice.

INTRODUCTION
The digitalization of information, the ability to net-

work, and the rapid electronic interchange of informa-
tion on a worldwide basis are recognized hallmarks of
today’s society. The Internet, with 130,000,000 users and
growing at a rate of 2% per month, is a global, indepen-
dent but cooperative network system that allows remote
access to data and permits its quick access in unprec-
edented volume.

The world of medicine has not escaped the impact
of the Internet, and health-related sites are among the
most frequently accessed information resources. A re-
cent survey indicated that 70,000,000 US adults had
accessed the Internet to obtain health or medical infor-
mation in 200118. At least 100,000 health and medical
sites are on the World Wide Web, and are maintained
by entities ranging from academic medical centers and
professional organizations to individuals. Thousands of
other online self-help and support groups, bulletin
boards, and mailing lists also are available. However,
how this unprecedented access to health care informa-
tion is affecting the way parents make decisions on treat-
ment options, and how those decisions could impact
clinical practice are not well understood3-6,13,16,17. Inter-
estingly, in 1998, a web page with information on the
treatment of clubfoot as described by Ponseti was posted
in the Virtual Hospital of the University of Iowa. Since
then, we have witnessed a dramatic change in our re-
ferral patterns. This study was designed to evaluate the
effect of the Internet in clubfoot clinical practice at our
institution and how web-based information and supports
groups influence parent choices for the treatment of
clubfoot.

MATERIALS AND METHODS
We performed a retrospective reviewed of the clini-

cal census at our institution for the diagnosis of club-
foot from January 1991 to December 2001. Demo-
graphic data was evaluated with respect to living
address, referral entity (self-referral or physician refer-
ral), age of the patient at presentation, previous treat-
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ment and type of treatment at the outside institution.
We also performed a review of the statistics of the Vir-
tual Hospital web pages for the treatment of clubfoot.
Total number of hits, number of pages visited, and total
visits were recorded. In addition, location of the request
was also recorded.

We also performed a review of the public web sites
providing information on clubfoot, as well as parent-
support groups for clubfoot from October 1998 to De-
cember 2001. From the 5 most active sites, total num-
ber of members, new members per month, and total
number of messages posted were recorded. In addition,
evaluation of the content of the messages was per-
formed, specifically information on decision making by
the parents about treatment choices.

RESULTS
From the initial posting of the web pages on club-

foot in the Virtual Hospital in October 1998 through
December 2001, there were 790,084 hits, with an aver-
age of 27,334 hits/month (Figure 1). Information was
requested from all states and 72 countries. These in-
cluded countries such as India, Singapore, Spain, Egypt,
Australia, etc.

When evaluating patient referrals to the clinic, we
observed there was an increase in the number of pa-
tients per year that paralleled the hits to the Virtual
Hospital clubfoot web pages (Figures 1 and 2). In the
years prior to 1998, there were an average of 5 patients
seen in clinic by the senior author (IVP). This number
increased to about 60 patients per year by 2001 (for a
total of 157 patients). Interestingly, 75% of patients at-
tending the clinic were self-referrals, with 71% having
had treatment or currently on treatment at an outside
institution.

Age at presentation demonstrated a significant dif-
ference between pre and post Internet web page post-

ing. Patients in the early 90’s were seen usually in their
first month of life. After 1998, the average age at pre-
sentation was 3 months, with a range from newborn to
22 months of age. Eighteen per cent of the patients were
older that 6 months at presentation (data not shown).

With regard to the parents-support groups, there
were over 160 web sites providing information on club-
foot and 5 large support groups. There are sites and
support groups for General Information, Surgery,
Ponseti method, French Physiotherapy method, as well
as parental sites in the UK, Australia, France, Germany
and other countries. In the past few years, the fastest
growing sites and topics have been related to conser-
vative methods such as the Ponseti method (Figure 3).
We have observed an increased number of people us-
ing group sites to obtain information and advice, with
the growth of 40 new members per month.

There were approximately 30,000 messages (average
1,000 messages/month) posted on these websites and
the messages are publicly available (Figure 4). Com-
pared to the other sites, the Ponseti site had the great-
est increase in number of messages. Importantly, after
visiting the support groups and talking with active mem-
bers in the groups, 125 parents brought their children
to our institution, or to another institution where there
are professionals practicing the Ponseti method. Inter-
estingly, only 3 of these children required extensive cor-
rective surgery after they were treated by the Ponseti
method.

DISCUSSION
The results of this study, using clubfoot as a model,

demonstrate that the Internet can have a profound ef-
fect in clinical practice patterns, and in the patient phy-
sician relationship. Since the introduction of informa-
tion about clubfoot on the Virtual Hospital by the senior
author (IVP), we have seen a dramatic increase in the

0

50000

100000

150000

200000

250000

300000

350000

400000

1998 1999 2000 2001 0

10

20

30

40

50

60

70

1995 1996 1997 1998 1999 2000 2001
Figure 1. Number of hits at the Virtual Hospital clubfoot web page.
Note the increase over the short period of time, to a total of 790,084. Figure 2. Number of patients seen in clinic from 1995 to 2001.

Note the dramatic increase since 1998 when the Virtual Hospital
clubfoot web pages were posted.
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number of patients attending our clinic, with the major-
ity of them coming from out of state and a significant
number having been treated at an outside institution.
In addition, general information and parent support
groups for clubfoot have grown almost expo-
nentially. Importantly, many parents decided to change
treating physicians after consulting and sharing infor-
mation on the web.

Increasing use of the Internet by consumers in gen-
eral is being reflected in greater reliance on this me-
dium for health information and health care. In part,
the use of the Internet to find answers to health-related
questions has been linked to several issues affecting
existing practice patterns. Many people are using the
Internet due to the belief that today’s doctor-patient
relationship lacks attention to detail and the personal
touch that was present in the past. Patients also desire
more involvement in and control over the management
of their own health. Furthermore, there are alternatives
to traditional providers and methods of treatment, and
patients can not only find them on the Internet, but also
retrieve information that is stated objectively and many
times, non-technically. Finally, the Internet also offers
a means to get a “second opinion” without the hassles
of a referral and can provide a way to communicate with
others patients or families in similar situations or with
similar problems3-6,13,16,17.

In the case of clubfoot, several of these issues seemed
to be responsible for the changes observed in our prac-
tice. Until recently, non-surgical methods of correction
have demonstrated a low success rate, with up to 90%
of the patients requiring extensive corrective surgery.
However, clubfoot surgery is frequently associated with
persistent stiffness of the foot, and may lead to many

complications (up to 25% of cases) and the need for
secondary procedures (up to 47% of cases). Acceptance
of these poor results, however, has been the “norm”
because clubfoot has been viewed as a surgical defor-
mity, very difficult to correct1,2,7,9,10,11,12,14,15, 19,20,23-28.

Given that the results of surgical treatment can be
so discouraging, parents looked for alternative treat-
ments. Traditionally, parents would have relied on
health care professionals for advice and treatment. How-
ever, the development of the Internet and the explo-
sion of health care information allowed them to obtain
disease-specific information in a timely manner. In ad-
dition, parents created and actively used Internet sup-
port-groups on clubfoot to find and proffer information,
share experiences and opinions, and provide encour-
agement to other parents.

From information available through the Internet,
parents became aware of the Ponseti method, and of
the controversy that existed over the need or not for
extensive surgical treatment for the correction of the
deformity. Interestingly, clubfoot is a very “visual” de-
formity, i.e., it is very easy for the parents to see and
assess the results of any treatment. The fact that the
Ponseti method allows full correction of the deformity
in a very short period of time and without the need for
extensive surgery is of critical importance8,21,22. Parents
realized the benefit of this treatment modality and share
their experience with others. As a result, the number
of messages on the Ponseti method at the different club-
foot web sites and parents support groups increased
exponentially. This also resulted on many parents trans-
ferring the care of their child to a physician with knowl-
edge on the Ponseti method (75 % of our referral popu-
lation and 125 parents in the support groups).

Figure 3. Total number of members at Internet sites. Note the ex-
ponential increase in the number in the general web sites and in
the Ponseti method.

Figure 4. Number of messages posted at the different web sites.
Note the correlation between the number of messages in the gen-
eral site and the Ponseti web site (four months weighted average).



J. A. Morcuende, M. Egbert, and I. V. Ponseti

86 The Iowa Orthopaedic Journal

In conclusion, the Internet provides a mean for par-
ents to obtain disease-specific information in a timely
manner. Parents use the support-groups to find and
proffer information, share experiences and opinions,
and provide encouragement. This sharing of informa-
tion is affecting how parents make their treatment
choices and also has the potential to induce unexpected
changes in clinical practice. The implications of these
effects deserve further investigation.

REFERENCES
1. Aronson J and Puskarich CL. Deformity and dis-

ability from treated clubfoot. J Pediatr Ortho. 1990;
10:109-112.

2. Atar D, Lehman WB, Grant AD. Complications in
clubfoot surgery. Orthop Rev. 1991; 20:233-239.

3. Bader SA, Braude RM. “Patient Informatics”: cre-
ating new partnerships in medical decision making.
Acad Med. 1998; 73:408-411.

4. Ball MJ, Lillis J. E-health: transforming the physi-
cian/patient relationship. Int J Med Inf. 2001; 61:1-
10.

5. Beall MS, Golladay GJ, Greenfield ML, Hesinger
RN, Biermann JS. Use of the Internet by Pediatric
Orthopaedic outpatients. J Ped Ortho. 2002; 22:261-
264.

6. Blumenthal D. Doctors in a wired world: can pro-
fessionalism survive connectivity? Milbank Q, 2002;
80:525-546.

7. Bradish CF, Noor S. The Ilizarov method in the
management of relapsed club feet. J Bone Joint Surg
Br. 2000; 82:387-391.

8. Cooper DM, Dietz FR. Treatment of Idiopathic
Clubfoot. A thirty-year follow- up. J Bone Joint Surg
Am. 1995; 77:1477-1489.

9. Crawford AH, Gupta AK. Clubfoot controversies:
complications and causes for failure. Instr Course Lect.
1991; 45:339-346.

10. Crawford AH, Marxen JL, Osterfeld Dl. The Cin-
cinnati incision: A comprehensive approach for sur-
gical procedures of the foot and ankle in childhood. J
Bone Joint Surg Am. 1982; 64:1355-1358.

11. Dewaele J, Zachee B, De Vleeschauwer P, Fabry
G. Treatment of idiopathic clubfoot: critical evalua-
tion of different types of treatment programs. J Pediatr
Ortho. 1994; 3:89-95.

12. Dimeglio A, Bonnet F, Mazeau Ph, De Rosa V.
Orthopaedic treatment and passive motion machine:
consequences for the surgical treatment of clubfoot.
J Pediatr Ortho. 1996; 5B:173-180.

13. Eysenbach G, Jadad AR. Evidence-based patient
choice and consumer health informatics in the
Internet age. J Med Internet Res. 2001; 3:E19.

14. Grayev AM, Boal DK, Wallach DM, Segal LS.
Metaphyseal fractures mimicking abuse during treat-
ment for clubfoot. Pediatr Radiol. 2001; 31:559-563.

15. Green ADL and Lloyd-Roberts GC. The results
of early posterior release in resistant clubfeet. A long-
term review. J Bone Joint Surg Br. 1985; 67:588.

16. Greenes RA. eCare and eHealth: The Internet meets
health care. J Med Pract manage. 2001;17:106-108.

17. Han HR, Belcher AE. Computer-mediated support
group among parents of children with cancer: an ex-
ploratory study. Comput Nurs. 2001; 19:27-33.

18. Horrigan JB, Rainie L. Counting on the Internet.
Pew Internet and American Life Project. http://
www.pewinternet.org . December 29, 2002.

19. Kite JH. Nonoperative treatment of congenital club-
foot. Clin Orthop. 1972; 84:29-38.

20. Krauspe R, Vispo Seara JL, Lohr JF. Long-term
results after surgery for congenital clubfoot. Foot and
Ankle Surgery. 1996; 2:77-82.

21. Ponseti IV, Smoley EN. Congenital Clubfoot: the
results of treatment. J Bone Joint Surg Am. 1963;
45:261-275.

22. Ponseti IV. Congenital Clubfoot: Fundamentals of
Treatment. Oxford, England: Oxford University
Press; 1996.

23. Simons GW. Complete subtalar release in clubfeet.
I: A preliminary report. J Bone Joint Surg Am. 1985;
67:1044-1055.

24. Sobel E, Giorgini RJ, Michel R, Cohen SL. The
natural history and longitudinal study of the surgi-
cally corrected clubfoot. J Foot Ankle Surg. 2000;
5:305-320.

25. Tarraf YN, Carroll NC. Analysis of the components
of residual deformity in clubfeet presenting for
reoperation. J Pediatr Orthop. 1992; 20:233-239.

26. Turco VJ. Resistant congenital clubfoot: One-stage
posteromedial release with internal fixation: A follow-
up report of a fifteen-year experience. J Bone Joint
Surg Am. 1979; 61:805-814.

27. Uglow MG, Clarke NM. Relapse in staged surgery
for congenital talipes equinovarus. J Bone Joint Surg
Br. 2000; 82:739-743.

28. Vizkelety T, Szepesi K. Reoperation in Treatment
of clubfoot. J Pediatr Orthop. 1989;9:144-147.



Volume 23 87

ABSTRACT
The osteochondroma is a common, benign, pri-

mary tumor of bone. A mechanism for its patho-
genesis has not been identified, but loss of func-
tion of EXT genes is implicated in sporadic and
hereditary multiple osteochondromas. Recent ad-
vances in the understanding of other molecular
signaling pathways in the physis cast doubt on
the latest pathogenetic theories. These advances
are reviewed and used as the basis for a revised
theory for pathogenesis: A clone of proliferating
chondrocytes without functional EXT1 (or EXT2)
expression fails to produce heparan sulfate; lack
of heparan sulfate at the cell surface disrupts fi-
broblast growth factor signaling and Indian hedge-
hog diffusion, leading to focal overproliferation and
adjacent bone collar deficiency, respectively; to-
gether these effects are proposed to contribute to
osteochondroma pathogenesis.

INTRODUCTION
Osteochondromas, or exostoses, are cartilage-capped

excrescences of bone that develop during physeal
growth. Although their incidence may be underesti-
mated given the fact that many sporadic osteochondro-
mas cause no symptoms, they are nonetheless consid-
ered the most common of benign primar y bone
tumors55.

Hereditary multiple exostoses (HME), alternatively
called diaphyseal aclasis or osteochondromatosis, is a
highly penetrant, autosomal dominant trait character-
ized by slightly stunted growth of long bones and mul-
tiple osteochondromas30. These osteochondromas are
indistinguishable morphologically from the solitary
cases (see Figure 1). HME has an incidence of about 1
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Figure 1. Anteroposterior radiograph of the knee of a skeletally
immature patient with hereditary multiple exostosis. Note the
multiple osteochondromas on the femur, tibia, and fibula.
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in 50,000 live-births55. Many patients with HME require
resection of an osteochondroma due to a mass effect
or neurovascular impingement symptoms. Importantly,
up to 3 percent of patients with HME will eventually
develop a chondrosarcoma in the cartilaginous cap of
the lesion21,55,69,72. Improved understanding of the patho-
genesis of osteochondromas has implications not only
for patients with HME, but for the more general under-
standing of mechanisms of neoplastic transformation
and possible subsequent malignant degeneration. In this
article, we will critically review the current theories of
osteochondroma pathogenesis as well as how they came
about; we will also propose an alternative theory, de-
rived from the latest advances in physeal molecular sig-
naling.

LITERATURE REVIEW
Through the twentieth century, varied etiological

theories for osteochondromas have been derived from
histological observation. Müller suspected osteochon-
dromas to arise from erroneous differentiation of cells
in the periosteum42. Others have hypothesized a migra-
tion of physeal chondroctyes into the metaphyseal pe-
riosteum49. Still others have supposed the perichondrial
groove of Ranvier (see Figures 2 and 3) to be the source
of osteochondromas46,58. The only animal model of os-
teochondroma formation involved irradiation of the

Figure 2. Photomicrograph of the physis of a rat stained with
saffranin-o (A). The eosinophilic areas represent the proteoglycan-
rich cartilaginous matrix. The basophilic regions are relatively con-
centrated with collagenous matrix. This enlarged view (B) shows
greater detail in the ossification groove of ranvier (mostly closely
approximating the physis) and the perichondrial ring of LaCroix
(surrounding the groove).

Figure 3. Schematic representation of the physis during develop-
ment. The zones of the physis are labeled as well as some details of
the periphyseal anatomy.

groove of Ranvier in rabbits15. Nevertheless, the cells
of origin and pathogenesis of osteochondromas remain
unclear.

Genetic Analysis of Hereditary Multiple Exostosis
Over the last 2 decades, we have witnessed a dra-

matic advance in molecular biology and genetics. These
have permitted a glimpse into the molecular players
underlying these lesions. Genetic linkage analysis has
located three etiological genes for HME—EXT1
(8q24.1)36, EXT2 (11p11-p12)31,74, and EXT3 (19p)29. In-
terestingly, mutations in any of these genes demonstrate
very similar clinical manifestations. The human EXT1
and EXT2 genes have been cloned1,75, as have homo-
logues in mice11,34,61, Caenorhabditis elegans11, and Droso-
phila melanogaster4,25. These EXT loci have defined a
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new class of putative tumor suppressor genes, to which
have been recently added three related genes, EXTL173,
EXTL275,76, and EXTL354,66, which have also been
cloned24,26.

Because both sporadic osteochondromas and those
associated with HME have been associated with loss of
heterozygosity (or somatic loss of function of the wild-
type allele) of one or more of the EXT loci, a neoplastic
model of pathogenesis has been suggested48. The
Knudson ‘two-hit’ theory of carcinogenesis27, derived
from familial retinoblastoma and displayed elegantly by
Vogelstein and his colleagues in the genetics of
colorectal cancer67, has been applied to the osteochon-
droma. Both copies of the EXT1 gene have been ob-
served to be microscopically deleted in osteochondro-
mas of both sporadic and familial varieties7,41. The
Knudson theory’s application to osteochondroma patho-
genesis has been strengthened by noted EXT gene
losses and mutations in chondrosarcomas arising from
osteochondromas7,19,20,50.

These data are consistent with a neoplastic model of
pathogenesis for osteochondromas; they provide the
basis for the presumed tumor suppressor function of
the EXT family of genes. However, while the classifica-
tion and localization of genes in the EXT family contin-
ues, the biochemistry of EXT1 and EXT2 function pre-
sents questions as to how these genes can function as
tumor suppressors.

Biochemical Studies on EXT1 and EXT2
Exostosin-1 and exostosin-2, the protein products of

EXT1 and EXT2 are widely expressed type II transmem-
brane glycoproteins of 746 and 718 amino acids, respec-
tively. Both localize to the endoplasmic reticulum and
Golgi complex38. There, they together perform the N-
acetylglucosamine (GlcNAc) and D-glucuronic acid
(GlcA) transferase activities of a heteroligomeric
heparan sulfate polymerase56. They function as enzymes,
attaching sugar moieties to the surface of proteins that
will ultimately be secreted into the extracellular matrix
or integrated into the cell membrane. Loss of functional
EXT1 or EXT2 in a chondrocyte alters its ability to at-
tach heparan sulfate to the proteins intended for its cell
surface and its immediate extracellular milieu17,33,39,40.
No other functions of EXT genes have yet been con-
firmed.

Possible mechanisms for tumorigenesis remain open
for consideration, even if EXT genes exhibit cellular
function limited to enzymatic catalysis of heparan sul-
fate proteoglycan (HSPG) synthesis alone. Insight was
initially gained through study of the Drosophila homo-
logue of EXT1, tout-velu. Tout-velu, like the EXT genes,
is also a functional polymerase for HSPGs. It has been

shown to be necessary for diffusion and long range sig-
naling of hedgehog (Hh), a potent developmental pat-
terning factor4. The hypothesis has thus been offered
that EXT gene dysfunction results in failed long-distance
signaling of human homologues of Hh. The known hu-
man homologues of Hh include Sonic hedgehog, desert
hedgehog, and indian hedgehog (Ihh)47. Ihh specifically
has been shown to be involved in signalling in the grow-
ing physis. Lending confidence to the extrapolation from
the relationship between Hh and tout-velu-dependent
HSPG synthesis, Ihh diffusion is indeed HSPG depen-
dent18. Further, EXT1 null mice fail to gastrulate prop-
erly, consistent with dysfunctional diffusion of Hh pro-
teins known to be critical for spatial patterning32,33.

