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In Memoriam

Professor
ROBERT SCHNEIDER, MD
1912-1990

For twenty years (1958-1978) Robert
Schneider was the chairman of the
Swiss AO group. Under his leadership
it achieved pre-eminence in the field
of operative care of fractures and
brought about a global revolution in
the treatment of fractures and trauma.
This achievement bears witness to the
greatness of this sincere and honest
man and self-critical scientist more
than any words.

Robert Schneider was the head
of a small county hospital in Gross-
hochstetten. His isolation from the ac-
ademic atmosphere of a university did
not, however, stifle his productivity. His leadership talents, his abilities as an organizer,
his immediate grasp of and insight into the most complex problems, his abilities as an
orthopedic surgeon and healer and his personal warmth brought him the friendship and
admiration of patients and colleagues alike.

A close friend and colleague of the founders of the AO, he was a wise choice as
chairman of the Swiss AO group. The valuable discoveries and developments he made
in AO techniques, implants, and instruments were numerous. He was meticulous in his
preoperative planning and assiduous in documenting every operative procedure.

Robert Schneider published some forty scientific papers and in 1981 a much admired
monograph on total hip replacement, a revised edition of which was translated into
English in 1989. He also chronicled the first twenty-five years of the Swiss AO in the
book 25 Jahre AO — Schweiz.

Of the four AO Manual editors, he is the first to leave us. The trusted advisor to
his Swiss colleagues and father figure of the Spanish and German AO groups, he will
be remembered by many friends. For future students of the AO philosophy and methods,
his achievement and scholarship will live on.




PREFACE TO THE THIRD EDITION

In the early 1950s, the pioneering work of Robert Danis on operative treatment of fractures
was in danger of falling into oblivion. Maurice E. Miiller, impressed and intrigued by
his contacts with Danis, first critically applied internal fixation and immediate mobilization
to some 80 patients and found the basic concept confirmed, but in need of further develop-
ment with regard to technology, clinical application, and scientific analysis. In 1958 he
assembled a group of friends, general and orthopedic surgeons, willing to invest time
and effort in helping to create the necessary armamentarium and to form a study group
for clinical trials. This group was set up in the same year under the name Arbeitsgemein-
schaft fiir Osteosynthesefragen (AO), later on to be known in English-speaking countries
as the Association for the Study of Internal Fixation (ASIF).

The first report on operative treatment of fractures by Miiller, Allgéwer, and Willeneg-
ger, published in 1963, stressed the advantages of early open reduction and internal fixa-
tion. This book, first published in German, amusingly lost an important part when trans-
lated into English. At the suggestion of worried American and English partners, a picture
series showing the healing pattern of 188 tibial fractures operated on in Chur between
December 20, 1961 and April 26, 1962 was left out. Operating on fresh tibial fractures
was considered by many to be a policy that might discredit the whole AO effort in
the United States as well as in the United Kingdom! :

The technical solutions embodied in various operative fixation methods for fractures,
osteotomies, and arthrodeses accepted and used by the Swiss AO group were discussed
and demonstrated in detail in 1969 in the first edition and in 1979 in the second edition
of the Manual of Internal Fixation. Both editions were reprinted many times.

These reprintings in themselves would not have justified an entirely revised edition
only to illustrate small changes. It had, however, become obvious that the extensive
research carried out at the Davos institute deserved a more prominent position within
the manual. By the same token, successful basic and clinical contributions from many
countries outside of Switzerland were rightly felt to merit recognition.

To pay tribute to the international support in achieving the worldwide impact of
the “ AO philosophy,” the AO/ASIF foundation was created in 1984, calling on 80 trustees
from 15 different countries.

It was thought inappropriate to delegate the task of rewriting the manual again to
the relatively small “Swiss team” — many of our courses actually have a remarkably
international faculty. At the second general assembly of the foundation, the need for
such a third edition was generally recognized and all 80 trustees agreed to be assigned
to one of the 20 working groups charged with reediting the 20 chapters of the previous
manuals. These group members met two to three times, the conceptional input being
extremely valuable. The chairman of each group was given the onerous task of acting
as the chapter author. In several chapters certain surgeons and/or basic researchers have
made particularly significant contributions and they therefore figure as ““contributors.”
The table of contents not only indicates the chapter authors and the contributors but
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also the group members in recognition of their efforts at the onset of this four-year
endeavor!

It was decided that the third edition should preserve the general layout as well as
the system of instructive drawings with only very few X-rays. Ample room had to be
provided for new implants and techniques, and the technical section had to be preceded
by a detailed report on *state-of-the-art biomechanics.” The AO classification of fractures,
as well as a classification of soft tissue injuries, also had to be included. This considerable
increase in scope more than doubled the number of pages but it still was possible to
keep the book to one volume.

We would not wish to conclude this preface without a general remark concerning
modern trauma care in general. In the course of the past decade, evidence accumulated
that early total care not only improves the outcome of localized lesions, but also reduces
the incidence of ARDS (adult respiratory distress syndrome) and MOF (multiple organ
failure). It became obvious that these complications of the period after injury depend
not only on the initial severity of the trauma, but also on treatment methods, particularly
early total care in the first few hours. The successful early neutralization of the traumatic
lesions and prevention of the secondary spread of pathophysiological disorders has formed
the basis of the remarkable progress in understanding and treating trauma reactions
of the human body. Many years later, this led to a comprehensive report by John Border
and collaborators on the pathophysiology and treatment of blunt multiple trauma, pub-
lished in 1990.

We would like to express our sincere appreciation for the excellent work by the staff
of Springer-Verlag, for the invaluable help of Sarah Nevill in streamlining and typing
the various manuscripts, and last but not least to Klaus Oberli and the late Julius Pupp
for their careful illustrations.

October 1990 The Editors
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PREFACE TO THE SECOND EDITION

The goal of the Association for the Study of the Problems of Internal Fixation (AO/ASIF)
is not just the propagation of internal fixation. The name of the Association implies
its activity; it concerns itself with the problems of internal fixation. It has two main
spheres of activity. The one deals with the question of indications for internal fixation
in fracture treatment. The other deals with biomechanical improvements of internal fixa-
tion for fractures, osteotomies and non-unions.

The difficulties and failures which over the decades plagued internal fixation were,
apart from wound infection, largely the result of lack of knowledge of basic scientific
facts. Bone healing in the presence of internal fixation was poorly understood. The Associa-
tion (AO) began its studies by focusing on this problem. These efforts led to the foundation
of the Laboratory for Experimental Surgery in Davos. A research programme was devel-
oped which encompassed the fields of biology, biomechanics and metallurgy. Research
in these fields was pursued at Davos as well as in the associated hospitals and institutions.
New bone instruments and implants were developed and constantly modified in accor-
dance with the new biomechanical discoveries made in the basic laboratory and associated
hospitals. The evaluation of the newly developed methods was greatly enhanced by careful
clinical documentation of the patients during their initial treatment and follow-up. Another
important source of suggestions and advice have been the AO basic and advanced courses
which have been held regularly both in Switzerland and in other countries. They represent
an international effort of considerable magnitude: by the end of 1976, 55 basic courses
had been held with almost 20,000 general and orthopaedic surgeons having participated.

The manual, as its name implies, is designed chiefly to convey technical details. The
technical recommendations, however, are based upon fundamental research, as well as
upon the vast clinical experience of over 50,000 operatively treated fractures, osteotomies
and non-unions. Simply because in the manual we dwell on the operative methods of
stabilization of most of the skeleton, one should not assume that we wish to minimize
the issue of indications for operative intervention. Although in this second edition we
discuss the indications in greater detail than we did in the first, they still remain the
personal responsibility of the surgeon. Operative fracture treatment is a most worthwhile
but a very difficult and demanding therapeutic method. We must reiterate what we stated
in 1963 in our book The Technique of Internal Fixation of Fractures and in the first
edition of this manual in 1969. Internal fixation should not be carried out by an inadequate-
ly trained surgeon, nor without the necessary equipment and adequate sterile operating
room conditions. Advocates of internal fixation who lack self-criticism are much more
dangerous than sceptics or outright opponents. We hope that our readers will understand
our efforts in this direction and pass on to us any constructive criticism.

We wish to express our gratitude to all the members of the AO who took part in
the revision of this manual as well as to our marvellous artist Mr. K. Oberli and to

our dear and dependable collaborator Miss E. Moosberger.
The Editors

IX



1.1

1.11
1.1.2

1.2

1.21
1.2.2
1.2.3
1.2.4
1.2.5

1.3

1.3.1

1.3.141
1.3.1.2
1313
1.31.4
1.3.1.5
1.3.1.6

1.3.2

1.3.2.1
1.3.2.2
1323
1.3.2.4
1.3.25
1.3.2.6

1.33

1.3.3.1
1.3.3.2
1.3.33

CONTENTS

BASIC ASPECTS OF INTERNAL FIXATION

Chapter Author: S.M. Perren
Group Members: M.E. Miiller, R. Schenk, and R. Schneider

With 78 Figures

Aims and Principles . . . . . . . . . . . . . .. ...

M. Allgower, M.E. Miiller, and S.M. Perren

Introduction . . . .

Life is Movement, Movement 1S L1fe ..

Basic Aspects. . . . . . . . e e e e e e

S.M. Perren (Constructive criticism of Ch. Colton and J. Schatzker
is gratefully acknowledged)

Bone as a Material . . . . .

The Bone Fracture .
Spontaneous Bone Repair: Heahng W1thout Treatment
Basic Aims of Fracture Treatment .

Aims of Operative Fracture Treatment . .

Scientific Background to Internal Fixation . . . . . . . .

Technical Background . .

Stability . . . . . . . . ... ...
Force, Stress, Strain, Stlffness R
General Aspectsof Load . . . . . . . . .
Physiological Load .

Principles of Surgical Stablhzatlon
Mechanics of Interfaces

Biological Reactions .

Stability and Compression . . . . . . . . . . . . . ..

Biomechanics of Instability . . . . .
Biomechanics of Stability. . . . . . . . . . ..
Reaction to Changes of Physmloglcal Loading

Disturbance of Blood Supplyto Bone . . . . . . . . . .

Reaction to Disturbance of the Blood Supply .

Bone Healing. . . . . . . . . . . . . .. .. ....

Basic Requirements . e e e e e
Typeof Healing. . . . . . . . . . . . . . ...
Spontaneous (Indirect) Heahng of Bone

X1

O 00N B

12

12
16
16
23
23
46

52

54
56
58
58
62
64

66

68
68
68



1.3.34
1.3.3.5
1.3.3.6
1.3.3.7

1.3.4

1.3.4.1
1.34.2
1.343

1.3.44
1.3.4.5
1.3.4.6
1.3.47

1.3.5

1.3.5.1
1.3.5.2

1.4

1.4.1
14.2
1.4.3
1.4.4
1.4.5
1.4.6

1.5

1.6

1.6.1
1.6.2
1.6.3
1.6.4

1.7

Direct (or Primary) Bone Healing . . . . . . . . . . . .. .. ... .... 70
Non-union . . . . . . . . . e e e e e e e e 70
Relevance of Different Types of Healing . . . . . . . . . . . . . . . .. .. 72
Controlling Mechanisms of Bone Healing. . . . . . . . . . . . . . . .. .. 72
Scientific Background of Development . . . . . . . . . . . . . . . . .. .. 72
The Concept of Biological Plating: The LC-DCP . . . . . . . . . . . . . .. 74
Improved Effectiveness of External Fixator Pins . . . . . . . . . . . . . . .. 80
The Development of “Tube-to-Tube” Clamps as an Example of the Development
Within the AO Group’s Technical Commissions . . . . . . . . . . . . . . .. 82
The New Design of the Nails . . . . . . . . . . . . . . . . . .. .. ... 84
Unreamed Intramedullary Nailing . . . . . . . . . . . . .. .. ... ... 86
Instrumented Nail for Telemetry. . . . . . . . . . . . . . . . .. .. 88
Distraction Osteogenesis . . . . . . . . . . . o . e e e e e 90
Implant Materials . . . . . . . . . . . . . .. oo 94
Metals. . . . . . . . e e e e e 94
Other Implant Materials . . . . . . . . . . . . . . oo 95
AO Teaching . . . . . . . . . . . . . ..o e 96
S.M. Perren

AOCourses . . . . . . . . . Lo e e 96
AOWorkshops . . . . . . . . . . o Lo e e e 96
AO Fellowships. . . . . . . . . . . . . oo 96
AOResearch Grants . . . . . . . . . . . . . . ..o ..o o o 98
AOVideo Tapes . . . . . . . . . . o . oo e 98
AO Artificial Bonesand Limbs . . . . . . . . . . . .. ..o 0oL 100
Documentation . . . . . . . . . . . ... Lo e 102
P. Matter and M. Biihler

Development. . . . . . . . . . ... L0 106
Principles and Guidelines. . . . . . . . . . . . . ... ..o 106
Techniques. . . . . . . . . . . . ..o e e e e 106
Instrumentation and Implants. . . . . . . . . . . . . . .00 107
The Technical Commissions of the AO . . . . . . . . . . . .. . . . .. .. 107
Glossary. . . . . . . . Lo 108
References . . . . . . . . . . . . oo 112
Appendix A

The Comprehensive Classification of Fractures of Long Bones . . . . . . . . . . 118

M.E. Miiller

The Principle of the Classification . . . . . . . . . . . . . . . . . . . ... 118
The Anatomic Location . . . . . . . . . . . . . . ... 120
The Fracture Types . . . . . . . . . . . . . . . .. ..o 122
The Coding of the Diagnosis . . . . . . . . . . . . . . . . . .. ... 122
11— Humerus Proximal . . . . . . . . . . . . . . . . . . . . . .. ... 124
12- Humerus Diaphysis . . . . . . . . . . . . . . .o oo 126
13-Humerus Distal . . . . . . . . . . . . . . . . ..o 128
21- Radius/Ulna Proximal . . . . . . . . . . . . . . . ... oL 130

X1I



2.1

211
212

21.21
2122
2123
2124

213
214

2.2

221
222

22241
2222

223

22— Radius/Ulna Diaphysis. . . . . . . . . . . . . . . ... ...
23— Radius/Ulna Distal . . . . . . . . . . . . . . ... ...
31— Femur Proximal . . . . . . . . . . . ... ..o
32— Femur Diaphysis . . . . . . . . . . . .. L0 s
33-FemurDistal . . . . . . . . .. ...
41— Tibia/Fibula Proximal . . . . . . . . . . . . . . . . . ... ... ..
42— Tibia/Fibula Diaphysis . . . . . . . . . . . . . . . . . ... ... ..
43— Tibia/Fibula Distal . . . . . . . . . . . . . . . ...
44— Tibia/Fibula, Malleolar Segment. . . . . . . . . . . . . . . . . . . ..

Glossary to Appendix A . . . . . . . . . . L.

Appendix B
Classification of Soft Tissue Injuries . . . . . . . . . . . . . . . . . . ...

Th. Riledi, J.R. Border, and M. Allgéwer

Skin Lesions IC (Closed Fractures) . . . . . . . . . . . . . . . .. .. ..
Skin Lesions IO (Open Fractures) . . . . . . . . . . . . . . . . ... ...
Muscle/Tendon Injury (MT) . . . . . . . . . . . . . .. ...
Neurovascular Injury (NV) . . . . . . . . . . ... ...
Diagnosis of the Injury on Digitized X-Rays . . . . . . . . . . . . . . . ..

PREOPERATIVE PLANNING AND PRINCIPLES OF REDUCTION

Chapter Author: J. Mast
Group Members: P. Feischl, J. Funding, and D. Helfet

With 8 Figures

Preoperative Planning . . . . . . . . . . . . ... ...

Equipment Needed . . . . . . . . . . . . . . . . ...
Technique of Overlay Tracings . . . . . . . . . . . . . . . . . . . . ...

Planning from the Normal Side . . . . . . . . . . . . . . . .. ... ...
Direct Overlay Technique . . . . . . . . . . . . . . . . . ... .. ...
Useof Templates . . . . . . . . . . . . . . . . ...
Planning from the Physiological Axes . . . . . . . . . . . . . . ... ...

Additional Preoperative Planning . . . . . . . . . . . . . . .. . ... ..
Conclusion. . . . . . . . . ... L,

Principles of Reduction . . . . . . . . . . . . . . ... 0.

What Reduction Must Achieve . . . . . . . . . . . . .. . .. ... ...
Types of Operative Reduction. . . . . . . . . . . . . . . . ... . ....

XIII



31
3.141
3.1.2

3.1.21

3.13
3.1.31
3.1.3.2
3133

314
3.1.41
3.14.2

3.1.5

32

3.21
322
323
324
3.25
3.2.51
3252

33

3.3.1
3.3.2
333
334

34
341
342

3.5

3.51
3.5.2
353

3.6

3.6.1

362
3.6.2.1
3.6.2.2
3.6.2.3

SCREWS AND PLATES AND THEIR APPLICATION

Chapter Author: J. Schatzker
Group Members: Initial input by A. Alho and J. Sheehan is gratefully acknowledged

With 58 Figures

Screws . . . L L L L s e s e e e
Function of Screws . . . . . . . . . . . . L. Lo Lo
Typesof Screws. . . . . . . . ..o
Self-Tapping and Non-Self-Tapping Screws . . . . . . . . . . . . . . . . ..

Cortex and Cancellous Bone Screws . . . . . . . . . . . . . . . . .. ...
CorteX SCrews . . . . . . . . .o e e e e e e e e
Cancellous Bone Screws . . . . . . . . . . . . . ..o
Malleolar Screws . . . . . . . . . . .. oo e e e e e e e
Techniques of Screw Fixation . . . . . . . . . . . . . . . . . .. ...
The Lag Screw . . . . . . . . . . ..o
Technique of Lag Screw Fixation . . . . . . . . . . . . . . .. . .. ...

Indication for Lag Screw Fixation . . . . . . . . . . . . . . . . . .. ...

Function. . . . . . . . . . . oL Lo
Protection or Neutralization Plates . . . . . . . . . . . . . . . . . . . ..
Special Protection or Neutralization Plates . . . . . . . . e
Contouringof Plates . . . . . . . . . . . . . . . .. ... ... .
Buttress Plate . . . . . . . . . . .. L0000 oL
Technical Guidelines for the Application of a Buttress Plate . . . . . . . . . . .
Plates of Special Design . . . . . . . . . . . . . . .. ..o

Axial Compression and the Compression and Tension Band Plates . . . . . . . .

Compression Plates . . . . . . . . . . . . . . . .. .. ...
Technique of Achieving Axial Compression . . . . . . . . . . . . . . . ...
“Overbending” of Plates. . . . . . . . . . . . . . .. ...
Combination of Compression Plate and Lag Screw. . . . . . . . . . . . . ..

Dynamic Compression. . . . . . . . . . . . . . ..
The Eccentric Loadingof Bones. . . . . . . . . . . . . . . .. ... ...

Tension Band Fixation. . . . . . . . . . . . . . . ..o

Bridging Plates . . . . . . . . . . . . .. .. oo

Bridge Plate . . . . . . . . . . . .. s
Wave Plate. . . . . . . . . . . s

Self-Compressing Plates . . . . . . . . . . . . . . ... ... ..
S.M. Perren
Semi-Tubular, One-Third Tubular and Quarter-Tubular Plates,

Dynamic Compression Plates . . . . . . . . . . . . . . . . ... ... L.
Limited Contact DCP(LC-DCP) . . . . . . . . . . . . . . . .. ....

Shortcomings of the DCP . . . . . . . . . . . . ...
Solutions to the Problems of the DCP . . . . . . . . . . . . . . ... ...
Clinical Application of the LC-DCP . . . . . . . . . . . . . . . ... ...

X1V



3.7

3.71
3.7.2
373
3.74
3.7.5
3.7.6
3.7.7
3.7.8
3.79

3.8

39

3.9.1
39.2

4.1

4.1.1
4.1.2

4.2

421
422
423
424

43

431
432
433
434

4.4

441
44.2
443
444
4.4.5
44.6
44.7

Angled Plates. . . . . . . . . . . . . ..o oo

General Principles. . . . . . . . . . . . ... Lo
Preoperative Planning . . . . . . . . . . . . . . . .. ...
Implants and Instruments . . . . . . . . . . . . ... .o
The Angled Plates for the Proximal and Distal Femur . . . . . . . . . . . . .
The Position of the Blades Within the Proximal Femur . . . . . . . . . . . . .
The Instruments . . . . . . . . . . . ..o
Proximal Femur: Preparation of the Seat forthe Blade . . . . . . . . . . . ..
Insertion of the Plates into the Proximal Femur . . . . . . . . . . . . . . ..
Insertion of the Plates into the Distal Femur . . . . . . . . . . . . . . . ..

The Dynamic Hip Screw (DHS) and Dynamic Condylar Screw (DCS) . . . . . .

P. Regazzoni

Cannulated Cancellous Bone Screws . . . . . . . . . . . . . . . . . . ...
M. Allgéwer

The Large Cannulated Cancellous Bone Screws . . . . . . . . . . . . . . ..
The Small Cannulated Cancellous Bone Screw. . . . . . . . . . . . . . . ..

References . . . . . . . . . . .. s

MEDULLARY NAILING OF FEMUR AND TIBIA

Chapter Authors: S. Weller and D. Héntsch
Contributors: F. Baumgart and R. Frigg
Group Members: M. Chapman, I. Kempf, and G. Ritter

With 79 Figures

Intramedullary Nailing. . . . . . . . . . . . . . . . ... ...,

Indications for Intramedullary Nailing . . . . . . . . . . . . . . . . . . ..
Open Versus Closed Intramedullary Nailing . . . . . . . . . . . . . . . . ..

AO/ASIF Implants for Intramedullary Nailing . . . . . . . . . . . . . . ..

Design History of the AO/ASIF Intramedullary Nail . . . . . . . . . . . . ..
The AO/ASIF Universal Femoral Nail . . . . . . . . . . . . . . . . . ...
AOQO/ASIF Universal Tibial Nail . . . . . . . . . . . . . . . . . ... ..
The Locking Bolt . . . . . . . . . . . . . . . . . .o

AO/ASIF Instruments for Intramedullary Nailing . . . . . . . . . . . . . . .

Instruments for Reaming the Medullary Canal . . . . . . . . . . . . . . ..
Instruments for Inserting Universal Intramedullary Nails . . . . . . . . . . . .
Locking Instruments for Femoral and Tibial Intramedullary Nails . . . . . . . .
The Large Distractor . . . . . . . . . . . . . . . ..o

Intramedullary Nailing Technique for Closed Fractures of the Femur . . . . . . .