Ihh Signaling Pathway
The explanatory theories most recently presented in

the literature focus on disruption of Ihh signaling due
to loss of EXT-dependent HSPG synthesis4,17. However,
these theories have not expanded attention beyond the
disruption of a single function of Ihh in the growth plate.
The Ihh function in focus is a negative feedback loop
whereby chondrocytes that have begun to hypertrophy
express Ihh, which diffuses long-range to induce ex-
pression of parathyroid hormone related protein
(PTHrP) in the reser ve zone and periar ticular
chondrocytes. PTHrP diffuses back to the yet prolifer-
ating chondrocytes to prevent their initiation of hyper-
trophy (See Figure 4). By this feedback loop, Ihh ex-
pression after cell cycle exit postpones the same cell
cycle exit in the proliferating chondrocytes located just
one layer closer to the epiphysis, allowing more rounds
of proliferation.

The current theories of osteochondroma pathogen-
esis hypothesize that focal loss of this Ihh/PTHrP nega-
tive feedback loop for a clone of EXT null chondrocytes
causes formation of an osteochondroma. However, the
most recent knowledge regarding molecular signaling
in the physis is incompatible with this hypothesis for
two reasons.

First, osteochondromas represent an increased—al-
though misdirected—focal linear growth of bone. Quite
in contrast, a reduction in the PTHrP feedback loop
results in focally decreased linear physeal growth. With-
out PTHrP signaling, chondrocyte differentiation, hy-
pertrophy, and apoptosis occur after fewer rounds of
proliferation, permitting the ossification front to focally
advance into the physis9,10,28. The supposition that ac-
celerated chondrocyte differentiation and early ossifi-
cation could create a local excess of bone, simply fails
to fit the data gathered from experiments in which
PTHrP signaling to clones of cells was specifically dis-
rupted9,10. If any effect were achieved through disrup-
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tion of this pathway, it would likely be the opposite of
an osteochondroma.

Second, focal results of any kind would not be ex-
pected from interruption of the first of a two-step, long-
range feedback loop. Poor diffusion of Ihh through an
EXT-null clone of cells might result in poor return sig-
naling of PTHrP, but the reduced long-range signal re-
turn would not be directed specifically toward the EXT-
null cells. Instead the reduction in PTHrP signaling
would more likely be distributed across the entire
physis, EXT-null clone cells and neighboring wildtype
cells alike. A change in the focal growth of an EXT-null
clone according to this pathway would depend more
upon the altered diffusion/signaling of PTHrP than that
of Ihh itself. No disruption of PTHrP signaling in the
absence of HSPGs has been confirmed or refuted. Fo-
cal loss of Ihh expression may mimic the focally dis-
rupted Ihh diffusion through EXT-null chondrocytes.
This has been tested in Ihh null/wildtype chimeric mice.
Physis-wide stunted growth was observed in these
mice10,28; they did not form osteochondromas. It is pos-
sible that such a mechanism contributes to the pheno-
typic shortening of long bones in individuals with HME,

but that it would induce osteochondromas seems un-
likely.

Despite these problems with the recent thinking
about osteochondroma etiology, the attention paid to
disrupted Ihh function may not be misdirected. The
theories simply need to be updated with the most re-
cent information from the rapidly advancing knowledge
of physeal physiology and signaling. In addition to the
Ihh control of PTHrP secretion by periarticular cells68,
Ihh has direct signaling to the proliferating
chondrocytes35, where it is a powerful mitogen10,23,62, and
to the perichondrial and primary spongiosal mesenchy-
mal stem cells10,62, which it induces toward osteoblastic
differentiation43,59 (see Figure 4).

The effect of lost EXT-dependent HSPG synthesis on
Ihh mitogenic signaling to proliferating chondrocytes
depends on whether diffusion alone is disrupted or
ligand-receptor interaction is as well. If only Ihh diffu-
sion is blunted around EXT deficient cells, then it could
be reasoned that proliferating chondrocytes without
functional EXT “see” a higher concentration of Ihh. As
it cannot pass by, Ihh might build up near EXT-null cells,
more powerfully signaling them to proliferate. This
could contribute to focal overproliferation of cells and
the formation of an osteochondroma. However, if sig-
naling is less efficient or impossible without HSPGs, as
has been suggested in EXT knockout mice33, then this
disrupted Ihh function would result in reduced prolif-
eration, detracting from, rather than contributing to
osteochondroma pathogenesis.

The third known function of Ihh in the growth plate
is its regulatory role in inducing the perichondrial and
primary spongiosal mesenchymal stem cells to differ-
entiate into osteoblasts62. Expression of Cbfa1, which is
required for osteoblast differentiation, does not occur
in the absence of Ihh signals diffusing from the pre-
hypertrophic chondrocytes to these two populations of
cells22. Mice that do not express functional Ihh form no
endochondral bone62. Specifically, focal loss of Ihh ex-
pression at the periphery of the growth plate results in
a focal defect in the bone collar, or the advancing lip of
the cortical bone, that normally forms to surround the
metaphyseal aspect of the physeal chondrocytes10.

It can be reasoned that a peripherally located, EXT-
null clone of proliferating chondrocytes, unable to syn-
thesize HSPGs, will prevent the diffusion of Ihh to the
perichondrial cells in the abutting region of the groove
of Ranvier (see Figure 5B). A focal defect will there-
fore develop in the bone collar peripheral to the EXT-
null chondrocytic clone as those perichondrial cells fail
to differentiate into osteoblasts in the absence of Ihh
signaling. Perhaps, the loss of this rigid structural con-
straint of the bone collar is tantamount to losing some

Figure 4. Schematic representation of the signaling pathways of
indian hedgehog (Ihh) in the physis, including: (A) long-range sig-
naling to periarticular cells which then secrete parathyroid hor-
mone related protein (PTHrP) to return and complete a negative
feedback loop, (B) mitogenic signaling to the proliferating
chondrocytes, (C) signaling to the perichondium to induce osteo-
blastic dif ferentiation and bone collar formation, and (D) signaling
to the primary spongiosa to induce osteoblastic dif ferentiation and
endochondral ossification.
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of the restraint to proliferate only longitudinally. When
the bone collar is prevented from forming by reflection
of the perichondrium overlying the growth plate, the
chondrocytes beneath have been shown to proliferate
in the peripheral direction14. As the EXT-null clone pro-
liferates and “overflows” the defect in the bone collar,
it maintains an outer lining of undifferentiated perichon-
drial cells. As the next generation of proliferating
chondrocytes progresses toward hypertrophy, the bone
collar is again formed around the next clone of normal
chondrocytes, upstream to the outpouching osteochon-
droma (see Figure 5C).

The perichondrial cells lining the protruding EXT-
null chondrocyte clone still express functional EXT.
When Ihh signal diffuses to their location, their recep-
tors will undoubtedly receive the signal, differentiate
into osteoblasts, and appose a lip of cortical bone. How-
ever, because the outpouching cartilaginous cap of the
forming osteochondroma does not permit Ihh diffusion,
the only surrounding perichondrial cells that receive
this Ihh signal are those immediately adjacent to the
chondrocytes beginning hypertrophy, which express
Ihh directly. In this way, the cartilaginous cap of an os-
teochondroma—although often compared to a normal
physis directed peripherally—will never match the mor-

phology of the normal physis. It will never form a sur-
rounding, constraining bone collar. The surrounding lip
of cortical bone that forms around the stalk of the os-
teochondroma will not catch up with the chondrocytic
proliferation in the cap until cessation of growth at skel-
etal maturity (see Figure 5D). This effect may create
the mushroom appearance of the typical, pedunculated
osteochondroma.

While loss of Ihh function and the resultant effects
on the bone collar may be critical to the formation of
an osteochondroma, unless it is true that only Ihh dif-
fusion and not signaling are disrupted by loss of HSPGs,
the apparent overproliferation of the clone chondrocytes
has not yet been explained by loss of EXT function.
However, Ihh is not the sole regulator of proliferation
in the physis. Some researchers have recently argued
that the Ihh signaling pathways may indeed be down-
stream, at least in part, from signaling through the fi-
broblast growth factor receptor 3 (FGF-R3)8,53.

FGF-R3 signaling Pathway
Many fibroblast growth factor (FGF) signaling path-

ways are highly mitogenic. However, FGF signaling to
proliferating chondrocytes elicits an anti-proliferative,

Figure 5. Proposed pathogenesis of an osteochondroma begins with proliferation of an EXT null clone of chondrocytes (shaded black) (A).
As this clone over-proliferates due to hindered fibroblast growth factor signaling, it also impedes the diffusion of Indian hedgehog (Ihh) to
the perichondrium, thus leaving a defect in bone collar formation (B). As the succeeding clones of chondrocytes progress into the prolifera-
tive zone behind the EXT null cells, the bone collar begins to form again epiphyseally to the now budding osteochondroma (C). As chondrocytes
of the osteochondroma cap eventually exit the cell cycle and express Ihh, they induce immediately adjacent bone collar formation (although
lagging due to lack of dif fusion) around the osteochondroma stalk and eventually hypertrophy and permit endochondral ossification to form
trabecular bone continuous with the rest of the primary spongiosa (D).
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pro-differentiation response by inducing FGF-R3 signal
transduction44,53. This effect is the opposite of the ef-
fects from Ihh mitogenic signaling and the PTHrP feed-
back loop. FGF-R3 signaling may be upstream of Ihh
expression, as FGF-R3 may control the initiation of hy-
pertrophy, which begin Ihh expression. Ihh expression
by the pre-hypertrophic cells [6] that have already ex-
ited the cell cycle may represent the beginning of nega-
tive feedback loop balanced against FGF-R3 initiation
of hypertrophy8,53.

FGF-R3 causes cell cycle exit by activating the tran-
scription factor STAT1, which induces expression of
p2163. After binding with cyclin E and cyclin-dependent
kinase 2, p21 increases the concentration of Rb (retino-
blastoma) relative to its phosphorylated counterpart,
forcing cell cycle arrest at the G1-S checkpoint2. This
effect is best illustrated by the autosomal dominant, gain
of function mutations in FGF-R3 which generate the
dwar fing chondrodysplasias: achondroplasia,
hypochondroplasia, and thanatophoric dysplasia5,45,51,52,57,

64,65,70,71. Alternatively, the opposite effect is seen in
FGFR-3 null mice, which exhibit skeletal overgrowth13,16.

Crucial to its relation to EXT deficiency, FGF-R3 sig-
naling has been demonstrated to be exquisitely depen-
dent on HSPGs3,12. Therefore, a clone of EXT-null
chondrocytes is equivalent to a clone of FGF-R3 null
chondrocytes with regard to FGF signaling; the
chondrocytes will be freed from a powerful negative
control on proliferation. This lost signaling increases
the proliferation and postpones the differentiation of the
EXT-null clone of chondrocytes, which, associated with
the bone collar defect caused by blocked Ihh diffusion
to the perichondrial groove of Ranvier, may begin the
outpouching that ultimately yields an osteochondroma
(see Figures 5A and 5B).

DISCUSSION
The plausibility of a theory for pathogenesis of an

osteochondroma depends on its adherence to all avail-
able data regarding the implicated pathways involved
and its ability to explain the character of the resulting
lesion. Both Ihh diffusion and FGF-R3 signal transduc-
tion are demonstrably dependent on HSPGs present at
the cell surface. Loss of EXT function results in HSPG
synthesis deficiency. The proliferative results of lost
FGF-R3 signaling and the focal absence of the bone
collar from disrupted Ihh diffusion to the perichondrium
have each been shown independently, as discussed
above. While other signaling pathways are undoubtedly
affected by loss of HSPGs in a clone of chondrocytes,
the predictable effects on these two pathways form a
theory for osteochondroma pathogenesis which fits all
the available evidence.

In addition, this pathogenetic theory explains some
of the characteristics of an osteochondroma. First,
means for the creation of the resultant structural mor-
phology of an osteochondroma are provided by the
theory. The radiographic diagnosis of an osteochon-
droma depends upon demonstration of cortical and
medullary continuity. In this theory, the osteochon-
droma cap forms from chondrocytes proliferating in the
peripheral direction, but from the otherwise normal
proliferative zone of the physis (see Figure 5D). There-
fore the fronts of chondrocyte differentiation, hypertro-
phy, and apoptosis, and subsequent primary spongiosal
ossification are in continuity with those in the rest of
the physis. In addition, the focal distruption of the bone
collar, which is then restored epiphyseally once the next
wildtype clone of cells moves through the proliferative
zone, provides a mechanism for the diagnostically im-
portant cortical continuity.

A final feature of the osteochondroma which any
pathogenetic theory must address, is that of malignant
degeneration into a surface chondrosarcoma. This was
once thought to happen in up to 25 percent of patients
with HME37. While that figure has more recently been
reduced to 0.5 to 3%21,55,69,72, the resulting surface chon-
drosarcomas do make up approximately one sixth of
all the chondrosarcomas in humans60. While this theory
for osteochondroma pathogenesis does not entirely
explain malignant degeneration, it explains a scenario
which is predisposed toward accumulation of genetic
mutations; this would, at a certain frequency, lead to
malignant degeneration.

In a classic parallel, familial adenomatous polyposis
leads to colorectal cancer because a given population
of cells accumulates somatic mutations while undergo-
ing more than the usual number of cell cycles prior to
terminal differentiation67. This theory of osteochon-
droma pathogenesis includes an extension of chondro-
cyte generations from a single clone due to disrupted
FGF-R3 signaling. This necessarily increases risk for
accumulating important malignant somatic mutations by
genomic replication error alone. However, in contrast
to the case of familial adenomatous polyposis, the os-
teochondroma cells are not intrinsically immortalized
by the EXT mutations in this theory. Instead, they are
freed from a potent extracellular restraint to cell cycling.
Once the extracellular restraint of FGF-R3 signaling is
removed, extended cell cycle iteration is permitted and
with it, the increased stochastic likelihood of other pro-
neoplastic mutations. Thus, the putative tumor suppres-
sor function of EXT genes is not only indirect, but only
enables oncogenesis in a specific milieu of extracellu-
lar signals.
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ABSTRACT
Case report of a complete arcuate foramen in a

human atlas vertebra inhibiting the placement of
lateral mass screw instrumentation at C1.

Our objective is to report the presentation of
the case, the operative considerations, and the
management for this anatomic variation.

The groove for the vertebral artery on the pos-
terolateral surface of the atlas (C1) varies in size
and depth from a slight impression to a clear sul-
cus. With anomalous ossification the sulcus can
be bridged which results in a posterolateral tun-
nel within the posterior arch of the atlas. With
increasing rates of screw fixation instrumentation
that include the atlas, it is of paramount impor-
tance to know the location and course of the ver-
tebral artery in relation to the planned route of
instrumentation.

The patient underwent a posterolateral fusion
from C1 to C4 using autogenous iliac crest bone
graft. Internal fixation from C2 to C4 was obtained
using lateral mass screw instrumentation. After
the vertebral artery was identified passing through
the posterior arch of C1, sublaminar wires were
utilized for fixation from C1 to C2. The patient
responded well to surgical intervention without
complications.

Abnormal vertebral artery coursing through a
posterolateral tunnel in the posterior arch of C1
has been described and its incidence has a range
from 1.14% to 18%. When this variant is present,
lateral mass screw fixation at C1 may be contra-
indicated. We recommend close scrutiny of pre-
operative radiographs to avoid the possibility of
endangering the vertebral artery when this situa-
tion exists.

PRECIS
This is a case report of a patient with rheumatoid

arthritis and cervical instability requiring surgical in-
tervention found to have a complete arcuate foramen
within the posterior arch of C1 through which the ver-
tebral artery coursed. The clinical presentation, opera-
tive considerations, and surgical management are out-
lined.

INTRODUCTION
The posterolateral margin of the atlas contains a sul-

cus or groove for the vertebral artery which can vary
in size and depth.1 This groove can be bridged by
anomalous ossification and a posterior ponticulus (Latin
for bridge). The opening in the posterior arch of the
atlas is termed the arcuate foramen, through which pass
the vertebral artery and first cervical nerve. This fora-
men has been known by many names, but most fre-
quently by the eponym “Kimmerle’s anomaly” since
Kimmerle was an early describer of this structure.2

Other terms appear in the anatomy literature to describe
the same structure include: “foramen sagittale”, “fora-
men atlantoideum”, “foramen retroarticulare superior”,
“canalis vertebralis”, “retrocondylar vertebral artery”.
In addition to its anatomic significance, the arcuate fo-
ramen has been postulated to play a role in clinically
relevant entities such as migraines and vertebrobasilar
artery stroke.3,4 The incidence of the arcuate foramen
range from 1.14% to 18% depending on the study.1,4-8

Previous studies vary in study design (radiographic vs.
cadaveric analysis), population studied, and grouping
of the various types of arcuate foramen phenotypes.

If surgical management is performed, stabilization
of the C1-C2 joint is typically accomplished through
reduction and fusion of the atlantoaxial complex with
internal fixation through a posterior approach. The type
of internal fixation varies from wiring procedures such
as the Brooks and Gallie techniques to Magerl’s
transarticular screw technique.9-12 More recently, Harms
and Melcher have published a posterior C1-C2 fusion
using polyaxial screw fixation.13 Biomechanically, screw
fixation has been shown to be superior to posterior wir-
ing.14-19 In addition, fusion rates using screw fixation are
also improved over wiring.20-26 Although screw fixation
has a biomechanical advantage and superior fusion rates
compared to wire fixation, the technique is more de-
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manding and carries greater risk of injuring the verte-
bral artery. When the vertebral artery courses above
the posterior arch of C1, the placement of lateral mass
screws is relatively safe27; however, the risk may in-
crease significantly with any anomalous course of the
vertebral artery. Indeed, the above-mentioned arcuate
foramen would place the vertebral artery in the path of
any C1 lateral mass screw.

This report describes a case of an anomalous verte-
bral artery coursing through the posterior arch of the
atlas that precluded C1 lateral mass screw fixation in a
patient with rheumatoid arthritis undergoing reduction
and internal fixation of her cervical spine.

CASE
The patient is a 67-year-old female with rheumatoid

arthritis who presented with complaints of neck pain
with radicular symptoms into both upper extremities.
Her pain was located posteriorly along the cervical spine
with radiation up to the occiput and down into the shoul-
ders bilaterally. She had been plagued by this pain for
one year prior to presentation with significant worsen-
ing over the two previous months. She also complained
of numbness in her hands in a glove-like distribution
extending just proximal to the wrists bilaterally. She had
difficulty buttoning buttons, holding coffee cups, and
writing. Her pain and numbness persisted despite chi-
ropractic treatment, physical therapy, and multiple nar-
cotic medications. Her medical history included hy-
pothyroidism and osteoporosis. Her surgical history
included a right total hip arthroplasty in 1986, with a
revision in 1997, a total abdominal hysterectomy and
bilateral salpingoophrectomy in 1975, an L5-S1 decom-
pression and fusion in 2000, appendectomy, and chole-
cystectomy. Physical examination revealed full range of
motion of the neck with pain elicited on extension and
lateral bending. She had a normal gait. There was 4
out of 5 strength in all muscle groups in the left upper
extremity with numbness of both hands in a glove-like
distribution extending just proximal to the wrist. Ex-
amination of the hands revealed mild metacarpo-pha-
langeal swelling diffusely and symmetrical ulnar drift
of the digits bilaterally. Deep tendon reflexes in both
upper and lower extremities were normal and symmetri-
cal with no pathologic reflexes. Radiographs revealed
diffuse cervical spine degeneration with notable C1-2,
C2-3 anterolisthesis. The anterior atlanto-dens interval
measured 8mm and the posterior atlanto-dens interval
measured 15mm in flexion with near anatomic correc-
tion in extension. There were no signs of cranial set-
tling. Further imaging with CT and MRI scans con-
firmed these findings.

There were many factors that prompted the decision
to offer operative management to this patient. The ma-
jor concern was quality of life. In her condition at pre-
sentation, the cervical instability caused intractable pain
and was associated with progressive myelopathic symp-
toms involving her hands

The patient underwent Halo vest placement one day
prior to surgery. Once the halo vest was placed, the
patient’s cervical spine was positioned so that the ante-
rior atlanto-dens interval was less than four millimeters.
Radiographs were taken to verify proper positioning. On
the following day, the patient underwent C1 to C4 pos-
terior arthrodesis utilizing autogenous iliac crest bone
graft. After the patient was placed prone, the back of
the halo vest was removed while leaving the front of
the brace intact to maintain adequate alignment of the
cervical spine. Segmental instrumentation was achieved
using lateral mass screw fixation at the C2, C3, and C4
levels bilaterally. When the posterior arch of C1 was
approached, the vertebral artery was found to enter the
lateral aspect of C1 rather than coursing along its supe-
rior aspect. In order to avoid placing a C1 lateral mass

Figure 1. Postoperative lateral radiograph demonstrating a com-
plete arcuate foramen in the posterior arch of C1 precluding facile
screw placement.
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screw through the vertebral artery, lateral mass screw
fixation was abandoned and substituted with sublaminar
wire placement from C1 to C2 using the Brooks tech-
nique to achieve fixation at this level. The postopera-
tive course was uneventful, and the patient was dis-
charged home on postoperative day nine and managed
with halo vest brace immobilization. Two months after
surgery, the patient is doing well. She reports mild neck
pain much improved compared to her preoperative sta-
tus as well as mild hand pain bilaterally. She has no-
ticed a significant improvement in the ability to use her
hands for fine motor tasks in addition to a decrease in
her hand numbness. Radiographs at this time show in-
tact instrumentation and well-maintained correction of
her cervical spine.