Anatomic Considerations . . . . . . . . . . . . .. ...
Preoperative Positioning of the Patient . . . . . . . . . . . . . . . . .. ..
Choiceof Nail Length . . . . . . . . . . . . . . . . . .. ... ... ..
Opening the Medullary Canal . . . . . . . . . . . . . . . . ... . ....
Reaming Technique . . . . . . . . . . . . . . . .. ...
Imserting the Nail . . . . . . . . . . . . . . ..o
Locking . . . . . . . . . . e e e e



4.5

4.5.1
4.5.2
453
4.54
4.5.5
4.5.6
4.5.7

4.5.71
4.5.7.2

458

4.6
4.7

4.71
4.7.2
473
4.7.4
4.7.5
4.7.6

4.7.6.1
4.7.6.2
4.7.6.3
4.7.6.4

51

5141
512

5.2

5.21
522
523
5.2.4

5.3
5.4

5441
5.4.2
5.4.3
544

Intramedullary Nailing Technique for Closed Fractures of the Tibia . . . . . . . 332

Anatomic Considerations . . . . . . . . . . . . .. ... 332
Preoperative Positioning of the Patient . . . . . . . . . . . . . . .. . ... 334
Choice of Nail Length . . . . . . . . . . . . . . . . . .. ... ..., 336
Opening the Medullary Canal . . . . . . . . . . . . . . . . .. ... ... 338
Reaming. . . . . . . . . . . . L e e e 340
Insertingthe Nail . . . . . . . . . . . . . . . .. ..o 342
Locking of Universal Tibial and Femoral Nails . . . . . . . . . . . . . . .. 346
Distal Locking . . . . . . . . . . . ... oL oL 346
Proximal Locking . . . . . . . . . . . . . . . . .. ..o 354
General Remarks on Using the Image Intensifier. . . . . . . . . . . . . . .. 358
Complications . . . . . . . . . . . ..o e 358
Unreamed Nailing . . . . . . . . . . . . ..o 358
Introduction . . . . . . . . . L. oL oL oL 358
History of Unreamed Nails . . . . . . . . . . . . . . . . . . . . ... .. 360
Design of the AO Unreamed Tibia Nail . . . . . . . . . . . .. ... ... 360
Indications. . . . . . . . . . . L L. L Lo e 362
Contraindications . . . . . . . . . . . . L L L. oo 362
Surgical Procedures . . . . . . . . . . . . ... 362
Preoperative Planning . . . . . . . . . . . . . . . ... ... 362
Implantation . . . . . . . . . ..o e 364
Interlocking . . . . . . . . . L . Lo 364
Postoperative Care . . . . . . . . . . . . . ... 364
References . . . . . . . . . . . . Lo 364
EXTERNAL FIXATION

Chapter Author: F. Behrens

Contributors: M. Allgdéwer, D.L. Fernandez, G. Hierholzer,
S.M. Perren, and P. Regazzoni

Group Members: M. Allgower, G. Hierholzer, and R. Masliah

With 21 Figures

Introduction . . . . . . . . .. L 0L Lo 367
History . . . . . . . . e e e e e 367
AO External Fixators . . . . . . . . . . . . . . . . . ... 368
Components and Instrumentation of the Tubular External Fixator . . . . . . . . 368
Implants. . . . . . . . . . ..o 368
Basic Frame Components . . . . . . . . . . . . . . ... 368
Additional Components and Implants . . . . . . . . . . . . ... ... .. 370
Instrumentation . . . . . . . . . . L L. L L Lo 372
Basic Fixator Configurations . . . . . . . . . . . . . . . . .. ... ... 374
Principles of External Fixation . . . . . . . . . . . . . . . . ... .... 374
Limb Anatomy . . . . . . . . . . L. e e 376
Injury Access. . . . . . . . . L e e e e e 376
Mechanical Demands . . . . . . . . . . . . . . .00 376
Patient Comfort . . . . . . . . . . . . . . ... 378

XVI



5.5

5.51
552

5.5.21
5522
5523
5524

553

5.6
5.7

571

5.8

5.8.1
5.8.2
583
584
5.8.5
5.8.6

59

6.1
6.2
6.3
6.4

6.4.1
6.4.2
6.4.3
6.4.4
6.4.5
6.4.6

6.5
6.6
6.7

6.7.1
6.7.2

6.8

6.8.1
6.8.1.1

Application of a Fixator Frame . . . . . . . . . . . . .

Schanz Screw Insertion . . . e e

Mounting of Different Fixator Frames .
Simple Unilateral Frame . .

Modular Unilateral Frame — W1th Umversal Jomts or the Tube Tube Clamp .

Double-Tube Unilateral Frame .

Two-Plane Unilateral Frame — ““Delta or V-Shaped Frame”

Additional Maneuvers . .

Postoperative Treatment . ..
Fracture Healing and Frame Destab1l1zat10n

What Next After External Fixation? . . .
Specific Locations and Indications . . .

LowerLeg. . . . . . e e e

FemurandKnee . . . . . . . . . . . . . . . . ...
Pelvis . . . . . . . .

Upper Extremity . . . . . . . . . . .
Fusions and Osteotomies. . . . . . . . . . . .
Segment Transport and Bone Lengthenmg

Complications . . . . . . . . . . . .. C e e

References . . . . . . . . . . . . . . .. ... ...

PRE-, INTRA- AND POSTOPERATIVE GUIDELINES

Chapter Author: P. Matter
Group Members: J. Border, F. Harder, and M. Horowitz

With 3 Figures

The Timing of Surgery. . . . . . . . . . . . . . . ..

Organizational Prerequisites

Preventing Wound Infection . . . . . . . Coe e e

General Guidelines for Operative Procedures . .

Preoperative Planning .
Preparation of the Operative F1eld

Preoperative Instructions and Preparation of Instruments and Implants .

The Operation . . . . . . . e e e

Cancellous Bone Grafts
Wound Closure . . . . . . . . . ..

Antibiotics .

Prevention of Thromboembohsm e e e e

Radiological Follow-Up of Bone Healing . .

General Remarks . . . . . . . . . . . . . . . . ...

X-Ray Assessment of Fractures Stabilized by Lag Screws and Plates

Special Guidelines for Postoperative Treatment and Patient Guidance

in the Most Common Fractures . . .

General Recommendations .

. 378

. 378
. 382

.. 382
. 384
.. 388
. 388

. 388

. 390
. 390

. 392

. 393

. 393
.. 393
. 394
. 396
.. 398
. 406

. 408
. 410

.41
. 412
. . 413
. 413

. 413
.. 413
.. 414

. 414

. 415

. 415

. 420
.. 420
. 421

.. 421
. 422

. 423

423

Plan for Weight-Bearing and X-Ray Controls of the Fractures of the Lower Extremlty 423

XVII



6.8.2

6.8.2.1

6.9.

6.9.1
6.9.2

7.1

711
7.1.2
7.1.3

7.1.3.1
7132

7.1.4

1.2

7.21
7.2.2
7.2.3
7.2.4
7.2.5
7.2.6

7.3

7.3.1
7.3.1.1
7.31.2
7313
7314

7.3.2

7.3.21
7.3.2.2
7.3.2.3
7324
7.3.2.5

7.3.3

7.3.3.1
7.33.2
7.3.3.3
7334
7.3.3.5

Scheme of Gradually Increasing Functional and Weight-Bearing Challenge

to Typical Fractures of the Lower Extremity . . . . . . . . . . . . . . . .. 424
Schedule Following ““State of the Art ORIF” . . . . . . . . . . . . . . . .. 424
Metal Removal . . . . . . . . . . Lo 424
Upper Limb . . . . . . . . . . ..o e 424
Lower Limb . . . . . . . . . . . . . ..o e 424
References . . . . . . . . . . . .. ..o 426

SCAPULA, CLAVICLE, HUMERUS

Chapter Authors: Th. Riiedi and L. Schweiberer
Group Members: W. Bandi and U. Holz

With 20 Figures

Fracturesof the Scapula . . . . . . . . . . . . . . . . ... ... 427
Classification of Scapula Fractures . . . . . . . . . . . . . . ... . ... 427
Indications for Surgery . . . . . . . . . . .. Lo 427
Approach to the Shoulder Joint . . . . . . . . . . . . . ... ... 430
Dorsal Access . . . . . . . . . L e e e e 430
Ventral ACCcess . . . . . . . . .. . e e e e e 432
Postoperative Treatment . . . . . . . . . . . . . . . . ... ... 432
Clavicular Fractures (Including Luxation of Adjacent Joints) . . . . . . . . . . 434
Indications for Surgery . . . . . . . . . . . .. ..o 434
Approachtothe Clavicle. . . . . . . . . . . . . . . . . . ... ... .. 434
Choice of Implant. . . . . . . . . . . . . ... 000 434
Dislocation of the Sternoclavicular Joint . . . . . . . . . . . . . . . . ... 436
Dislocation of the Acromioclavicular Joint . . . . . . . . . . . . . . . ... 436
Indications for Surgery . . . . . . . . . . . ..o 436
Fractures of the Humerus . . . . . . . . . . . . . . . . .. .. .. ... 438
Fractures of the Proximal Humerus . . . . . . . . . . . . . . . . . . . .. 438
Classification. . . . . . . . . . .« . . . 438
Indications for Surgery . . . . . . . . . . .. ..o 438
Approach . . . . . . . . L L e e 440
Postoperative Treatment . . . . . . . . . . . . . . . . . .. ... .. 440
Fractures of the Humeral Shaft . . . . . . . . . . . . . . . . . ... ... 442
Classification. . . . . . . . . . . . ..o 442
Indications for Surgery . . . . . . . . . . ... Lo 442
Approach . . . . . . . . Lo 442
Choice of Implant. . . . . . . . . . . . . . . ... 444
Postoperative Treatment . . . . . . . . . . . . . . . . . ... 444
Fractures of the Distal Humerus. . . . . . . . . . . . . . . . .. . .. .. 446
Classification. . . . . . . . . . . . . . .o 446
Approach . . . . . . . . oL 446
Fractures of the Distal Extra-articular Humerus (Type A) . . . . . . . . . . . . 448
Fractures of the Distal Intra-articular Humerus (Types Band C) . . . . . . . . . 448
Postoperative Treatment . . . . . . . . . . . . . . . . .. ..o 450
References . . . . . . . . . . . . ... 452

XVIII



8.1
8.2

8.2.1

8.2.1.1
8.2.1.2
8.2.1.3
8.2.1.4
82.1.5
8.2.1.6

8.2.2

8.2.2.1
8222
8.2.2.3
8224

8.2.3
8.3
8.3.1

8.3.1.1
8.3.1.2
83.1.3

8.3.2

8.3.21
8.3.2.2
8.3.3

8.3.3.1
8.33.2
8333

834
835

8.3.5.1
8.3.5.2

8.3.6

8.3.6.1
8.3.6.2

8.4

8.4.1
8.4.2

8.4.2.1
8.4.2.2
8423
8.4.2.4

FOREARM AND HAND/MINI-IMPLANTS

Chapter Author: U. Heim
Group Members: J.M. Ortega, A. Pannike, and B. Spiessl

With 22 Figures

Introduction . . . . . . . . . L L Lo Lo e e e
Proximal Lesions . . . . . . . . . . . . . . . ...
Proximal Ulna (Olecranon) . . . . . . . . . . . . . . . . . . . ... ...
Positioning and Approach . . . . . . . . . . ... 0oL oL
Tension Band Technique in Transverse Olecranon Fractures . . . . . . . . . . .
Internal Fixation in Oblique Fractures . . . . . . . . . . . . . . . . . . ..
Stable Internal Fixation in Comminuted Fractures . . . . . . . . . . . . . ..

Screw Fixation of the Coronoid Process of the Ulna . . . . . . . . . . . . ..
Fracture Dislocations of the Elbow . . . . . . . . . . . . . . . . . .. ..

Fractures of the RadialHead . . . . . . . . . . . . . . . . . . . . .. ..

Classification. . . . . . . . . . . . . ... oo e e
Positioning and Approach . . . . . . . . . . . . . ...
Internal Fixation . . . . . . . . . . . . .. .00
Postoperative Treatment . . . . . . . . . . . . . . o Lo Lo

Posterior Fracture Dislocations of the Elbow (Posterior Monteggia Injury). . . . .
Forearm Shaft . . . . . . . . . . . . . ..o oL Lo Lo

Approaches to Forearm Bones . . . . . . . . . . . . .00
Shaft of the Ulna . . . . . . . . . . . . . . . . . e
Shaft of the Radius . . . . . . . . . . . . . . ..o
Proximal Shaft of Both Forearm Bones (Boyd) . . . . . . . . . . . . . . ..
Reduction . . . . . . . . L e e e e
General Considerations . . . . . . . . . . . . 0o
Reduction Tactics in Fracturesof BothBones . . . . . . . . . . . . . . . ..
Internal Fixation . . . . . . . . . .« . . . .o

Implants. . . . . . . . . . L L oL Lo e e e e
Bone Graft. . . . . . . . . . . e e e e
Wound Closure . . . . . . . . . . . .o e

Postoperative Treatment . . . . . . . . . . . . . . . . . .. ...
Particular Situations and Special Osteosyntheses . . . . . . . . . . . . . . . .
Open Fractures Grades2and3 . . . . . . . . . . . . . . . ..o L.
Application of the External Fixator . . . . . . . . . . . . . . . .. . ...
Fracture Dislocation of the Forearm Bones . . . . . . . . . . . . . . . . ..

Monteggia Fractures . . . . . . . . . . . . . . ... oL
Galeazzi Fractures . . . . . . . . . . . . ..o Lo

Distal Forearm . . . . . . . . . . . . . . ...
Fractures of the Distal Radius . . . . . . . . . . . . . . . .. ... ...
Approaches to the Distal Radius . . . . . . . . . . . . . .. ... ....

Dorsal Approach . . . . . . . . . . . . . . oo e
Volar Approach . . . . . . . . . . .. ..
Implants. . . . . . . . .. ..o e e e
Distal Ulna . . . . . . . . . . . . . Lo



8.5

851
8.5.2
8.53

9.1
9.2
9.3

9.3.1
932

9.3.21
9322
9.3.23

9.3.3
94
9.5

9.5.1
9.5.2

9.5.21
9.522

9.6
9.7

9.7.1
9.7.2
9.7.3

9.7.31
9.7.3.2

9.7.4

10

10.1
10.2
10.3
10.4

Internal Fixation in the Hand Skeleton . . . . . . . . . . . . . . . . . . .. 480
Fractures of the Hand Skeleton . . . . . . . . . . . . . . . . . . . .. .. 480
Approaches . . . . . . . . . L oL oo e e 480
Postoperative Treatment . . . . . . . . . . . . . . . L0000 482
References . . . . . . . . . . L e e 484
PELVIS

Chapter Author: M. Tile
Group Members: C. Burri and J. Poigenfiirst

With 11 Figures

Introduction . . . . . . . . ..o oL 485
Pelvic Stability . . . . . . . . . . . . Lo 486
Classification. . . . . . . . . . . . . 0o e e e e e 488
Type A — Stable, Minimally Displaced . . . . . . . . . . . . . . . . . ... 488
Type B — Rotationally Unstable, Vertically Stable . . . . . . . . . . . . . .. 488
Type B1 — Open Book Injury, External Rotation. . . . . . . . . . . . . . .. 488
Type B2 — Lateral Compression Injury, Internal Rotation . . . . . . . . . . . . 488
Type B3 — Bilateral B-Type Injury . . . . . . . . . . . . . . . . . .. ... 490
Type C — Rotationally and Vertically Unstable (Vertical Shear) . . . . . . . . . . 490
Decision-Making and Indications for Surgery . . . . . . . . . . . . . . ... 492
Approaches . . . . . . . . oL L oL Lo e e 492
Anterior Pelvis . . . . . . . . . L L Lo e e 492
Posterior Pelvis . . . . . . . . . . .. Lo e 494
Anterior Approach . . . . . . . . . . L Lo s e e 494
Posterior Approach . . . . . . . . . . .. . ..o 494
Reduction . . . . . . . . . . . ... oo 494
Methods of Internal Fixation . . . . . . . . . . . . . . . ... ... 494
Anterior Pelvis: Symphysis Pubis . . . . . . . . .. .. ... 0oL 494
Posterior Pelvis: Sacral Fracture. . . . . . . . . . . . . . . . .. .. ... 496
Sacroiliac Dislocation . . . . . . . . . . . . . 0L .00 498
Anterior Approach . . . . . . . . .. L .o 498
Posterior Approach . . . . . . . . . . . ... 498
lNliac Fractures . . . . . . . . . . . . . . .. ..o 498
References . . . . . . . . . . . . ..o 500
ACETABULUM

Chapter Author: J.M. Matta
Group Members: J. Cockin, E. Letournel and Th. Riiedi

With 17 Figures

Introduction . . . . . . . . . . L L L. L 501
Diagnosis . . . . . . . . L L L oo e 501
Fracture Classification . . . . . . . . . . . . . . . . . ... 504
Surgical Approaches. . . . . . . . . . . . . ..o 506

XX



10.5
10.6
10.7

1

11.1
11.2
11.3

11.3.1
11.3.2

11.3.3
11.4

12

121
12.2

12.21
12.2.2
12.2.3

12.3
12.4
12.5

13

131
13.2
13.3

13.3.1
13.3.2
13.33

Timing and Planning . . . . . . . . . . . . e e e e e e e
Reduction and Fixation Techniques . . . . . . . .
Postoperative Treatment . . . . . . . . . . . . . . . .. ... o0 e

References . . . . . . . . . L e

PROXIMAL FEMUR

Chapter Author: R. Ganz
Group Members: N.J. Canha, F. Gonzalo-Vivar, and E. Trojan

With 16 Figures

Fractures of the Femoral Head . . . . . . . . . . . . . . . . ..
Femoral Neck Fractures . . . . . . . . . . . . ..
Fractures of the Trochanteric Region. . . . . . . . . . . . . . ..

Subtrochanteric Fractures . . . . . . . . . . . ..

Fractures of the Proximal End of the Femur

Combined with Ipsilateral Shaft Fractures . . . . . . . . . . . . ..
Metastatic Fractures of the Proximal Femur. .

Aftercare of Proximal Femur Fractures. . . . . . . . . . . . . . ..

References . . . . . . . . . . .. oo oo

FEMORAL SHAFT AND DISTAL FEMUR
Chapter Author: H. Tscherne

Group Members: E. Beck and B. Mallin

With 12 Figures

Introduction . . . . . . . . . . . .. e e e e e s
Subtrochanteric Fractures of the Femoral Shaft .....

Technique of Condylar Plate Fixation of the Proximal Femoral Shaft . . . . . .
Fixation of Subtrochanteric Fractures with the Dynamic Condylar Screw (DCS) .
Technique of Inserting the Universal Interlocking Nail . . . . . . . . . .

Fractures of the Middle Third of the Femoral Shaft . . . . . . .
Extra-Articular Fractures of the Distal Femur . . . . . . . . . . . . . .
Postoperative Treatment . . . . . . . . e e

References . . . . . . . . . . . . . ..o

PATELLA AND TIBIA

Chapter Author: R. Szyszkowitz

Group Members: M. Allgéwer, H.P. Burch, R. Teitge, and H. Vasey
With 30 Figures

General Considerations

Surgical Approach to the Patella C e e e e
Surgical Approachtothe Tibia . . . . . . . . . . . . . . . .. ..
Surgical Approach to the Tibial Plateau . . . . . e e e e
Surgical Approach to the Shaft of the Tibia . . . . . . . . . . . ...
Surgical Approach to the Distal Third of the Tibia Includrng Pilon Fractures

XXI

.. 519
..522
. 528

. 532

.. 532
. 532

. 534
. 534

.. 535
. 536

. 536
. 540
. 542

. . 546
.. 548
. 552

. 552

.. 553
.. 554
. 554

. 554
. . 556
. 562



13.4

13.4.1
13.4.2
13.4.3

13.5
13.51

13511
13.5.1.2
13.5.1.3
13514
13.5.1.5

13.5.2

13.5.2.1
13.5.2.2
13.5.2.3
13.5.2.4

13.5.3

13.5.3.1
13.53.2

14

14.1
14.2
14.3

14.31
14.3.2
14.3.3

14.4
14.5
14.6

14.6.1
14.6.2
14.6.3

14.7

Fractures of the Patella . . . . . . . . . . . . . . . . . . . . ... 564

Tension Band Wiring of the Patella . . . . . . . . . . . . . . . . ... .. 564
Internal Fixation of the Patella with Two Kirschner Wires and Tension Band . . . 566
Postoperative Treatment . . . . . . . . . . . . . . . ..o 0o 566
Fracturesof the Tibia . . . . . . . . . . . . . . . . . ... ... 568
Tibial Plateau Fractures . . . . . . . . . . . . . . . . . . ... 568
Concomitant Injuries . . . . . . . . . . . . ..o L0 Lo 568
Internal Fixation of Different Types of Tibial Plateau Fracture. . . . . . . . . . 568
Monocondylar Fractures (Type B) . . . . . . . . . . . . . . . . . .. ... 569
Bicondylar Fractures (Type C) . . . . . . . . . . . . . . . . .. ... 572
Postoperative Treatment . . . . . . . . . . . . . . . . .. ... 574
Tibial Shaft Fractures . . . . . . . . . . . . . . . . . . . ... .. ... 574
Principles of Treatment . . . . . . . . . . . . . . . . . . ... ... 574
Indications for Open Reduction and Internal Fixation . . . . . . . . . . . . . 574
Guidelines for the Selection of Stabilization Procedures for Shaft Fractures . . . . 575
Fracture Types . . . . . . . . . . . . . oo e 576
Fractures of the Distal Third of the Tibia with Extension into the Ankle Joint:
“Pilon Fractures™. . . . . . . . . . . . . e e e 586
Operative Procedures with Fibula Fracture Present. . . . . . . . . . . . . . . 588
Operative Procedure with an Intact Fibula . . . . . . . . . . . . . . .. .. 592
References . . . . . . . . . . . . .. 594
MALLEOLAR FRACTURES

Chapter Authors: B.G. Weber and Ch. Colton
Group Members: J. Hughes and K.H. Jungbluth

With 10 Figures

Introduction . . . . . . . . . L. L Lo e 595
Significant Anatomic and Functional Features. . . . . . . . . . . . . . . .. 595
Classification of Malleolar Fractures According to Weber and Danis . . . . . . . 598
Type A (44-A1-3) . . . . . . Lo e e e e 598
Type B(44-B1-3) . . . . . . . . . Lo 598
Type C(44-C1-3) . . . . . .« . . e 600
Timing of Surgery. . . . . . . . . . . L 600
Technique of Radiological Diagnosis of Ankle Injuries . . . . . . . . . . . .. 602
Steps in Open Reduction and Internal Fixation . . . . . . . . . . . . . . .. 604
Type 44-A1-3 Malleolar Fractures . . . . . . . . . . . . . . . .. ... .. 606
Type 44-B1-3 Malleolar Fractures . . . . . . . . . . . . . . . . . .. ... 608
Type 44-C1-3 Malleolar Fractures . . . . . . . . . . . . . . .. .. .... 610
Postoperative Treatment . . . . . . . . . . . . . . . . .. .. ... 612
References . . . . . . . . . . . L L 612

XXII



15

15.1
15.2

15.2.1
152.2
15.2.3
15.2.4
15.2.5
15.2.6
15.2.7

16

16.1
16.2

16.2.1
16.2.1.1
16.2.1.2
16.2.1.3

16.3

16.3.1

16.3.1.1
16.3.1.2

16.3.2
16.3.2.1

16.4

16.4.1
16.4.2

16.4.2.1
16.4.2.2
16.4.2.3

FOOT

Chapter Author: S.T. Hansen
Group Members: H. Bézes, G. Friedebold and M. Landolt

With 7 Figures

Introduction . . . . . . .
Individual Bones . . .

Talus Fractures . . . . . . . . . . . . . .. e e e e e

Calcaneus Fractures . . . . . . . . .

Navicular Fractures . . . . . . . . . . . . . . . . . . ...
Cuboid Fractures . . . . . . . . . . . . . ..o
Tarsometatarsal Fracture Dislocations . .

Metatarsal Fractures e

Metatarsophalangeal Joint Fractures. . . . . . . . . . . . . ..

References . . . . . .

THE SPINE

Chapter Authors: M. Aebi and J.K. Webb
Contributors: W. Dick, S. Gertzbein, F. Magerl, and E. Morscher
Group Members: H. Cotta, F. Magerl, E. Morscher,

S. Olerud, and J.K. Webb

With 41 Figures

Introduction . . . . . . . ... oL L.

Upper Cervical Spine . . . . . . . . . ..