DISCUSSION
A review of the literature revealed multiple studies

with differing results regarding incidence of the arcu-
ate foramen. These results are further confounded by
the differing types of studies, populations studied, and
differing groupings of foramen types. Pyo and Lowman8

found an incidence of 38 (12.67%) partial and complete
foramen in 300 patients while Dugdale7 found 47 com-
plete and 37 partial foramen in 316 patients. Kendrick
and Biggs5 had a 15.8% combined incidence in 353 white
children (ages 6-17) with a 5.49% and 9.15% incidence
of complete and partial foramina, respectively. Stubbs6

found a complete foramen in 13.5% and a partial fora-
men in 5.2% of the study population (n=1000). More
recently however, a cadaveric study performed by
Hasan et al.1 on 350 dried macerated north Indian atlas
vertebrae only reported a 3.42% incidence of complete
foramen and a 1.14% incidence of a posterolateral tun-
nel. This study made a distinction between a complete
posterior ponticulus and a more extensive posterolat-
eral tunnel-like canal.

Screw fixation of C1 is evolving into newer techniques
such as the one described recently by Harms and
Melcher using C1-C2 polyaxial screws to achieve fixa-
tion.13 This case illustrates the clinical relevance of a
posterolateral tunnel in the posterior arch of C1 carry-
ing the vertebral artery. When this abnormality is found,
screw fixation through the lateral mass of C1 is not fea-
sible and other modalities of internal fixation must be
pursued. In our case, we found the abnormal vertebral
artery entering the lateral aspect of C1 intra-operatively
and opted to obtain C1-C2 fixation with sublaminar
wires. However, in retrospect, the pre-operative lateral
radiograph did demonstrate the posterolateral tunnel.
Careful analysis could have prevented this near compli-
cation.

CONCLUSION
Abnormal vertebral artery coursing through a pos-

terolateral tunnel in the posterior arch of C1 has been
described and its incidence has a range from 1.14% to
18%. When this variant is present, lateral mass screw
fixation at C1 may be contra-indicated. We recommend
close scrutiny of pre-operative plain films to avoid the
possibility of endangering the vertebral artery when this
situation exists.
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ABSTRACT
A 14 year-old boy developed a tibial aneurys-

mal bone cyst (ABC) following a closed tibia frac-
ture. The tumor formed in a site remote from the
fracture and was not radiographically apparent
until one year following the traumatic event. Most
ABC’s present due to fracture or pain, but this
lesion was discovered during routine follow up
films of the tibial shaft fracture. This case lends
support to the debated theory that ABC’s are re-
active bone lesions and provides a rare radio-
graphic glimpse at the lesion’s early rate of devel-
opment.

INTRODUCTION
The aneurysmal bone cyst (ABC) is a benign soli-

tary osteolytic and expansile bone tumor. It is extremely
rare, occurring in 1.5 per one million persons per year11.
It most commonly occurs in the metaphysis of long
bones during the first two decades of life and usually
presents due to pain, swelling, or fracture2. The etiol-
ogy of the ABC is unknown but numerous authors have
proposed that it forms in response to vascular disrup-
tion in the bone due to a preexisting primary tumor or
a traumatic insult1,3,4,12,13. The early rate of growth of the
ABC is also unknown. This case lends support to the
theory that ABC’s are reactive bone lesions and pro-
vides a rare glimpse at the early radiographic appear-
ance of the lesion before a patient becomes symptom-
atic.

CASE REPORT
A 14 year-old healthy eighth grade boy suffered a

closed left tibial shaft fracture at the junction of the
middle and distal thirds in September of 2001 while play-
ing football. There was no radiographic evidence of
pathologic fracture. He was treated with closed reduc-
tion and long leg casting followed by functional brac-
ing. The fracture healed uneventfully and by February
of 2002, the fracture had healed radiographically (Fig-
ures 1a,b) and he had returned to all activities without
any pain or limitations. During his routine final follow
up visit in November of 2002, the fracture remained well
healed, and he remained asymptomatic. However, the
new x-rays revealed an eccentric osteolytic lesion in the
proximal lateral tibial metaphysis (Figures 2a,b). The

lesion is demonstrated well by CT scan (Figure 3). The
patient was non-tender over this area.

After discussion with the family and patient, we per-
formed an open biopsy. Frozen and permanent sections
had all of the typical characteristics of an ABC. No evi-
dence of a coexisting lesion was seen. Sections demon-
strated multiloculated cyst-like walls without endothe-
lial lining. Bands of cellular tissue separated fragments
of bone and cartilage. This cellular tissue was composed
of multinucleated giant cells and reactive fibroblasts
showing moderate mitotic activity but no nuclear aty-
pia. The lesion was thoroughly curettaged, soaked with
ethanol, and then filled with a calcium sulfate paste. The
patient recovered quickly and returned to all activities
without restriction within six weeks of surgery.

DISCUSSION
Jaffe and Lichtenstein first described the ABC as a

distinct pathologic lesion in 19429. While initially thought
the be an isolated primary tumor of bone, evidence

ANEURYSMAL BONE CYST FOLLOWING TIBIAL FRACTURE:
A CASE REPORT

Geoffrey F. Haft, M.D., and Joseph A. Buckwalter, M.D.

Figures 1a and 1b: AP and lateral x-rays of the tibia demonstrate a
well healed distal tibial shaft fracture five months after injury. There
is no sign of a lytic lesion in the proximal metaphysis.
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mounted over the ensuing three decades that suggested
many ABC’s are reactive lesions, caused by the pres-
ence of a preexisting bone tumor. Biesecker et al. ob-
served 32% of their cases associated with other benign
lesions of bone1. Mirra noted 40% of his cases with simi-
lar associations13. Others have reproduced these obser-
vations3,4,5,12.

The pathogenesis of the ABC continues to be debated
but many consider it to be a kind of arteriovenous mal-
formation within the bone, likely caused by a previous
or preexisting insult to the bone. This theory was sup-
ported by Biesecker et al.’s work in which they mea-
sured the intralesional pressure within three ABC’s to
be increased in the range of typically found in arterio-
venous malformations1. The lead author wrote:

Because ABC’s are frequently accompanied by associ-
ated lesions and because these associated lesions are
rarely accompanied by ABC’s, it is probable that ABC’s
are secondary to the associated lesions of bone . . .
Therefore, the inaugural event of the genesis of ABC’s
most likely is an antecedent, primary lesion of bone.
The next step in the pathophysiologic development of
an ABC is probably the production of an abnormal vas-

cular component by the precursor lesion of bone . . .
an arteriovenous fistula.

A few case reports in the last decade lend further
support to Biesecker’s theory. They have confirmed the
presence of a posttraumatic ABC following an injury in
which initial x-rays show no suggestion of a bone le-
sion. In one case, an ABC developed at the fracture site
in the proximal tibia within six months of the injury15.
In two cases, the lesions appeared on the proximal tibia
following anterior cruciate ligament rupture and recon-
struction7,18. In another case, the frontal bone of a soc-
cer player developed an ABC, presumably after repeti-
tive trauma from heading the ball17. In all of these cases,
the tumor appeared at the local site of injury, suggest-
ing that the injury led to the formation of the lesion.

In a new twist, the current case documents the ap-
pearance of an ABC at a site remote from the injury in
the tibia. Given the rare nature of ABC’s and the tem-
poral relationship, it seems probable that this lesion was
secondary to recent fracture. Again, this case provides
support for the notion that the tumor is a reactive le-

Figures 2a and 2b: AP and lateral x-rays one year after injury demonstrate an eccentric, geographic lytic lesion in the proximal lateral tibial
metaphysis.
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sion from an antecedent insult to the bone and its vas-
cular supply.

This case also suggests a timeline for pathogenesis
of the posttraumatic ABC. In this patient, the lesion
developed sometime between six months and one year
after the injury. In other case reports, the lesions were
noted between three months and one year after injury.
If the cells making up the lesion are indeed reparative
tissues responding to the primary injury, it makes sense
that the ABC would take several months to become
mature and radiographically apparent.

While the circumstantial evidence above makes
Biesecker’s theory very compelling, it does not explain
the etiology of the greater than 50% of ABC’s with no
apparent associated lesion. There have been a few case
reports of a multiple ABC’s within a single family sug-
gesting a genetic cause or predisposition8,10. These cases
may eventually prove to be the key to the puzzle. A
genetic predisposition could explain why most of these
apparent arteriovenous malformations of bone arise
denovo, while other ABC’s seem to require a major in-
citing insult to the bone. As with many tumors, modern
genetics may eventually confirm or debunk our etiologic
theories that have historically been based on strong
reason but limited scientific evidence.
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Figure 3: CT scan of the lesion one year after injury.
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ABSTRACT
Implant analysis was conducted on a retrieved

Mayo femoral prosthesis that has a non-anatomic
design with two distinct surfaces intended for os-
seous fixation. The prosthesis itself has a circum-
ferential grit-blasted region interposed with the
porous surfaces and involving the entire proxi-
mal stem. In addition, there are pads of mesh
porous coating on the anterior, posterior, and me-
dial surfaces proximally. A single, radiographically
stable stem retrieved after 18 months secondary
to recurrent dislocations was examined for os-
seous fixation by measurement of trabecular bone
into the porous-coated and onto the grit-blasted
surfaces of the stem. Results showed 17% ± 7%
bone ingrowth into the porous coated areas and
20% ± 16% osseointegration onto the grit-blasted
surfaces. These results are similar to percentages
of ingrowth seen with more conventional, anatomic
design prostheses.

INTRODUCTION
The Mayo® Conservative (Zimmer, Warsaw, IN)

femoral prosthesis for total hip replacement surgery is
a marked departure from most cementless femoral com-
ponents in design, shape, and methods for achieving
bony or biological fixation (Figure 1). This femoral stem
design has a non-anatomic shape with a distinctive pro-
file described as a “double-wedged taper” that makes it
unique.15,16 Initial stability of
this stem results from its
unique geometric shape
designed for three-point
contact in the proximal fe-
mur.12 The design provides
proximal fixation of the im-
plant without compromis-
ing bone distal to the lesser
trochanter and, because of
its higher neck-cut, more
bone is preserved than in
more conventional designs.
Bone conservation is con-
sidered particularly impor-
tant for younger patients
undergoing primary total
hip arthroplasty because of
the likelihood of the need
for future revision surgery.

For long-term fixation,
the stem has a proximal
circumferential region de-
signed to enhance osseous fixation. This region differs
from what is found on most femoral stems because a
mesh porous coating is integrated with a grit-blasted
region in attempt to maximize osseous fixation. The
porous coated region consists of titanium fiber-mesh
pads on the anterior, posterior and medial surfaces with
a pore size averaging 80 microns (range, 4-250 microns).
Additionally all proximal surfaces not treated with po-
rous coating had been roughened or “corrundemized”
by circumferential grit blasting with a twenty-four grit
aluminum oxide. The grit-blasting provides a roughened
sur face (Ra 3-5µm) that is intended to enhance
osseointegration or the direct contact of bone to the
prosthetic surface.11,14 In a series of 159 hips with a mean
age of 50.8 years and an average six years follow-up,
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the mechanical failure rate was 1.8% for this stem.16

Thus, this implant has short-term results comparable
to more conventional cemented and uncemented femo-
ral components with regard to mechanical fixation.

Long-term mechanical success of cementless femo-
ral components has been equated with bony fixation.
Therefore, the majority of prosthetic designs have his-
torically had an anatomic design to achieve stability by
promoting bone ingrowth through maximizing pros-
thetic contact with endostial bone. Cementless femoral
components with non-anatomic designs have met with
varied success.12 Regardless of stem design, clinical fol-
low-up and implant retrieval analysis studies have sug-
gested that differences between long-term clinical suc-
cess and failure are due to the amount of biological
fixation in vivo.1,7-9,13

The purpose of this case study was to measure the
percentage of mature trabecular bone into the porous
coated (ingrowth) and onto the grit-blasted surfaces
(osseointegration) in a well-fixed stem of this non-ana-
tomic design obtained at revision for dislocation after
18 months in situ.

CASE REPORT
The patient is a 44-year-old Caucasian female with a

10-year history of idiopathic osteonecrosis (Ficat IV)
involving both femoral heads and culminating in bilat-
eral total hip arthroplasties. Ten years prior to her left
(index) total hip arthroplasty, the patient sustained a
diaphyseal fracture of the left femur for which she had
a first generation intramedullary nailing. As the femur
healed it shortened and the distal segment rotated ex-
ternally, and the rod was removed three years later
because of pain where the rod had become prominent
secondary to femoral shortening.

The left total hip replacement was done five years
after the intramedullary rod’s removal and two years
after primary total hip arthroplasty on the right. The
implants used were a Trilogy® acetabular component
(Zimmer, Warsaw, IN) and a Mayo® Conservative femo-
ral stem (Zimmer, Warsaw, IN) with a 22-millimeter di-
ameter femoral head and long neck. A direct-lateral
approach to the hip was used. The patient had an un-
eventful postoperative course, participating in a progres-
sive weight-bearing regimen over six weeks. Shortly
after beginning full weight bearing she experienced the
first of eight dislocations, which continued over the next
12 months. Prior to each of the dislocations, the patient
reported an episode of hip flexion beyond 90 degrees.
All dislocations were closed reduced easily with hip flex-
ion and longitudinal traction, under light sedation. The
frequent dislocations were unsuccessfully treated with
prolonged recumbence and bracing.

At the time of implantation, the stem was uninten-
tionally positioned in slight varus from the desired ori-
entation. In addition, due to the prior femoral fracture
and malunion, her femur was noted to have diminished
anteversion. At 18 months after the index procedure,
the patient had no hip pain, and, although the stem ap-
peared radiographically stable without obvious mechani-
cal impingement, it was felt that revision surgery was
necessary to alleviate the problem of recurrent disloca-
tions. During the revision operation it appeared that the
prosthesis was appropriately placed and centralized in
the proximal femur. The Mayo femoral stem was re-
moved easily with osteotomes and revised without dif-
ficulty to an SROM® (DePuy - Johnson & Johnson, War-
saw, IN) in order to increase the femoral anteversion
and to prevent future dislocation.

METHODS
At retrieval the stem was placed in 10% aqueous for-

malin and then fixed in 70 per cent ethanol, dehydrated
in ascending grades of ethanol, infiltrated, and embed-
ded in methylmethacrylate.18 Once the specimen was
polymerized the entire area intended for osseous fixa-
tion was serially cut perpendicular to the axis of the
stem into three-millimeter thick sections using a cus-
tom, water cooled, high-speed, cut-off saw4 (Figure 2).
The sections were numbered serially from one to 10,
proximal to distal, with sides A (cranial) and B (cau-
dal) designated. These sections were ground and pol-
ished to an optical finish using a variable-speed grind-
ing wheel (Buehler Incorporated, Lake Bluff, IL) and
then sputter-coated (Hummer VI-A; Anatech Limited,
Alexandria, VA) with a conductive layer of gold for ap-
proximately one minute to facilitate backscattered elec-
tron (BSE) imaging. The sections were then examined
in a scanning electron microscope (SEM) (JSM 6100;
JEOL Incorporated, Peabody, MA) using a BSE detec-

Figure 2. Photograph depicts the location of the cuts across the
femoral stem providing 10 distinct levels or sections for micro-
scopic examination of bone ingrowth and osseointegration.
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tor (Tetra, Oxford Instruments Ltd., Buckinghamshire,
UK). The entire porous coated interface and grit-blasted
surfaces were imaged using a Kalman frame averaging
technique to increase the signal to noise ratio using a
computer-controlled image capture and retrieval system
(ISIS 300 series, Oxford Instruments, Ltd.,
Buckinghamshire, UK). The images were analyzed over
ten levels using a semi-automated image analysis sys-
tem (IMQUANT, Oxford Instr uments Ltd.,
Buckinghamshire, UK). The operating conditions of the
SEM were: 15 millimeters working distance, 20 kilovolts
accelerating voltage, 70 micron aperture setting, and
2.5 nanoampere probe current. Digital BSE images were
recorded at varying magnifications.2,3,5,6,19

The percentage of bone ingrowth was determined
by calculation of the actual amount of bone volume di-
vided by the total volume of available pore space over
all the sections of the femoral stem. Similarly, the per-
centage of bone that had osseointegrated with the grit
blasted surface was measured and reported as a per-
centage of the total available bone contact along the
entire grit blasted surface. Standard deviations of per-
centage calculations are reported.

RESULTS
The average percentage ingrowth was calculated as

17% (± 7 %) from the 10 sections or levels involving the
stem’s entire porous coated surface (Figure 3). Nine of
the 10 levels ranged between 12% and 19% while the
tenth and most distal level measured 30% (±12%). The
percent of bone ingrowth was calculated for each of the
three porous coated regions or pads on the femoral stem
(anterior, posterior, and medial). The anterior pad mea-

sured 17% (± 8%) ingrowth, posterior 16% (±9%) and
medial 18% (±9%). The electron microscopic evaluation
of the sections showed that the bone that traversed into
the porous coating was mature trabecular bone with
osteocytes and lacunae (Figure 4).

 The percent osseointegration along the grit-blasted
region of the entire sur face available for
osseointegration for the 10 levels or sections averaged
20% (±16%) (Figure 5). Osseointegration was greatest
at levels 7 and 8 and least at the most proximal and
most distal levels. Backscattered electron imaging analy-
sis suggested that the osseous layer in the porous
coated regions consisted of mature cancellous bone
(Figure 6).

DISCUSSION
The data from this report indicates that the Mayo®

Conservative femoral stem design has the ability to
achieve bone ingrowth (17± 7%) and osseointegration
(20 ± 16 %). The amount of bone ingrowth measured in
the fiber-mesh pads on the anterior, posterior and me-
dial surfaces of this single femoral stem was roughly
similar to the amount of bone ingrowth observed in
previously reported autopsy implant retrieval studies.
Engh et. al.10 measured 30% bone ingrowth in three
proximally coated and 37% in five extensively coated
well-functioning AML (Depuy-Johnson and Johnson,
Warsaw, IN) femoral prostheses. On the acetabular side,
Pidhorz et al.17 measured 12.1 ± 8.2% ingrowth in 10 of
11 Harris-Galante uncemented acetabular components,
and Bloebaum et al.5 measured 12 ± 6% bone ingrowth
in seven anatomical porous replacement acetabular com-
ponents (APR, Sulzer Orthopedics, Austin TX). In ad-

Figure 3. This bar chart demonstrates the percentage of bone in-
growth into the porous coating at each of the 10 levels.

Figure 4. Backscattered electron photomicrograph X50 magnifica-
tion of bone ingrowth (BI) into the porous coating (PC) at level 9,
substrate (S).
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dition, similar percentages of bony ingrowth were mea-
sured with the methods employed here in other well
functioning (total knee) porous coated prosthetic de-
vices retrieved at autopsy. 2,3

The percentage of bone osseointegrated with the grit
blasted surface (20 ± 16 %) is similar to the percentage
of ingrowth found with this stem and appears to pro-
vide adequate bony fixation. Variation in the amount of
host bone present along the length of the implant may
account for the large standard deviation observed in
the osseointegration data. The highest percentage of
osseointegration was attained distally (Figure 5) and
coincides with the areas where the femoral stem was
in greatest contact with the endosteal cortex. The data
in Figure 5 suggest that the stem appeared to have pro-
gressive distal attachment except for levels nine and ten.
The exception in levels nine and ten may be related to
the increased distance between the cortex and the im-
plant due to the relative varus positioning of the im-
plant.

The most recent follow-up series of the Mayo® pros-
thesis implanted by a single surgeon includes 159 hips
with an average 6.2 year follow-up (range, 2 to 13 years),
and 98% of the implants were considered a clinical suc-
cess.16 However, the Mayo stem in this clinical series
in that the stem in that study had a highly polished
surface with only the fiber-mesh pads for bony ingrowth
fixation. The grit-blasted surface was added as a sec-
ond generation design, leaving a roughed titanium sur-
face (Ra 3-5µm) similar to the clinically successful stem
(CLS, Protek-Sulzer, Berne, Switzerland), which relies
on osseointegration solely as its method for fixation.17,20

 Though markedly different is its design, shape and
methods for bony fixation, the Mayo stem appears to

have similar percentages or ingrowth as other conven-
tional cementless stem designs. Additionally, the per-
centages of ingrowth and osseointegration were simi-
lar (Figures 3 and 5), leading to the conclusion that grit
blasting as a sur face treatment to enhance
osseointegration provides a similar skeletal response to
porous coating and implies the possibility of a similar
clinical success as the prostheses with mesh porous
coating alone. The limitation of this study is that it is a
single case study in which the implant-bone interface
had been compromised due to the extraction of the
femoral stem. Although the stem was clinically and ra-
diographically stable, it had been placed in a slight varus
position within a femur with diminished anteversion.
Regardless, adequate bone ingrowth and
osseointegration was achieved in the area available for
biological fixation in this implant design. The long-term
clinical durability of the stem has yet to be confirmed,
nor has long-term stability been established through
postmortem retrieval studies. One question raised by
this study is whether both methods for bony fixation
are needed for clinical success of this stem design. The
results of ingrowth and osseointegration were similar
in this stem retrieved at 18 months post-implantation.
Thus, one could postulate that either grit-blasting or
porous coating alone is sufficient to ensure long-term
clinical success. On the other hand, the combination
may provide greater stability over a longer time period.
Future studies, preferably postmortem retrieval analy-
ses, are required to better understand the relationship
between the amount of bone osseointegration, stem
design, and the amount at host bone at various anatomi-
cal regions along the endosteum of the cortical bone.