Stabilization . . . . . .

Posterior Wiring Techniques . . . . . . . . . . . . . . . . .. ..
Transarticular Screw FixationC1-2 . . . . . . . . . . . . . . . ..
Anterior Screw Fixation of Odontoid (Dens) Fractures . .

Lower Cervical Spine (C2-T1) . . . . . . . . . . . . . . .. . ...
Posterior Techniques . . . . . . .

Wiring Techniques Ce e
Plating Techniques . . . . . . . . .

Anterior Techniques . . .
Plating . . . . . . .
Thoracolumbar Spine .

Anterior Technique: Fixation with the Large DCP . . . . . .
Posterior Techniques

Translaminar Screw Fixation . e e e e
Locking Hook Spinal Rod System . . . . . . . . . . .. Ce e e
Pedicle Fixation . . . . . . . . . . .

References .

XXIII

.. 613
. 613

. . 613
.. 614
. 618
.. 620
. 622
. 624
. 626

. 626

.. 627
. 628

. 628
. 628
.. 634
. 636
. 642
. 642

. 642
. 644

. 652
. 652

. 657

. 657
. 660

. . 660
.. 662
. 666

. 682



17

171
17.2

17.21
17.2.2
17.2.3

17.3

17.3.1
17.3.2

17.3.21
17.3.2.2
17.3.2.3
17.3.2.4
17.3.2.5
17.3.2.6

17.3.3

17.3.31
17.3.3.2
17.3.3.3
17.3.34
17.3.3.5
17.3.3.6

17.4

18

18.1
18.2

18.2.1
18.2.2
18.3

18.3.1
18.3.2
18.3.3

18.4

18.4.1
18.4.2

COMPOUND FRACTURES

Chapter Authors: W.W. Rittmann and J.K. Webb
Group Members: A. Appley and E. Zerbi

General Remarks . . . . . . . . . . . ..o 683
Grading of Open Fractures . . . . . . . . . . . . . . . . . . . ... ... 683
First-Degree Open Fractures IO1 (MT1-4, NV1-4) . . . . . . . . . . . . .. 683
Second-Degree Open Fractures [O2 MT1-5,NV1-4) . . . . . . . . . . . .. 684
Third-Degree Open Fractures [O3 (MT2-5, NV2-5) . . . . . . . . . . . . .. 684
Management . . . . . . . . . . . ..o e e e e e e 684
Prevention of Further Contamination . . . . . . . . . . . . . . . . . ... 684
Excision of Dead Material and Devitalized Material . . . . . . . . . . . . . . 684
Skin . . . L L e e e 685
Fascia. . . . . . . . . . Lo e e 685
Muscle . . . . . . . . s e e e e 685
Blood Vessels. . . . . . . . . . . . L ..o 685
Nerves . . . . . . L Lo e e e e s 685
Bone . . . . . . . . s 686
Stabilization of the Fracture . . . . . . . . . . . . . . .. ... ... .. 686
Moderate Soft Tissue Injuries . . . . . . . . . . . . . . ... ... 686
Severe Soft Tissue Injuries . . . . . . . . . . . . ... ... 687
Wound Closure . . . . . . . . . . . ... e e e e 687
Antibiotics . . . . . . . L L L L e e e e 687
Postoperative Treatment . . . . . . . . . . . . . .. . ... ... 687
Subsequent Fracture Treatment . . . . . . . . . . . . . . . . . ... ... 688
Conclusion. . . . . . . . . .. Lo e e e 688
References . . . . . . . . . . . . .o 688

FRACTURES IN CHILDREN

Chapter Authors: Ch. Colton and R.K. Marti
Group Members: P. Optecam, E. Sander, and Ph. Spiegel

With 26 Figures

General Principles. . . . . . . . . . ..o 0oL 689
Diaphyseal Fractures . . . . . . . . . . . . . . . ..o 689
Indications for Internal Fixation . . . . . . . . . . . . . . . . . . .. .. 689
Methods of Internal Fixation . . . . . . . . . . . . . . . . . . .. .. .. 690
Periarticular and Articular Fractures . . . . . . . . . . . . . . . . . . . .. 690
General Principles/Classification . . . . . . . . . . . . . . . . ... .. 690
Indications for Internal Fixation . . . . . . . . . . . . . . . . . . .. .. 692
Methods of Internal Fixation . . . . . . . . . . . . . . . . . . . . . ... 694
Fractures of the Humerus . . . . . . . . . . . . . . . . . . . ... 694
Proximal Humerus and Humeral Shaft . . . . . . . . . . . . . . . . . . .. 694
Distal Humerus. . . . . . . . . . . . 696

XXIV



18.5

18.5.1
18.5.2
18.5.3
18.6
18.6.1
18.6.1.1
18.6.2
18.6.3

18.7
18.8
18.9

19

191

19.1.1
19.1.2

19.1.21
19.1.2.2

19.1.3
19.2

19.3
19.4

1941

19.4.11
19.4.1.2

19.4.2

19.5

19.5.1
19.5.2

19.6
19.7
19.8

Fractures of the Forearm. . . . . . . . . . . . . . . . . . . . . . . ... 700

Proximal Forearm, Radial Headand Neck . . . . . . . . . . . . . . . . .. 700
Monteggia Fracture . . . . . . . . . . . . . . . . ... 702
Shaft Fractures . . . . . . . . . . . . . . . 702
Fractures of the Femur . . . . . . . . . . . . . . . . . . .. .. . ... 704
Proximal Femur . . . . . . . . . . . . . ... 704
The Technique of Open Reduction and Internal Fixation (ORIF). . . . . . . . . 704
Femoral Shaft . . . . . . . . . . . .. 706
Distal Femur . . . . . . . . . . . .., 706
Fractures of the Tibia . . . . . . . . . . . . . . . . . . . . . ... ... 708
Distal Tibial Growth-Plate Fractures. . . . . . . . . . . . . . . . . . . .. 710
Other Fractures. . . . . . . . . . . . . ..o, 710
References . . . . . . . . . o L 712
PSEUDARTHROSES

Chapter Author: H. Rosen
Group Members: B. Friedrich, E. Kuner, and F.F. Vrevc

With 40 Figures

Definitions. . . . . . . . . . . . Lo 713
Delayed Union . . . . . . . . . . . . . ..o 713
Non-Union . . . . . . . . . . . . . s 713
Reactive Non-Union . . . . . . . . . . . . . . .. ... 713
Nonreactive, Atrophic, More or Less Avascular Non-Union . . . . . . . . . . . 714
Pseudarthrosis . . . . . . . . . . . Lo 714
Etiology of Delayed Unions, Non-Unions and Pseudarthroses . . . . . . . . . . 716
Objectives of Non-Union Therapy . . . . . . . . . . . . . . . . . ... .. 716
Rationale of Non-Union Therapy . . . . . . . . . . . . . . . . . . . ... 717
Nonoperative Rationale . . . . . . . . . . . . . . .. ..., 717
Immobilization . . . . . . . . ... 717
Electrical Stimulation . . . . . . . . . . . . . ... 717
Operative Rationale . . . . . . . . . . . . . . . . ... 718
Principles of the Operative Treatment . . . . . . . . . . . . . . . . . ... 720
Noninfected . . . . . . . . . . ... Lo 720
Infected . . . . . . . . . oL 722
Preoperative Planning . . . . . . . . . . . . . . . ... ... 723
Operative Techniques to Achieve Union . . . . . . . . . . . . . . ... .. 726
Postoperative Treatment . . . . . . . . . . . . . . .. ... 740
References . . . . . . . . . . . . .. 742

XXV



20

201

20.1.1
20.1.2

20.2
20.3

INFECTIONS

Chapter Author: H. Willenegger
Group Members: F. Brussatis, H. Grove, and K. Korzinek

Prophylaxis of Infection . . . . . . . . . .. .. ..o Lo 743
Indication for Antibiotic Prophylaxis . . . . . . . . . . . . . .. ... .. 743
Selection of Antibacterial Agents . . . . . . . . . . . . . . .. ... ... 744
Postoperative Hematoma. . . . . . . . . . . . . . .. .. ... ... .. 744
Infection. . . . . . . . . . L Lo 744
References . . . . . . . . . . . . . ..o 746
SUBJECTINDEX . . . . . . . . . . . . . o e e 747

XXVI



LIST OF ADDRESSES

Aebi, Max, P.D. Dr., Klinik und Poliklinik fiir Orthopéddische Chirurgie,
Inselspital, CH-3010 Bern

Allgower, Martin, Prof. Dr., International Society of Surgery (ISS) /
Société Internationale de Chirurgie (SIC), Hauptstr. 63, CH-4153 Reinach BL 1

Baumgart, Frank, Prof. Dr. Ing., Schweizerisches Forschungsinstitut,
Laboratorium fiir Experimentelle Chirurgie, CH-7220 Davos

Behrens, Fred, M.D., F.R.C.S., Orthopaedic Department, Case Western
Reserve University, Metro Health Systems, 3395 Scranton Road,
Cleveland, OH 44109, USA

Border, John R., M.D., University of Buffalo, Department of Surgery,
School of Medicine and Biomedical Sciences, Eric County Medical Center,
462 Grider Street, Buffalo, NY 14215, USA

Biihler, Markus, AO Dokumentation, Belpstr. 24, CH-3014 Bern

Colton, Christopher, M.D., F.R.C.S., Consultant Orthopedic Surgeon,
University Hospital, Queen’s Medical Centre, GB-Nottingham NG7 2UH

Dick, Walter, P.D. Dr., Leitender Arzt, Orthopddische Universitétsklinik,
Felix-Platter-Spital, CH 4055 Basel

Fernandez, Alberto, Dr., Hospital Britanico, Av. Italia 2424,
Montevideo, Uruguay

Frigg, Robert, Schweizerisches Forschungsinstitut, Laboratorium
fiir Experimentelle Chirurgie, CH-7220 Davos

Ganz, Reinhold, Prof. Dr., Universitit Bern, Klinik und Poliklinik
fiir Orthopddische Chirurgie, Inselspital, CH-3010 Bern

Gertzbein, Stanley D., M.D., F.R.C.S. (C), 2075 Bayview Avenue, Toronto,
Ontario M4N 3MS5, Canada

Hansen, Sigvard T., Prof. Dr., Harborview Medical Centre, 325 Ninth Avenue, Seattle,
WA 98104, USA

Heim, Urs, P.D. Dr., Mattenstr. 17a, CH-3073 Giimligen-Bern

Hierholzer, Giinther, Prof. Dr., Arztlicher Direktor der Berufsgenossenschaftlichen
Unfallklinik, GroBenbaumer Allee 250, W-4100 Duisburg, FRG

Hontsch, Dankwart, Dr., Berufsgenossenschaftliche Unfallklinik, Rosenauerweg 95,
W-7400 Tiibingen, FRG

XXVII



Magerl, Fritz, P.D. Dr., Klinik fiir Orthopddische Chirurgie, Kantonsspital St.Gallen,
CH-9007 St.Gallen

Marti, René K., Prof. Dr., Academisch Medisch Centrum, Melbergdreef 9,
NL-1105 AZ Amsterdam Z7.0.

Mast, Jeffrey, M.D., Department of Orthopaedic Surgery, Wayne State University,
Hutzel Hospital, 4707 St. Antoine Blvd., Detroit, MI 48201, USA

Matta, Joel M., M.D., USC Orthopedic Medical Group, 2300 South Flower Street,
Suite 2000, Los Angeles, CA 90007, USA

Matter, Peter, Prof. Dr., Chirurgische Abteilung, Spital Davos, CH-7220 Davos

Morscher, Erwin, Prof. Dr., Orthopédische Universitatsklinik, Felix-Platter-Spital,
CH-4055 Basel

Miiller, Maurice E., Prof. Dr., Fondation Maurice E. Miiller, Murtenstr. 35,
CH-3008 Bern

Perren, Stephan M., Prof. Dr., Schweizerisches Forschungsinstitut, Laboratorium
fiir Experimentelle Chirurgie, CH-7220 Davos

Regazzoni, Pietro, P.D. Dr., Departement fiir Chirurgie, Kantonsspital Basel,
CH-4031 Basel

Rittmann, Willy-Werner, Prof. Dr., Kantonsspital St.Gallen,
Chirurgische Abteilung, CH-9007 St. Gallen

Rosen, Howard, M.D., Stewart House, 70 East 10th Street, New York, NY 10003,
USA

Riiedi, Thomas, Prof. Dr., Rétisches Kantons- und Regionalspital Chur,
Chirurgische Klinik, CH-7000 Chur

Schatzker, Joseph, Dr., M.D., B.Sc. (Med.), F.R.C.S. (C), Sunnybrook
Medical Centre, 2075 Bayview Avenue, Toronto, Ontario M4N 3M35, Canada

Schneider, Robert(t), Prof. Dr. med., Alpenstr. 15, CH-2500 Biel

Schweiberer, Leonhard, Prof. Dr., Direktor der Chirurgischen Universititsklinik,
Innenstadt, NuBbaumstr. 20, W-8000 Minchen 2, FRG

Szyszkowitz, Rudolf, Prof. Dr., Departement fiir Unfallchirurgie, Universitdtsklinik
fiir Chirurgie, Auenbruggerplatz, A-8036 Graz

Tile, Marvin, M.D., B.Sc. (Med.), F.R.C.S. (C), Surgeon-in-Chief, Sunnybrook
Medical Centre, 2075 Bayview Avenue, Toronto, Ontario M4N 3M5, Canada

Tscherne, Harald, Prof. Dr., Unfallchirurgische Klinik
der Medizinischen Hochschule, Konstanty-Gutschow-Str. 8, W-3000 Hannover 61,
FRG

Webb, John K., M.D., F.R.C.S., Queen’s Medical Centre, GB-Nottingham, NG7 2UH
Weber, Bernhard G., Prof. Dr., Rorschachstr. 150, Silberturm, CH-9007 St.Gallen

Weller, Siegfried, Prof. Dr., Berufsgenossenschaftliche Klinik, Rosenauer Weg 95,
W-7400 Tiibingen, FRG

Willenegger, Hans, Prof. Dr., AO-International, Balderstr. 30, CH-3007 Bern

XXVIII



1

1.1

1.1.1

1.1.2

BASIC ASPECTS OF INTERNAL FIXATION

Aims and Principles

Introduction

Every fracture leads to a complex tissue injury involving bone and surrounding soft
parts. Immediately after the fracture and during the repair phase, we see local circulatory
disturbances and manifestations of local inflammation, as well as pain and reflex immobili-
zation. These three factors, circulatory disturbance, inflammation, and pain, a result of
dysfunction of joints and muscles, lead to the so-called fracture disease (Lucas-Champion-
niere 1907).

Fracture disease is caused by two main pathogenic factors: pain and lack of physiologi-
cal challenge to the bone-muscle complex by movement and changing mechanical load.
In the lower limb, this means lack of weight-bearing, in the upper limb, lack of normal
muscle work. Fracture disease is therefore a clinical state manifested by chronic edema,
soft tissue atrophy and patchy osteoporosis. Edema, as such, induces intermuscular fibrosis
and muscular atrophy. These fibrotic processes cause muscles to develop unphysiological
adhesions to bone and fascia and therefore lead to stiffness of adjacent joints.

These sequelae, if fully developed, are very often not completely corrected by long-term
physiotherapy. At best they keep the patient out of work for weeks or months, and
all too often they lead to partial or even total invalidity. In 1945, the rate of permanent
partial invalidity compensated by the Swiss National Insurance Company was 35% follow-
ing tibia fractures and some 70% after femur fractures. Thus, permanent impairment
is more often due to the sequelae of fracture disease than to defective bone healing
in malalignment or non-union.

Life Is Movement, Movement Is Life

This should be the guiding principle of fracture care! Full, active, pain-free mobilization
results in a rapid return of normal blood supply to both the bone and the soft tissues.
It also enhances articular cartilage nutrition by the synovial fluid, and when combined
with partial weight-bearing, it greatly decreases post-traumatic osteoporosis by restoring
an equilibrium between bone resorption and bone formation. A satisfactory internal fixa-
tion is achieved only when external immobilization is superfluous and when full, active,
pain-free mobilization of muscles and joints is possible. This is the AO’s main objective
and is best achieved by stable internal fixation during the bone healing process.

Major fractures, particularly of long bones, the pelvis, and the spine, have repercus-
sions on the homeostasis of the accident victim as a whole but primarily on the cardiore-
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spiratory system. This new edition of the 40 Manual is directed at dealing with the
local lesions involving fractures. A detailed study supported by the AO group of the
general reaction to, and the treatment of, severe trauma is being published by Border
et al. (1990).

At the outset in 1958, the AO formulated four treatment principles which were expected
to improve the results of fracture treatment in general and of internal fixation in particular
(Miiller et al. 1984). Some 30 years later it appears timely to evaluate the extent to which
these four principles have stood the test of time. They were:

— Anatomical reduction of the fracture fragments, particularly in joint fractures.

— Stable internal fixation designed to fulfill the local biomechanical demands.

— Preservation of the blood supply to the bone fragments and the soft tissue by means
of atraumatic surgical technique.

— Early active pain-free mobilization of muscles and joints adjacent to the fracture, pre-
venting the development of fracture disease

The first of these principles, anatomical reduction, has kept all its importance in the
reconstituting of full function in all joint fractures and is also valuable with regard to
length, rotation, and axes of meta- and diaphysis. In diaphyseal fractures it has received
certain corrections with regard to reduction of cortical fragments, where it has become
related to the method of operative treatment employed. It is of primary importance in
fixation by lag screws with or without protection by neutralization (protection) plates.
To achieve optimal mechanical strength, the cortical circumference must be fully recon-
structed and placed under interfragmental, as well as axial, compression.

However, there is a precarious balance to be struck between early mechanical perfection
and devascularization of the detachment fragments. The idea of the ““biological fixation”
has branched off in two directions. The first relates to the application of flexible plates
and the second concerns the application of conventional plates bridging a complex fracture
zone with only three or four screws anchored proximally and distally in the intact parts
of the fractured bone.

So-called flexible plates have been devised in an endeavor to avoid the ““stress protec-
tion” formerly believed to be instrumental in plate-induced cortical osteoporosis. This
has clearly been demonstrated to be a misconception. Plate osteoporosis after ““flexible
plating,” rather than being decreased, is increased because of the more marked vascular
disturbance caused by the tightly fitting plate. In contrast to conventional plates, the
LC-DCP (limited-contact DCP) preserves periosteal blood supply (see pp. 62, 74), causes
less osteoporosis than the DCP with a flat undersurface, and furthermore allows the
cortical bone underlaying the plate to develop a thin callus bridge. Clinically this is
probably of limited importance because thanks to rapid remodeling, cortical healing fol-
lowing application of a normal DCP is successful in a large majority of cases. However,
the possibility of avoiding cortical osteoporosis underlying the plate is of considerable
scientific and even clinical interest.

The second very successful line of thought led to the idea of the bridge plate (Miiller
and Witzel 1984; Heitemeyer and Hierholzer 1985) and the wave plate (Brunner and
Weber 1981). The basic idea is to leave the fracture zone and its fragments undisturbed
by fixing the plate to the intact part of the bone distal and proximal to the fragment
area. When a multifragmentary fracture area is bridged using a wave plate two advanta-
geous mechanisms come into play: (1) when the plate spans an extended fracture arca
the inner part of the plate, not fixed to the bone, undergoes more distributed deformation,
so that sites of excessive deformation prone to fatigue failure are avoided, and (2) the
plate applied at a distance to the bone permits better vascular access to the repair tissue
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and benefits more from the mechanical support provided by the repair tissue due to
better leverage.

Similar considerations apply to the second principle, stable fixation. All methods of opera-
tive fixation must provide adequate stability to maintain length, axes and rotation. Lag
screw fixation, with or without neutralization plates, depends on ‘““absolute stability”
for optimal healing, which occurs by direct angiogenic (haversian) bridging of the precisely
reduced fracture. In these cases, visible “cloudy callus” is indicative of lost stability,
for which nature has tried to compensate. It shows the need for a reduced challenge
to the fracture area by decreased weight-bearing.

The bone healing pattern is completely different from that of direct angiogenic union
when plates are applied in a bridging mode or when medullary nailing or external fixation
is used. With these latter methods, a certain amount of interfragmentary movement is
inevitable, even desirable, and nature has to supplement stabilization by producing callus
to solidify the “welding” of the fragments.

In summary, callus-free healing is not an aim in itself. It is a fascinating biological
property of living cortical bone under conditions of absolute stability and good vascularity.
It is clinically only relevant in interfragmentary compression by means of lag screws
with or without neutralization plates.

Emphasis on the third principle of atraumatic surgical technique has, if anything, increased.
It concerns not only the soft tissues but also the bony fragments and, in particular,
their vascularity (Mast et al. 1989)!

The fourth principle, early pain-free mobilization, has certainly stood the test of time,
and proof is at hand that after most fractures permanent impairment has significantly
decreased with the advent of immediate postoperative mobilization. A new dimension
has been added and abundantly documented in the last two decases — the merit of
early total care of the severely traumatized patient in the hours following the accident.
A good number of pathophysiological events, earlier thought to be caused by trauma,
have now been shown to be related to treatment modalities. In particular, if the human
body lies for an extended period of time in the unphysiological supine position, this
can lead to long-lasting cardiorespiratory disturbance, which often ends in multiple organ
failure. These problems are discussed in Chap. 6 and are detailed in a separate book
entitled Blunt Multiple Trauma: Comprehensive Pathophysiology and Care by Border et al.
(1990).

In summary, the initial working hypothesis expressed in the four treatment principles
has seen certain changes in emphasis but, all in all, has stood the test of time!



1.2 Basic Aspects

1.2.1

Fig. 1.1

A review of bone as a material, its fracture and spontaneous healing should help to
understand the problems and basic goals of fracture treatment.

Bone as a Material

The strength of bone (Fig. 1.1) is about 1/10 that of steel. The apatite structure of bone
is at the basis of its excellent compressive strength. The tensile elements of bone, i.e.,
the collagen fibers, are generally thought to be weaker. The tensile strength of the tibia,
for instance, is about 20% less than its compressive strength. That of the radius, on
the other hand, is higher by 20% (Knets 1980). The strength of cancellous bone is very
variable and usually less than 1/10 of that of cortical bone (Yamada and Evans
1970).! Compression applied to bone using so-called rigid implants is maintained due
to the elastic deformability of the bone. A comparably small loss (about 10%-20%)
is explained by the time-dependent deformation under load (““creep” or, vice versa, ““stress
relaxation”). This phenomenon was earlier attributed to ““visco-elasticity of bone”. A
dominant quality of bone is its brittleness: bone behaves more like glass than like rubber.
When bone is deformed (e.g., elongated) only about 2% of its length, it breaks.

The anisotropy of bone, i.e., its different mechanical properties along different axes,
does not play a major role in internal fixation and will therefore be disregarded here.

Bone serves as a framework for soft organs and allows for locomotion. (It furthermore
stores minerals, primarily calcium, a function which will not be discussed here.) To func-
tion as a skeleton, the bones must be stiff. As we shall see on p. 50, this stiffness is
the main reason why the stability achieved using internal fixation may be jeopardized
by minimal bone fracture surface resorption.? During normal activity, and much more
so during sports activity, bone must resist large forces.

' The ultimate tensile or compressive strength of bone is about 1 MPa. A segment of the tibia may
therefore be loaded with the weight of a small car without risk of failure (see Fig. 1.1a). For practical
purposes one should keep in mind that a standard 4.5-mm screw anchored, for example, in one femoral
cortex, is able to resist 400 N per millimeter of cortical thickness. Such a screw could therefore carry
the weight of three persons.

? The Young’s modulus of axial stiffness of cortical bone amounts to 20 GPa. As a practical example,
a tibia loaded by body weight shortens about 60 um or six cell layers only. The stiffness of a plated
and compressed diaphyseal bone segment is such that only 10 pm shortening results from a load of
1000 N being applied axially. Bone, therefore, corresponds to a very stiff spring, a fact which is of
importance in internal fixation. The stiffness of cancellous bone as a material is 1/5-1/10 that of cortical
bone in axial compression. In bending and torque the geometry plays a more important role, compensating
for the difference in material properties.

Strength of bone.

Bone is a comparatively strong material. Its strength exceeds by far the requirements of heavy physical
activity.

Compressive strength. A short segment of the tibia diaphysis is able to carry the weight of a small
car.

Holding strength of a screw within cortical bone. A standard 4.5-mm cortex screw, anchored in only
one cortex, can withstand 2500 N (the weight of three persons).
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1.2.2 The Bone Fracture

The skeleton provides a rigid frame for physical activity and for the protection of the
soft organs. The basic requirement for optimal locomotor function is adequate anatomic
shape and stiffness (i.e., resistance to deformation under load).

Bone fractures as a result of mechanical overload. The fracture interrupts, within
fractions of a millisecond, the structural integrity and with this the stiffness of the bone
(Fig. 1.2; Moor et al. 1989). The shape of the fracture depends mainly upon the type
of load exerted and upon the energy released. Torque results in spiral fractures, avulsion
in transverse fractures, bending in short oblique fractures, while axial compression
(especially in metaphyses) results in impaction (fractures without contact between the
main fragments after restoration of original length of the bone). The degree of fragmenta-
tion depends upon the energy stored prior to the process of fracturing; thus wedge frac-
tures and multifragmentary ones are associated with a high energy release. In this context
the rate of loading plays a certain role.

A special phenomenon is the implosion which occurs immediately after disruption.
As Moor and coworkers have shown, such implosion (and with it marked soft tissue
damage due to cavitation in a similar way as in gunshot wounds) is observed using
high-speed cinematography.

In addition to the diminished blood supply brought about by the soft tissue damage,
the disruption of the intracortical blood vessels running along the bone axis results in
a necrotic deeper layer of the fracture surface. The immediate surface is supported by
diffusion.

Fig. 1.2 The bone fracture.

The sequence of events resulting in a spiral fracture with additional (butterfly) fragment analyzed using
high-speed cinematography. A human cadaver tibia was fractured using axial torque. The process resulting
in a butterfly fracture was recorded at 10000 frames per second (Moor et al. 1989).

a Tissue trauma. When the applied torque reaches the limit of the strength of the bone, the disruption
results in an abrupt opening of a fracture gap. A temporary vacuum is created. An implosion succeeds
which can be compared in its effect to the process of cavitation in high-velocity gunshot wounds. Marked
tissue trauma in the areas of cavitation results.

b Sequence of events and timing. The schematic diagram visualizes the sequence of events in the process
of fracturing. Within 400 ps the fracture is fully developed. The sequence leading to the dissolution
of the butterfly fragment is also shown.
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1.2.3 Spontaneous Bone Repair: Healing Without Treatment

Nature is able to unite untreated fractures (Fig. 1.3). In the absence of treatment, however,
significant malalignment frequently results with consequent impaired function of the skele-
ton.

1.2.4 Basic Aims of Fracture Treatment

Fracture treatment in general strives for complete and early recovery of limb function.
Therefore solid union in proper anatomic shape is the basic goal. In respect to diaphyseal
fractures, this means at least correct relative positioning of the bone segments which
carry the articulations (i.e. restoration of overall length, and reduction of flexural and
torsional malalignment). In intra-articular fractures, precise reconstruction of the articular
surfaces is a goal in its own right. The reconstruction of the anatomy generally offers
the best chance for optimal recovery of function and is preferred to ‘““tolerable malalign-
ment”.

Fig. 1.3 Fracture healing without treatment.

The fractured femur of a dog united solidly without treatment; however, marked malalignment resulted.
The fracture had been neither reduced nor splinted. (Courtesy of G. Sumner-Smith).
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Fig. 1.4

Fig. 1.5

Aims of Operative Fracture Treatment

Three indications for internal fixation stand out:

1. Long-lasting immobilization of soft tissues, especially around the joints, may result
in fracture disease (see p. 1).

2. In the case of a fracture involving the load-bearing articular surfaces, precise recon-
struction of these surfaces is of paramount importance. Any incongruity (Fig. 1.4)
of the articulating surfaces gives rise to areas of high stress and thus promotes post-
traumatic arthrosis.

3. Recovery of function after some fractures of long bones is particularly dependent
upon early exact and stable reconstruction, as well as upon immediate mobilization
to prevent permanent impairment. Double forearm fractures and supracondylar femur
fractures are examples.

It should be re-emphasized that the goal of fracture treatment is not only solid union
but, equally important, early and full recovery of limb function (see Schatzker and Tile
1987), which includes bone and soft tissue integrity.

The surgical treatment of a reactive (hypertrophic) non-union aims at restoring the
mechanical environment so that even without direct surgical modification of the interfrag-
mental fibrocartilaginous tissue, uneventful solid healing in anatomically correct position
results (Fig. 1.5). Here again the stable fixation allows immediate recovery of pain-free
(at least partial) limb function. The solid union following appropriate stable internal
fixation is extremely reliable: nearly a 100% union rate in noninfected non-unions of
the tibia is reported by Weber and Cech (1973). “Of 127 noninfected non-unions of
the tibia 126 achieved sound union; one was radiologically persistent without symptoms.
Of 122 infected non-unions of the tibia 117 resulted in sound union and two were radiologi-
cally persistent with drainage. Three non-unions had neural and vascular intolerable symp-
toms in the foot, for which amputation was performed” (Weber and Brunner 1981).
The rate of union, the correction of malalignment as well as retaining of joint function
lead to optimal results unmatched by nonsurgical treatment such as electrical stimulation.
According to the same authors, “Most non-unions are more than simply an ununited
fracture of a bone: shortening, angulation, joint stiffness, muscle atrophy, neural and
vascular disorders, drainage and infection are additional problems needing treatment. . . .
Electrical stimulation may heal the bone gap, but it is unable to produce a positive

Precise anatomical reduction is required.

Fractures which compromise articulating surfaces of joints result in post-traumatic arthrosis due to over-
load following the loss of even stress distribution.

Surgical treatment of a non-union after unsuccessful conservative management.

In a pet Appenzeller dog many attempts to treat the non-union failed; simple correction of malalignment
and stabilization led to prompt healing.

Fully developed non-union. Malalignment has led to an increased bending load which does not allow
the repair tissues to stabilize the fracture sufficiently, which is a prerequisite of solid union.

Operative treatment. The surgical treatment consisted in correcting the angulation by the application
of a tension band plate to the convex surface of the malalignment. When the plate was put under
tension, the fracture straightened out. The interfragmentary tissue was not touched.

Prompt solid union after correction of the biomechanical situation. Once the angulation was corrected
and the non-union stabilized, prompt and solid healing resulted within 3 months.
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1.3

1.31

1.3.1.1

effect on the other negative phenomena. It is therefore important to consider a non-union
as an injured limb, not simply as an ununited broken bone; e.g. the quality of a certain
treatment for non-union cannot be expressed by the rate of ossification only, disregarding
angulation, shortening and stiffness.”

Scientific Background to Internal Fixation*

Internal fixation requires a sound understanding of the principles and techniques involved
for adequate use of the implants and instruments. The understanding of biological reaction
to changes in the environment (e.g., forces, blood supply, etc.) is basic to achieving the
desired result and avoiding complications.

The following section on scientific background is intended to convey an understanding
of fracture treatment; it is not meant to be a complete overview of the science underlying
today’s art of internal fixation. Thus many distinguished contributions in this field could
not be considered.

Technical Background

In fracture healing, a close relationship exists between mechanical input and biological
reaction. Internal fixation requires a good knowledge of the mechanical factors, which
provide the optimal environment for reliable and undisturbed fracture healing and for
functional restitution of the injured limb as a whole.

Stability

The stability of a fracture (spontaneous or after fixation) determines most of the biological
reactions during the process of healing. If the blood supply is adequate, the type of
healing and the occurrence of delayed or non-union depend mainly upon mechanical
conditions related to stability (see p. 16). Stable reconstruction of the fractured bone
(e.g., by exact adaptation and compression) minimizes the load to be carried by the
implant. Stability of fixation is therefore a critical parameter with respect to implant
fatigue and corrosion. The term stability of fixation and the factors determining the degree
of stability will therefore be discussed.

The use of the term “stability” differs in medical and technical sciences. Stability
in internal fixation is used to describe the degree of immobility of the fracture fragments.
Stable fixation means a fixation with little displacement under load. A special condition
is described by the term absolute stability. This defines complete absence of relative dis-

* The efforts of Martin Allgéwer and Chris Colton to transform the rough manuscript into hopefully
readable shape are gratefully acknowledged. Joe Schatzker’s and Emanuel Gautier’s comments on im-
provement of the logical outline were invaluable. The scientific work was largely performed by the
collaborators of the Laboratory for Experimental Surgery, Davos, a competent and outstandingly commit-
ted team. The reviews of Frank Baumgart, Frederick Baumgirtel, Jacques Cordey, Richard Meinig,
Berton Rahn, Adam Schatzker, and Slobodan Tepic, the artwork of Piet Imken and the late Julius
Pupp, and the photography of Emir Omerbegovic and Claudia Giintensperger, and the management
by Vreni Geret have contributed to a large extent. I would like to thank my family for friendship
and patience.
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placement between (compressed) fracture surfaces. Within the same fracture surface, areas
of absolute and of relative stability may be present simultaneously (see Fig. 1.8).

Stability, Strain and Fracture Healing

The degree of instability is best expressed as magnitude of strain® (deformation of the
repair tissues):

Relative motion between bone fragments is compatible with initial fracture healing,
provided that the resulting strain remains below the critical level for the formation of
that repair tissue (Perren and Cordey 1977, 1980). It goes without saying that if strain
is too low, mechanical induction of tissue differentiation (by irritation) fails. In stably
fixed fractures with low strain, internal remodeling of bone seems to be induced by
necrotic areas.

The critical parameter determining the effect of instability upon cellular elements is
the resulting strain. Strain characterizes the condition of deformation of the tissue ele-
ments, taking into account the degree of displacement and the gap width (relative deforma-
tion L/L).

Analyzing fracture healing in terms of strain of the repair tissues is more appropriate
than judging it merely by the displacement (instability), because strain expresses the defor-
mation of the tissue element (e.g., cell) and allows the surgeon to determine the amount
of critical deformation by considering relative displacement (fracture instability) and frac-
ture gap width.

The analysis of mechanical conditions using the concept of strain allows one to under-
stand why fractures with a single, narrow gap are very intolerant of even minute amounts
of displacement (such displacement may not be detected by vision but must be ‘“detected
by intellect”). Instability is better tolerated by multifragmentary (comminuted) fractures
because the overall displacement is shared between many fracture gaps. Therefore, at
any single gap the relative displacement is greatly reduced. If the reduction is not precise
the situation is furthermore tolerant to displacement as the strain is reduced due to
the larger gap width (see p. 16).

The importance of close adaptation and increased stability achieved by means of
compression will be discussed (see p. 30) in the light of the fact that close but insufficient
adapation lacking compression may be dangerous. This is due to problems of tissue
differentiation under high strain conditions and large implant load resulting in more
corrosion.

Fractures may be inherently stable or may stabilize spontaneously through the biologi-
cal process of tissue formation, with subsequent differentiation into tissues with increasing
stiffness, from granulation tissue to bone. The simultaneous increase in the diameter
of the callus provides the repair tissues with improved leverage for stabilization. Motion-
induced fracture surface resorption results in widening of the gap and a consequent further
reduction of relative tissue deformation (strain).

If the resulting strain within the repair tissues (in and around the fracture) exceeds
a critical limit, further differentiation and thus healing may be prevented. The expression
of instability in terms of strain within the repair tissues allows for a logical understanding
of the bone healing process (biology of strain, see p. 60). It explains why some fixation
methods without total abolition of interfragmentary mobility, may allow healing (e.g.,
in non-unions fixed using intramedullary nailing), while other methods leaving only very
small gaps do not tolerate even macroscopically invisible displacement.

3 For definition of strain see p. 16
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Fig. 1.6

Living bone reacts to high strain conditions at a bone-bone or bone-implant interface
by surface resorption (Fig. 1.31) (Perren et al. 1975). Thus in healing under conditions
of relative instability, the distance between the surfaces is widened, meaning that for
a given amount of displacement, the resulting strain of the individual tissue element
(cell) is reduced (see also Figs. 1.9, 1.10).

Stability and Implant Loading

The degree of stability achieved has a determining effect upon the amount of load borne
by the implants used for fixation (Fig. 1.6). The load carried by the implant is critical
with respect to possible fatigue failures and/or to (fretting) corrosion.

Fatigue

Stable fixation of adapted fragments restores the *“structural continuity” by the recovery
of the load-bearing capacity of the fractured bone. It therefore reduces the load placed
upon the implants. “The bone must protect the implant” (Weber, pers. comm.). The
relative increase in load resulting from incorrect use of an implant is much larger than
the relative increase in strength provided by metallurgical improvements of the implant.
A bad surgeon will by far outweigh a good metallurgist — the surgeon changes the loading
of the implant by a factor of two to four times while the metallurgist may only improve
the strength of the metal by up to 30%. The latter is often achieved at the expense
of give (ductility) or of tissue tolerance of the material.

The measurement of bending load placed upon an internal fixation plate, as carried
out by Klaue et al. (1985), shows an important effect of stability in protecting implants
from overload.

Corrosion

As we will outline later (see p.95), the most important type of corrosion (practically
the only one remaining) for implant materials conforming to today’s international stan-
dards (ISO)* is fretting corrosion. Fretting is produced by a changing load applied across
and displacing an interface between two metal components of an implant, such as a
screw and a nail. The more dynamic the load carried by the implant, the more likely
is fretting to cause repeated disruption of the protective “passive layer.” Stable fixation
helps to reduce corrosion.

4 1SO =International Standards Organization, Technical Committees TC 150: ““Surgical Implants”, TC
164 ““Biocompatibility Testing”.

The effect of stability of fixation upon implant loading. Short oblique osteotomies of sheep tibial diaphyses
bridged by plates (Klaue et al. 1985).

In one group only a plate is used to merely bridge the fracture (splinting plate); no lag screw is used
to produce interfragmental compression.

In another group a lag screw — here applied through the plate — provides additional stability.

The initial bending load of the plate (ordinate, microstrain) is markedly larger without lag screw. Eventually
bone union reduces the load (abscissa, days after surgery).

The bending load of the plate is continuously smaller when a lag screw is applied. This explains why
the technique of application rather than metallurgy determines fatigue failure.
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1.3.1.3

Fig. 1.7

Besides the influence of stability upon the pattern of fracture healing and solid implant-
to-bone contact which avoids biological loosening (see pp. 46, 47 and 56), stability of
fixation exerts an influence upon the mechanical performance of the implant and upon
corrosion. The latter determines the biological tolerance of the implant.

Force, Stress, Strain, Stiffness

Force (N)3 acting upon a material results in a state of internal stress. The unit of stress
(0), force/area, is N/m?. Force deforms a material. The deformation ratio, strain (e=JL/L)
is unitless and may be reported as percent change of the original dimension (Fig. 1.7).
The relationship between the acting force and the resulting deformation is called stiffness:
the less the stiffness the larger the deformation. The term rigidity is often used synony-
mously with stiffness in the medical literature.

All three elements — force, stress and strain — may be split into static (constant)
and dynamic (changing over time) components® (Fig. 1.7¢).

General Aspects of Load

Load may consist of up to three components of forces and three components of moment;
load acts upon a material or a device.

Types of Mechanical Load

Load may or may not change (appreciably) with time. A load which does not change
with time is called static,® while periodically or intermittently changing load is dynamic
in nature. The compression exerted by an implant applied under tension is static. The
forces generated by the function of the limb (e.g., locomotion) are dynamic or functional
forces.

% Forces are expressed in newtons: 10 N ~1kp ~2.2 Ibf. Moments are expressed in newton meters:
1 Nm ~10 kp-cm ~ft-1b/1.37.

$ In technical sciences the terms static and dynamic are used to define the equilibrium of a situation.

7 The state of stress can be “visualized” by applying an imaginary cut. To re-establish the previous
balance of forces a force must be applied to the cut surface. The amount of force per unit area of
the cut surface corresponds to the amount of previous internal stress (¢).

8 A more appropriate term would be “stationary”.

Force, stress, and strain.

An externally applied force (F) results in a deformation (§L) of a body and in an internal state of
stress F/A (o =force/area). The limit of failure can be described by strength as well as by strain (g)
(elongation at rupture).”

The mechanical behavior of a given material can be characterized by a stress-strain diagram. The stress
and strain interdependence is plotted. The limit of failure can be described by the strength (a limit
of stress ¢,_,,) as well as by maximal deformation (e, =strain at rupture).

max max

The three components of forces and three components of moments which describe the loading of a
device.
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Fig. 1.8

No component under consideration is evenly distributed over the fracture area:

1. The static force generated by the implant.
The dynamic force resulting from function of the limb (which tends to destabilize
the fracture).

3. The amount of contact surface upon which the forces act.

Therefore at different sites different mechanical conditions may exist (Fig. 1.8a, b).
According to the different mechanical conditions locally dissimilar types of fracture healing
are observed (Fig. 1.8c) within the same fracture area.

A simple mechanical analysis shows that the tension band wiring (Fig. 1.8a) as
described by Pauwels (1954) and the tension band plating as outlined by Miiller et al.
(1963), if performed without lag screw application, result in conditions which vary with
time and location.

The different mechanical conditions are:

1. A site immediately adjacent to a compression plate may experience a high compressive
load (which could eventually exceed the strength of the bone cortex, leading to irrevers-
ible deformation such as localized microfractures; Rahn et al. 1971). A minimal dy-
namic component may be superimposed.

2. A site a little farther from the plate may experience a high static load but within
the limits of strength of the bone and with a small component of dynamic load
superimposed (stable condition).

3. A site even farther from the plate may exhibit a balance, with lesser stabilizing and
greater destabilizing forces resulting in intermittent contact.

4. At the opposite cortex the fracture gap may remain open continuously, with a changing
gap width as the varying (dynamic) tensile forces continuously exceed the compressive
stabilizing forces.

The mechanical conditions which prevail within the fracture surface cannot be described
with one term only, as at different places (or at different times at the same place) a
multitude of changing conditions may exist simultaneously.

The bone reaction may vary accordingly within the same fracture (Fig. 1.8¢). The different
types of healing are:

1. Internal remodeling or ““contact healing™ of overloaded contact areas. It is especially
interesting to note that areas which have undergone local overload, but which remain

Different mechanical conditions and types of healing within the same fracture surface.

" Different conditions within a fracture surface at different times of observation (tension band wiring

of the olecranon, see p. 16 and 44). The preload exerted by the wire is shown by black triangles (static
compression); the changing load due to function (pull of the triceps muscle and related articular compres-
sion producing additional compression of the fracture surface) is shown by open arrows.

Different conditions within a fracture surface at different times of observation: tension band plating
of shaft fracture without interfragmental compression (either by prebending of the plate or by interfrag-
mentary lag screw) bears an inherent risk of delayed union. The use of plates only, without lag screw
or prebending, should therefore be avoided.

Different types of healing within the same fracture. This histological section (courtesy of J. Craig) demon-
strates within the same fracture area all stages from direct healing to delayed healing. In area A direct
bone healing is seen, in area B indirect bone healing, and in area C delayed healing.
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Fig. 1.9

Fig. 1.10

stably fixed by adjacent contact areas, exhibit direct internal remodeling as demon-
strated by Rahn (see above).

2. Internal remodeling or ““contact healing” of intact contact areas (see p. 70).

Fracture surface resorption and indirect healing (see p. 68).

4. Delayed healing. The non-united gap will eventually fill by indirect bone formation
(see p. 70).

The effect of load consists of deformation® of an intact bone, and/or of providing varying
degrees of stability of a fracture. Static compression generally stabilizes, while dynamically
applied tension or shear tends to result in instability of the interface. The effect of com-
bined forces depends upon their relative values at a given time and place as outlined
above. The surgeon will aim to apply enough static compression to maintain stability
in the presence of any opposing dynamic tensile forces which may act upon the fractured
bone. Small areas of local overload are not of basic concern, as the bone as a whole
is able to resist high loads. Generalized overload exerted prior to onset of bone union,
though, results in the mechanical breakdown of the internally fixed fracture. (The French
term ““debricolage” (see Glossary p. 109) seems to be appropriate to describe a condition
where the fragments of a fracture, which were previously fixed together, simply fall apart.
This describes a condition where no biological reaction plays a role. Two possible causes
can come into play: the construction may be too weak or the load excessively large.)

Load applied to bone or implant (e.g., axial tension) produces an internal state of
stress within the material. Stress increases with load, but it decreases with increasing
load-bearing surface.'® Increasing stress may reach a critical level of strength of the
material and the material may fracture. Here the critical condition of the fracture is
described in terms of strength (e.g., ultimate tensile strength).

Load applied to a material produces stress within the material and thus invariably
results in deformation (strain) of the material. Strain (Figs. 1.9, 1.10) is expressed as

(8

 The other effect of force, acceleration, is not considered here.

10 Stress is expressed as force per unit area N/m? (~ 1 kp/mm?=10 x 10° N/m? =10 MPa).

Large strain in small gaps.

The deformation of the cells or tissues is critical. It depends not only upon the degree of displacement
(6L) of the fragments (instability), but also (and more importantly) upon the initial width of the fracture
gap (L). For very small gaps (e.g., smaller than 0.1 mm) an imperceptible displacement (0.1 mm) may
result in very high strain (> 100%) of any one individual tissue element, for example, the cell.

A small displacement (5 um) in a small gap between the fragments (here about one cell layer thickness,
~10 pum) results in a strain of 50%.

A somewhat larger displacement (10 pm) in a small gap reaches the limit of strain tolerance of the
cell. The change of the gap width from 10 to 20 um is not visible to the naked eye (i.e., the surgeon
does not see such instability).

Small strain in large gaps.

Strain of the individual tissue element (e.g., cell) of the repair tissue within the fracture gap (and adjacent
to it) may be reduced by widening of the gap (from 10 um in Fig. 1.9a to 40 um in Fig. 1.10 by bone
surface resorption) and/or by shearing the overall displacement by multiple serial gaps. Both conditions
are usually seen in multifragmentary fractures.

A small displacement (5 um, same as in Fig. 1.9a) within an initially wide gap (40 pm) results in strain
(~12%) which is tolerated by dense fibrous tissue.

A somewhat larger displacement (10 um, same as in Fig. 1.9b) within an initially wide gap (40 pm)
results in strain (~25%) which is tolerated by granulation tissue.
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Fig. 1.9

Fig. 1.10
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relative (e.g., percentage) increase or decrease in length in relation to original length
(see p. 16, 17). Increasing load (stress) may reach the critical level of strength. Deformation
may also reach the critical level of elongation at rupture (or strain at rupture) and the
material may fracture. In the initial stages of fracture healing, when strength and stiffness
of the repair tissues do not play a relevant role, it is more appropriate to specify the
critical condition of the tissues involved in fracture healing in terms of tolerated strain
(see Table 1.1) than in terms of stress.