Figure 5. This bar char t demonstrates the percentage of
osseointegration within the grit-blasted surface for each of the 10
levels examined.

Figure 6. Backscattered electron photomicrograph at X50 magnifi-
cation of bone osseointegrated (O) with the grit blasted surface of
the implant at level 5.
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ABSTRACT
Strong traditions of basic research, clinical in-

novation, teaching and integrating science and
evaluation of outcomes into clinical practice have
characterized University of Iowa orthopaedics for
ninety years. These traditions were brought to Iowa
City from Vienna when Iowa City was a town of
fewer than 10,000 people in a sparcely populated
rural state. In the last third of the 19th century,
surgeons at the University of Vienna, led by
Theodore Billroth (1829-1894), helped transform
the practice of surgery. They developed new more
effective procedures, analyzed the results of their
operations, promoted the emergence and growth
of surgical specialties and sought understanding
of tissue structure, physiology and pathophysiol-
ogy. Their efforts made Vienna one of the world’s
most respected centers for operative treatment,
basic and clinical research and surgical educa-
tion. Two individuals who followed Billroth,
Eduard Albert (1841-1900) and Adolf Lorenz
(1854-1946) focussed their research and clinical
practice on orthopaedics. Their successes in the
study and treatment of musculoskeletal disorders
led one of their students, Arthur Steindler (1878-
1959), a 1902 graduate of the Vienna Medical
School, to pursue a career in orthopaedics. Fol-
lowing medical school, he worked in Lorenz’s or-
thopaedic clinic until 1907 when he joined John
Ridlon (1852-1936) at the Chicago Home for
Crippled Children. In 1910, Steindler became
Professor of Orthopaedics at the Drake Medical
School in Des Moines, Iowa, and, in 1913, John
G. Bowman, the President of the University of
Iowa, recruited him to establish an orthopaedic
clinical and academic program in Iowa City. For
the next third of a century he guided the develop-

ment of the University of Iowa Orthopaedics De-
partment, helped establish the fields of ortho-
paedic biomechanics and kinesiology and tirelessly
stressed the importance of physiology, pathology
and assessment of the outcomes of operations.
From the legacy of Billroth, Albert and Lorenz,
Arthur Steindler created an internationally recog-
nized center for orthopaedic care, research and
teaching in Iowa City.

In my conception of scientific work, history and research
are so indivisibly linked that I cannot even conceive of
one without the other.—Theodore Billroth26

INTRODUCTION
For most of the past twenty-five centuries, surgeons

who attempted to correct skeletal deformities, improve
mobility of patients suffering from stiff dysfunctional
joints and treat injuries of the limbs and spine, did so
with little or no understanding of structure and func-
tion of the musculoskeletal tissues or the pathophysiol-
ogy of diseases and injuries of the musculoskeletal sys-
tem8. Even in the nineteenth and early twentieth
centuries, most orthopaedists took little or no interest
in seeking new knowledge that would improve under-
standing of diseases and injuries or in critically evaluat-
ing the results of their operations and manipulations.
Although exercise, bracing and gentle manipulations
were part of orthopaedic practice in the 1800s, many of
the non-operative treatments consisted of applying brute
force that corrected deformities or mobilized stiff joints
by crushing and rupturing tissues8,11; an approach sum-
marized by the motto of a group of European
orthopaedists in the early 1800s, “That which cannot
be bent must be broken26.” Operative treatments were
bloody, often ill-conceived and frequently complicated
by loss of limbs and death8,11. Patients who did not ex-
sanguinate during surgery commonly died later of sur-
gical infections. Although most 19th century surgeons
had little interest in collecting data on the results of
their operations, they knew that opening a joint or ex-
posing a fracture had a much greater risk of leading to
an infection than opening the abdomen, bladder or skull.
When open reduction and internal fixation of a closed
patellar fracture or removal of a loose body from a joint
had mortality rates that approached fifty percent, few
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surgeons were eager to perform the procedures, and
patients suffering from these disorders, who understood
the risk, avoided surgeons if at all possible. Understand-
ably, orthopaedic surgery, the most physical of the heal-
ing arts, did not enjoy even the level of respect accorded
to other medical specialties.

In the early and mid 1800s, to gain recognition and
attract patients, surgeons needed considerable techni-
cal skill and unshakable self confidence, if not arrogance
and theatrical talent. More than a few possessed these
qualities including Robert Liston of London and Samuel
Gross of Philadelphia.

ROBERT LISTON (1794-1847)
Before the development of inhalation anesthesia in

the 1840s, no patient could tolerate meticulous dissec-
tion: speed was the measure of a surgeon’s skill—few
operations short or long produced good results, but
shorter operations caused less pain8. Robert Liston,
Professor of clinical surgery at London’s University
College, earned a well deserved reputation as one of
England’s greatest surgeons for his masterful knowl-
edge of anatomy, willingness to attempt the most diffi-
cult and dangerous procedures and displays of dexter-
ity, physical strength, speed and dramatic talent in the
operating theater8. His operations and lectures attracted
students and physicians from throughout the United
Kingdom, Europe and America and his papers on sur-
gical procedures were widely read and quoted29-31. Liston
routinely performed leg amputations in less than three
minutes, performances marked by flashing steel and
spurting blood18,38,54. In his efforts to perform above
knee amputations and hip disarticulations with speed
and panache, Liston occasionally injured observers who
stood too close to the operating table and amputated
more than he had originally planned. On at least one
occasion, he simultaneously performed an accidental
orchiectomy and an intentional above knee amputation.
Another of his leg amputations led to a 300% mortality.
A distinguished spectator died after he was slashed
during the operation, the patient died of sepsis several
days later and Liston’s assistant died of sepsis as a re-
sult of losing several of his fingers during the opera-
tion18.

SAMUEL GROSS (1805-1884)
The rapid adoption of inhalation anesthesia in the late

1840s decreased the need for surgeons to operate with
blazing speed, but it almost certainly increased the fre-
quency and number of surgical complications includ-
ing death8. Inhalation anesthesia made surgeons more
willing to operate and patients more willing to have an
operation. Yet, surgeons did not know how to prevent

infections, they had difficulty controlling bleeding dur-
ing operations and they had no way to restore blood
volume in patients who had suffered massive hemor-
rhage.

Samuel Gross (Figure 1), the pre-eminent North
American surgeon of the mid and late 1800s19-22, known
for his expertise in treating disorders of the extremi-
ties, listed the qualities of a good surgeon, “ . . . a firm
and steady hand, a keen eye, and the most unflinching
courage, which can disregard alike the sight of blood
and the cries of the patient22.” He was among the sur-
geons who believed that a chance to cut is a chance to
cure, and no surgeon should pass up a chance to cure.
He stressed that “ . . . as long as the various tissues of
the body are subjected to disease and accident, so long
will they require removal by the knife22.” Gross felt that
surgeons had been unnecessarily reluctant to resect
diseased or injured joints, but that his encouragement
and their “intelligence, zeal and skill22” would soon in-
crease the use of the procedure and extend it to every
joint in the body.

Gross knew that the complications of joint operations
included “excessive suppuration, pyemia, and erysi-

Figure 1. The Gross Clinic, Thomas Eakins’ 1875 painting show-
ing Samuel Gross, age 70, debriding the femur of a patient with
osteomyelitis.
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pelas22,” conditions that he treated with bleeding,
leeches, purgatives and blistering22. Despite these treat-
ments, pyemia proved “ . . . fatal in nine out of ten
cases22.” He regarded these complications as part of the
risk of surgical treatment and disparaged Joseph Lister’s
1867 report8,28 that anti-sepsis cut the mortality follow-
ing elective surgery from forty-five percent to fifteen
percent. Nearly ten years after Lister’s publication,
Gross commented, “Little, if any faith, is placed by any
enlightened or experienced surgeon on this side of the
Atlantic in the so-called carbolic acid treatment of Pro-
fessor Lister,” and in 1882 he added “ . . . demonstra-
tion of living, disease-producing germs is wanting39.”
Gross was certain that the increased skill and enthusi-
asm of surgeons for resecting tissues damaged by dis-
ease or accident would insure that surgery would no
longer be “ . . . regarded merely as a kind of handicraft,
fit to be exercised only by men of inferior attainment,
ability and skill22.”

In 1875, Thomas Eakens painted Samuel Gross at
age 70 debriding the femur of a patient with osteomy-
elitis (Figure 1). Gross and his assistants wear their
street clothes, splattered with blood and pus, and in-
cise and retract the wound with their unwashed bare
hands. The anesthetist sedates the patient with open-
drop ether anesthesia. Lighting is poor and unsterile
surgical instruments lie scattered where the surgeons
can easily grab and discard them. The artist sits in the
first row of spectators observing the procedure, mak-
ing a drawing or taking notes. Other observers stand
in an open entry way behind the anesthetist. A woman,
possibly the sister, mother or wife of the patient, cov-
ers her face and recoils from the dissection and Gross’s
bloody hand.

THEODORE BILLROTH (1829-1894)
The transformation of surgery from a dangerous,

dramatic and often ineffective handicraft into a safe ef-
fective method of treatment did not result not from in-
creased zeal and technical skill of surgeons, but from a
growing appreciation of the importance of scientific in-
vestigation and evaluation of the outcomes of surgical
practice. No institution did more to bring about this
change than the University of Vienna where the faculty
stressed the importance of the sciences as a basis for
surgical practice26. They contributed to progress in al-
most every currently recognized surgical specialty and
taught physicians from throughout the world, includ-
ing approximately 10,000 Americans who studied at the
University of Vienna between 1870 and 191433.

In 1867, recognizing the limitations of surgical prac-
tice, the medical faculty of the University of Vienna,
demanded that the University appoint a professor of

surgery “of whom the greatest promotion of science
may be expected, a man who is not only famous in the
field of practical surgery, but also in the areas of physi-
ological and pathological research who has demon-
strated a special genius as a teacher, a surgeon and a
writer, who is still in the prime of his life, from whom it
may be expected that he will represent the most mod-
ern trends in surgery in relation to physiology and
pathological anatomy and who is able to establish a
surgical school in Vienna which will bring fame to the
University and the greatest benefit to the country26.”
The University of Vienna found a man who exceeded
all of these expectations: Theodore Billroth (Figure 2),
the first child of Johanna and Karl Theodor Billroth,
the pastor of a Lutheran church in Rugen, Germany’s
largest island in the Baltic Sea.

Billroth’s medical education in Gottigen, Berlin and
Zurich had focussed on science and surgery33. He per-
formed animal experimentation as well as microscopic
examination of normal and diseased tissues and was
recognized for his work in experimental physiology and

Figure 2. Theodore Billroth
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cause of wound infections. In the same year, Lister re-
ported the efficacy of his carbolic acid antiseptic method
in a consecutive series of patients8,28, an event that stimu-
lated Billroth to start new investigations of the role of
microorganisms in wound infections and methods of
antisepsis. He concluded that Lister’s method needed
further development, but he started using it in 187826.
Because of complications caused by carbolic acid
Billroth switched to using iodoform as an antiseptic in
the 1880s and in 1891 began the practice of asepsis for
surgery.

Samuel Gross watched Billroth perform an operation
in 1868 and described him as, “fearless and bold, al-
most to the point of rashness33.” Given Gross’s evalua-
tion, it is reasonable to assume that Billroth did not lack
confidence when he was operating, but he also care-
fully planned each operation and performed and tested
new operations on animals to evaluate their efficacy and
refine his techniques26. Among his most well-recognized
achievements were successful esophageal resection in
1871, lar yngectomy in 1873 and gastrectomy, the
Billroth I, in 188126.

Billroth also had an interest in the pathophysiology
and treatment of musculoskeletal diseases and injuries.
He studied and treated club foot deformities, develop-
mental dislocations of the hip, sarcomas of the extremi-
ties, fractures, malunions, pseudarthroses, bone and
joint infections, joint injuries, joint dislocations, joint
ankylosis and arthritis deformans (osteoarthritis)1,4. His
description of the abnormalities of the acetabulum in
patients with developmental dysplasia of the hip show
that he understood the problem, “. . . not only is the
head of the bone out of the socket, but the socket is
irregularly formed—too shallow; later in life, in adults,
it is greatly compressed and filled with fat.” In Billroth’s
experience, treatment of developmental dislocations of
the hip in older individuals was difficult if not impos-
sible4. He commented, “. . . when you read in orthope-
dic pamphlets of the frequent cure of congenital
luxations, you may be sure that in most cases there have
been errors of diagnosis, or there is intentional decep-
tion4.”

Throughout his career in Vienna, Billroth stressed
the importance of the natural sciences in medical edu-
cation5, and devoted time to making sure that younger
surgeons understood that acquisition of technical sur-
gical skills must be combined with scientific investiga-
tions and understanding of physiology and pathology.
He also taught that statistical comparisons of the out-
comes of different operations should be used to deter-
mine which operations were most effective26.

In 1890, Adelbert Seligmann painted Theodore
Billroth at age 61 operating in the Allgemeines

pathology. Billroth enjoyed the study of pathology, but
he chose to become a surgeon because “Observation
at the sickbed is so much more interesting than mi-
croscopy26.” In 1853, he started working as an assistant
to the prominent German surgeon Bernhard
Langenbeck (1810-1887)26. Although he did not limit
himself to orthopaedics, Langenbeck treated patients
with osteomyelitis and clubfoot deformities. He per-
formed subcutaneous osteotomies to correct skeletal
deformities caused by rickets and ankylosis of the hip
and knee and developed the idea of stabilizing femoral
neck fractures by driving a nail through the greater tro-
chanter27. While working with Langenbeck, Billroth rap-
idly gained recognition for his talent as a surgeon and
investigator and in 1860 was named to the position of
Professor of Surgery in Zurich. In 1863 he published
his most well known work, Die allgemeine chirurgische
Pathologie und Therapie (English Edition: General Sur-
gical Pathology and Theraputics. 1871)4, a book that il-
lustrated the relationships between symptoms and ab-
normalities in tissues and demonstrated the importance
of understanding pathophysiology for surgical practice.

Although he devoted much of his time to science and
surgery, Billroth enjoyed history and music33. In his
study on the history of treatments for gun shot wounds
he commented, “Only the man who is familiar with the
art and science of the past is competent to aid in its
progress in the future33.” He had initially intended to
pursue a career in music and demonstrated talent as a
pianist, but his mother convinced him to enter medical
school. To some extent his passion for music was ful-
filled through his relationship with Johannes Brahms.
The two men met in 1865, and began a close friendship
that continued until Billroth’s death2. Brahms arranged
to perform many of his works in Billroth’s home and
dedicated two of his string quartets to Billroth.

Like Joseph Lister, Billroth recognized that as long
as more than 40% of patients suffered wound infections
or sepsis following technically successful operations,
surgeons should only operate to save lives or relieve
unbearable pain. Under these conditions, elective op-
erations to improve limb function or correct deformity
were difficult to justify and progress in orthopaedic
surgical practice was impossible. In 1855 Billroth be-
gan a series of investigations directed toward finding
the cause of post operative infections. In 1864, the year
before Lister first used carbolic acid in a patient with
an open fracture to kill the “unseen vital particles” that
caused putrification and blood poisoning8,11,28, Billroth
proposed that substances formed in wounds caused fe-
vers and sepsis26.

When Billroth joined the University of Vienna medi-
cal faculty in 1867, he continued his efforts to find the
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Krankenhous (General Hospital of the University of
Vienna) (Figure 3). Although Seligmann’s portrayal of
Billroth as a commanding figure surrounded by assis-
tants and spectators resembles Eakins depiction of
Gross (Figure 1), there are differences. In Seligmann’s
painting surgeons and the anesthetist wear frocks re-
sembling modern surgical gowns, the lighting from the
windows is excellent and no one covers their face in
horror. Billroth’s expression and posture suggests that,
at least on this day, he approached the performance of
an operation with more thought and less drama than
Gross, and the scene more closely resembles a current
operating room than a theater.

Billroth was a skillful teacher and surgeon, and a
dominating leader, a surgical Geheimrat33. He was also
an unreservedly committed German nationalist and a
man of his time, family and culture1,33. The decisiveness
and confidence that made him a great surgeon may have
contributed to his willingness to voice his opinions con-
cerning the importance of establishing and maintain-
ing order in medical education and of the fitness of dif-
ferent students for the study of medicine. In his book,
“The Medical Sciences in the German Universities: A

Study in the History of Civilization5” he expressed con-
cern that “ . . . there are many studying at Vienna who
are not of the elect and who are trying to force them-
selves into the medical profession.” He was concerned
that accommodating these students would “reduce the
German method of university instruction to the level to
which the lay surgeons were formerly restricted, ex-
pressly for the sake of these elements that are piling
up in Vienna, or to organize separate schools in which
to transform stupid, ignorant, starving students into stu-
pid, ignorant and starving physicians5.”

Billroth argued that to avoid the degradation of Ger-
man university medical education the academic hierar-
chy must be maintained and only the most desirable
students should be selected for medical education. He
believed that the rules of academic conduct and ad-
vancement should be enforced by the state, “no faculty
can exist without a definite code for both students and
professors” and “it is the duty of the state to see to that
such a code exists5.” Commenting on the aspirations of
some individuals for a career in medicine he said, “No
profession except, perhaps, the clergy, is so often ex-
ploited by uneducated families who aim to climb into
the cultured classes on the shoulders of the younger
generation, as is the medical profession. For the Jews a
medical career offers comparatively fewer difficulties
than any other5.” He also expressed concern over the
composition of the medical student body in Vienna,
“Among the non-Germans studying in Vienna a lack of
money is often coupled with the lack of talent and of
decent home training . . .” and “I have repeatedly
pointed out that the undesirable elements are not Ger-
man, but Galacian and Hungarian Jewish elements5.”
Other members of the University of Vienna faculty in
the late 1800s and early 1900s may not have been as
willing as Billroth to record their views of the Germanic
academic hierarchy and the desirability of Jewish stu-
dents, but it is likely that many of them would have
agreed with him. In this environment, students who
were “not of the elect” faced multiple barriers and frus-
trations if they attempted to pursue a career in medi-
cine.

EDUARD ALBERT (1841-1900)
While Billroth achieved widespread recognition for

developing methods of resecting the stomach, esopha-
gus and larynx, a younger Viennese surgeon, Eduard
Albert (Figure 4) focused his practice and research on
joint diseases and skeletal deformities26,27,32,36. Albert, a
watchmaker’s son from Senftenberg, Bohemia, gradu-
ated from the Vienna Medical School in 1867, the year
that Billroth was named professor of surgery. Follow-
ing graduation Albert became a disciple of Billroth’s

Figure 3. Adelbert Seligmann’s 1890 painting showing Theodore
Billroth, age 61, operating in the Allgemeines Krankenhous (Gen-
eral Hospital of the University of Vienna).
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arch rival, a prominent aristocrat and surgeon, Johann
Heinrich Baron Dumreicher von Osterreicher (1815-
1880). Dumreicher, a talented surgeon and excellent
teacher, had a strong interest in surgery of the extremi-
ties. Unlike Billroth, he believed that surgery should
be based on established facts and that introduction of
scientific questions did nothing but create confusion.
In addition, he had feuded with Billroth’s teacher,
Langenbeck, so the hostility between Billroth and
Dumreicher was intense and long standing. Perhaps for
this reason, as well as the desire to advance the career
of one of his own disciples, Vincenz Czerny, Billroth
bitterly opposed the appointment of Albert as head of
the First Department of Surgery at the University of
Vienna. Billroth considered it his greatest defeat when
Albert was given the position in 1881.

Had Billroth known Albert better he might have con-
sidered him a worthy choice for the position of Head of
Surgery. Albert showed that he recognized the impor-
tance of Billroth’s emphasis on scientific investigation,
not only through his own work, but in an address prais-
ing Billroth’s academic contributions in 189226. Albert
published the first textbook advocating use of antisep-

sis to prevent post-operative infections in 1880 and dur-
ing his time as Head of Surgery he proved to be an
enthusiastic investigator who performed basic scientific
investigations to advance surgical practice. His clinical
experience with joint diseases combined with an inter-
est in mathematics and a unique ability to visualize
structures and their relationships in three dimensions
led him to study joint mechanics, human movement and
the mechanical changes in the spine associated with
scoliosis. Albert investigated the structure of the syn-
ovial membrane and bone autografts3,27. He injected fluid
into joints to study the resistance of the capsule and
surrounding structures, and conducted a series of stud-
ies on the mechanics of the knee joint, the ankle joint,
the shoulder girdle and the hip joint26. He was espe-
cially interested in the hip and described the function
of the hip capsule during joint motion, in particular the
movement and torsion of the capsular fibers. His stud-
ies of the pathology and therapy of coxitis and his manu-
scripts and lectures describing surgery of the extremi-
ties increased interest in operative treatment of joint
diseases.

At the time Albert was conducting his studies of joint
structure, function, mechanics, and diseases, other sur-
geons were treating joint diseases, primarily tuberculo-
sis, by joint resection, often to the detriment of their
patients. Albert argued for non-operative treatment of
joint diseases, except for patients with the most severe
joint deformities, instability or pain, or limb paralysis26.
He proved that these patients could be helped by joint
fusion, a procedure that he named arthrodesis3, and
showed that arthrodesis could eliminate bracing and
improve function of otherwise useless extremities3,26,36.
He was best known for performing the first successful
shoulder arthrodesis in 188127.

ADOLPH LORENZ (1854-1946)
Albert’s favorite student, Adolf Lorenz (Figure 5),

became one of the most influential orthopaedists of the
20th century3,27,32,36. Lorenz, the son of an Austrian inn-
keeper and harness-maker, moved to Vienna in 1878 to
study medicine32. To help pay for his medical studies
he worked as an assistant in the anatomy department
and acquired an encyclopedic knowledge of anatomy
and considerable skill in dissection. Following gradua-
tion from medical school he sought employment in a
surgical clinic. His background in anatomy gave him
an advantage over other applicants and he was hired
by Dumriecher to work as an assistant surgeon. Within
a year, Dumbriecher died and Eduard Albert succeeded
him. Lorenz commented later that the only teachers at
the University of Vienna who made a lasting impres-
sion on him were Billroth and Albert32.

Figure 4. Eduard Albert
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Lorenz’s ambition, energy and intellect led Albert to
appoint Lorenz as a lecturer in surgery at the Univer-
sity in 188426. Lorenz showed considerable talent as a
surgeon, and decided that he wanted to become one of
the great Viennese surgeons, like Billroth and Albert.
However, an unexpected event forced him to tempo-
rarily choose another direction. Albert insisted that all
surgeons in his department use Lister’s carbolic acid
antiseptic techniques. Lorenz developed severe eczema
when his hands were exposed to carbolic acid and was
unable to continue operating in the presence of carbolic
acid. Albert advised him, “if you can’t get along with
wet surgery, why not try dry surgery26,32”; dry surgery
referred to manipulative and casting treatment of dis-
eased or injured limbs and the spine. Albert took this
advice and established the “University Outpatient De-
partment for Orthopaedic Surgery.” He became inter-
ested in the “bloodless” treatment of children’s muscu-
loskeletal disorders including clubfoot deformities, bone
and joint tuberculosis, paralytic deformities, congenital
dislocation of the hip and scoliosis26. His ability to cor-
rect a skeletal deformity and maintain the reduction with

a plaster dressing led Viennese surgeons and students
to call him the “Gipsdozent” or plaster docent, a title
that gave him great satisfaction32.

When the enthusiasm for carbolic acid antisepsis
waned and other less toxic antiseptics became accepted,
Lorenz started operating again using alcohol as an an-
tiseptic; but, it was his experience with non-operative
treatment of skeletal deformities that led to his most
well known contributions to orthopaedics. Demonstrat-
ing that dangerous operations were unnecessary gave
him great pleasure32. He showed that his treatment of
joint tuberculosis with prolonged plaster immobilization
produced better results than traction or joint resection,
and he found that plaster bed treatment of spinal tuber-
culosis improved the general health of the patients and
made surgery unnecessary in most cases32. He was
correct that prolonged immobilization of an entire limb
produced better results than joint resection for many
patients with joint tuberculosis, but he apparently did
not appreciate that this treatment damaged normal
joints.

The best recognized of Lorenz’s contributions to non-
operative treatment was his refinement and promotion
of modelling redressment (molding reduction) of grow-
ing tissues and structures to correct deformity36. Lorenz
had learned during his studies with Albert to consider
and analyze the effects of mechanical forces on form
and function of the musculoskeletal system. He consid-
ered it absurd to treat congenital or acquired deformi-
ties or loss of motion in such delicate and balanced
structures as joints with “redressment force” (brute
force), an approach that followed the teaching “if it can’t
be bent, then it must be broken26.” Surgeons using the
redressement force approach applied whatever force
was necessary to correct a deformity, such as a club-
foot, and then fixed the limb in the reduced position
with a cast or a similar appliance. As he described it,
Lorenz’s modelling redressment consisted of hundreds
of successive applications of measured and moderate
force until the corrected limb showed no tendency to
recoil into the deformed position32. In his studies of club-
foot, he found that his gentle successive manipulations
could overcome even resistant deformities if the sur-
geon was patient. He declared, “that no clubfoot, either
in children or adults, of what ever origin could resist
the modelling redressment” and that all bone operations
on club feet were superfluous and mutilating32.

In his view, his greatest success was molding reduc-
tion treatment of developmental dislocation of the hip.
He found that with traction and manipulation he could
stretch the contracted soft tissues and lower the head
of the femur from its displaced position to the level of
the acetabulum3,32. Then, holding the femoral head in

Figure 5. Adolf Lorenz. Lorenz autographed this portrait in 1908.
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the reduced position with a plaster dressing caused re-
modeling of the soft tissues and the flattened acetabu-
lum. He realized that the presence of the femoral head
influenced the growth and development of the acetabu-
lum and stressed that it was necessary to achieve re-
duction of the hip at an early stage to give the defective
upper rim of the acetabulum “unhindered expression
to its intrinsically normal growth tendencies26” thereby
deepening the acetabulum and permanently stabilizing
the hip in a reduced position. Lorenz’s work with mold-
ing reduction of hip dysplasias led to a nomination for
the Nobel Prize. He reported that he fell one vote short
of receiving the award26,32.

As Lorenz’s fame and clinical practice increased, an
increasing number of surgeons from Europe and United
States came to Vienna to learn his techniques32. His
success convinced him that he needed an appropriate
house, “ . . . like a small castle on the slopes of
Wiener wald, overlooking the broad valley of the
Danube, the Tullnerfeld, and rising out of a nice gar-
den with beautiful old trees32.” He selected a site with a
commanding view of the Danube and designed an im-
posing structure, Lorenz Hall, with impressive terraces
and gardens (Figure 6). Above the entrance he had a

sentence from Horace cut in stone: “Lucro appone quem
fors dierum cumque dabit.” (Consider as gain whatever
chance may bring)32.

In 1902 and 1903, Lorenz traveled extensively in the
United States32,36. During an extended stay in Chicago
he performed a series of consultations and operations
and reportedly collaborated with the prominent Ameri-
can Orthopaedist and Professor of Orthopaedic Surgery
at Nor thwestern University John Ridlon (1852-
1936)34,36,49. Figure 7 shows Lorenz performing a proce-
dure, possibly a closed reduction of the hip, before a
large audience in Chicago32. Ridlon subsequently chal-
lenged Lorenz’s claim that the Lorenz method of closed
reduction of the hip produced perfect reductions in fifty
percent of treated hips and good results in eighty per-
cent49. In 1904, at the New York Academy of Medicine,
Ridlon stated that anatomic reductions using the Lorenz
method were rare and did not exceed ten percent.
Ridlon also reported that the method promoted by
Lorenz had been developed previously by Agostino Paci
(1845-1902)3,35,36 and that the extreme force used by
Lorenz gave deplorable results49.

World War I devastated Vienna and made Lorenz’s
investments worthless. Partially because of his difficult
financial situation he continued to practice well into his
70s. Although he was generally complimentary concern-
ing the United States, he was “stricken from the roles”
of the American Orthopaedic Association, apparently
during World War I32. When he asked to be reinstated
in 1924, his request was refused. The reasons for these
decisions are unknown. He completed his autobiogra-
phy at age 8032, and noted, “I always enjoy the thought
that excellent California wine will take the place of ice-
water upon my table,” and “Moderate drinking, moder-
ate eating, and moderate smoking will help you reach
an average age of 80.” He died at age 92.

Figure 6. Lorenz Hall. A. Exterior. B. Lion Gate entrance. C. Entry
hall

Figure 7. Adolf Lorenz in Chicago in1902. A large audience watches
him perform a procedure.
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ARTHUR STEINDLER (1878-1959)
Arthur Steindler, the son of Leopold Steindler (1849-

1906) and Caroline (Goldberg) Steindler (1851-1936),
was born in Graslitz, a town near Prague in the Austria-
Hungarian province of Bohemia9,10,12,37. Shortly thereaf-
ter his family moved to Vienna (Figure 8). His father
was a lawyer who valued rigorous classical education.
In Arthur’s early years he studied literature, language,
philosophy and music. He eventually mastered five lan-
guages which enabled him to follow the world ortho-
paedic and scientific literature, translate manuscripts for
others, write for foreign publications, and teach students
from other countries. As a young man he enjoyed mu-
sic and expressed interest in becoming a professional
musician. However, his father strongly recommended
that he choose a career in medicine. As a result,
Steindler entered medical school at the University of
Vienna in 1896 and graduated in 1902. Although Billroth
had been dead for two years when Steindler started
medical school, many of his former students were still
present: Albert was 55, a prime age for a department
head, teacher, surgeon and scientist, and Lorenz was
only 42.

Albert was regarded as one of the greatest teachers
at the University of Vienna. Students never missed his
lectures and he had an exceptional ability to explain
complex clinical problems and make them interesting32.
Steindler was among the students who found Albert’s
work exciting and he decided to work and study in
University Outpatient Department for Orthopaedic Sur-
gery directed by Lorenz following graduation from

medical school13. Attitudes like those expressed by
Billroth were common in Vienna in the early 1900s, and
Jewish physicians, including Steindler, found that they
had little chance for advancement13. After five years in
Lorenz’s clinic, Steindler left Vienna to join John Ridlon
at the Chicago Home for Crippled Children in 1907. He
later stated that he left Vienna because, “It was plain
what was going to happen in Europe. There was noth-
ing but privilege and preference. The working man had
no chance. And nothing but aggression could come out
of the politics of the government17”.

It seems probable that Steindler became aware of
Ridlon’s work as a result of Lorenz’s previous stay in
Chicago and the subsequent controversy stimulated by
Ridlon over the Lorenz method of closed reduction of
the hip. Ridlon received his medical and orthopaedic
education in New York, but he also studied with Hugh
Owen Thomas (1834-1891), a leading British Orthopae-
dist. During his years in Chicago, Ridlon advocated and
practiced Thomas’s methods of treating deformities with
bracing and manipulation rather than surgery. In addi-
tion to learning the American and Liverpool approaches
to orthopaedic practice in Chicago, Arthur Steindler met
Louise Junk, a young woman from a small town in
Iowa53, and one of Ridlon’s surgical nurses49.

In 1909 or 1910, John Ridlon was offered the posi-
tion of Professor of Orthopaedics at the Drake Medical
School in Des Moines, Iowa. Ridlon was well established
in Chicago and had no interest in moving to Des
Moines. In the short time Steindler had been in Chi-
cago he had impressed Ridlon with his ambition, knowl-
edge and clinical skill, and Ridlon suggested that Drake
offer the position to his younger associate. He encour-
aged Steindler to take the opportunity to establish his
own program. Drake seemed like a good choice. Des
Moines, the state capital and largest city in the state,
had good prospects for future growth, and Drake was a
respected private University. Furthermore, there were
no orthopaedists in the state. After moving to Des
Moines in 1910, Steindler built a large clinical practice
at Iowa Methodist and Lutheran hospitals17.

While Arthur Steindler was starting his orthopaedic
program in Des Moines, a former high school princi-
pal, Abraham Flexner14, was reviewing medical educa-
tion in the United States and Canada. Between January
of 1909 and April of 1910, Flexner visited all of the medi-
cal schools in the United States and Canada, in one 90
day period he visited 69 medical schools7. By June of
1910, Flexner had submitted and published a blistering
critique revealing the dismal quality of North Ameri-
can medical education and exposing multiple instances
of fraud15,39.

Figure 8. Steindler Family in Vienna. Arthur (1878-1959) stands
in the back in the center of the photograph. His younger brother
Julius (1890-1970) is seated in front. His sisters Olga (1879-1933)
and Irma (1876-1935) are to his right and his parents Leopold
(1849-1906) and Caroline (Goldberg) (1851-1936) to his left.
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When Flexner visited Iowa in April of 1909 he found
four medical schools: two in Des Moines, Drake Uni-
versity College of Medicine with 106 students, and the
Still College of Osteopathy with 115 students, and two
in Iowa City, the State University of Iowa College of
Medicine with 267 students and the State University of
Iowa College of Homeopathic Medicine with 42 stu-
dents15. Des Moines had a population of 89,113 and Iowa
City had a population of 9,007. Flexner concluded that
none of the schools in Iowa met minimal standards for
medical education and that the state had between two
and three times as many doctors as it needed. He re-
garded the Des Moines osteopathic school as a disgrace
to the state that should be summarily suppressed. The
Drake Medical School and the Iowa City Homeopathic
School he considered “well intentioned but feeble insti-
tutions that only a large outlay could convert into ac-
ceptable and efficient schools15.” His advice to Drake
was, “It would be the part of wisdom to retire from a
contest to which the institution is clearly unequal15.” He
was not much kinder to the State University in Iowa
City. His criticisms included a hospital and a patient
population that were too small and a weak resident fac-
ulty: the Professor of Surgery for the State University
of Iowa Medical School lived in Sioux City and the Dean
who was also the Professor of Gynecology lived in
Dubuque.

Drake University decided to take Flexner’s advice
and retire from the contest. Soon after this decision,
physicians in Des Moines began a campaign to move
the state’s medical school to their city, arguing that that
Des Moines could provide a better clinical experience
for the medical students than Iowa City17. Flexner sup-
ported the argument that medical schools should be
located in a large cities, “ . . . where the problem of pro-
curing clinical material, at once abundant and various,
practically solves itself15.” However, he also noted that
the difficulties in establishing quality medical schools
in what he referred to as “out-of-the-way locations” were
not insuperable. “At relatively greater expense, it is still
possible to develop a medical school in such an envi-
ronment15.” He identified two out-of-the-way locations
where “The faculty of medicine in these schools may
even turn the defect of the situation to good account:
for, freed from distraction, the medical schools at Iowa
City and Ann Arbor may the more readily cultivate clini-
cal science15.”

John G. Bowman, the ninth president of the Univer-
sity of Iowa from 1911 to 1914, apparently understood
Flexner’s hint and did not intend to allow the medical
school to close or to leave Iowa City. He recognized the
urgent need to recruit faculty with clinical expertise who
could also integrate science into their teaching and prac-
tice. He could not have found an individual who met

these criteria better than Arthur Steindler. Steindler
could have continued his practice in Des Moines, but
he had a strong desire to establish an academic pro-
gram. On October 6, 1913, President Bowman wrote to
Dr. Steindler to tell him that he had been appointed
Instructor in Orthopaedic Surgery at the University of
Iowa with compensation at the rate of $800 for the aca-
demic year6. Bowman noted that, “ . . . this appointment
is temporary pending the judgment of the permanent
surgeon who will shortly be elected . . . the probability
seems to me, however, that you will remain with us not
only for the present year but for a longer time6.”

Although Iowa City and Vienna did not have much
in common, the operating theater Steindler used dur-
ing his first seven years in Iowa City closely resembled
the one used by Theodore Billroth (Figure 9). On
March 1, 1914, confident that he would be spending a
long time in Iowa, Arthur Steindler married Louise Junk
(1882-1963) and in the same year he became an Ameri-
can citizen. In 1915, he was appointed to the Chair of
Professor of Orthopaedic Surgery at the State Univer-
sity of Iowa24.

By 1916, Steindler had established a large clinical
practice in Iowa City and had helped convince the Uni-
versity and the State Legislature to construct a hospital
for crippled children and pass legislation that supported
the care of these children in Iowa City9,10. The comple-
tion of Children’s Hospital in 1920 (Figure 10) gave
Steindler and the University an exceptional facility that
included inpatient areas, outpatient clinics, operating
rooms (Figure 11), a brace shop, a large gymnasium, a
hydrotherapy unit and laboratories. Many of the chil-
dren sent to Steindler for treatment lived in the hospi-
tal for months while they received medical, surgical and
physical treatment9,10. After 1920 Steindler’s orthopaedic
program functioned as an autonomous academic and
clinical unit and was referred to as the Department of
Orthopaedic Surgery24.

Figure 9. Operating theater in the University Hospital built on the
east side of the Iowa River 1898.
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The rapid growth of Steindler’s clinical program and
his role in promoting legislation that brought patients
to Iowa City from all parts of the state were critical for
the development of the University of Iowa Hospitals and
the College of Medicine. In 1925, Abraham Flexner
noted that, “Iowa is now completing an adequate series
of clinics16” and in a review of the growth and develop-
ment of the health sciences at the University of Iowa
the Iowa City Press-Citizen noted on October 6, 2002,
“It was Arthur Steindler who opened the way for this
modern institution [University of Iowa Health Care] by
securing a steady flow of patients in the rural midwest23.”
His research and the students he attracted earned the
College of Medicine national and international respect.
On May 10, 1927, Walter Jessup, the fourteenth presi-
dent of the University of Iowa from 1916-1934, wrote to
Dr. Steindler formally appointing Steindler Head of the
Department of Orthopaedic Surgery and granting him
$3,500 for his research25.

Through his teaching, speaking and writing Steindler
encouraged basic research and incorporation of the
basic sciences into orthopaedic education. In his 1933
presidential address to the American Orthopaedic As-
sociation, he emphasized the value of basic research in
orthopaedics pointing out the need for study of anatomy,
pathology, physiology and biochemistry48. In addition
to encouraging study of the sciences, Steindler im-
mersed himself in the investigation of human mechan-
ics43. He felt that the mechanics of the musculoskeletal

system represented a new field with great potential ap-
plication and observed that “biomechanics is a power-
ful and indispensable ally of the orthopaedic clinician48.”
When discussing operative or non-operative treatment
of musculoskeletal diseases and injuries he incorporated
his knowledge of the biomechanics and biology of the
musculoskeletal system. His book “Orthopaedic Opera-
tions46” begins with a chapter titled “The Biology of
Functional Restoration” and he states that, “A knowl-
edge of the possibilities and limitation of tissue regen-
eration, and tissue adaptation is essential equipment for
every orthopaedic surgeon; his judgment depends on
it.” In Steindler’s view, orthopaedic progress would oc-
cur not through technical perfection of operations, but
through advances in the basic sciences.

In his study of orthopaedic problems and their treat-
ment, Steindler pointed out the importance of under-
standing the natural history of diseases and critically
reviewing the results of treatment10, and some authors
credit him with being the first to report on the long-
term outcomes of all of his operations40. In his publica-
tions he presented and critically analyzed his operative
experience, even when the results were unsatisfactory.
In his book, Orthopaedic Operations: Indications, Tech-
nique and End Results, he discussed the indications and
surgical techniques for each operation46. He defined four
principles that should be used to evaluate operative pro-
cedures46: 1) Is the operation rational from the physi-
ological and mechanical point of view? 2) Does the ex-
perimental evidence corroborate the expectations of
regeneration and repair placed on the operation? 3) Is
the operative technique in keeping with our experimen-
tal or empirical observations? and 4) Are reliable statis-
tics available to justify the procedure in light of definite
end results?

Figure 10. Aerial view of Children’s Hospital in the late 1920s.
The building was located on a bluff overlooking the Iowa River.
The river is visible in the upper right corner of the photograph.
Other than the entrance under the cupola, the hospital consisted
of a single story with a lower level that was partially underground.
All the inpatient wards were on the first floor and every ward had
direct access to the outside. In the lower left of the photograph,
several patients in their beds who have been moved out on to a
patio can be seen. The operating rooms were located on the same
floor at the back of the hospital and the brace shop, gymnasium,
laboratories and hydrotherapy unit were located on the lower level.
The U-shaped roof projecting into the central court yard, covers a
ramp connecting the first and lower floors. This ramp made it pos-
sible to transport patients from the first floor to the lower level.