Table 1.1. Critical strain levels of repair tissues

Elongation at rupture of different tissues

Granulation tissue 100%
Dense fibrous tissue 20%
Cartilage 10%
Cancellous bone 2%
Lamellar bone 2%

The values taken from Yamada and Evans 1970 show
that critical elongation (at rupture) of lamellar bone
is small. The value of parenchyma has been taken
to replace the missing data for granulation tissue.

When the load-bearing surface is large, the critical limit of load at fracture is best expressed
as stress (stress equal to or smaller than strength). When the load-bearing surface is
small, and with this the contribution of the tissue to stabilization minimal, the critical
limit is best expressed in terms of strain (limit of strain tolerance). The former condition
is defined by load, the latter is defined by deformation. Though the two characteristics
represent two aspects of the same condition, critical mechanical conditions of tissue differ-
entiation in fracture healing and non-unions are more easily understood using a clear
concept of strain.

Bone Failure

Fractures of previously intact diaphyseal bone occur as a rule due to a single state of
excessive stress. Failures of initial small bone bridges in fracture healing are best under-
stood to be the result of an episode of excessive strain because the force potentially
acting by far exceeds the strength of the tissue. The only critical parameter then is the
deformation allowed by the width of the gap between the fracture surfaces nearby.

Implant Failure

With respect to the implant, two conditions exist which may lead to failure: a single
massive overload or multiple smaller overloads (“fatigue”) Why under certain conditions
does a thicker plate seem to break more readily?

When an implant bridging a long defect is increasingly loaded (e.g., by increasing
weight-bearing), the stress generated may eventually reach the limit of strength and the
implant fails. This commonly understood behavior may be called ““load-driven failure.”

Another condition exists in a highly loaded fracture area: when surface resorption
with gap widening occurs, then eventually the strain of the implant reaches the critical
limit — *“deformation-driven failure.” Given sufficient load, the failure of, for example,
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a plate depends upon gap width and thickness of the plate. The thicker plate fails at
a smaller angle of bending because the surface of the thicker plate experience a higher
strain for the same angle of bending. This analysis is of importance concerning implant
failure, because in internal fixation ““deformation-driven” conditions often prevail.

Physiological Load

Physiological activity of a limb consists of movements by muscle forces and weight-
bearing. Both result in bone loads with complex patterns of static and dynamic compo-
nents of torque, bending, and axial load. The effect of physiological load may again
be analyzed as consisting of three components of forces and/or three components of
moments (see p. 18). Loading of a fracture surface statically by the implant and dynami-
cally by functional load results in a complex pattern whereby areas of overload, areas
of reversible deformation, areas of intermittently open gaps, and areas of constantly
open gaps of changing size can exist simultaneously. An example of such a complex
loading situation is the condition produced by a tension band wiring of a fractured
olecranon or patella (Fig. 1.8a, see p. 19 and p. 44). Hertel (1984) has demonstrated
that the stress generated within a conventional plate is increased 14 times if a plate hole
is placed on top of an open defect (open fracture gap). If in addition a screw hole
near the fracture is left open, i.e., not fixed to bone, the plate experiences 0.3 times
higher stress at this site. Plate holes with and without screws did not show relevant
differences in measured loading when the bone was perfectly adapted and thus was able
to carry load.

Principles of Surgical Stabilization

There are two basically different mechanisms of fracture fixation: splinting and compres-
sion. The two differ in the mechanism of stabilization and in the degree of stability
achieved.

Splinting

The fixation by splinting (Fig. 1.11) consists in connecting a (more or less) stiff device
to the fractured bone. This device reduces the mobility of the fracture in proportion
to its stiffness. Splinting is achieved using a great variety of methods, ranging from external
splints, i.e., plaster fixation, to internal fixation by plates and medullary nails and also
includes the transcutaneous splints: the external fixators. The effect of splinting is to
reduce (not abolish) fracture mobility. Thus pain is reduced and the limb is protected
from excessive deformation. Some people advocate the use of plates made of a material
of stiffness similar to that of bone. As fracture mobility depends proportionally upon
the stiffness of the splint, however, there is no point in using such a plate.

A special type of splinting is buttressing, where a stiff splint serves to maintain the
shape of a bone after a complex fracture or in the presence of a defect. The implant
bridges the segment of the bone which cannot carry the load. The implant is then subjected
to full functional load until the bone resumes the load. In this case, special precautions
have to be taken to avoid failure of the unprotected implant.
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Fig. 1.11

Table 1.2. The relative stiffness of bone, plate and

nail

Bending Torque
Tibia 1 1
Plate 1/25 1/20
Nail 1/3 1/150

The stiffness of so-called rigid internal fixation im-
plants made of steel may be similar to that of bone
under axial loading, but a plate is 25 times less stiff
than a corresponding bone in bending, or 20 times
less in torque.

Coupling of Splints

As mentioned above, the splint must be connected (coupled) to the fractured bone. The
effectiveness of a splint fixed to bone depends to a great extent upon the stiffness of
the softest element within the chain: bone/coupling by soft tissues/splint. Plaster as such
is very rigid due to its large dimensions. However, it provides very limited stabilization
of the fracture, due to the flexible coupling between plaster and bone by soft tissues.
While a plaster cast is very effective in nonoperative treatment (Bohler 1938 ; Latta et al.
1980; Sarmiento 1984), it will hardly ever unload a stable internal fixation, because it
allows significant angulation of the bone fragments and, in addition, increases inertial
loading. When a fracture which is fixed by lag screw and plate is deformed by an applied
bending load, the screws pull out at a very small overall deformation. A plaster cast
does not, therefore, reliably prevent screws from pulling out, nor does it prevent a plate
from failing in fatigue, should the surgeon fail to reduce external loading. Stripping of
threads occurs at bending angles which are smaller than the angulation allowed for by
the plaster.

Coupling of the noninterlocked intramedullary nail in respect to bending is good;
in respect to axial load and torsion it depends upon friction (whereby, in the case of
torsion, the friction is not only small but its leverage is minimal). Coupling in stable
external fixators depends mainly upon the stiffness of the pin. Here the thread offers
much less stiffness than the shaft of the pin, the flexural and torsional stiffness changing
with the fourth power of the critical diameter. The critical diameter is the core diameter
of the thread or the outer diameter of the shaft.

Basic tools in internal fixation. 1: Splinting.

External splinting by plaster cast relies upon the same basic mechanisms as does splinting for emergency
care: A splint is fixed to the bone. Because of its stiffness it reduces (but does not abolish completely)
the mobility of the fracture fragments. A splint by necessity carries part or all of the load, particularly
if contact is missing between the fracture fragments. Coupling between plaster cast and bone is comparati-
vely loose due to the interposition of the soft tissues.

The plate used as a splint: The plate may theoretically be used to keep the fracture fragments apart.
The plate carries a full functional load until solid union occurs. Coupling between the plate and bone
is very tight; plate fixation of simple fractures (in relation to achieving the goal of reliable and undisturbed
fracture healing) does not well tolerate fracture surface resorption (locking splint).

The nail used as a splint: A splint always deforms when loaded. The splint therefore reduces but does
not abolish instability (relative stability). The nail is comparatively strong, and splinting using intramedull-
ary nails (once again in relation to achieving the goal of reliable and undisturbed fracture healing)
tolerates fracture surface resorption well (gliding splint).
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Fig. 1.12

Enhancement of Splints

A plate is known to be flexible and due to its asymmetric positioning not strong enough
to carry the full load of limb function. Miiller and Witzel (1984) and Mast et al. (1988)
have proposed supplementing a minimal internal fixation with a temporary external fixator
(Fig. 1.12a, b). The large lever arm of the external fixator allows for efficient unloading
of the internal fixation until bone has “taken” and can take over its function of contribut-
ing stiffness and strength.

Unloading of Bone by Implanted Splints

Classical splints are the nail and the external fixator. Special consideration is given here
to the plate as splint. As we will see, plate splinting is used to reduce the physiological
load placed upon, for example, a screw fixation. Unloading of the plated bone segment
is a prerequisite of the function of the protection plate and the buttress plate. Most
other implants act in a similar way and unload, or protect, fractured bone from excessive
physiological forces so as to permit undisturbed fracture healing during early functional
treatment and to prevent mechanical breakdown of the incompletely healed fracture.
On the other hand, a mechanically reconstructed bone, because of its *“structural integri-
ty,” protects the implant, for example, from repeated bending and thus from fatigue
failure.

Enhancement of the splint.

A multifragmentary fracture is splinted using a plate with a minimum of surgical exposure and screws.
The procedure does not demand exact reduction. The plate fixation alone would not be strong enough,
therefore it is protected using an external fixator.

The callus bridge provides solid support of the far cortex. The external fixator can therefore be removed
at 6 weeks. (Courtesy of F. Baumgartel).

As soon as the callus provides support the external frame is removed. Thus the time of transcutaneous
connection is minimized and the internal fixation adapted to the healing process.
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Fig. 1.13

Gliding and Nongliding Splints

There are two basic splinting principles: one which allows gliding of the fragments along
the implant, the other which prevents it (Fig. 1.13). A conventional nonlocked intramedull-
ary nail allows for gliding of the bone along the nail because the friction between nail
and bone is generally small, as the radial expansion forces of the nail “in reality” are
comparably small. A plate, as a rule, does not allow gliding because the friction resulting
from the plate screws is large (each screw produces compression between plate undersur-
face and bone in the range of up to 3000 N).*!

The intramedullary nail is an efficient tool for treating a fracture without any addition-
al fixation. The small displacement at the fracture, allowed for by the (noninterlocked)
nail, may result in shortening of the fragment ends due to resorption. The possibility
for gliding along the nail allows (should resorption occur) coaptation of the fracture
and restabilization.

A plate applied to a simple fracture, without additional measures (such as interfrag-
mental compression), would not provide sufficient stability to prevent fragment and
resorption induced by micromotion between the fragment ends. When such shortening
occurs, the high friction between plate underside and bone surface does not allow for
coaptation. The plate then bears all the load placed upon the bone and is prone to
fatigue failure. Plate fixation therefore requires the use of interfragmental compression
by screws and/or axial compression by the plate with or without prebending of the plate
(or contact brought about by functional load) to ensure bony contact able to carry load
without intermittent displacement. As a rule the plate should not be used to stabilize
a fracture of a weight-bearing bone, but to unload (protect) a fracture stabilized by
other means (e.g., lag screws): a fracture is splinted to be partially unloaded (protected),
provided bone contact has been restored. When a fracture gap beneath the splint remains
open, the bone at the fracture area is completely unloaded by the splint.

It is an important goal of the use of a plate to at least partially unload the fractured
bone which has been previously fixed using screws. Stress shielding is, therefore, a prerequi-
site, and not primarily a disadvantageous side effect, of the treatment. This fact has
often been misunderstood in recent years.

A further fact to be mentioned here is that, with respect to axial loading, the stiffness
of a so-called “rigid internal fixation plate” made of steel is equal to that of, for example,
the tibia. However, the plate is many times less stiff than the bone in bending and torque.
The nail is “soft” under torsional loading. Torque coupling between the nonlocked nail
and the bone is, as a rule, not tight. Locked nails provide tight torque coupling, once
the initial “play” of the bolts or screws within the holes in the nail has been overcome.

' 1If a frictional coefficient (metal to bone) of 0.4 is assumed and if three screws are applied in each
fragment, the surface undergoing a normal force of up to 3000 N per screw is able to resist more than
3600 N of tangentially applied force (on each side of the fracture) without sliding.

Gliding and nongliding splints.

Gliding splint: a medullary nail applied without interlocking allows the fragments to close a fracture
gap which underwent surface resorption.

Non-gliding splint: under conditions similar to those shown in a, a plate (especially the round hole
plate) does not allow gliding. In this case of a technically incorrect plate fixation (wrong position and
function of lag screw, bad leverage of plate screws) a small gap was left open. The relative motion
of the fragments (due to incomplete loosening of the implant) produced a high strain condition (see
p. 16). A delayed union developed. Left, immediately after operation; right, 8 months after operation.
(From Perren and Boitzy 1978).
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Fig. 1.14

Compression

Compression is a very elegant tool to stabilize a fracture because efficient stabilization
is achieved with minimal amounts of implanted material. Compression fixation consists
in pressing two surfaces (bone-to-bone or implant-to-bone) together.

According to its alteration with time, two different types of compression are distin-
guished:

1. Static compression, i.e., compression which does “not” change with time.
Once applied, static compression remains virtually unaltered.

2. Dynamic compression: limb function, for instance, results in periodic partial loading
and unloading of the contacting surfaces due to dynamic forces resulting from function.
The wire or plate applied as tension band transforms the functional tension into
compression. A fixation results which allows some load-induced movement.

The effect of compression is twofold:

1. Compression produces preloading, i.e., the surfaces remain in close contact as long
as the compression applied remains larger than any opposite-acting force (e.g., tension
from physiological load which results in bending; Fig. 1.14a).

2. Compression produces friction, i.e., the compressed surfaces resist sliding displacement
as long as the friction produced by compression remains larger than the shearing
force applied (Fig. 1.14b, c). Local shear at a transverse fracture results mostly from
torque applied around the long axis of the bone, while inclined surfaces such as
oblique fractures undergo shear when the bone is loaded along its long axis, e.g.,
by weight-bearing.

Different methods are used to produce compression. They differ not only in the implant
used but also in the mechanism by which compression is applied and in the efficiency
of the compression.

Basic tools in internal fixation. 2: Compression.

Stabilization by compressive preload. Preload is effective whenever the compression which stabilizes
the interface exceeds the tension induced by bending (Perren 1971).

Compression stabilization by sufficient friction. Compression of an interface produces friction, which
opposes displacement by shear. This mechanism is most important in stabilization of interfaces of a
structure placed under torque load. No displacement occurs.

Loss of compression stabilization by insufficient friction. If the friction generated is too small and/or
the torsional (shear) load placed upon the fracture too large, the surfaces slide along each other: instability.
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Fig. 1.15

Interfragmentary Compression Applied by Lag Screw

A fracture may be compressed by application of a screw across the fracture (Fig. 1.15),
whereby the screw thread is anchored within the fragment near the tip of the screw.
Thus when the screw is tightened this fragment will be pressed against the fragment
retained by the head of the screw (Fig. 1.15b). The prerequisite of the function of the
lag screw is that the bone fragment near the head of the screw is not coupled to the
thread of the screw. This may be achieved by using a screw with a partial thread or
by removing the thread within the bone fragment near the head of the screw by overdrilling
(gliding hole). For a gliding hole to function properly, the screw must be positioned
in the axis of the drill hole (i.e., forces acting perpendicular to the long axis of the
screw will lead to engagement of the screw thread with the wall of the gliding hole
and thus to loss of lag screw effect).

The compression exerted by a lag screw is very efficient because (among other reasons)
it is relatively large. Brennwald et al. (1975) and von Arx (1975) have determined that
the force applied by expert surgeons using a plate screw amounts to 20004000 N. It
is important to note that the force exerted by the lag screw acts from within the fracture
surface (Fig. 1.15d) in contrast to the compression exerted by the plate (see below).

It is noteworthy that the direction along which the compression acts (inclination of
lag screw) must coincide fairly well with a perpendicular to the fracture surface. As
Johner et al. (1983) have shown, sliding occurs if the compression applied to a smooth
osteotomy is inclined only 20° in relation to an axis perpendicular to the fracture surface.

The theory of the bisecting angle applies only to the special case of the spiral fracture,
where a spiral surface and a longitudinal surface connecting the two ends of the spiral
are — on average — perpendicularly compressed. Here an inclination corresponding
to the bisecting angle in relation to the visible fracture line of the spiral is chosen.

The presumption that an axial load acts along the long axis of the bone shaft is
only correct for short stretches within a complex loading pattern. It is therefore safest
to select an inclination of a lag screw such that it is perpendicular in respect to the
“average” inclination of the fracture surface.

A further important aspect of lag screw fixation consists in the comparably limited
range of action of the lag screw: the stress generated across the fracture tapers off quite
quickly with the distance to the screw axis. A single lag screw therefore does not offer
good stabilization in respect to torque acting within the fracture plane.

Lag screw fixation provides motionless fixation (““absolute stability ), but the strength
offered is often considered to be inadequate, i.e., functional loads applied may result
in displacement. Single overload applied to lag screw fixation results in irreversible loss
of compression. Therefore, the lag screw fixation is often protected by a plate with a
so-called neutralization (better: ““protection’’) function. The combination of lag screw

Principles of lag screw technique.

In order to find the best location and inclination, forceps compressing the fracture temporarily substitute
for the function of the lag screw. They are also adjusted to prevent shear of the fracture.

The lag screw replaces the forceps in location and position (inclination) for best stabilization.

The lag screw is best positioned at right angles to the fracture plane. The use of the bisecting angle
is only correct for fixing osteotomies with less than 40° inclination according to Johner et al. (1983).
If the inclination of the osteotomy corresponds, for instance, to 60°, the osteotomy will be displaced
due to insufficient inclination of the lag screw.

The photoelastic analysis shows that the range within which compression acts is relatively small. This
explains why rotation cannot be countered by a single lag screw.
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Fig. 1.16

and protection plate fixation has been studied by Barraud (1982) and Eisner et al. (1985).
Diehl (1976) analyzed stability and strength of different types of internal fixation of
femur and tibia in respect to early rehabilitation.

Axial Compression Exerted by the (Compression) Plate

Compression using a plate (Fig. 1.16) is produced by applying a pretensioned plate to
the bone. The prerequisite for this application of compression is that the bone fragments
are in contact and thus are able to carry load.

Compression exerted by the plate. A plate provides stable fixation only under very special conditions.

Method of test: First the stiffness of the plated intact bone is determined. Then stiffness is determined
with the plate fixed to the tension side and finally with the plate fixed to the compression (bending)
side.

Method of evaluation: The deformation produced by the bending moment applied is plotted. The slope
of the curve for the plated intact bone is taken as reference for maximal stability, the one for a plate
bridging a defect is taken as reference for minimal stability.

A plate placed at the tension side provides good stability of fixation.
A plate placed at the compression (bending) side provides minimal stability.
See p. 36.
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Fig. 1.16 Compression exerted by the plate (continued).

¢ Axial compression without prebending (fop) results in compression near the plate only. Prebending without
axial compression (center) results in adaptation of the far cortex only. The combination of axial compres-
sion and prebending (bottom) results in compression of the whole cross section.
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Fig. 1.17

Compression by Prebending of the Plate

When a plate which is exactly contoured to the bone exerts axial compression, then
only the near cortex is compressed. To achieve compression of the far cortex the plate
may be bent so as to elevate its midsection from the bone surface.

When a prebent plate is fixed to the bone, the bend is straightened out. Due to
its elastic recoil, the plate has a tendency to recover the bend which was applied by
plastic (irreversible) deformation. It therefore exerts a bending moment which tends to
close and to compress the far fracture gap (i.e., the one away from the plate). While
in earlier days smooth bending was advocated (Fig. 1.18a), it has become evident that
only the part of the bend spanning the distance between the inner screws is active
(Fig. 1.18b). Therefore a comparably sharp bend between these plate holes should be
applied. The angle of bend should be such that an eight-hole, 4.5-mm small DCP be
elevated about 2 mm from the bone surface. The effect of this method depends upon
the balance of the prebend and axial compression applied (Fig. 1.18). It should be noted
that compression which is equal in both cortices is not an aim in itself. Good stability
only requires that the far cortex be compressed enough to maintain contact under physio-
logical loading without being overloaded. The compression of the far cortex is important
in respect to stabilizing against torque and shear resulting from it. The displacement
of a plated transverse osteotomy under torque load occurs around an axis near or within
the plate. In this context the lever arm of the far cortex is many times larger then the
one of the near cortex.

The advantage of prebending over the lag screw is that single overload, which opens
the fracture gap, usually does not result in plastic deformation of the plate. Once the
load has subsided the fracture is again stabilized due to the elastic recoil of the plate.

Prebending increases stability and it may be combined with the interfragmentary lag
screw. It is especially efficient in bones of small diameter and/or in soft bone. The disadvan-
tage of prebending is that of the elastic recoil of a prebent plate may disturb the reduction
achieved.

The effect of prebending a plate on compression of the fracture surface and stability
has been determined by Hayes and Perren (1971), Perren et al. (1974), and Aeberhardt
(1973). Gotzen et al. (1981) analyzed extensively the prebending of plates, while Gotzen
et al. (1980) and Haas et al. (1985) included different aspects of positioning of plate screws
as well.

When comparing the effects of prebending and lag screws, Claudi et al. (1979) and
Regazzoni (1982) observed that prebending is superior for small bones and for porous
bones, while lag screw compression is superior in large and dense bones. A further advan-
tage of prebending is that it tolerates incidences of overload. After overload the prebent
plate returns to normal function, whereas the screw threads are irreversibly stripped.

The effect of axial compression superimposed on that of prebending.

The plate placed on the tension side: Initial stable conditions for all degrees of load and compression.
The plate placed on the compression (bending) side: No compression, no stability. Increasing range
of stable conditions with increasing compression.

The effect of shallow versus sharp bending.

A shallow bend has a minimal effect as only the bend enclosed within the inner screws is active.

A sharp bend is effective.
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Fig. 1.19
a

Fig. 1.20

The effect of prebending upon stability under torque load.

Torque applied without contact at the fracture surfaces produces shear. The axis of rotation is within
the plate.

Pure axial compression is ineffective in respect to torque load. The friction produced by axial compression
is located near the plate and has a small lever arm.

Prebending produces friction far from the plate, i.e., with good leverage.
Practial application of prebending. The plate should first be contoured to fit the bone surface snugly

(a). A comparably sharp bend should then be applied (b); the midsection is therefore elevated (c) and
when fixed to the bone, the plate compresses the far cortex as well (d).
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Fig. 1.21

Fig. 1.22

The correlation between prebending and amount of axial compression.

The amount of axial compression is kept constant. A small amount of prebending (a) results in minimal
compression of the far cortex. If too large an amount of prebending is applied (c), the near cortex
is not compressed efficiently. The goal is to balance the two principles as shown in b.

The appropriate sequence of application of the screws in a prebent plate.

To fix a prebent plate to the bone, the inner screws should be applied first and the outer thereafter
(a). If the outer screws are applied first, the near cortex opens because the plate is too long in relation
to the bone spanned between the outer screw holes (b).
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Tension Band Fixation

Tension band fixation (Fig. 1.23) relies upon compression produced by the dynamic com-
ponent of the functional load. The classic example of a tension band consists of a wire
applied to the outer surface of a transversely fractured patella. This wire, together with
the supporting condyles, transforms the tension applied by the quadriceps muscle into
dynamic compression acting at the inner surface of the patella. The often discussed ques-
tion of the magnitude and direction of the forces acting at different places of the patella
fracture has a simple answer: the outer surface is unloaded and the inner surface is
loaded. The remaining force is equal to the difference (or sum) of the static preload
and the dynamic component of the force.

The tension band allows for some load-induced movement. Such fixation is often
used at the metaphyses, where cancellous bone is less affected by small amounts of instabil-
ity and reacts faster than is the case for cortical bone of the diaphysis.

Comparison of Compression by Screw and Plate

A cortical bone screw tightened by the “average surgeon” produces around 3 kN of
compressive force. A plate used for axial compression results in about 0.6 kN. The com-
pression produced by the screw is not only large; in addition it acts from within the
fracture surface and results in more or less even compression of the fracture surface.
The compression exerted by a straight plate contoured to fit the bone surface in turn
acts asymmetrically from outside the fracture surface. The resulting compression is high
near the plate (where it may even exceed the strength of bone; Rahn et al. 1971) and
low within the fracture surface in the far cortex. The fracture gap may open in the
cortex opposite to the plate. The asymmetric effect of the plate may be offset by prebending
it (Bagby and Janes 1957). Prebending, though, is only efficient if the plate is not too
soft.