Figure 11. Operating room in Children’s Hospital in the 1920s.
The operating schedule on the blackboard lists a shoulder arthro-
desis, a procedure first described by Eduard Albert. There are no
seats for observers, the surgeons wear gowns, gloves and masks, a
cheerful nurse observes the operation and a small single electric
lamp illuminates the surgical field.
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In 1920, Steindler selected a bluff overlooking the
Iowa River at the intersection of Riverside Drive and
Grand Avenue as the site for a new home (Figure 12).
The construction of the house and the terracing of the
surrounding land was completed in 192213. Mrs.
Steindler planned the landscaping and creation of gar-
dens including stone paths, pools and bridges13. Their
home was large and located in what at the time was an
attractive and pleasant location (now the site of the

University of Iowa College of Law) over looking the Iowa
River and with a view of the Old Capital. Above the
entrance to his home, Steindler had a sentence from
Horace inscribed: “Ille terrarum mihi praeter omnis
anguls ridet” (The corner of the earth that smiles above
all others)13, recognition that he had found a place that
offered him the opportunities he had sought when he
left Vienna.

Figure 12. The Steindler’s home in Iowa City on the bluff
overlooking the Iowa River at the intersection of Grand
Avenue and Riverside Drive. A. The appearance of the
house from Grand Avenue, the street leading from the
Iowa River to the Field House. B. Path and entrance stair-
way leading to the house from Riverside Drive. C. Ter-
raced gardens. D. Garden paths.
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In the 1930s, Steindler monitored political events in
Europe closely, and became increasingly concerned
about the future of Germany and Austria and the lives
of family and friends in Vienna. He started traveling to
Austria regularly so that he could bring people to Iowa
City where they could start a new life, as he had done.
He continued this practice until the political changes in
Germany and Austria preceding World War II made it
impossible for him to visit Vienna13. Many of these in-
dividuals, including Hans Ehrenhaft, one of the most
impor tant contributors to the development of
cardiothoracic surgery and Steindler’s nephew, lived in
the Steindler home until they became established in the
United States13.

THE VIENNA INFLUENCE
It is not difficult to see the Vienna influence in Arthur

Steindler’s career or in the department he founded in
Iowa City. It is apparent in his research and clinical prac-
tice, teaching and in the traditions he established for

Iowa orthopaedics. Eduard Albert’s interest in the me-
chanics of joint movement and spinal deformity may
have helped stimulate Steindler’s studies of biomechan-
ics and kinesiology. Like Albert and Lorenz, Steindler
devoted much of his clinical practice to the care of chil-
dren with developmental and paralytic deformities. Cor-
recting deformities and stabilizing joints by arthrodeses,
similar to Albert’s operations, in patients crippled by
polio and other neuromuscular disorders were an im-
portant part of Steindler’s clinical work throughout his
career44-46,52. Like his teachers, he also investigated the
mechanics of scoliosis and devised a non-operative treat-
ment for spinal cur vature, compensation-
derotation41,42,50,51.

Steindler learned from Albert and Lorenz, but he did
not accept everything they taught and practiced. He
agreed with Ridlon’s criticisms of Lorenz’s treatment
of developmental dislocation of the hip and noted that
Lorenz’s claims of the success of this treatment were
exorbitant49. In his discussion of Lorenz’s manipulative
treatment of clubfoot he makes another rare comment
concerning Lorenz, “It is well to recall at this point that
the earlier surgeons (Lorenz) went much further with
their conservative methods than we do today. They ap-
plied a great deal more force, and their attempts of
redressement were limited by circulatory embarrass-
ment only. In other words, anything that the circulation
could stand in the way of manipulation or mechanical
correction was accepted. It is in this sense that Lorenz
speaks of modeling redressement. Today we find our
ideas of what constitutes the tolerance to manipulation
radically changed. We no longer “manipulate” as much
as the circulation will stand. Our own attitude is that 90

Figure 14. Steindler and his staff and residents in 1945. Seated
(left to right) Ponseti, Thornton, Steindler, Greteman, Kaplan,
Leveton. Standing (Left to Right) Salguero, Silensky, Diamond,
Hicks, Le Noir, Pugi-Guri, Peidrahita, Nelson, Samaniego.

Figure 13. Arthur Steindler in the departmental library.
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percent of clubfeet in children can be successfully
treated by conservative methods47.” Steindler and
Lorenz clearly had different views of what constituted
modelling redressment and the outcomes of this treat-
ment.

In Iowa City, Arthur Steindler found the opportunity
he was seeking when he left Vienna in 1907, but he
also created opportunities for others. He helped estab-
lish the University of Iowa as a major health science
center. He became an international leader in ortho-
paedics and created an orthopaedic department based
on the values and practices that made the University of
Vienna one of the most important institutions in the
history of orthopaedic surgery. Throughout his career,
he emphasized the fundamental principle of the Vienna
surgical tradition: excellence and innovation in the tech-
niques of surgery combined with clinical and basic re-
search, critical evaluation of the outcomes of operations
and teaching the next generations of surgeons. Al-
though he committed himself to his profession, students
and patients, he enjoyed his time with family and friends;
and, through the department he founded he enriched
the lives of those who followed him.
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ABSTRACT
Over the last 50 years, the commitment of or-

thopaedic surgeons to basic and clinical research
and evaluation of treatment outcomes has made
possible remarkable improvements in the care of
people with injuries and diseases of the limbs and
spine. A group of Oregon orthopaedic surgeons
has had an important role in these advances, es-
pecially in the orthopaedic specialties of sports
medicine and hip reconstruction. Since Don
Slocum (Iowa Orthopaedic Resident, 1934-1937),
started practice in Eugene, Oregon, in 1939, three
orthopaedic surgeons, Denny Collis, Craig Mohler
and Paul Watson, who received their orthopaedic
residency education at the University of Iowa, and
three orthopaedic surgeons, Stan James, Tom
Wuest and Dan Fitzpatrick, who received their un-
dergraduate, medical school and orthopaedic resi-
dency education at the University of Iowa, have
joined the group Dr. Slocum founded. These indi-
viduals, and their partners, established and have
maintained a successful growing practice that
serves the people of the Willamette valley, but in
addition, they have made important contributions
to the advancement of orthopaedics.

INTRODUCTION
University of Iowa Orthopaedics and Orthopedic

Healthcare Northwest, in Eugene and Springfield, Or-
egon, have long enjoyed a strong connection. For more
than half a century, both groups have recognized the
importance of expertise in orthopaedic specialties and
a commitment to improving patient care through re-
search and critical evaluation of outcomes. The connec-
tion has grown stronger since Don Slocum (Iowa Or-
thopaedic Resident, about 1934-1937), established his
practice in Eugene, Oregon, in 1939. Since then, six or-

thopaedic surgeons, Stan James, Denny Collis, Craig
Mohler, Tom Wuest, Paul Watson and Dan Fitzpatrick,
who received their medical education, or orthopaedic
residency education, or both, from The University of
Iowa have joined Orthopaedic Healthcare Northwest.
Ken Singer, another member of Orthopedic Healthcare
Northwest, was born and raised in Sac City Iowa; and,
Arthur Steindler3 (1878-1959), the founder of Univer-
sity of Iowa Orthopaedics, treated Ken for a knee in-
jury.

DON SLOCUM
Don Slocum spent two years as an orthopaedic resi-

dent at The University of Iowa with Arthur Steindler in
the late 1930s and then another two years with Willis
Campbell at the Campbell Clinic in Memphis, Tennes-
see. In his last year at the Campbell Clinic, Don de-
cided to establish a practice in Eugene, Oregon, a small
university town in Oregon’s Willamette Valley, partially
because his wife, Margann, was from the area. Willis
Campbell wanted Don to stay at the Campbell Clinic
and advised him that if he went to Eugene, no one would
ever hear of him again. Willis Campbell’s leadership of
the Campbell Clinic confirms his ability to direct an
orthopaedic program, but, examination of the major
contributions to Orthopaedics in the 20th Century, shows
that he underestimated Don Slocum.

When Don opened his office in Eugene in 1939, the
city had a population of about 30,000 people clustered
along the banks of the Willamette River. During World
War II, Don left Eugene to serve in the military for six
years. He spent some of his service time at Walter Reed
Medical Center in Washington, D.C., where he wrote
An Atlas of Amputations43. Don asked Arthur Steindler
review the book for him, particularly the chapter on gait;
Dr. Steindler immediately recognized the importance
and value of the book. As Steindler predicted, Slocum’s
An Atlas of Amputations became the definitive reference
of its time and continues to rank among the texts that
advanced orthopaedic practice. Following World War II,
Don returned to Eugene and recruited a group of tal-
ented orthopaedic surgeons, including Howard Molter,
Don Moore, Bob Larson and Jim Degge to join his prac-
tice.

Initially Don practiced general orthopaedics, but he
became interested in the care of athletes when his son
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Tom suffered a knee in-
jury while playing high
school football in 1958.
An exploratory operation
on Tom’s knee revealed
an impacted tibial plateau
fracture. This experience
led Don to study the lim-
ited medical literature
concerning the treatment
of athletic injuries. The
paucity of basic and clini-
cal research on sports
injuries and improving
physical per formance
convinced him that many
athletes failed to return

to their pre-injury level of physical activity because sur-
geons lacked expertise in the treatment of sports re-
lated injuries: an observation that made him focus more
of his study and practice on athletic injuries. His clini-
cal skill attracted the attention of Oregon coaches and
athletes and within a short time he was providing all of
the orthopaedic care for intercollegiate athletes at the
University of Oregon and Oregon State.

Stimulated by challenges of trying to help athletes
regain their ability to compete following injuries, Don
began investigating the mechanisms of sports injuries
and analyzing human movement to restore or improve
physical performance44-46. Bill Bowerman, the interna-
tionally recognized Oregon track coach, shared Don’s
interest in studying human performance and in particu-
lar running gait46. Based on films of runners they con-
cluded that a more upright posture could increase speed
as compared with accepted approach of leaning the
trunk forward. The upright running posture became a
trade mark of the Oregon runners coached by
Bowerman; and, in 1960, Otis Davis, an Oregon runner
using the upright style, won the Olympic gold medal
for the 400 meters. Don Slocum was among the first to
investigate the relationships between symptoms of joint
dysfunction and ligamentous laxity detectable by physi-
cal examination, and his studies of the roles of knee
ligaments in stabilizing the joint while allowing normal
motion were critical in advancing the diagnosis and
treatment of knee injuries8,34,47-52.

Along with several other orthopaedists, including
Don O’Donahue, Jack Hughston, Jim Nicholas and Bob
Larson, Don Slocum helped establish the American
Orthopaedic Society for Sports Medicine. As a result
of his clinical expertise, research and contributions to
national professional organizations, he is recognized as
one of the founders of the specialty of sports medicine.
He was also a founding member of the Hand Society,

making him one of the few individuals to have a role in
establishing two orthopaedic specialties.

STAN JAMES
In the early 1960s, Charles Tipton, an accomplished

Professor of Exercise Science at the University of Iowa,
began studying the effects of exercise on ligaments and
ligament healing2,36,55-60. At that time, orthopaedists be-
lieved that ligament tears should be treated with at least
six weeks of rigid immobilization7. Based on the results
of his work on other tissues, Professor Tipton suspected
that the orthopaedic surgeons were wrong. To test the
hypothesis that early physical activity promoted liga-
ment healing, Professor Tipton needed someone who
could skillfully transect dog medial collateral ligaments,
repair the ligaments and apply a cast. Stan James (UI
1953 B.A., 1962 M.D., 1967 Orthopaedic Resident) vol-
unteered to help with the project and spent two years
performing the animal surgery. To compare the effects
of immobilization with activity he applied casts to half
of the limbs and maintained the casts for six weeks.
Professor Tipton tested the mechanical properties of
the ligaments treated with immobilization and with ac-
tivity; Stan, with help from Dr. Ponseti, and Victor and
Angela Pedrini (scientists studying connective tissue
biochemistry with Dr. Ponseti), analyzed the collagen
content of the ligaments. They found that activity in-
creased intact and repaired ligament strength, collagen
concentration and collagen fibril diameter57, an obser-
vation that contradicted established concepts of ligament
healing and called into question accepted clinical prac-
tice. Professor Tipton must have been impressed with
Stan’s work; he subsequently worked with two other
orthopaedists, Gerald Laros and Reginald Cooper4 on a
study of the effect of limb immobilization on ligament
insertions36.

During his residency, Stan learned of Don Slocum’s
practice in Eugene and Don’s interest in sports medi-
cine. He visited Eugene in 1965 and two weeks later
received a contract, a document that he quickly signed
and returned. Because of a need for a hand surgeon
between Portland and San Francisco, Don contacted
Adrian Flatt, the founder of hand surgery at the Uni-
versity of Iowa6, and asked him to provide Stan with
further intensive training in hand surgery. Dr. Flatt
taught many generations of talented residents at the
University of Iowa, but he remembers Stan as an ex-
ceptionally capable and mature surgeon26.

Stan arrived in Eugene in the summer of 1967, and
started practice as a hand surgeon. Although Don
Slocum encouraged Stan to develop a hand surgery
practice, he was intrigued by Stan’s work on ligament
healing and he included Stan in his studies of athletes46.
When Don learned that his friend Jack Hughston had

Figure 1. Don Slocum.
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been appointed the program chairman of a sports medi-
cine conference sponsored by the American Academy
of Orthopaedic Surgeons, Don advised Jack to include
Stan’s work on ligaments in the conference. Jack re-
sponded that such a “highfalutin” paper might be of
interest. After Stan presented his findings, Marcus
Stuart, an orthopaedist from the Campbell Clinic com-
mented politely: “Young man, that was a very erudite
paper29.” The new orthopaedic specialty of sports medi-
cine was not ready to accept that an observation based
on basic research, including biomechanical testing and
collagen chemistry, should change entrenched beliefs
and practices, and, for the next few years, presentations
and discussions of ligament reconstruction and treat-
ment of ligament tears continued to focus on the appro-
priate angle and duration of knee immobilization. Only
after another decade had passed did the concepts that
prolonged immobilization of a joint causes tissue dam-
age and that early controlled activity promotes healing
become widely accepted7.

Shortly after starting practice, Stan received an aca-
demic appointment in the Department of Exercise and
Movement Science at the University of Oregon and
began a series of clinical studies in sports medicine.
Although he continued to practice hand surgery, his
experience with University of Oregon athletes increased
his interest in sports medicine, in particular, sports re-
lated injuries of the knee and injuries in runners. Don
Slocum supported Stan’s interest in sports medicine and
they worked together on studies of knee ligaments33-

35,47,50-52. Don also introduced Stan to Bill Bowerman. The
relationship with Coach Bowerman allowed Stan to con-
duct a series of investigations of running gait and inju-
ries in runners that helped form the foundation of im-
proved treatment of track athletes1,30-32,46,54. In the late
1970s, Stan reoriented his practice toward knee surgery
so that he could spend more time working with ath-
letes and investigating sports injuries. In the 1980s, his
studies of the patellofemoral joint led Orthopaedists to
appreciate the complexity of the clinical disorders of
this articulation9,10. Stan’s expertise rapidly earned him
an international reputation and led many of the world’s
greatest runners to select him as their physician. He
also worked with the founders of the Nike Company,
including Phil Knight, to develop a research program
and improve the design of running shoes. Stan attributes
his life-long interest in research, development of ortho-
paedic specialization and academic orthopaedics to his
education at the University of Iowa, and to the encour-
agement and support of Don Slocum29. Stan remembers
Don as one of the most stimulating people he has en-
countered in his career and their clinical and academic
collaborations have had a substantial impact as demon-

strated by their multiple often cited publications27,33-

35,37,46,47,50-53.

DENNY COLLIS
In 1970, Denny Collis (UI 1970 Orthopaedic Resi-

dent) joined the group and rapidly established a large
and successful practice dedicated to the treatment of
patients with hip arthritis. During his residency, Denny
worked with Dr. Ponseti41 to define the natural history
of idiopathic scoliosis. Their 1969 publication, Long Term
Follow-up of Patients with Scoliosis not Treated Surgi-
cally22, stands as one of the most important in clarifying
the natural history of spinal curvatures and as an ex-
ample of the critical importance of long term follow up
of patients with musculoskeletal disorders. In Eugene,

Denny continued traditions established by Don Slocum
and Stan James in producing important clinical re-
search11-17,19-21,23-25,28,39,42. He established a computer data-
base for the evaluation of the results of treatment of
hip disease in 197018, well in advance of similar efforts
in large institutions and has maintained this data base
since then. Denny has authored or coauthored numer-
ous papers analyzing the outcomes of hip surgery11-17,19-

21,23-25,28,39,42 including work with Dick Johnston and John
Callaghan19,39. Denny’s many contributions to hip sur-
gery were recognized by his peers when he was elected
president of the Hip Society for 1996-97. Denny’s self-
less activities and commitment to research that ad-
vanced orthopaedic practice are exemplified by his ser-
vice on the board of directors of the Orthopaedic
Research and Education Foundation (OREF) for eight
years, including his service as chairman of the board
from 1996-99 and his generous support of this founda-
tion. In addition, to honor Dr. Ponseti and ensure con-
tinuing excellence in pediatric orthopaedics at the Uni-

Figure 2. Jody Buckwalter and Denny Collis in front of the Oregon
Duck’s Football Facility in Eugene, Oregon (2002).
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with the county juvenile detention center and their chil-
dren Veronika and Samuel attend a French Immersion
school. Tom and Megan note that their neighborhood
in Eugene resembles Manville Heights in Iowa City,
without tornados, snow, sleet and freezing rain. Tom
enjoys the academic orientation, professionalism, clini-
cal skill and camaraderie of the Orthopaedic Healthcare
Northwest group, and he appreciates the “Iowa Influ-
ence”—critical thinking, technical skill, long-term fol-
low-up of patients, and emphasis on non-operative as
well as operative treatment.

PAUL WATSON
When Paul Watson (UI 1999 Orthopaedic Resident)

looked for a practice opportunity, he identified only one
private practice group that valued academic work as well
has clinical expertise. He found that the partners in
Orthopedic Healthcare Northwest enjoyed working to-
gether and helped new members to develop their own
interests. A long tradition of excellence maintained by
people who work well together and support each other
has been important to Paul in selecting places for his
education and work. This explains why he chose McGill
University for Medical School, the University of Iowa
for his residency and Orthopaedic Healthcare North-
west for his work. His decision to attend Harvard as an
undergraduate is the only deviation from this pattern.
Since Paul joined Orthopaedic Healthcare Northwest,
his experience has been everything he expected and
more. Although he has a special interest in shoulder
surgery, he enjoys every aspect of orthopaedic prac-

tice including joint replacement and hand, foot, ankle,
tumor and pediatric surgery. Paul has been able to ar-
range his schedule so that he has free time to spend
with his family: he works four days a week and has din-
ner with his family almost every night, and Eugene has
proven to be an ideal place to raise his family.

versity of Iowa, Denny served as co-chairman of the
campaign to endow the Ignacio Ponseti Chair of Ortho-
paedics at the University of Iowa, a position now held
by Stuart Weinstein5.

CRAIG MOHLER
In 1989, while performing a knee operation with John

Albright, Craig Mohler (UI 1991 Orthopaedic Resident)
heard Dr. Albright ask for a “Slocum”retractor. Shortly
thereafter, Dr. Ponseti mentioned the scholarly contri-
butions of Stan James and Denny Collis. In the next
year, while relaxing in Dr. Cooper’s4 prosthetic clinic
with Don Shurr (an expert on orthotics and prosthet-
ics who has educated generations of orthopaedic resi-
dents), Craig, like many residents before and after him,
listened with rapt attention to stories of Don’s legend-
ary career as a Hawkeye football player. One of those
stories includes the reconstruction of Don’s knee per-
formed by Stan James when Don was a freshman, an
operation that, despite Stan’s great skill, only could re-
store Don to his former level of speed and agility. John
Callaghan further increased Craig’s interest in Ortho-
pedic Healthcare Northwest when he described an elite
group of orthopaedists in Eugene who divided their time
between practicing the highest quality of orthopaedics,
clinical research and exercising. A meeting with Denny
Collis at the 1991 American Academy of Orthopaedic
Surgeons and two visits to Eugene convinced Craig that
the career opportunity in Eugene was exceptional. In
1992, Craig joined the group after finishing a fellowship
in joint reconstruction at Rush Medical Center in Chi-
cago. Denny Collis welcomed and encouraged Craig’s
interest in joint replacement and clinical research20,21,39,40.