Fig. 1.23 Tension band: Dynamic compression used for stabilization.

The wire placed at the anterior surface of the patella compresses the anterior part of the transverse
fracture (a). Together with the pull of the muscle and the resistance of the patellar ligament a balanced
compression is produced (b). The balance is of temporary nature and the inner fracture surface displaces
somewhat intermittently, a situation which is well tolerated by the cancellous bone.
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1.3.1.6

Fig. 1.24

a,b

Mechanics of Interfaces

In fracture treatment by internal fixation, contact zones are established between bone
and bone and between bone and implants. The bone. reaction at these interfaces depends
upon mechanical conditions which therefore play a determining role in the outcome of
the healing process. The mechanical condition of the interface has two facets: one is
the load transmitted, the other is deformation of the tissue between the bone fragments.
The deformation of repair tissues results in a relatively large displacement of the
fracture fragments if the tissues between the fragments are soft. To describe the mechanical
condition of relative displacement at the fracture gap, the term “stability” is used. More
or less stability is synonymous with less or more relative displacement, which describes
different grades of relative stability. When the fracture surfaces are adapted and com-
pressed, the immediate contact surfaces do not displace. This is *“absolute stability”’.

Unstable Interface

A bone placed under (repeated) dynamic load deforms cyclically, a behavior which is
explained by the spring-like characteristic of the bone (Fig. 1.24). This deformation has
been used experimentally in vivo to produce displacement between a plate and bone
so that the effect of instability can be studied. A screw (or bolt) inserted at the free
plate end is subjected to periodic unloading, while the other end of the plate is rigidly
fixed to the bone by two screws under high common preload. This results in intermittent
minimal displacements at the contact surface between the unloaded screw (or bolt) and
the bone cortex.

Two observations appear to be noteworthy:

Investigating the hypothesis that interface instability induces bone resorption, Ganz et al.
(1975) produced conditions of minute amounts of instability between a screw and the
threaded hole within the bone. Their method consisted of the fixation of an instrumented
plate to a functionally loaded bone, whereby only one end of the plate was fixed by
inserting screws tightly. The other plate end was left ““free” by inserting the experimental
screw only with a small amount of torque in order to maintain the correct position
rather than to use it for fixation of the plate to the bone. Functional compressive loading

Method of producing instability in the experiment.

To study the effect of controlled instability upon implant loosening by bone surface resorption, advantage
was taken of the fact that bone shortens cyclically under weight-bearing during walking. Comparing
bone with a stiff spring demonstrates how one can bring about relative displacement between the free
end of a plate and the underlying bone. The displacement amounts only to a few micrometers. The
plate is solidly fixed at the other end by two screws under high common preload.

Schematic diagrams of the nonloaded and loaded situations of a plate fixed only at one end to the
bone. Bone shortens under axial compression, and a relative displacement between the free end of the
plate and the underlying bone results.

Initial situation without functional load: The unloaded bone has its original length. A small amount
of compression preloads the inner surface of the cylinder to produce bone contact.

Situation with functional load: The loaded bone is now shorter. The small initial compression is unloaded,
the inner surface opens temporarily, and the outer experiences intermittent contact.

Biological reaction to intermittent unloading and instability: In spite of the fact that the above-mentioned
displacement amounts to only a few micrometers, bone surface resorption is initiated. Thus, a small
initial instability results in gross loosening due to the biological reaction.
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shortens the plated bone segment by less than 10 pm. This displacement results in inclina-
tion of a screw which is not tightly driven into bone. Figure 1.24 illustrates a simplified
version of the same experiment (Brennwald pers. comm. 1976) in which a short fixed
bolt was used instead of the tilting screw. The displacement and the resulting bone resorp-
tion are displayed. Initial minute instability led to secondary massive instability, in both
experimental models, due to bone resorption.

Stadler et al. (1982) used a hydraulically operated plunger to study bone surface reac-
tion to high interface strain (Fig. 1.25). High interface strain produced by the plunger
hitting the bone surface intermittently led to bone surface resorption, while low strain
conditioned in which the plunger displaced the same amount but at a distance to the
bone surface, did not.

Thus, initially small instability will, by the process of micromotion-induced bone sur-
face resorption, lead to secondary gross instability.'?

2 The relationship between applied compression, resulting shortening, and effect of minimal resorption
is visualized in Fig. 1.17. It can be seen that a load of 1000 N results in about 10 pm shortening of
the compressed segment. Minimal surface resorption completely abolished the compression.

Fig. 1.25 Experimental method used to study bone reaction at unstable interfaces (Stadler et al. 1982).
a Hydraulically operated bellows with plunger mounted within a U-shaped jig.
b X-ray showing the apparatus applied to the proximal metaphysis of the tibia.

¢ Cross section of the tibia: the histological section shows the marked bone surface resorption in the
vicinity of an intermittently contacting plunger surface.

d Cross section of the tibia: no resorption in the case of a plunger which cycled at a distance from
the bone surface.
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Fig. 1.26

Fig. 1.27

Mechanically Induced Pin Loosening in External Fixation

The pins used with external fixators often loosen at the pin-bone interface. Huiskes et al.
(1985) felt that this was due to mechanical failure of bone due to local overload. While
this' may occur in metaphyseal bone, there is now good evidence that in cortical bone
surface resorption induced by micromotion is much more common (see p. 56). Two meth-
ods to decrease micromotion have been used empirically in the past: (1) the pins were
prebent before they were fastened to the longitudinal rods (bending preload), or (2) the
size of the pin shaft was selected so that its diameter was larger than the drill hole
(radial preload) (Behrens 1982, 1989).

Experiments carried out by Hyldahl et al. (1988) (Figs. 1.26, 1.27) have cast doubts
on the effectiveness of bending preload, but they have clearly demonstrated that radial
preload can significantly reduce surface resorption compared to pins inserted without
preload. They showed that the range of possible misfit between the borehole and pin
diameter was much smaller than hitherto assumed (see p. 62).

In external fixation utilizing a frame — particularly in fusions and in osteotomies
— micromotion of the parallel Steinmann pins can be reduced by bending the pins against
each other.

Mechanically Induced Non-union

Unstable interfaces between bone fragment ends may result in a mechanically induced
non-union even in the presence of intact biological reactions (reactive or hypertrophic
non-union) (Weber and Cech 1973). In this case the tissue differentiation from soft to
more stiff tissues and the increase in cross section are unable to reduce the mobility
of the fragments. The bone formation at the fragment ends results in reduction of the
width of the fracture gap and thus increases the interfragmental strain.

The effect of bending versus radial preload in pins of external fixators.

Pneumatically operated external fixator rod, which allows application of a cyclical bending load to
the single pin at the right. In b—d, a cross section of the near cortex is illustrated schematically.

Without additional load, bending produces a tight fit at the right side of the pin, while radial preload
results in an equal amount of preload around the pin.

With an additional load pushing the pin to the right, the bent pin increases the gap on the left, the
radially preloaded one decreases somewhat the preload at the left without displacement.

With an additional load pushing to the left, the gap with the bent pin becomes smaller and the radially
preloaded pin does not show displacement.

Effect of radial preload of external fixator pins to prevent pin loosening: Abscissa: The three groups
from left to right: no preload, radial preload, bending preload. Ordinate: Loss of bone contact surface
in percent. The effect of different conditions of radial preload: left, the exactly fitting pin with marked
resorption of the contact surface. Middle, the slightly oversized pin with minimal resorption. Right,
bending preload was applied. It reduced somewhat but did not prevent the resorption and loosening.
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1.3.2

Fig. 1.28

Fig. 1.29

Stable (Compressed) Interface

Screws submitted to bending and thus stabilized by compression (at the interface) were
studied in the same experiment in which unstable interfaces were examined. Less bone
surface resorption was observed. It is important to note that in this experiment, in spite
of very high internal compressive stresses, the bone did not show resorption in the stable
areas of contacting interface. Figure 1.28 explains the relationship between compression
applied and fracture surface resorption: maintenance of compression proves the absence
of such resorption.

Figure 1.29 shows why the blood supply of bone is not disturbed by compressive
load. Consider the behavior of a brick wall with a drill hole through its thickness. A
rubber hose carrying water through the hole will for practical purposes exhibit the same
flow whether the brick wall is heavily loaded or not. The flow will change markedly
when the brick wall collapses, but not before. The same holds true for blood vessels
within the stable framework of hydroxyapatite.

Biological Reactions

Cellular function determines the reliability and quality of fracture healing. In fracture
healing with preserved vascularity this cellular function is primarily controlled by the
mechanical environment. The elements of biological reaction to the mechanical environ-
ment are outlined in this section.

The mechanical environment is mainly determined by the forces acting on and the
resulting deformation leading to displacement of fracture fragments. Two biomechanical
events play a role:

1. Cellular function, which results in tissue formation, destruction, and differentiation,
is controlled by mechanical input. Tissue deformation (strain) due to instability induces
both callus formation and bone resorption at contacting interfaces (i.e., between bone
fragments as well as between bone and implant). This resorption in turn results in increased
instability of the fracture site. Intense staining of soft repair tissues may necessitate several
stages of tissue differentiation, whereby soft tissues which tolerate deformation (e.g., gran-
ulation tissues) are replaced by a series of tissues (e.g., connective tissues) which are
progressively stiffer and which tolerate less strain. This process is called indirect healing.
If on the other hand small gaps are stabilized by contact surfaces nearby, and if
such contact surfaces are maintained in close apposition by interfragmental compression,
the gap and the contact surface provide low strain conditions. Under these conditions
direct bone formation is possible and bone surface resorption, as well as callus formation,

The effect of resorption at the compressed interface upon the amount of compression.

A bone segment within a C-clamp of original length L, no compression.

Deformation (shortening) of 10 pm results in a compression of 1000 N.

When the bone segment undergoes shortening of 10 pm due to fragment end resorption at the “fracture
site,”” the compression is abolished. ’
The effect of compression upon blood flow within cortical bone.

Large amounts of compression within the bone are well tolerated. However, even minimal compression
of the soft tissues at the bone surface results in complete obliteration of periosteal blood supply.
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Fig. 1.30

is absent. This type of healing is called direct healing (contact healing and gap healing).
The surface of the contact zones is very small and corresponds to the compression applied
times the strength of bone. Therefore the contact zone of a fracture amounts to only
a small fraction (a few percent) of the cross-sectional area.

2. Cellular function results in changes in the material properties, in the geometry of
the fracture fragments, and the (soft and hard) tissues connecting the fragments.!?

Stability and Compression

Compression, Behavior and Effects

For decades the clinical observation that soft tissues undergo pressure necrosis (pressure
sores) when continually compressed led to the belief that bone also underwent pressure
necrosis. The observed resorption of the vertebrae near a pulsating aortic aneurysm had
been incorrectly explained as resulting from pressure-induced necrosis”. Instead of
undergoing pressure necrosis, bone as a tissue is exceptionally well suited to function
under mechanical load; its cells and blood vessels are protected by a stiff framework.

Compression by Plate

Using instrumented compression plates, Perren et al. (1969a, b) demonstrated that the
static compression applied decreased only gradually over a period of several months
(Fig. 1.30).

Compression by Screws

The forces exerted by screws, as measured in simulated internal fixation by von Arx
(1973), are larger (24 kN by screw compared to 0.6-1 kN by plate) and more efficient
than the ones produced by ‘““compression” plates. The use of instrumented washers
implanted for an extended period of time (Bliimlein et al. 1977) demonstrated the mainte-
nance of very high forces applied to a relatively small area of living bone in the sheep
(Fig. 1.33).

3 The changes in material properties affect the stiffness of the fracture linearly, while the changes in
geometry may affect torsional and flexural stiffness in proportion to the cube of the diameter.

Flexible fixation using plates (Hutzschenreuter et al. 1969).

a A thin, flexible plate results in callus formation.

A thicker, more rigid plate results in smaller, better structured callus and no resorption of the fragment
ends.
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Fig. 1.31

“Pressure Necrosis’?

In the experiments using instrumented plates and instrumented screws, the conditions
were very sensitive to minute amounts of bone resorption at the compressed interfaces.
Thus resorption of a one cell layer thickness of bone (~10 pm) would have resulted
in a prompt, noticeable loss of compression (Fig. 1.28). The absence of such reaction
demonstrated the absence of induction of bone resorption even by excessive compressive
forces. Still, the incidence of implant loosening, under conditions suggestive of initial
instability, led to further studies of ““ pressure necrosis.”’

Biomechanics of Instability

The effect of instability on bone biology is apparent, especially at the bone surfaces
(Fig. 1.31). Instability induces bone resorption and this in turn increases the instability
of fixation, either by plates or screws. Bone resorption induced by even minimal instability
at the interfaces may therefore compromise the results of an internal fixation when tech-
niques are applied which require the maintenance of absolute stability of fixation. Such
techniques would include screws and plates used for the treatment of simple diaphyseal
fractures. In a rigid system, applied forces will result in minimal deformation; conversely,
a minimal change of geometry (for example, due to bone surface resorption) results
in loss of applied compression.'*

Induction of Bone Surface Resorption

Using the model of a plate bridging intact and functionally loaded living bone (Fig. 1.24),
Perren et al. (1975) demonstrated the effect of relative and intermittent displacement be-
tween contacting surfaces of living cortical bone (Fig. 1.31). The induction of bone surface
resorption was apparent with displacements in the range of less than one cell diameter
(1-3 um). Using hydraulically activated experimental implants in the sheep tibia, Stadler
et al. (1982) induced surface resorption with a plunger intermittently contacting the bone
surface, even with small forces.

Induction of Callus Formation

<

It is well known that mechanical irritation of living bone induces “callus” formation
(as do other “irritating” factors). In the experiments of Stadler et al. (1982), callus forma-
tion was induced when the plunger cycled at a distance from the bone surface. Kiintscher

!4 The terms rigidity and stability are often confused. Stability is used here to define a state of absence
of relative displacement between contacting surfaces (“bone to bone” or “bone to implant”). Stiffness
or rigidity defines the relation between force applied and resulting deformation or displacement. The
latter definition correctly implies that there always results some degree of deformation or displacement
under load in stiff or rigid internal fixation. The term “stable internal fixation” should therefore be
used to express the absence of load-dependent displacement at the interface between fragment ends
or between bone and implant.

Induction of bone resorption in the experiment.
Model according to Fig. 1.24,
Stable interface: no resorption.

Unstable interface: biological loosening.
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(1970) and later Danckwardt et al. (1971) demonstrated induction of periosteal callus
formation when a corroding metal or plastic was inserted into the bone marrow cavity.
Infection is also known to induce the formation of a “cloudy callus” under certain
circumstances.

Biomechanics of Stability

As we will see when discussing direct or primary healing, compressed bone surfaces do
not undergo surface resorption of the fragment ends (see p. 70). Avoidance of such surface
resorption is of importance in preventing a ‘“nongliding” implant such as plate and
screw from keeping fracture fragments apart and preventing spontaneous stabilization
by interdigitation. The latter could occur if the fragments could slide together.

Another situation where prevention of contact resorption is of importance is the inter-
face between bone and pins of an external fixator. On careful scrutiny, pin loosening
in external fixation is detected in 60% of pins in situ a 3—-5 months. However, one does
not readily detect pin loosening using X-rays: as Hente (1988) has shown, a 4.5-mm
pin inserted into a 48-mm drill hole does not appear radiologically loose in spite of
a 0.3-mm gap which could have occurred due to resorption. The effects of pin loosening
may be:

1. Loss of stability, an effect which, in elastic fixation using external fixators, is not
too important.

2. Pin track infection. This relation is evident though not yet clearly proven.

3. Loss of sealing between the skin surface and the medullary cavity. This may be the
reason for the problems encountered when an external fixator is replaced by an intra-
medullary nail.

Reaction to Changes of Physiological Loading

The theory that bone structure reacts mainly to changes in functional loading is one
of the most widely accepted and unfortunately most often misused theories. Bone adapta-
tion to changes in load according to Wolff’s law (Wolff 1893, 1986) applies primarily
to cancellous bone: adaptation is slow and less important in cortical bone. In conventional
internal fixation using plates, which transmit forces by friction, the unloading of the
bone due to the implant is of temporary nature.

The biological reactions of bone and of hard and soft repair tissues to mechanical
influences have recently been studied by Goodship and Kenwright (1985) and Lanyon
and Rubin (1985). In fracture healing the reaction of the cortical bone to mechanical
load probably plays a lesser role.

Measurement of plate compression in vivo (Perren et al. 1969a, b).

Instrumented plate. An internal fixation plate (DCP) fitted with strain gauges and a wire connection.
This plate allowed precise determination of the amount of compression applied to living bone as well
as the changes in vivo.

Compression measurement in sheep tibia. A transverse osteotomy of a sheep tibia has been fixed using
two DCPs applied at right angles. (Here only one of the two plates is illustrated).

Compression applied to cortical bone in vivo. The initial value of compression of 1800 N force decreases
very slowly. This pattern of change in compression proved that pressure necrosis with surface resorption
in the compressed area did not occur.
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Fig. 1.33

Reaction to Unloading by Implants

Many authors have studied the reaction of cortical bone to unloading by implants, and
the mechanical effects of stress shielding are impressive. The cortical bone near a plate,
for example, is unloaded. Depending upon the type of load applied, the opposite cortical
bone is loaded either less or more than normal (Cochran 1969; Woo et al. 1976; Claes
et al. 1982; Cordey et al. 1987; Gautier 1988).

While mechanical unloading has been indisputably demonstrated, and while bone
changes are observed after internal fixation, the question remains of which structural
changes are due exclusively to the change in mechanical load. After prosthetic replacement,
after arthrodesis, and after long-term implantation of angle blade plates structural changes
of the cancellous bone have been observed. Nonetheless, to validate the hypothesis that
the changes in bone structure seen after internal fixation using straight plates in cortical
bone are irrefutably linked to unloading, a close relationship between the mechanical
challenge and the structural changes would have to be demonstrated. The apparent para-
dox is explained by the fact that plates transmitting force mainly by friction based upon
compression of the plate to the bone (e.g., the straight plates) lose their close coupling,
and therefore their ability to contribute to general unloading, around half a year after
implantation (though they may still protect against peak load).

Reaction to Strain

Strain is defined as relative deformation (by a given stress or vice versa). The basic
assumption of the strain theory is that a tissue cannot differentiate when strained beyond
the limit of its tolerance to strain. Thus, the relation of momentary strain to tissue-specific
strain tolerance determines the potential for its differentiation. As Pauwels (1965, 1980)
has pointed out, the differentiation in failed healing of a fracture does not take a new
direction, it is simply haltered at a certain level. There is obviously a lower limit of
strain (strain induction level) below which no differentiation is initiated though the strain
level would be tolerated.

Strain Controlling Fracture Healing

The surgeon is often amazed by the fact that some fractures heal under gross instability
while others do not tolerate even invisible instability. The concept of strain (Perren and
Cordey 1977, 1980) considers the deformation sustained by the individual cell. If the
deformation present within the repair tissue exceeds the elongation which would lead
to tissue (cell) disruption (elongation at rupture) of the next tissue to be developed,
then the differentiation comes to a halt. A tissue cannot exist under conditions of strain
exceeding the elongation at which rupture occurs.

With a grasp of this concept of strain, that is deformation which is expressed indepen-
dently of geometry (see p. 16), the surgeon can now understand why in some situations
(e.g., spontaneous healing of complex fractures) marked instability is compatible with
the development of solid union, while under other conditions (closely adapted but not

Measurement of screw compression in vivo (Bliimlein et al. 1977).

Instrumented washer for in vivo measurement of screw compression. A washer is fitted with strain
gauges and a transcutaneous wire connection.

Recording compression exerted by screws in vivo. Three different groups of initial compression and
their changes in vivo are plotted. Over a period of 16 weeks the compression regressed very slowly.
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Fig. 1.34

compressed fractures) even minute amounts of instability may not be compatible with
solid union.

Reaction to Interface Conditions Grossly Exceeding the Strain Within the Bone

We have shown that radial preload is a very efficient tool in preventing intermittent
displacement at the pin-bone interface. How much misfit can be tolerated mechanically?
Here again strain is the critical parameter which allows one to determine the mechanically
optimal misfit, i.e., the most favorable relation between the size of the drill hole and
the diameter of the pin.

Biliouris et al. (1989) have recently studied this question and have come up with
the statement that when using a 4.5-mm pin, a misfit of 0.1-0.2 mm is optimal; a misfit
of more than 0.2 mm results in local mechanical breakdown of the bone at the interface.
Instability and surface resorption and/or sequestration of a ring (ring sequestrum) may
result. Both processes result in loss of optimal stability at the interface.

Disturbance of Blood Supply to Bone

Due to the Fracture

A fracture induces several different circulatory changes. It disrupts the longitudinal blood
vessels, and the open ends of these blood vessels undergo thrombosis. Bone just deep
to the fragment ends is no longer nourished and will become necrotic. The ensuing remod-
eling may lead to demarcation and formation of a sequestrum. Cavitation (see p. 6)
at the time of fracture and displacement of the fracture fragments also add to the vascular
trauma. In any case the fracture results in disruption of the longitudinal blood supply
within bone. A thin surface layer of bone nourished by diffusion is superimposed on
a deeper band of non-perfused and hence necrotic bone.

Due to the Soft Tissue Trauma

Stripping of the periosteum results in damage to the periosteal blood supply but particular-
ly in damage to the nutrient artery. The latter is detrimental to the overall blood supply
of bone. Stripping of the periosteum may occur from displacement of the fracture frag-
ments and/or as a result of inappropriate surgical procedures.

Due to the Implant Contact

Implant-to-bone contact invariably results in damage of the radial perfusion of bone
(Fig. 1.34) (Rhinelander and Wilson 1982). Gunst et al. (1979) demonstrated a correlation
between the implant contact and the damage to blood supply using the method of Luethi
et al. (1982) which had been developed to determine the implant (plate) to bone contact
area.

Blood supply, remodeling, and porosis beneath plate.

a Disturbed blood supply.

b Remodeling of the necrotic area, progressing towards the plate.

Areas of normal bone and remodeled, temporary porotic bone: early temporary porosis.
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Fig. 1.35

Reaction to Disturbance of the Blood Supply

There are two consecutive effects of damage to the cortical bone blood supply: first,
necrosis occurs, and second, remodeling follows (Fig. 1.34). The remodeling starts within
the adjacent living bone and moves toward the necrotic bone, eventually leading to remov-
al and replacement of the necrotic area.

The blood supply is first disrupted by the displacement of the fracture fragments.
It is also damaged by the cavitation phenomenon during fracture (see Fig. 1.2). Conserva-
tive treatment or open reduction may further compromise the blood supply. External
splints may impede the blood supply because the soft tissues are not exercised. Internal
splints (e.g., plates or nails) may hinder blood supply by their contact with bone, where
they compress the blood vessels which enter or exit from bone (Fig. 1.34). From the
experiments by Rhinelander (1978) and Ganz and Brennwald (1975), we know that if
the fracture is stabilized, the medullary circulation may recover within 1-2 weeks. With
regard to the blood supply, the surgeon must weigh the negative (surgical trauma) against
the positive (faster recovery of blood supply) effects of different types of treatment.

Early Temporary Bone Loss near Implants

Uhthoff et al. (1971), Coutts et al. (1976), Moyen et al. (1978), and Matter et al. (1974)
reported changes in the structure of long bones in the vicinity of the plate. The bone
loss was explained on the basis of “Wolff’s law” (Wolff 1893, 1986), which states that
bone adapts its structure to mechanical loading conditions. The work of Woo et al. (1976)
and Claes et al. (1980) seems to support the theory of ““stress protection” of bone loss
in plated bone. Tonino et al. (1976) and Tayton et al. (1982) proposed the use of soft
plastic or carbon plates in order to minimize stress shielding.

Possible effects of static compression and tension applied to living cortical bone have
been studied by Matter et al. (1974). They found no statistical difference in the remodeling
rate regardless of the comparatively large amounts of static forces applied to the bone.

Based on recent experiments three findings emerge:

1. Early temporary bone loss is seen in the vicinity of literally all implants, including
intramedullary nails (Fig. 1.35), fixator externe pins (Pfister et al. 1983) etc.

2. Early temporary bone loss exhibits a close relationship to the vascular damage brought
about by implantation and by the presence of the implant (i.e., implant to bone
contact). The pattern of early temporary porosis does not show a correlation with
any conceivable type of unloading (Gautier et al. 1986).

3. Plastic plates, which were softer than standard metal plates, showed more porosis,
contrary to expectations based on the mechanical theory of stress protection (Gautier

Blood supply, remodeling, and porosis around a nail.
Disturbed blood supply: circular area around nail.

Initial remodeling in the demarcation area between necrotic and live bone. Cross section with disulfine
intravital staining of blood supply at higher magnification. Within the demarcation zone enlarged canals
of the osteons are seen. These represent osteons in remodeling with temporary porosis.

Remodeling of the necrotic area progressing towards the nail.

The rate and direction of the remodeling process were determined using the “polychrome sequential
labeling method” (Rahn et al. 1980).
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Fig. 1.36

Fig. 1.37

et al. 1986). The softer plate may adapt more snugly to the bone and result in increased
vascular damage.

The early temporary bone loss disappears 3 months following surgery, and at 1 year
the cross section of the bone appears to be nonporous. Some authors have stated
that the late changes in bone structure due to unloading by the implant may resuit
in refractures (Kessler et al. 1988 ; Leu et al. 1989). Using quantitative computer tomog-
raphy, Cordey et al. (1985) studied the bone structure of the tibia after plate removal
in a series of 70 patients. They observed only small changes in bone structure (less
than 20%) when density and geometry were used to calculate expected strength. At
the time of plate removal the plate is no longer rigidly pressed to the bone. Thus,
force transmission between bone and plate via friction is lost and the plate induces
unloading only at peak load.

Working on the hypothesis that implant-to-bone contact and the subsequent damage
to blood supply is the cause of early bone loss, Jorger et al. (1987) and Vattolo et al.
(1986) studied the immediate changes in blood supply (Fig. 1.36) and the bone loss under
normal and special undercut plates 3 months following surgery (Fig. 1.37). The grooves
reduced vascular damage and, as a corollary, also mitigated bone porosis which accompan-
ies haversian remodeling.

Bone Healing

Healing is defined as restoration of the original integrity. To the surgeon this means
regaining the stiffness of the bone structure. For the biologist, the microscopic restoration
of the original structure may take years of internal remodeling.

A prerequisite for healing is an adequate biological capacity to react. Biomechanical
conditions control the activity of the cells, with the mediators being of either a chemical
or an electrical nature.

Vascular damage produced by different plates.

Plates with smooth undersurface and with grooves as used by Jorger and Vattolo in their investigation
designed to compare the changes in blood flow and in haversian remodeling. The grooves are located
between the plate holes, where the conventional plate is excessively strong.

Using disulfine blue as a vital marker of blood supply, the cross sections of the sheep tibias displayed
a markedly better blood supply beneath a grooved plate.

Vascular damage and consequent haversian remodeling.

At 12 weeks a distinct difference in remodeling is seen. The bone is porotic beneath a conventional
smooth plate. The porotic area, which in cases of high rates of remodeling may sequestrate, reaches
the periosteal surface of the bone, where plate contact retards the revascularization.

With grooved plates the porosis is much less pronounced and does not reach the surface of the bone
plated.

There is literally no porosis if, under similar circumstances, a plate is applied as an internal fixator,
i.e., at a distance from the bone surface (Tepic and Predieri 1989).
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Basic Requirements

Fracture healing cannot proceed without adequate biological activity; living pluripotent
cells must be available locally. These cells require a blood supply for nutrition and most
likely for cellular support. One can safely assume that, given biological integrity, the
cells surrounding a fracture are pluripotent and able to form bone. The critical parameter,
therefore, is whether or not these cells are stimulated to repair the fragment ends with
living, solid bone. Adequate blood supply to the repair tissues is crucial.

Type of Healing

With the onset of stable internal fixation a new type of healing was observed. First
“healing by primary intention” (Lane 1913) and ““soudure autogéne” (Danis 1947, 1949)
were observed radiologically and then ““ primary bone healing’” was observed histologically
(Schenk and Willenegger 1963). The term primary bone healing is replaced in this paper
with the term “direct bone healing” to avoid confusion and to avoid an implicit qualifica-
tion. The direct healing is based upon the process of angiogenic bone formation (Krom-
pecher 1967). Different types of healing are outlined here because they have direct implica-
tions upon the rationale for various treatment modes.

Spontaneous (Indirect) Healing of Bone

This consists of three elements (Fig. 1.38):

1. Granulation tissue forms first around the fragments and later between the fragments
as well. This is the callus precursor.

2. The fracture gap then widens due to surface resorption of the fragment ends, i.e.,
when plates and screws are used for stabilization.

3. Bone formation progresses through a series of different steps from granulation tissue
to cortical bone (indirect bone formation).

Radiologically the process of indirect bone healing is characterized by the appearance
of callus, by the widening of the fracture gap, and then by the filling of the fracture
gap with newly formed bone, which is first patchy in appearance and then gradually
acquires a more distinct and dense structure. The latter is achieved through a process
of internal remodeling of the haversian system which may last several years.

Healing pattern.

Spontaneous healing, (indirect healing). Radiography of cortical bone following a transverse fracture
without fixation. Abundant callus formation, bridging starts at the lower periosteal side in this picture
(Rahn 1987).

Direct (or primary) healing.

An oblique fracture fixed stably using a lag screw and plate healed by internal remodeling alone. The
radiological picture and the histological section of such healing showed neither relevant periosteal nor
endosteal callus formation specific to the fracture area. As can be seen in this histological picture, direct
healing proceeds without resorption of the fragment end surfaces: i.e. contact healing. This figure shows
an extremely precise adaptation achieved under experimental conditions (Tepic and Predieri 1989). In
reality contact zones are comparably infrequent and do, therefore, contribute only little to the strength
of healing.
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Direct (or Primary) Bone Healing

Direct bone healing bypasses the different steps outlined for indirect healing and skips
directly to internal remodeling (Fig. 1.39) in contact zones (contact healing) (Fig. 1.39a)
or to filling of stable gaps with lamellar bone and consequent remodeling or plugging
(gap healing, Fig. 1.39b). The surface of immediate contact within a fracture is directly
related to the compression applied (Ashhurst 1986). It amounts in reality to only a small
fraction (a few percent) of the total cross section.

In direct healing no relevant amount of callus, especially of callus which specifically
bridges the fracture line, becomes visible radiologically. Fragment end resorption does
not occur. The process of internal remodeling of the haversian system, uniting the fragment
ends, is the only process resulting in solid union. Direct healing does not lead to faster
union. The absence of fragment end resorption may be of utmost importance when non-
gliding splints are used. The radiological appearance of direct fracture healing is character-
ized by virtual absence of callus formation. The fracture gap does not truly widen, but
may appear to do so due to intense remodeling near the fracture surface. Therefore
the surgeon is guided mainly by the absence of signs of complications, such as callus
formation, which would indicate instability and fragment end resorption (shortening).
Callus is not considered to be undesirable per se, but its appearance under conditions
which require absence of fragment end shortening is a sign of a critical instability.

Non-union

Bone healing may come to a stop (Fig. 1.5) when one or both of two elements are dis-
turbed:

1. The mechanical conditions of strain.
2. The capacity for biological reaction.

In the first case a hypertrophic non-union is seen (Fig. 1.5a). The treatment (Fig. 1.5b)
then must aim to correct the mechanical instability by using an internal splint. In the
second case a nonreactive or atrophic non-union is present. The treatment here consists
in inducing bone formation by applying a living bone graft as well as providing mechanical
stability.

The elements of direct or primary bone healing.

Contact healing: The initial direct bone healing and final healing in all cases consist of remodeling
of the haversian system. In the case of contact healing, this remodeling is essentially the only element
upon which healing relies. The histological section depicts the ““cutter head” with osteoclasts and osteo-
blasts at a distance producing a new vascularized osteon (Perren and Cordey 1980).

Osteon: Histological appearance of an osteon tunneling the bone from left to right (Rahn and Perren
1975).

Osteon: Schematic diagram. The cutter head at the right tip with osteoclasts and the conical surface
with osteoblasts towards the left is visualized (Perren et al. 1981).

Gap healing: Under stable conditions (due to nearby contact) a gap fills directly with mature bone
of similar structure but of different orientation than the original lamellar bone. This bone is later remod-
eled to a structure and orientation similar to lamellar bone, i.e., gap healing. The next step in this
process consists of internal remodeling through the gap and/or from the gap into the cortex (plugging)
(Perren and Cordey 1980).
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Relevance of Different Types of Healing

The different types of bone healing are of considerable scientific interest. The physician
in charge of the fracture treatment can argue that the only goal for treatment is the
solid union of a correctly reduced bone with maintained joint function (thus avoiding
soft tissue complications). The important difference between direct and indirect healing
is that direct healing does not proceed with fragment end shortening. Such shortening
can easily be taken up by a gliding splint such as the intramedullary nail. Fixation by
intramedullary nailing does not require absolute stability. Compression fixation of single
fractures by lag screws in combination with a neutralization plate does not tolerate even
minimal instability. The type of plate used in the bridge or wave mode (“biological
fixation”; see p. 2) with preservation of the fragment blood supply neither provides nor
requires absolute interfragmental stability and greatly extends the indication for plate
fixation.

Controlling Mechanisms of Bone Healing

Fracture healing can proceed in many different ways. It is now well documented that
instability results in callus formation, fragment end resorption, and indirect bone forma-
tion via soft repair tissues. Under conditions of maintained stable contact, bone heals
internally with minimal or no callus, without fragment end resorption and with direct
bone formation. The fracture circumstances dictate which type of healing offers the most
advantages.

Scientific Background of Development

The specific characteristic of the AO development of principles, techniques, implants
and instruments is close collaboration of research on the one hand and practical surgical
work on the other hand. The Laboratory for Experimental Surgery in Davos, the central
research facility of the AO, has recently contributed to the following developments. Similar
developments from other AO research and development groups are equally important.

Klaue’s experiment demonstrating the loss and recovery of lag screw compression.

When a conventional fully threaded lag screw (i.e., a screw within a gliding hole) is applied in an
inclined position, wedging of the threads within the gliding hole occurs and a considerable part (more
than 50%) of the potential compression is lost.

Using a shaft screw with a shaft diameter corresponding to the outer diameter of the screw thread,
wedging is avoided and optimal compression achieved.

The measured values of interfragmental compression exerted by the two different types of screws. The
black bars correspond to a, the hatched bars to b. The new shaft screw is 60% more efficient than
the fully threaded inclined lag screw.

72



Fig. 1.40

...........................

kN

73



1.3.4.1

Fig. 1.41

The Concept of Biological Plating: The LC-DCP

The scientific observations of biomechanics and biology of bone lead to the new concept
of biological plating (see also p. 108): The newly designed LC-DCP® stands for a new
approach to plate fixation: reduced trauma to bone, preservation of blood supply, avoidance
of producing stress risers at implant removal, and excellent tissue tolerance were the goals
to be realized. The LC-DCP is technically a further development of the DCP (Perren
et al. 1969c¢). It is based mainly on the experimental work of Klaue (1982) and Klaue
and Perren (1982), who developed its predecessor, the DCU (dynamic compression unit).
In the DCU the lag screws applied through the plate are about twice as efficient as
the conventional inclined lag screws. The symmetrical self-compressing plate hole and
the deletion of the elongated distance between the innermost screw holes make the DCU
more versatile for use in any fracture type, disregarding the hitherto *“standard” transverse
osteotomy in cortical bone rarely treated by plating (Fig. 1.41).

The new concept aims at:

1. Minimal surgical damage to blood supply.

2. Improved healing in the critical zone covered by the plate.

3. Minimal damage to the bone lining the plate to reduce the risk of refracture following
plate removal. ‘

4. Optimal tissue tolerance of the implant by selection of pure titanium as an implant
material.

As outlined in Fig. 1.40, when using a shaft screw (originally designed as an inclined
plate screw for use with the DCU or LC-DCP) to replace the fully threaded inclined
lag screw, about 50% of compression — lost due to wedging of the fully threaded screw
— is salvaged.

This type of shaft screw, originally designed for the inclined plate screw in the DCU
or LC-DCP, can be used as a free lag screw. It provides more efficient compression
than a normal lag screw. Here once again secondary wedging within the gliding hole
is prevented.

Grooves on the undersurface of the LC-DCP serve three purposes:

(1) They improve blood circulation by minimizing the damage due to contact between
plate and bone. (2) They allow for a small bone bridge beneath the plate at a place
which is otherwise weak due to a stress concentration effect of the nonhealed fracture
gap at the periosteal surface. (3) They result in more even distribution of the stiffness
of the plate than in conventional plates, where the cross section at the screw holes is
softer and weaker, while the full rectangular cross section between the screw holes is

Histological appearance of bone healing with the DCU.

Sheep tibia 56 days after surgery (Klaue et al. 1982). Intensive remodeling of the oblique osteotomy
is seen mainly as a band lining the osteotomy (Area “A”). Little remodeling is seen immediately deep
to the plate with smooth undersurface (Area “B”’). Where the shaft of the screw is in direct contact
(Area “C”), intensive remodeling is observed. Where the shaft of the screw does not touch the clearance
hole (Area “D”), minimal remodeling is seen. In the contact area around the thread of the lag screw
(Area “E”), intensive remodeling is visible. Though the overall pattern of remodeling is ““patchy”,
it best correlates with local conditions of blood supply. It is noteworthy that the band of remodeling
providing healing is obviously related to temporary loss and recovery of blood supply rather than to
changes of mechanical load or to an unknown signal radiating from the fracture site. Direct or primary
healing therefore seems to be rather a by-product than a direct biological response to the fracture.
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Fig. 1.42

markedly stiffer, i.e., more resistant to bending and torque. The difference in stiffness
results in a relatively increased load within the weak spot at the screw holes.

The healing pattern of bone plated with the LC-DCP displays a more abundant bone
formation with a circumferential shell of mature callus bone (Fig. 1.43), especially around
the fracture site. The fracture gap exhibits a band of remodeling and not fracture surface
resorption (which could lead to breakdown of stability). The contact of the plate with
the bone is limited and the plate-induced remodeling is small. The bone porosis induced
by the LC-DCP ranges between the extremes shown in Fig. 1.37a (conventional plate,
smooth undersurface) and Fig. 1.37¢ (plate does not touch bone at all).

Apparently, a larger screw hole remains after removal of the shaft screw. However,
one should consider that the outer diameter of the hole with a fully threaded screw
is the same as that with a shaft screw. The fully threaded screw, though, allows for
filling in of the threads. The mechanical difference with respect to the strength of the
bone is negligible.

The X-ray of a diaphysis plated with a conventional plate with smooth undersurface
(Fig. 1.42¢) illustrates the problem: at the periosteal surface, facing the undersurface
of the plate, the fracture gap shows a small defect. Since, whenever possible, the plate
is placed at the tension side of the bone for best resistance to fatigue failure and for
best stabilization according to the tension band principle, this defect is at the worst
place possible, when considering plate removal. The photoelastic model of a beam under
bending load with the defect at the tension side is shown in Fig. 1.42g: the harmful
stress concentration is disclosed.

The developments in AO internal fixation plates. In a—d upper (left) and lower (right) surfaces are
shown.

The round hole plate (Miiller et al. 1963). The conically undercut screw head allows for only a perpendicu-
lar position of the screw. The distance between the inner screw holes is larger. The plate undersurface
is smooth.

The dynamic compression plate DCP (Perren et al. 1969c). The spherical contact geometry allows for
20° of tilting of the screw along the long axis of the bone.

The dynamic compression unit DCU (Klaue and Perren 1982). The completely symmetric screw holes
are distributed at even distances throughout the plate. Symmetric screw holes with oblique undercut
for improved range of inclination.

The limited-contact dynamic compression plate LC-DCP (Perren et al. 1989) viewed from above: symmet-
ric arrangement of the screw holes without a solid elongation between the innermost screw holes. The
screw holes themselves are symmetrical and are provided with two sloped cylinders. Lateral undercuts
allow for bone formation at the plate (tension) side of the periosteal surface. Less damage to blood
supply results, and the trapezoid cross section allows for easier and less traumatic removal of the plate.

A clinical case in which a plate with smooth undersurface had been used: defect in fracture healing
immediately beneath the plate. This defect acts as a stress riser and increases the mechanical stress
locally. (Courtesy of S. Kessler).

Following plate removal, a refracture originated at the stress concentration. Removal had been too
early for this type of plate.

The photoelastic model shows a stress concentration under mechanical loading near a small defect at
the surface of a cantilever beam loaded in bending.
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Fig. 1.43

Bone healing and minimal early temporary porosis with the LC-DCP.

Fracture of sheep tibia plated with LC-DCP. An oblique shaft screw and a nearby single cortex plate
screw were used.

Three months after operation: clinical X-ray before sacrifice.

¢ Three months after operation: the X-ray of the dissected bone shows marked bone density in the fracture

area.

The microradiograph of the undecalcified cross section shows minimal early temporary porosis beneath
the plate and in the next quadrant. A shell of mature callus is seen lining the periosteal surface.
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1.3.42

Fig. 1.44

Improved Effectiveness of External Fixator Pins

In the past decade it has become clear that pin loosening and pin tract infections can
be significantly reduced (Behrens 1982, 1989) by (1) using larger pins and (2) generating
radial preload with the inserted pins.

Based on early clinical experience (Behrens 1982) the AO introduced, in 1984, short-
threaded Schanz screws with a core diameter of 3.5 mm and a shaft diameter of 4.5 mm.
These screws provided excellent purchase in cortical bone while making the smooth shaft
of 4.5 mm the effective pin diameter in the near cortex. These Schanz screws were consider-
ably stiffer than the 5-mm screws previously used, where the threaded portion (core
diameter of 4.0 mm) engaged in both cortices.

Clinical experience in the early 1980s indicated that using pins with short threads
inserted in pin holes smaller than the shaft diameter lowered the empirical rate of pin
tract infections and loosening (Behrens 1982). With these systems, misfits between drill
hole and pin shaft (radial preload) of somewhere between 0.5 mm and 1.0 mm were
created (Behrens 1986, 1989). On closer examination of this issue, Gasser (1989) predicted
on theoretical grounds that mismatches between core and shaft diameter of 0.1-0.2 mm
would be highly effective, yet small enough to prevent mechanical disruption of the sur-
rounding cortex. Hyldahl et al. (1989) further established the effectiveness of radial preload
using a pneumatically operated pin motion system in the sheep tibia (see p. 50), while
similar experiments carried out by Biliouris et al. (1989) confirmed Gasser’s theoretical
prediction (Fig. 1.44).

Based on these insights, a new AO Schanz-type screw for unilateral external fixation
has been developed (Fig. 1.45). It has a 3.4-mm core diameter and a 4.5-mm outer diameter
of the thread near the trocar tip. A very shallow thread with 4.7-mm core diameter
and 5.0-mm outer diameter connects to the 5-mm drive shaft. The portion of the screw
with the shallow thread produces forward propulsion of the pin until the far cortex
is engaged by the tip portion. These special design features result in a 0.2-mm misfit
for all parts of the new Schanz screw. It is, therefore, not a conical screw but a conically
preloaded cylindrical screw, which avoids the disadvantage of the conical threads, namely
that they require a predetermined position along the long axis of the screw, i.e., a predeter-
mined position in relation to the depth within the bone.

In the meantime, a uniforme design of the Schanz screw has been adopted. It axerts
radial preload on both cortices and requires only drilling of both cortices to 4.5 mm.
This simplifies Schanz screw application significantly (see Chap. 5).

The effect of different degrees of pin oversize upon pin loosening in experimental external fixation (Biliour-
is et al. 1989).

An exact fit between pin and bone results in pin loosening without prior mechanical damage to the
interfacing bone.

Oversize of 0.1 mm results in the best bone structure and avoidance of pin loosening due to adequate
fit.

Oversize of 0.3 mm results in mechanical damage, instability, and consequent micromotion-induced bone
resorption.

Oversize of 0.5 mm results in massive mechanical destruction of bone by overload.
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1.3.4.3 The Development of ““ Tube-to-Tube” Clamps as an Example of the Development
Within the AO Group’s Technical Commissions

A recent contribution to external fixation consists in the ““tube-to-tube” fixation as rea-
lized by Fernandez Dell ’Oca (1989). Tube-to-tube fixation allows for very versatile assem-
bly of the tubes which connect the pins. According to the philosophy of the AO group,
the fragments of the fracture are fixed subsequent to appropriate reduction. Therefore,
extensive secondary corrections are actually a less important indication for tube-to-tube
fixation. More important is the possibility to apply pins in distinctly different planes.
A good example for such application is the external fixation of the humerus, where
damage to the radial nerve can best be avoided by applying the pins in two planes,
at right angles to each other. Tube-to-tube fixation is a typical example of AO ingenuity:
versatility is achieved without complicated additions to the system of instrumentation
and implants. In spite of the extended possibilities offered, the system remains simple
and can be taught and learned with little effort. Quality and simplicity are equally impor-
tant guidelines for the development of implants and instruments. The technical com-
missions of the AO group each consist of medical specialists, researchers, and technical
staff, whose purpose it is to develop principles, techniques, and necessary instrumentation
as well as implants and to monitor their clinical performance.

Fig. 1.45 The new AO Schanz-type screws for unilateral external fixation.

a Combined deep- and shallow-thread Schanz type screw. The thread near the tip has a 4.5-mm outer
and 3.2-mm core diameter, the tip is self-cutting. The shaft is 4.6 mm in diameter and connects with
a conical part. It is furthermore provided with a shallow thread to engage and drive the screw forwards
when the thread near the tip has not yet engaged in the far cortex. This Schanz screw is designed
for use in cortical bone providing automatic radial preload. It is used wherever the axial holding strength
requires priority.

b Shallow-thread Schanz-type screw. This screw is provided with only a shallow thread and is especially
designed for use in cancellous bone where large transverse surfaces are present (good strength in relation
to a force acting perpendicularly to the long axis). This screw is of advantage wherever the resistance
to transverse forces has priority over the axial holding strength (e.g., in short metaphyseal fragments).
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1.3.4.4

Fig. 1.46

The New Design of the Nails

The use of interlocking intramedullary nails, as proposed by Kiintscher, Klemm and
Schellmann (1972), Kempf et al. (1978), and others, requires a stronger implant, a nail
stiffer than the one used for conventional nailing. In the classical indication for interlocked
nailing, the shape of the nail plays a minor role, If there is little fragmentation, the
bone does not tolerate a misfit and fails upon insertion unless a smaller diameter is
selected.