TOM WUEST
In 1991, Dr. Ponseti told Denny Collis that another

Iowa Resident, Tom Wuest (UI 1981 B.S., 1987 M.D.,
1992 Orthopaedic Resident), would be a great addition
to the Eugene group. An interview convinced the group
that Dr. Ponseti was correct. Following his residency,
Tom and his wife Megan moved to Stoke-on-Trent, UK,
where Tom worked with Professor John Templeton at
the North Staffordshire Royal Infirmary. From Stoke-
on-Trent the Wuest’s moved to Eugene; a community
that he reports has the most attractive feature of Iowa
City, a strong University in a relatively small town. About
half of Tom’s practice is general orthopaedics except
for joint reconstruction and spine surgery, the other half
is devoted to musculoskeletal trauma. His specific in-
terests include pelvic, acetabular, calcaneal, pilon and
plateau fractures38,61. He serves as Secretary/Treasurer,
Finance Committee Chairman and recruiting coordina-
tor for the group. Megan works as a family therapist

Figure 3. Paul Watson and Dan Fitzpatrick at the Wuest’s home in
Eugene, Oregon (2002)
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DAN FITZPATRICK
Last year, Dan Fitzpatrick (UI 1991 B.S.E, 1993 M.S.,

1997 M.D., 2002 Orthopaedic Resident) joined the
group. During his residency, Dan took advantage of his
background in engineering and the facilities and exper-
tise of the University of Iowa Orthopaedic Biomechan-
ics Laboratory to conduct an investigation of ankle joint
articular surface incongruities that won an American
Orthopaedic Association resident research award. As
he was considering his career direction after residency,
Dan was attracted by the rich clinical and academic tra-
ditions of the Orthopaedic Healthcare Northwest group.
During their first visit to Oregon, Dan and his wife
Denise immediately recognized that Eugene offered
great professional and personal opportunities and a
warm and welcoming social life. Dan now finds himself
very busy and enjoys being part of the great ortho-
paedic tradition in Eugene and Springfield. He is plan-
ning to pursue several research projects.

CONCLUSION
Since Don Slocum moved to Oregon in 1939, the

population of Eugene has grown to more than 140,000,
the group he founded has thrived and become a model
of a private practice that has made sustained and sub-
stantive academic contributions, and the Iowa influence
on orthopaedics in the Willamette Valley has become
more pronounced. The members of the Orthopedic
Healthcare Northwest group with an Iowa connection
feel that their strong clinical practice, support for re-
search and success in conducting clinical research stem
from the principles and values established by Don
Slocum and further developed by Stan James and Denny
Collis. The group represents not only the highest stan-
dards of clinical practice, but demonstrates that a group
of committed orthopaedic surgeons can make impor-
tant contributions to advancing the specialty through
development of specialized care, evaluation of the out-
comes of their treatments and research.
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Does there not lurk within the heart of every ortho-
pedist interest in the unusual? With childhood days,
there were always Sherlock Holmes, the Shadow, the
Green Hornet, Charlie Chan and Nero Wolfe. The cur-
rent spate of forensic offerings notwithstanding, we
were all fairly sophisticated many years ago.

That being the situation, let us introduce a classic
case for your perusal and deductions. The year was
1560. It seems that Sir Robert Dudley, soon to be Earl
of Leicester, was infatuated with the good Queen Bess
and she with him. Rumors abounded that there was
early and probably frequent consummation. A certain
“Mother Dowe of Brentwood” questioned whether Sir
Robert had, on one occasion, given Elizabeth the gift
of a petticoat or of a child! Mother Dowe had big legal
troubles, but finally escaped with her neck intact. Oth-
ers, for the same offense, had their ears cut off.3

The fly in the ointment, so to speak, was Sir Robert’s
marital status. His twenty-eight year old wife Amy
Robsart, was the prime heiress of the wealthy Sir John
Robsart. She was said to be ravishingly beautiful. How-
ever, there was the question of her health—it was ru-
mored that she suffered from what we now know as
advanced carcinoma of the breast and that Sir Robert
and Elizabeth had plans for the future after her antici-
pated sad demise.4

All of this changed on September 8th, 1560. The beau-
teous Amy was found dead of a broken neck. Sprawled
at the foot of a flight of stairs at her mansion, Cumnor
Place, the hood of her robe still covered her lifeless
head. Her relatives cried “Murder!” and the matter was

put to a closed coroner’s jury. Their verdict was never
formally disclosed, but obviously death was attributed
to accidental causes. This was as well for Sir Robert,
because even in that era trial by ordeal was often prac-
ticed. Could he have withstood having his hands held
in a fire or other dreadful tortures and still proclaimed
his innocence? That might have been what he would
have faced were he formally charged! Patricia Cornwell
specifically referred to this case in her recent book.1

Now is the time to cogitate, to ruminate or however
it is that you usually reach a conclusion about serious
matters. Was it murder? Many loyal Englishmen

THE SUSPICIOUS DEMISE OF AMY ROBSART

Sachin K. Patel, M.D., and Richard Jacobs, M.D.

Amy Robsart, William Frederick Yeames, c.1877, Tate Gallery

Corresponding author information
Sachin K. Patel, M.D.
Resident, Orthopaedic Surgery
Albany Medical College
47 New Scotland Avenue
Albany, NY 12208
(518) 262-3125
skportho@hotmail.com
Richard Jacobs, M.D.
Professor Emeritus, Orthopaedic Surgery
Albany Medical College
47 New Scotland Avenue
Albany, NY” 12208
(518) 262-3125



Volume 23 131

The Suspicious Demise of Amy Robsart

thought so, despite the jury verdict. Rumors persisted,
and years later on the London stage, an actor uttered
the lines “The surest way to chain a woman’s tongue is
to break her neck! A politician did it . . . ”

The scandal was such that it put an end to the affair
between Sir Robert and Elizabeth. The politically canny
daughter of Henry VIII and Anne Boleyn was not about
ready to risk her reign by further dalliance, however
sweet it might be. I am assured by a prominent hand
surgeon of English descent with strong ties to the Iowa
Orthopedic program “She was pushed!” He also shared
the further information that Anne Boleyn had redupli-
cation of the distal phalanx of the little finger on each
hand—she was never caught short-handed.

Another possibility is metastatic carcinoma to the
cervical spine. Difficult to prove when they didn’t even
have the concepts of Virchow and microscopic pathol-
ogy in that era! We all remember Mike Bonfiglio and
our study of the work of Batson in explanation of spinal
spread of carcinoma of the breast! Without radiographic
evidence and even in the absence of trauma, she could
have suffered “a broken neck.”2

What we now know as tuberculosis was endemic in
that era. Did she have tuberculosis of the spine at a
higher level and suffer quadriplegia instead of the more
common (Sir Percivall) Pott’s paraplegia?

Did she have a berry aneurysm and a fatal stroke?
Did she have a lethal arrhythmia?
Did she have the Guillain-Barre syndrome or some

acute transverse myelopathy?
Did she have cervical spondylosis?
Did she have Gorham’s vanishing bone disease?
Did she have extradural lymphoma deposits?5

We think not, for two main reasons. First, because
we treasure the memories of scoundrels past. They give
color to the lifestream without any threat. This is what
is called history! Second and even more germane,
Adrian told us “she was pushed!” We have, after all, the
utmost trust in him!
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University of Michigan
1500 E. Medical Center Drive
Ann Arbor, MI 48109-0328

John Bishop
4893 N. Hollow Ln.
Boise, ID 83702

Arcelino Bitar
Rua Eduardo Guinle 23
Apt. 204
Rio de Janeiro, RJ,  22260-090

Donald Blair
Calvin West Apt. 3140
4210 Hickman
Des Moines, IA 50310

William Blair
Steindler Orthopaedic Clinic
2403 Towncrest Drive
Iowa City, IA 52240

Jaime Isidoro Blumenfeld
DECEASED
Buenos Aires,  1425

Clifford Boese
Miller Orthopaedic
One Edmundson Place
Suite 500
Council Bluffs, IA 51503

William Boettcher
1221 Madison, #1012
Seattle, WA 98104

Susan Bonar
Rock Hill Medical Plaza North
6675 Holmes Road
Suite 360, Fl. 3
Kansas City, MO 64131

Daniel Borgen
3366 Oakdale Ave. N. #103 & 203
Minneapolis, MN 55422

Wouter Bosch
2525 S. Union Avenue, #300
Tacoma, WA 98405

William Boulden
1601 NW 114th, Suite 142
Des Moines, IA 50325

Thomas Boyce
1530 N. 115th St., #303
Seattle, WA 98133

David Boyer
Black Hills Orthopaedic & Spine

Center
PO Box 6850
Rapid City, SD 57709

Richard Brand
Clinical Orthopaedics & Related

Research
3550 Market St., Suite 220
Philadelphia, PA 19104

Celio Brandao
Universidade Federal Do Rio de

Janeiro
Rio de Janeiro,  RJ Cep 205

Robert Breedlove
1301 Penn Ave. #213
Des Moines, IA 50316

Jack Brindley
1005 E. Pennsylvania, #201
Ottumwa, IA 52501

Mark Brodersen
4500 San Pablo Road
Jacksonville, FL 32224

John Broms
1308 Hanover Ln.
Ventura, CA 93001

Andrew Brown
Orthopaedic Surgery
PO Box 245064
Arizona Health Sciences Center
Tucson, AZ 85724

George Brown
University of New Mexico Health

Sciences Center
Department of Orthopaedics &

Rehabilitation
Albuquerque, NM 87131-5296

S. Pearce Browning III
5 Case St.
Norwich, CT 06360

Peter Buck
McFarland Clinic
PO Box 3014
Ames, IA 50010

Joseph Buckwalter
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Suhail Bulos
590 Rue Hamra
American University Medical

Center
Beirut, Lebanon

Ronald Bunten
3006 SW 18th St.
Des Moines, IA 50315

R. Scott Cairns
850 Mt. Carmel
Dubuque, IA 52003

John Callaghan
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Barbara Campbell
223 S. Pleasant Ave., #301
Somerset, PA 15501

William Capello
541 Clinical Drive
Room 600
Indianapolis, IN 46202

Brian Thomas Carney
Shriners Hospital for Crippled

Children
1900 Richmond Road
Lexington, KY 40502

Ronald Carter
400 Kenne St., Box O
Columbia, MO 65201
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Charles Cassel
Orthopaedic & Rheumatology

Associates, PC
1414 W. Lombard St.
Davenport, IA 52804-2151

William Catalona
1608 Cedar St.
Muscatine, IA 52761

George Chambers
4476 Rodney Road
Jordan, AR 72519

Joseph Chandler
5671 Peachtree Dunwoody Road
Suite 700
Atlanta, GA 30342

Laurette Chang
4170 SE 47th Pl.
Ocala, FL 344808881

Phyllis Chang
Department of Plastic Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

John Chase
Jewett Orthopaedic Clinic, P.A.
515 W. S.R. 434 Suite 210
Longwood, FL 32750

Joseph Chen
Dept. of Orthopaedics
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Christopher Chenault
1015 E. 32nd St.
Suite 101
Austin, TX 78705

Marvin Chernow
DECEASED
Chico, CA 95928

Charles Clark
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Winfred Clarke
950 Atwater Road
Lake Oswego, OR 97034-2124

Albert Coates
600 7th St., SE
Cedar Rapids, IA 52401

Elliott Cobb
DECEASED
202 Lee Blvd.
Savannah, GA 31405

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

Herbert Cohen
945 5th Ave.
New York, NY 10021

Nathan Cohen
10623 Stonebridge Blvd.
Boca Raton, FL 33498

Don Coleman
University of Utah Medical Center
50 N. Medical Drive
Salt Lake City, UT 84132

Patrick Collalto
24 Chamberlain Rd.
Flemington, NJ 08822

Dennis Collis
1200 Hilyard, Suite S-600
Eugene, OR 97401

Ben Colloff
1333 Jones St., #1510
San Francisco, CA 94109

Ralph Congdon
Orthopaedic & Rheumatology

Associates, PC
1414 W. Lombard St.
Davenport, IA 52804

Rololfo Consentino
La Plata, Argentina

Neil Conti
Pinehurst Surgical Clinic
35 Memorial Drive
Pinehurst, NC 29374

William Conway
Medical University of South

Carolina
Department of Radiology
171 Ashley Avenue
Charleston, SC 29425

Douglas Cooper
Marshalltown Orthopaedics, PC
312 E. Main St., Suite 2400
Marshalltown, IA 50158

Reginald Cooper
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Ralph Cotton
130 Vine St.
Denver, CO 80206

Lewis Cozen
PO Box 351567
1133 S. Alfred St.
Los Angeles, CA 90035

Michael Crane
Mason City Clinic
250 S. Crescent Dr.
Mason City, IA 50401

Haemish Crawford
Auckland Bone and Joint Surgery
Ascot Hospital, Level 1
90 Greenlane Road East, Private

Bag 28912, Remuea
Auckland, New Zealand

O.L. Creebo
24055 Paseo Del Lago West
Manor #103
Laguna Woods, CA 92653-2637
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Mark Creighton
182 West Montauk Hwy
Hampton Bays, NY 11946

James Crouse
Cedar Valley Medical Specialists PC
1753 W Ridgeway Ave Ste 103B
Waterloo, IA 50702

Jeffrey Davick
Des Moines Orthopaedic Surgeons
6001 Westown Parkway
West Des Moines, IA 50266

Thomas DeBartolo
Mason City Clinic, PC
250 S. Crescent Drive
Mason City, IA 50410

William DeCesare
1077 Bittersweet Rd.
Eau Claire, WI 54701

Thomas DeCoster
Department of Orthopaedic Surgery
University of New Mexico
2211 Lomas Blvd NE
Albuquerque, NM 87131-5296

Philip Deffer
NW Iowa Bone, Joint & Sports Surg.
1200 1st Ave. E., Suite C
Spencer, IA 51301

Donald Delahanty
Rd. #2, Box 331
Auburn, NY 13021

Arnold Delbridge
164 W. Dale St.
Waterloo, IA 50703

Randy Delcore
1335 N. Northfield Rd., #200
Cedar City, UT 84720

Frederick Dietz
Department of Orthopaedic Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Brian Divelbiss
Dickson-Diveley Midwest

Orthopaedic Clinic
Medical Plaza Bldg. I, Suite 610
4320 Wornall Road
Kansas City, MO 64111

Matthew Dobbs
Washington University School of

Medicine
Department of Orthopaedics, Suite

11300 West Pav.
660 Euclid Blvd., Campus Box

8233
St. Louis, MO 63130

Julie Dodds
Michigan State University
2900 Hannah Blvd., #104
East Lansing, MI 48823

Richard Donaldson
Suite E-580 Memorial Medical

Bldg.
725 Glenwood Drive
Chattanooga, TN 37404

J. Michael Donohue
Iowa Lakes Orthopaedics, PC
PO Box 273
Spirit Lake, IA 51360

Lawrence Donovan
Iowa Lakes Orthopaedics, PC
PO Box 273
Spirit Lake, IA 51360

William Dougherty
520 Valley View Drive
Moline, IL 61265

Daniel Downs
Jackson County Orthopedics, Inc.
801 N.W. St. Mary’s Drive, Suite

101
Blue Springs, MO 64014

Randall Dryer
6818 Austin Center Blvd., #200
Austin, TX 78731-3165

Marvin Dubansky
3660 Grand Avenue #540
Des Moines, IA 50312

John Durham
Northern Arizona Orthopaedics,

Inc.
1485 N. Turquoise Dr., Suite 200
Flaggstaff, AZ 86001

Michael Durkee
Steindler Orthopaedic Clinic, PC
2403 Towncrest Drive
Iowa City, IA 52240

Edward Dykstra
Steindler Orthopaedic Clinic, PC
2403 Towncrest Drive
Iowa City, IA 52240

Kevin Eck
Physicians’ Clinic of Iowa, PC
600 Seventh Street SE
Cedar Rapids, IA 52401

Raymond Emerson
250 S. Crescent Drive
Mason City Clinic
Mason City, IA 50401

George Emodi
Immanual Plaza West
6828 N. 72nd St.
Suite 7500
Omaha, NE 68122

William Engber
University of Wisconsin Medical

Center
600 Highland Ave.
Madison, WI 53792

Wm. W. Eversmann
600-7th St., SE
Cedar Rapids, IA 52401-2112

Daniel Fabiano
Physicians’ Clinic of Iowa, PC
600 Seventh Street SE
Cedar Rapids, IA 52401

Bobbi Farber
St. Francis Park Bldg. H
Suite 104
Columbus, GA 31904

Jeffrey Farber
Iowa Orthopaedic Center, PC
411 Laurel St., Suite 3300
Des Moines, IA 50314
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C. Baring Farmer
Orthopaedic Medical Clinic
PO Box 13560
San Luis Obispo, CA 93406

Margaret Fehrle
Marshalltown Orthopaedics, PC
312 E. Main St.
Marshalltown, IA 50158

Joseph Feinberg
Kessler Institute for Rehabilitation
Pleasant Valley Way
W. Orange, NJ 07052

Joe Fellows
Des Moines Orthopaedic

Surgeons, PC
6001 Westown Pkwy.
West Des Moines, IA 50266

Glen Feltham
Hess Orthopaedic Center & Sports

Medicine, P.C.C.
1992 Medical Avenue
Harrisonburg, VA 22801

Ray Fenner
1103 38th Avenue E
Seattle, WA 98112

David Field
Westside Ortho. Neuro., PC
4005 Westmark Drive
Ste. #200
Dubuque, IA 52002

Darrell Fisher
Mason City Clinic, PC
250 S. Crescent Ave.
Mason City, IA 50401

Richard Fitzsimmons
16661 Loie St.
Loma Linda, CA 92886

Marshall Flapan
Iowa Orthopaedic Center PC
411 Laurel St., Suite 3300
Des Moines, IA 50314

Adrian Flatt
George Truett James Orthopaedic

Institute
Baylor University Medical Center
3500 Gaston Avenue
Dallas, TX 75246-9990

William Follows
Northwest IA Bone, Joint & Sports
1200 1st Ave. E, Suite C
Spencer, IA 51301

Ernest Found
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Kermit Fox
2809 Townes Lane
Austin, TX 78703

Thomas Fox
1027 Bellevue Ave., #LL20
St. Louis, MO 63117

Albert Freedman
941 Lawton Pl.
Depere, WI 54115

Barry Friedman
12396 Grande Court
San Diego, CA 92128

Morris Friedman
1522 Meadow Trail
South Bend, IN 46614

Edgar Frigerio
Arroyo 863
Buenos Aires, Argentina

Guy Frumson
1150 Graham Rd., #102
Florissant, MO 63031

Michael Fulton
3127 W. Int’l Speedway Blvd.
Daytona Beach, FL 32124

Thomas Fyda
845 Aitken St.
Reno, NV 89502

Kyle Galles
Iowa Orthopaedic Center, PC
411 Laurel St., Suite 3300
Des Moines, IA 50314

Webster Gelman
18 Colwyn Ct.
Iowa City, IA 52245

Timothy Gibbons
Mason City Clinic
250 S. Cresent Drive
Mason City, IA 50401

Robert Gitchell
McFarland Clinic, PC
1215 Duff Avenue
Ames, IA 50010

John Glaser
Dept. of Orthopaedic Surgery
Medical University of South Carolina
96 Jonathan Lucas, Suite 708
Charleston, SC 29425

James Gluck
Kansas Ortho Center
1507 W. 21st St.
Wichita, KS 67203

Devon Goetz
Des Moines Orthopaedic Surgeons,

PC
6001 Westown Parkway
West Des Moines, IA 50266

Walter Gower
1000 E. 1st St., #404
Duluth, MN 55805

Abron Grandia
3508 Rosenburg Lane
Godfrey, IL 62035

Robert Greenberg
41 Wahconah St
Pittsfield,MA 01201

Leon Grobler
1202 W. Aster Drive
Phoenix, AZ 85029
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Arnis Grundberg
Des Moines Orthopaedic

Surgeons, PC
6001 Westown Parkway
West Des Moines, IA 50266

Gregory Guyton
Greater Chesapeake Orthopaedics
3333 N. Calvert St., Suite 400
Baltimore, MD 21218

James Guyton
1400 S. Germantown Road
Germantown, TN 38138

James Hackett
N84 W16889 Menomonee Ave.
Menomonee Falls, WI 53051

Nancy Hadley-Miller
Johns Hopkins Medical Center
601 N. Caroline St.
Baltimore, MD 21287-0882

Robert Hall
627 25 1/2 Rd.
Grand Junction, CO 81505

Eugene Hanavan
77 Broadway, Suite 100
Buffalo, NY 14203

Harris Hanson
Helena Ortho. Clinic
2442 Winne Ave.
Helena, MT 59601

T.C. Harper
541 W. Second St.
Reno, NV 89503

Irwin Harris
VMPA Good Samaritan Health

System
10 E 31st St
PO Box 1990
Kearney, NE 68848

William Harris
Orthopaedic Biomechanics Lab.
Massachusetts General Hospital
GrJ 1126, 32 Fruit St.
Boston, MA 02114

Robert Hart
Oregon Health Sciences University
Section of Spine Surgery
3181 SW Sam Jackson Park Road,

L-477
Portland, OR 97201

James Hayes
552 Isley Place
Burlington, NC 27215

Richard Henderson
CB#7055 University of North

Carolina
Division of Orthopaedic Surgery
Chapel Hill, NC 27599

Ronald Henderson
840 Royal Ave. #1
Medford, OR 97504

Allen Henry
3950 N. Riverside Drive
Indiatlantic, FL 32903

Steven Herbst
Dept. of Orthopaedics
Suite 400
3333 N. Calvert St.
Baltimore, MD 21218

Jose Hernandez-Hermoso
Cirugia Ortopedica Y

Traumatologia
Doctor en Medicina
Clinica San Jose
Monegal, 1-Cadiz, 6,  08023

Edgar Hicks
Ihle Orthopaedic Clinic, Ltd.
836 Richard Drive
Eau Claire, WI 54701

Daniel Hinkin
2600 Anderson Avenue
Manhattan, KS 66502

Robert Hoffman
Naval Hospital
PSC827 Box 45
FPO, AE 09617, Naples, Florida

Howard Hogshead
1325 San Marco Blvd.
Jacksonville, FL 32207

Jon Hop
370 N 120th Avenue, Suite 20
Holland, MI 49424

Gerald Howe
8 Heraldia Lane
Hot Springs Village, AR 71909-6721

John Hugus
3000 Westhill Drive, #300
Wausau, WI 54401

Shiro Inoue
Department of Orthopaedic

Surgery
Kyoto Prefectural University of

Me.
Hirokog Kawaramachi, Japan

Richard Jacobs
41 Linda Court
Delmar, NY 12054

Paul Jacobson
Cleveland, OH 44121

Sylwester Jakubowski
Piekarska 5-9
Warsaw,  00-264 Poland

Stanley James
2895 Arline Way
Eugene, OR 97403

Jay Jansen
129 McDowell St.
Asheville, NC 28801

Peter Jebson
University of Michigan Medical

Center
Box 0328
Second Level, Taubman Center
Ann Arbor, MI 48109-0328

Jerry Jochims
1225 S. Gear Ave., Ste. 159
West Burlington, IA 52655

Robert Johnson III
Dept of Orthopedics and

Rehabilitation
Section of Sports Medicine
University of Vermont, Stafford

Hall
Burlington, VT 05405-0084
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Richard Johnston
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Darron Jones
250 S Crescent
Mason City, IA 50401

Michael Jones
5848 S Fashion
The Orthopedic Specialty Hospital
Murray, UT 84107

Tapia Jorge
Turo De La Trinitat 51-57
Barcelona,  8033 Spain

Mark Kabins
600 South Racho Drive, Suite 107
Las Vegas, NV 89106

Kumar Kadiyala
Dept. of Orthopaedics
Univ. of Iowa Hospitals & Clinics
200 Hawkins Drive
Iowa City, IA 52242

David Kalayian
51 S. Main St.
Middletown, CT 06457

Sean Kaminsky
Premier Orthopaedics and Sports

Medicine
Summit Care Center
5651 Frist Blvd., Suite 500
Hermitage, TN 37076

Nathan Kaplan
7868 S. Western Ave.
Los Angeles, CA 90047

Ralph Katz
Westside Orthopaedic Clinic
4500-10th St.
Marreo, LA 70072

Daniel Kayfetz
DECEASED
San Ramon, CA 94583-6453

George Kemble
1400 8th Ave.
Fort Worth, TX 76104

Donald Kettelkamp
103 Windhover Drive
Chapel Hill, NC 27514

John Killeffer
4610 Chestnut St.
Signal Mountain, TN 373773405

John Kim
1771 Rose St.
Regina, Saskatchewa,  S4P 1Z4

Sydney Klein
DECEASED
Beachwood, OH 44122

Thomas Kobayashi
7342 Northwest 38th Place
Coral Springs, FL 33065-2107

Robert Kolasky
4760 Belgar St., NW
Box 36959
Canton, OH 44735

Gregg Koldenhoven
Longmont Clinic
1925 W. Mountain View Ave.
Longmont, CO 80501

Leo Koven
PO Box 340
Bridgewater, CT 06752

James Krieg
501 N. Graham Ste. 250
Suite 200
Portland, OR 97227

Frank Kugler
2934 Timbercrest Drive
Cincinnati, OH 45238

Sterling Laaveg
Mason City Clinic
250 S. Crescent Drive
Mason City, IA 50401

Michael Lahey
3 Pingree Rd.
Hanover, NH 037554903

Edward Lambert
Culver City, CA 90230

Thomas Lange
Regents Hospital
640 Jackson St.
St. Paul, MN 55101-2595

Salvatore La Pilusa
858 Avenue “C”
Bayonne, NJ 07002

Keith Lassen
6015 Point West Blvd.
Bradenton, FL 34209

Edward Law
Steindler Orthopaedic Clinic, P.L.C.
2403 Towncrest Drive
Iowa City, IA 52240

John Leabhart
15251 Hyacinth Place
Dumfries, VA 220261054

Thomas Lehmann
Louisville Orthopaedic Clinic
4130 Dutchman’s Lane
Louisville, KY 40207

Gregory Lervick
Park Nicollet Clinic
Dept. of Orthopaedics, Suite E400
6490 Excelsior Blvd.
St. Louis Park, MN 55426

Paul Lesko
Ortho. and Athletic Medicine
500 - A Maple Drive
PO Box 180
Vidalia, GA 30475

Emile Li
Center for Specialized Ortho &

Podiatry
804 Kenyon Rd., Suite 320
Fort Dodge, IA 50501

Robert Lillo
1920 Abrams Rd., #406
Dallas, TX 75214
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Thomas Lindenfeld
Cincinnati Sportsmedicine
311 Straight St.
Cincinnati, OH 45219

John Lindstrom
820 E. Grant St.
Appleton, WI 54911

Paul Linquist
1720 El Camino Real
Suite 116
Burlingame, CA 94010

M.F. Longnecker
PO Box 4729
Biloxi, MS 39535

Chester Lowendorf
284 Granada Ave.
Youngston, OH 44501

Don Lowry
2 Celeste Drive
Johnstown, PA 15905

James Mackenzie
Ste. 335
401 9th Ave. S.W. Calgary
Calgary,  AB T2P 3C5

Steven Madey
501 N Graham St
Suite 250
PO Box 6008
Portland, OR 97208

Thomas Malvitz
West Michigan Hip & Knee
230 Michigan St. NE #225
Grand Rapids, MI 49503

J.L. Marsh
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

E. Byron Marsolais
University of Cleveland
Department of Orthopaedic

Surgery
11100 Euclid Avenue
Cleveland, OH 44106

James Martin
101 Regent Ct.
State College, PA 16801

Joseph Martin
Orthopaedic & Rheumatology

Associates, PC
1414 W. Lombard St.
Davenport, IA 52804-2150

Mark McAndrew
Southern Illinois Univ. School of

Medicine
Division of Orthopaedics &

Rehabilitation
PO Box 19679
Springfield, IL 62794

Andrew McBeath
G5/327/CSC
600 Highland Ave.
Madison, WI 53792-3228

Donovan McCain
655 Sibley Memorial Highway
St Paul, MN 55118

Edward McCarthy
The Johns Hopkins Hospital
Department of Pathology
600 N. Wolfe St.
Baltimore, MD 21287

Thomas McClain
Orthopaedic Associates Inc.
3333 S. National Ave., Suite 101
Springfield, MO 65807

Robert McClintock
Orthopedic Surgeon Med. Consult
2110 E. Flamingo Road, #105
Las Vegas, NV 89119

Stuart McConkie
215 Ridge One Circle
Hot Springs, AR 71901

Robert McCoy
2250 S. Crescent Drive
Mason City, IA 50401

Fred McGlynn
1800 Glenside Drive
Suite 101, PO Box 71690
Richmond, VA 23255

Todd McKinley
Dept. of Orthopaedics
Univ. of Iowa Hospitals & Clinics
200 Hawkins Drive
Iowa City, IA 52242

Robert McLain
Department of Orthopaedic

Surgery
Desk A41
9500 Euclid Ave.
Cleveland, OH 44195

Orin McMillan
San Antonio, TX 78269-1113

Paul McNally
2211 Stout Road
Menomonie, WI 54751

Fred McQueary
Orthopaedic Associates, Inc.
2115 S. Freemont, Suite 1000
Springfield, MO 65804

Gerald Meester
Dubuque Orthopaedic Surgeons,

PC
444 N. Grandview Ave., PO Box

897
Dubuque, IA 52004-0897

Steven Meletiou
Charlotte Orthopaedic Specialists
1915 Randolph Rd.
Charlotte, NC 28207

Paul Melvin
500 15th Ave. South #1
Great Falls, MT 594054324

Alan Merchant
2500 Hospital Drive, Bldg. #7
Mountain View, CA 94040

Thomas Merchant
151 N. Sunrise Ave., #1005
Roseville, CA 95661-2930

Albert Meyer
3760 Groves Place
Somis, CA 93066
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Marvin Meyers
431 E. Vinedo Ln.
Tempe, AZ 85284

Michael Mickelson
560 Memorial Drive
Pocatello, ID 83201

Ron Midura
Biomedical Engineering

Department - Wb3
The Cleveland Clinic Foundation
9500 Euclid Ave.
Cleveland, OH 44195

William Miely
3600 Olentangy River Road
Bldg. B
Columbus, OH 43214

Ray Miller
830 First Ave. NE
PO Box 3026
Cedar Rapids, IA 52406-3026

Thomas Miller
1250 Lakewood Drive
Lexington, KY 40502-2528

Leo Miltner
DECEASED
Bettendorf, IA 52722

Leslie Mintz
701 South Tico Rd.
Ojai, CA 93023

Sinesio Misol-Lago
411 Laurel St., #3300
Des Moines, IA 50314

Craig Mohler
Orthopaedic & Fracture Clinic
1200 Hilyard
Eugene, OR 97401

William Montgomery
1 Shrader St., #650
San Francisco, CA 94117

John Moor
2222 S. Tamiami
Sarasota, FL 34239

Jose Morcuende
Dept. of Orthopaedics
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Gordon Morrison
33946 Leland Meadow Rd.
Pinecrest, CA 95364

Seymour Morse
DECEASED

James Moses
2 Celeste Drive
Johnstown, PA 15905

Joseph Mulier
Scapenstraat 101
Leuven,  B-3000 Belgium

Brian Mulliken
8322 Bellona Ave.
Towson, MD 21204

Joseph Mumford
909 SW Mulane St.
Topeka, KS 66606

David Murray
550 Harrison Center #130
Syracuse, NY 13202

Peter Murray
4500 San Pablor Road
Jacksonville, FL 32224

Mark Mysnyk
Steindler Orthopaedic Clinic,

P.L.C.
2403 Towncrest Drive
Iowa City, IA 52240

Charles Nadel
203 Riveredge Dr.
Chatham, NJ 079283115

David Naden
600 Edwards Ave.
Frankfort, MI 49635

Jeffrey Nassif
Physicians’ Clinic of Iowa
600 Seventh Street SE, Suite B
Cedar Rapids, IA 52401

David Neal
2878 Rosecrans St.
San Diego, CA 92106

Benjamin Nelson
Goshen Orthopedic Associates
1824 Dorchester Ct.
Goshen, IN 465266476

James Nepola
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Kenneth Newhouse
560 Memorial Drive
Pocatello, ID 83201

Mary Lynn Newport
22 Avon Rdg.
Avon, CT 06001-4039

Jeroen Neyt
Barnet and Chase Farm Hospitals
Enfield
Middlesex,  EN2 KJL England

Anthony Nguyen
Dept. of Orthopaedics
Univ. of Iowa Hospitals & Clinics
200 Hawkins Drive
Iowa City, IA 52242

P. James Nichols
DECEASED
Phoenix, AZ 85016

Nina Njus
3975 Embassy Pkwy., #201
Akron,OH 44333

Kenneth Noonan
K4732 Clinical Science Center
600 Highland Ave.
Madison, WI 53792-7375

Benjamin Obletz
705 Renaissance Dr., #T302
Williamsville, NY 14221
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Larry Olson
940 N. Marr Road
Columbus, IN 47201

William Osebold
Sacred Heart Doctors Bldg., #6060
W. 105 8th Ave.
Spokane, WA 99204

David Oster
Denver Orthopaedic Clinic, P.C.
1601 E. 19th Ave., Suite 5000
Denver, CO 80218

Lewis Oster
Hand Surgery Associates
2535 S. Downing, Suite 500
Denver, CO 80210

Mark Palit
Center for Specialized Ortho. &

Podiatry
804 Kenyon Rd., Suite 320
Fort Dodge, IA 50501

Gregory Palutsis
2401 Ravine Way, #200
Glenview, IL 600257645

Peter Pardubsky
Orthopaedic & Rheumatology

Associates PC
520 Valley View Drive
Moline, IL 61265

Kent Patrick
2715 K St., #A
Sacramento, CA 95816-5113

Luis Piedrahita
PO Box 2821
Orthopaedic Traumatologia
Quito,

Raymond Pierce, Jr.
960 Locke St.
Indianapolis, IN 46202

Patrick Plunkett
10 Congress St., #103
Pasadena, CA 91105

Fred Polesky
414 N. Camden Dr., #1000
Beverly Hills, CA 90210

Ignacio Ponseti
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

William Pontarelli
Dept. of Orthopaedics
Univ. of Iowa Hospitals & Clinics
200 Hawkins Drive
Iowa City, IA 52242

David Pope
308 Park Place Drive
Alexandria, LA 71301

Robert Porter
Hilltop Old Coach Road
Norwich, VT 05055

Laura Prokuski
University of Wisconsin
Division of Orthopaedic Surgery
600 Highland Ave.
Madison, WI 53792

Michael Pyevich
Orthopaedic & Rheumatology

Assoc.
1414 West Lombard
Davenport, IA 52803

Charles Race
Center for Specialized Ortho. &

Podiatry
804 Kenyon Rd., Suite 320
Fort Dodge, IA 50501

Robert Rankin
4441 SW Greenleaf Drive
Portland, OR 97221-3229

Douglas Reagan
Des Moines Orthopaedic

Surgeons, PC
6001 Westown Parkway
West Des Moines, IA 50266

Andrew Robinson
Delaware Bone & Joint Specialist
800 N. Du Pont Hwy.
Milford, DE 19963

Bertil Romanus
Orthopaedic Department
Ostra Sjukhuset
Goteborg,  S-416 85

Irwin Rosen
3061 Pine St.
San Francisco, CA 94115

Myron Rosenbaum
200 Glenwood Circle, Apt. G-4
Monterey, CA 93940

Randy Rosier
Dept. of Orthopaedics
University of Rochester
601 Elmwood Ave.
Rochester, NY 14642

Francis Roth
1165 Park Ave.
New York, NY 10128

Richard Ruffin
Orthopaedic Associates, Inc.
3301 Northwest, 50th St.
Oklahoma City, OK 73112-5691

Richard Saar
8701 Verna Drive
Escondido, CA 92026

Charles Saltzman
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Jan Sarnecki
Orthopaedic Specialists
902 Riverside Drive
Waupaca, WI 54981

Andrea Saterbak
St. Croix Orthopaedics
1701 Curve Cross Blvd.
Stillwater, MN 55082

John Schaffer
230 Clearfield #124
Virginia Beach, VA 23462
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David Scherr
725 Kaylyn Drive
Jefferson City, MO 65109-0550

Maurice Schnell
2919 E. 44th St. Ct.
Davenport, IA 52807

Kary Schulte
Des Moines Orthopaedic

Surgeons, PC
6001 Westown Parkway
West Des Moines, IA 50266

Kim Sellergren
PO Box 71690
Richmond, VA 23255

William Shaffer
St. Louis University
3635 Vista at Grand Blvd.
St. Louis, MO 63110-0250

Emmett Shannon
4607-13th St.
Lubbock, TX 79410

Nathan Shechter
5701 W. 119th St., Ste. 308
Shawnee Mission, KS 66209

Russell Shroyer
1575 W Celeste Avenue
Fresno, CA 93711-2329

John Silensky
Madera, PA 16661

Herbert Simonson
PO Box 85
South Orange, NJ 07079

John Sinning
Orthopaedic & Rheumatology

Associates, PC
1414 W. Lombard
Davenport, IA 52804

Bruce Smith
3107 Frederick Ave.
St. Joseph, MO 64506-3911

Koert Smith
PO Box 1084
Burlington, IA 52601-5012

Eugene Smoley
PO Box 2794
Rancho Santa Fe, CA 92067

David Sneller
3216 Tupelo Circle
Ames, IA 50014

Robert Soiseth
W. St. Rt.
Two Harbors, MN 55616

Earnest Somers
355 Roland Ave.
Chambersburg, PA 17201-1447

Edward Spencer
3260 E. 9425 S.
Sandy, UT 84092

Mark Spoonamore
Department of Orthopaedic

Surgery
UCI Medical Center, Rt. 81
101 City Drive South
Orange, CA 92868

Bruce Sprague
148 East Ave.
Norwalk, CT 06851

Scott Stevens
2441 Northridge Drive
Mankato, MN 56003

Curtis Steyers
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Steven Stokesbary
The Center for Neurosciences,

Orthopaedics
575 Sioux Point Road
Dakota Dunes, SD 57049

Patrick Sullivan
Des Moines Orthopaedic Surgeons,

PC
6001 Westown Parkway
West Des Moines, IA 50266

Stanley Tanz
E. 5309 7th St.
Tucson, AZ 85711-2314

David Tearse
Physicians Clinic of Iowa
600 Seventh St. SE
Cedar Rapids, IA 52401-2112

Kathi Teixeira
Auburn Memorial Medical Bldg.
77 Nelson St., PO Box 157
Auburn, NY 13021

Joff Thompson
1351 S. 36th St.
Grand Forks, ND 58201

L. Eugene Thornburg
20 McDowell St.
Asheville, NC 28801

Francis Thornton
870 North Hillside Drive
Long Beach, CA 90815-4718

Jeffrey Tiedeman
7710 Mercy Road
Suite 224
Omaha, NE 68124

James Tozzi
106 Irving St., NW, #318
Washington, D.C. 20010

Laura Trombino
3722 Greysolon Road
Duluth, MN 55804

Steven Tuck
9715 Medical Center Drive #415
Rockville, MD 20850

James Turner
Physicians Clinic of Iowa
600 7th St. SE
Cedar Rapids, IA 52403

John Vann
1050 Grove Road
Greenville, SC 29605

James Van Olst
3855 NW Lilncoln Ave
Corvallis, OR 97330
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Mark Visk
303 E Wood St
Spartanburg, SC 29303

Edward Voke
Orthopaedic Physicians

Anchorage
3340 Providence Drive, Suite 564
Anchorage, AK 99508

Donald Walla
Lincoln Orthopaedic & Sports

Med. Clinic
6920 Van Dorn
Lincoln, NE 68506

Robert Walsh
2300 Manchester Expy H-104
Hughston Clinic
Columbus, GA 31904

Steve Walsh
385 Du Mont Royal Ouest #106
Montreal,  QCH2V2S4 Quebec

Thomas Walsh
St. Francis Medical Park
Bldg. H, Suite 104
Columbus, GA 31904-7991

Harry Wassel
6352 33rd Ave. Court, N.
St. Petersburg, FL 33710-2410

Paul Watson
Orthopaedic Healthcare

Northwest
1435 G St.
Springfield, OR 97477

Kristy Weber
Univ. of Texas, MD Anderson

Cancer Ctr.
Dept. of Surgery Oncology, Box

106
1515 Holcombe
Houston, TX 77030

Marwan Wehbe
Pennsylvania Hand Center
101 Bryn Mawr Ave.
Bryn Mawr, PA 19010

Dennis Weigel
Alexandria Orthopaedic Associates

1500 Irving
Alexandria, MN 56308

James Weinstein
Center for Evaluative Clinical

Sciences
Dartmouth Medical School
Hanover, NH 03755

Stuart Weinstein
Department of Orthopaedic

Surgery
University of Iowa Hospitals &

Clinics
200 Hawkins Drive
Iowa City, IA 52242

Andrew Weiss
556 Eagle Rock Ave #207
Roseland, NJ 07068

Dennis Wenger
3030 Childrens Way, #410
San Diego, CA 92123

Mark Wheeler
The Center for Neurosciences,

Orthopaedics
575 Sioux Point Road
Dakota Dunes, SD 57049

William Whitmore
2305 Forest Rd.
Davenport, IA 52803

Stanley Willett, Jr.
38 Peach Knob Drive
Asheville, NC 28804

Leo Willett
57 Middle Field Rd.
Durham, CT 06422

Todd Williams
Rice Medical Center
Stevens Point, WI 54481

Lenita Williamson
2116 E. Orangeburg Ave., Ste. A
Modesto, CA 95355

Randall Wroble
Sports Medicine Grand
323 East Town
Columbus, OH 43215-4676

Thomas Wuest
Ortho. & Fracture Clinic of

Eugene, P.C.
1200 Hilyard St., Suite 600
Eugene, OR 97401

Stephen Yoder
934 Center St.
Ashland, OH 44805

Robert Young
Marshalltown Orthopaedics, PC
312 E. Main St.
Marshalltown, IA 50158

William Zaayer
175 Fairview St.
Laguna Beach, CA 92651

Debra Zillmer
M&M Orthopaedics
4115 Fairview Avenue
Downers Grove, IL 60515