The shape of the medullary cavity of the femur was studied by Winquist et al. (1984)
and Zuber et al. (1988). Based on these measurements, the AO universal nail for the
femur has a bending radius of 1500 mm (Fig. 1.46a, b). Its cross section is completely
slotted to avoid stress concentrations usually encountered at the end of a partial slot
(Beaupre et al. 1984). The point of insertion has been reconsidered as well, based on
image reconstruction (Zuber et al. 1988). In spite of the new slot geometry, the conical
drive connection could be maintained because of a “key lock™ construction by Mathys
and Cotting (1986). ‘

An anatomical study by Heini (1988) provided the need of a new shape of the tibia
nail. The so-called Herzog bend was moved to a point one-third of the way down the
total length of the nail from the proximal end (Fig. 1.46¢, d). A sledge construction
for the tip of the nail was added based upon computer studies of the fit between the
medullary cavity and the nail.

The new shape of the intramedullary nails based upon the study of the shape of the medullary cavity.

The data obtained by Zuber et al. (1988) for the shape of the femur nail are based upon measurements
of the inner shape of the femur.

The insertion point of the femur nail would ideally be located at @, but for safety reasons the insertion
point (p) is recommended. The former more lateral point of insertion (¢) leads to a bending load, resulting
in twisting of the slotted nail.

The data obtained by Zuber: the average radius of the bend of the medullary cavity is between 800
and 1500 mm. For the femur nail the upper limit of this range was selected.

The data obtained by Heini for the shape of the tibia nail: the misfit of the old nail with the Herzog
bend and the better alignment of the new shape are demonstrated. The fit was obtained using CAD
(computer-aided design techniques).

The corresponding shapes of the tibia nail: the tibia, the old, and the new nail (rop) are displayed.
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1.3.4.5

Fig. 1.47

a

Unreamed Intramedullary Nailing

Conventional (with reaming, without interlocking) intramedullary nailing in severely open
fractures was considered for many years to be dangerous. The risk of intramedullary
infection was considered to be to high in relation to advantages gained by the nailing.

Recently, however, Wiss et al. (1986) and Helfet (1989) have reported good results
with intramedullary nailing of severe open shaft fractures. The procedure used consisted
in inserting a comparably small diameter nail into a medullary cavity which had not
been previously reamed.

The question arose of whether reaming has an effect upon bone circulation which
could be deleterious in severe open fractures. Klein et al. (1989) studied the acute effect
of reaming upon bone circulation (Fig. 1.46). Comparing unreamed nailed and reamed
nailed beagle tibia, they used procion red (Rahn 1986) as an intravital dye. The hypothesis
was that insertion of the nail temporarily results in complete damage to the medullary
blood circulation. It was demonstrated that intact dog tibia were largely able to compen-
sate for the lack of medullary circulation through periosteal circulation. The reamed
bones showed large deficits of blood circulation 7 h after reaming and nailing.

These results prove that the cortical circulation is preserved by unreamed nailing
to a good degree. This explains why an unreamed nail might successfully be used for
the treatment of severe open fractures. Unreamed nailing without interlocking — as long
found with small Kiintscher nails — lacks the necessary torsional stability. Closely fitting
nails, as required in noninterlocked nailing, may jam upon insertion.

In conventional nailing of fractures, the reduction of blood circulation due to reaming
plays a less important role than the necessarily reduced strength and stiffness of a smaller
nail. The risk of explosion fractures upon insertion, without reaming, of a solid nail
must also be carefully considered.

The new AO unreamed medullary nail: the study of blood circulation by Klein (1990).

The dog experiment with the two nails in situ, a larger nail after reaming and a smaller one inserted
without prior reaming.

Two cross sections of the bone showing the blood circulation with (leff) and without (right) reaming.
The circulation is markedly better without reaming. (Courtesy of B.A. Rahn).

The same cross sections but with expansion of the blood vessels to show which area is perfused and
nourished by diffusion, based upon the hypothesis that to about a 100 pm radius around a blood vessel,
living cells can survive. (Courtesy of B.A. Rahn).

The loss of blood circulation within the cross sections of the cortical bone nailed with (left column)
and without (right column) reaming for each animal (intravital marker: procion red).
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1.3.4.6 Instrumented Nail for Telemetry

The problem of designing implants for use in the human consists in the lack of precise
data on loading of the bone and the implants. While data is available for experimental
animals, where bending and torque was measured in vivo (Cordey et al. 1980), too little
is known concerning the loading of the human skeleton under conditions comparable
to the situation of fracture treatment in long bones.

The project (Schneider et al. 1988), telemetry (Genge et al. 1988), and clinical applica-
tion (Michel 1990) of an intramedullary telemetry nail for use in fixation of human
femur fractures was undertaken. A hollow nail which was hermetically sealed by welding
contained the power module, the analog to digital conversion, the scanner/multiplexer
and the transmitter. The power for the transmitter was fed inductively between a coil
placed around the thigh and one within the nail. The eight channels of the telemetry
were transmitted digitally. The data, sampled at intervals, were measured with precision
and repeatability.

The interlocking nail with a 16-mm diameter allows fixation of multifragmentary
and complex fractures (Fig. 1.48a, b), which (soon after fixation) transmit the entire
load placed upon the femur to the nail. The measurement therefore reflects the pattern
of loading during rehabilitation and after healing has taken place. The load placed upon
the nail after healing has occurred is important in regard to possible implant fatigue.

The measurements made (Fig. 1.48c) show unloading of the nail starting as early
as in the 4th week and progressing with a short inversion between the 5th and 6th weeks.

Fig. 1.48 Telemetry nail used in the human femur. The nail is used to determine the load in vivo during rehabilitation
and after healing has taken place.

a X-rays taken at surgery show the fracture and the nail in situ. The interlocked nail spans a multifragmen-
tary, complex femur midshaft fracture.

b X-rays taken 6 weeks after surgery.

¢ Results of the measurements between 22 and 107 days after surgery in a human patient. The three
components of the moment (Nm) and the three components of the force (N) are plotted for weekly
intervals under weight-bearing of 250 N. As expected, the healing process coincides with unloading,
which shows discontinuities (e.g., around the 5th and 8th weeks). At the end of the 3-month period
there is still a significant transmission of axial forces. This fact will have to be considered when the
decision is made to remove the interlocking bolts.
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1.34.7

Fig. 1.49

c—

Distraction Osteogenesis

Bone defects resulting from, for example, infected non-unions, require prolonged treat-
ment with bone grafting in most cases. The most efficient way to produce bone would
be autologous grafting with optimal vascular support and soft tissue connection. Bone
segment transportation according to Ilizarov (1989) ideally fulfilis these requirements:
In one or both fragments adjacent to a defect, an osteotomy is performed. The resulting
bone segment is then transported (1 mm/day) along the long axis of the bone to close
the defect. The newly formed gap behind the segment fills with bone. Once the transported
segment has closed the defect, it unites readily with the opposite fragment. This type
of autologous local bone grafting has gained wide acceptance for the treatment of desper-
ate cases. In a similar way malformations and malalignment may be treated by bone
lengthening and correction.

Nlizarov has realized, in a clinically reliable and reproducible way, what before him
Kirschner (1916), Bier (1918), Putti (1918), Anderson (1936) demonstrated but for which
they could find no wide application. While Ilizarov’s ingenious method is performed
with an apparatus that allows for easy three-dimensional corrections, the requirement
of multiple transfixing wires, the comparably large rings and the long duration of fixation
has led others to study the feasibility of bone transportation with simpler devices which
are more acceptable to today’s demanding patient. Riiter and Brutscher (1988) have
established the clinical usefulness of a device which allows for transportation without
transfixing wires. Their procedure completely avoids cutting of the wires through soft
tissues. Regazzoni (1989) has recently demonstrated the use of the AO unilateral external
fixator supplemented with a simple nut for transportation along the conventional AO
spindle.

Riiter et al. (1989) studied the use of wires applied along the bone in animal experi-
ments utilizing full osteotomies and corticotomies. Figure 1.49 shows the result in the
sheep. Transportation could be achieved reliably. Once the transported fragment closed
the defect, solid union occurred without further internal fixation. Long-lasting fixation
using transcutanously connected external devices was felt to be in need of improvement.
Brunner et al. (1989, 1990) have devised a method of transportation using an intramedull-
ary nail, whereby the transport is achieved using the method of noncutting wires explained
in Fig. 1.49b. The small and simple external frame helps to achieve the distraction of
the fragments; the intramedullary rod provides splinting. After transportation has come
to an end, the external part is removed and the intramedullary rod left in place. Tepic
(1989) has developed a method for continuous transportation of the fragment. It consists
of a bar which includes a battery-operated spindle device. Korcinek (1989) demonstrated
the formation of a more homogeneous bone in dogs and in man with continuous distrac-
tion according to Tepic.

Distraction osteogenesis according to Ilizarov.

The new method of Riiter and Brutscher (1988) using noncutting wires, with X-ray and CT immediately
after surgery and 3 months later. Transportation is achieved using elements of the conventional AO
external fixator with carbon fiber bars supplemented with two ratchets. Center, before transportation;
right, after complete transportation.

The recent method of Brunner and coworkers combining the above-mentioned method with an intra-
medullary nail. The apparatus (Jef?) consists of a small bilateral AO external fixator frame supplemented
with two small Wagner external fixators to allow transport of the segment using a pair of tension wires.
Center, the situation before transportation of a segment to close a 45-mm-long defect. Right, after 32 weeks
the gap has filled with homogeneous, tubular bone. The defect is solidly healed.

See p. 92.
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Fig. 1.49

Distraction osteogenesis according to Ilizarov (continued).

Riiter and Brutscher radiologically quantified the difference between corticotomy (filled symbols) and
osteotomy (open symbols). A relatively small difference was found.

The cross sections obtained by quantitative computed tomography of the transported segment shown
in b and c. The bone within the gap shows a normal shape with temporarily lesser density (Brunner
et al. 1989).

The motor-driven rod of Tepic for continuous distraction. The study by Korcinek (1989) seems to demon-
strate the superiority of continuous distraction. At 6 weeks after surgery the gap is filled with more
homogeneous bone.
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1.3.5 Implant Materials

1.3.5.1

The materials for internal fixation implants must, first of all, perform their task of provid-
ing temporary fixation of the fracture to allow for functional treatment. Here good fatigue
resistance is required. They must be ductile so as to maintain strength after having been
adapted to the bone surface. The stress relaxation by the implants should be minimal,
to maintain compression. The material should not degrade in an uncontrolled way. Last,
but not least, the implant material must be available continuously, at defined quality,
and at an acceptable price, while allowing appropriate qualities for machining and con-
touring at surgery.

Metals

Metals are used as implant materials because they are strong, ductile, i.e., may be shaped
to fit the bone surface, and their biocompatibility is generally acceptable. Today’s internal
fixation implants are made mainly of stainless steel or of pure or alloyed titanium.

Steel

Steel consists mainly of iron, chromium, and nickel. It corresponds to international stan-
dards (ISO TC150 5832/1) which define two grades of carbon content and four grades
of cold work, from annealed to extra hard. Steel is today’s all-round material with a
good combination of strength, ductility, and price. Its corrosion resistance and compatibili-
ty are fair.

Pure Titanium

Commercially pure titanium (c.p. Ti) consists of titanium and oxygen. Titanium is extreme-
ly insoluble and subsequently is inert and compatible. According to Steinemann (1988)
the body is saturated with titanium and, therefore, no additional soluble titanium can
become active. Cases of sensitization as reported for nickel have not been observed,
to our knowledge, when only c.p. titanium was used as implant material. It is available
today in grades which combine good strength and ductility (ISO TC150 5832/2). Its
price, however, is higher than that of steel.

Titanium-6- Aluminum-4-Vanadium Alloy

Ti6A14V, an alloy of titanium, aluminum and vanadium, offers excellent strength and
fair ductility (ISO TC150 5832/3). The material is used extensively in industrial applica-
tions where light constructions must be strong (e.g., in airplanes). The corrosion character-
istics of Ti6A14V are excellent. For any alloy, the risk of sensitization to one of the
components increases with their number. As an element vanadium is known to be about
10 times more toxic than nickel. Other titanium alloys aim at strength (e.g., TiAlFe or
TiAIND) or at a combination of strength and ductility (Ti-beta alloys).

Other Alloys

Chrome-cobalt alloys no longer find wide application in internal fixation. Tantalum and
niobium have been proposed as implant material but have, to date, not found widespread
application due to their lack of important advantages.
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1.3.5.2

Corrosion

Metals undergo corrosion in body fluids. Implant metals are invariably of the kind which
are protected from corroding by a passive layer consisting of nonsoluble corrosion prod-
ucts. Corrosion is increased when a metal component frets against another metal compo-
nent of the implant. Steinemann (1977) has demonstrated this effect to increase corrosion
by a factor of 100. This observation underlines the importance of stable fixation (see

p. 14).

Other Implant Materials

Polymeric Materials

Polymeric materials have been proposed to replace metals in internal fixation implants.
If avoidance of corrosion is the goal, one must also bear in mind that the problem
of uncontrolled leakage of components (e.g., plasticizers) from polymeric materials has
not been solved yet. The strength of polymeric materials (e.g., carbon fiber reinforced
ones) may be high, but it is unlikely that, at the same time, ductility is maintained and
stress relaxation avoided.

Biodegradable Polymeric Materials

Metals are often surgically removed from the body once the bone is able to carry the
load. To avoid the second operation, Rokkanen et al. (1985) have proposed using biode-
gradable polymeric materials, so that the implant dissolves after a certain time in the
body. No such material has yet become available for use with conventional techniques
of internal fixation which combines adequate strength, ductility, maintenance of compres-
sion and degradability without marked tissue reaction. Tissue tolerance, especially the
local effects on infection resistance, is still an unsolved problem. With some materials
an incidence of about 10% of formation of “sterile cysts” is reported. Some of them
showed secondary infection. Hoffmann et al. (1989) considered the observed rate of com-
plications as being unacceptable.

Ceramic Materials

Different materials, such as hydroxyapatite and tricalcium phosphate, are available with
a variety of mechanical properties. They are used for replacement and for improved
bone ongrowth to the implant. Brittleness and limited strength restrict their use as material
for internal fixation.

Aluminum oxide ceramics, as well as ceramics based on other metals, offer high
strength and smooth surfaces, which are important in prosthetic replacement but less
so in internal fixation. With respect to tissue tolerance these materials are very inert,
a quality shared by the passive layer of commercially pure titanium.
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1.4.1

1.4.2

1.4.3

Fig. 1.50

Fig. 1.51

AO Teaching

AQO Courses

Internal fixation requires intelligence and skill, i.e., basic biological and mechanical under-
standing, careful preoperative planning, and a high standard of surgical perfection. To
function adequately the trauma surgeon must understand the scientific basis, the principles,
the instrumentation, and the implants. Furthermore, optimal internal fixation requires
preoperative planning and manual skills, in order to achieve the best results with the
least tissue damage. The goal of AO courses from the very beginning was to teach the
scientific basis of fracture treatment and healing as well as the development of manual
skills. Initially, the instruments were available only to surgeons who had taken at least
a basic course. This policy could not be maintained for very long. Over 30 years, 450
courses have been given for 60000 surgeons and 490 courses for 42000 nurses (Fig. 1.50).
AO courses are available at a basic or advanced level. They can also be directed at
problem solving with advanced groups. Other courses address specific fields, such as
hand, spine, or pelvic surgery. AO courses are also available for veterinary surgeons,
who have found them successful and stimulating.

The 80 courses given in Davos, attended by 20000 participants, have led to the develop-
ment of various teaching aids and particularly, to the possibility of hands-on teaching
to large classes. Today the courses, given in a large number of countries, have contributed
greatly to the refinement in teaching basic principles as well as basic skills.

AO Workshops

In 70 clinics, workshops for the development of manual skills have been installed to
allow the surgeon to instruct his team of doctors and nurses on a continuous basis
(Fig. 1.51).

AO Fellowships

Nothing can replace hands-on experience and on-site evaluation. Through AO Internation-
al, 150 fellowships are granted annually, each lasting for 2-3 months. They are available
at clinics run by experienced ““ AO surgeons.” To date 1700 fellows have taken the opportu-
nity to observe surgery, discuss indications and operative techniques, and study the results.

Programs of various AO courses.

Installation of an AO workshop.
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1.4.4 AQO Research Grants

The purpose of AO research grants is to support basic and applied research in different
laboratories and clinics. This often facilitates later applications for research grants from
national institutions.

1.4.5 AO Video Tapes

The braining of a large number of trauma and orthopedic surgeons has created the
need for optimal audiovisual instruction material. The Davos video team, working at
the Laboratory for Experimental Surgery (Fig. 1.52), has produced 275 master videotapes
for instructional purposes in the last 5 years, with a total of 7500 copies. These tapes
are updated each year and supplemented with short technical *“flashes.”

Fig. 1.52 The video facilities of the laboratory at Davos.
a The studio.
b The editing desk.

¢ The collection of original tapes.
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Fig. 1.52
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1.4.6 AO Artificial Bones and Limbs

Fig. 1.53

Though the first courses were given using human cadaver bones, it soon became necessary
to develop an artificial bone with appropriate mechanical properties, which would allow
the production of realistic fractures and would give the characteristic sensation during
drilling, tapping and tightening of the implants. These artificial bones were developed
as a result of a collaboration between the Laboratory for Experimental Surgery in Davos
and the Contraves Company of Ziirich. They are now produced in Filisur, near Davos,
by Synbone. More than 300000 bones of 72 different varieties have been used at the
AO courses. The artificial bones are also available as teaching and exercise tools for
use in clinics, especially for preoperative planning and surgical simulation. The bones
are provided to the surgeons by the laboratory at net cost (Fig. 1.53).

Special anatomical models have been developed which facilitate teaching and learning
of the different approaches in the leg and arm (Fig. 1.54).

The artificial bones developed especially for the AO courses.

a The range of bones. A total of 72 bones and/or fractures are available.

b A model of a wedge fracture. The fracture pattern is very realistic.

Fig. 1.54

A model of tension band wiring of the olecranon, an exercise performed at the AO courses.

The artificial limbs developed by Baldomero and Riedi for simulation of surgical approaches. The
bones, muscles, and major nerves and blood vessels are modeled.

Artificial thigh.

Artificial arm.
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Fig. 1.53

Fig. 1.54
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1.5

Fig. 1.55

Documentation

The backbone of the AO method is the documentation of over 150000 operative cases;
500000 code sheets have been completed and entered into computer files for analysis.
Over 1200000 radiographs, including those taken before and after operation and at 4
and 12 months after surgery, have been microfilmed, printed, and fixed on to punch
cards. Tt is through this detailed, painstaking documentation that members of the AO
have been able to assess the potential, as well as the results, of the methods and to
eliminate certain mistakes. This kind of follow-up required a great deal of patience and
excellent organization. The arduous task turned out, in the long run, however, to be
most worthwhile. The study of failures was particularly valuable. We established the
rule that a single failure following from the correct application of the method, and not
from its misuse, required re-evaluation and perhaps redesign of the technique. Over the
years, many of the procedures have been gradually changed and improved, expanded
in scope, and newly standardized.

The systematic analysis of failures has shown that the majority of these were due
to a disregard of biomechanical principles: most failures are preventable. Whenever a
surgical procedure has been developed to the point that success or failure can be predicted,
and success reliably achieved if sufficient care is taken, then the procedure can be consid-
ered dependable. This does not mean, however, that these procedures are easy and that
everyone is capable of carrying them out. On the contrary, years of practice and experience
are required in order to master all the intricacies of the AO method.

Everyone who uses the AO method should perform a follow-up evaluation at 4 and
12 months of all patients so treated. This is the only way that surgeons can critically
assess their own skill and the potential and limitations of the method in their own hands.
They will also come to recognize complications and will learn to treat them promptly.

The documentation of the 1990s is to be carried out at AO clinics using a decentralized
documentation system. An optical reader helps to transfer the data from the code sheets
to a database on a personal computer.

The new equipment allows immediate access to one’s patient database. The desired
information can be retrieved for history, reports, letters, statistics, etc. Together with
the completed follow-up, the data will be transferred to the AO Documentation Center.
Data are transferred in both directions using code sheets, floppy disks, or electronic
links with modems and international computer networks.

The radiographic data are recorded by photographic and/or video techniques. Image
enhancement is used to improve and standardize image quality. Image analysis may be
applied as a diagnostic tool, once the adequate software is available.

With this system it is possible to improve efficiency in the clinic and to reduce paper-
work. At the same time a method for quality control is directly located in the clinic.

AO documentation.

A punch card showing the most important information on one side with the microfilms of the radiographs
pasted on the back. The data are recorded on film using video image enhancement techniques.

The three AO code sheets: for the initial hospitalization, for the 4-month follow-up, and for the final
review.
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Fig. 1.56

Fig. 1.57

Examples of data of the code sheet printed for use of the clinic.

Different types of histories, reports and letters may be produced using the data from the code sheets
stored on the decentralized personal computer.

Decentralized documentation system of the 1990s.

The data on the patient are initially recorded on the code sheets which will be read by the optical
reader and stored in the database of the personal computer. These data are then made available to
the centralized system by means of floppy disks or via modem and international networks. One copy
of the punch card is stored in the clinic and one is sent to the AO Documentation Center. The clinic
can use centralized data by means of interactive access via modem or by receiving data on floppy
disks.
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Fig. 1.56

Fig. 1.57
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1.6

1.6.1

1.6.2

Development

Development includes that of principles, techniques, instruments, and implants.

Principles and Guidelines

This insight into the fundamental facts that guide development stems from basic and
applied research and from practical experience. The knowledge is compiled through careful
and open-minded observation of the reaction of the body tissues to different changes
brought about by various types of trauma and distinct modes of treatment.

As examples of principles developed we may quote the principle of early functional
treatment which is based on the observation of the reactions of soft tissues to immobiliza-
tion of the limbs and the analysis of the reactions to early pain-free mobilization. The
observations of the effect of suboptimal restoration of joint congruence have resulted
in the definition of the principle of complete restitution of joint anatomy as a basis for
best long-term function.

The development within the AO group gives priority to the scientific establishment
of basic principles rather than to production of a multitude of implants, one for every
bone, location, and fracture conceivable.

A basic guideline for the development of principles within the AO group is that
injured bone is understood as being a biological structure which depends on its biological
interaction with soft tissues. Bone should not be confounded with a piece of broken
furniture to be first cleaned and then embellished by application of individual but largely
“unnecessary fittings” (Weber, pers. comm.).

Decisions regarding the principles are taken by physicians and scientists assisted by
a competent and creative technical team. This interdisciplinary group forms the general
technical commission of the AO.

Techniques

The manner of accomplishing internal fixation according to the principles must satisfy
the criteria of simplicity and safety. The different techniques such as plating, nailing,
external fixation, wiring, etc. rely on the understanding of the bone reaction to the prevail-
ing mechanical and biological (*“biomechanical’’) conditions. On the one hand, in conven-
tional plating (with the exception of, for example, biological plating) unloading of the
plate, degree of corrosion, mechanical fatigue of the implant, type as well as rate of
bone healing, and susceptibility to infection depend much on the degree of stability of
fixation achieved. On the other hand, the stability achieved with noninterlocked nailing,
and to a certain extent that achieved with interlocked nailing, is less critical.

With respect to the selection of the optimal technique, the type of fracture and the
conditions of the soft tissues obviously play an important role. Other factors, such as
the skill of the surgeon, the surgical environment (help provided, conditions of asepsis),
the instruments and implants available, and cooperation by the patient are important
and variable elements to be taken into consideration.
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1.6.3

1.6.4

Instrumentation and Implants

The tools and the implants must be simple and of high quality. The surgeon must have
an armamentarium at hand which puts him in a position to deal with the widest variety
of fractures. The instrumentation must be understood and therefore be taught and learned.
The interaction and the function of the set of instruments and implants must satisfy
the criteria of simplicity and completeness. Good resuits depend on the selection of the
material, the appropriate grade (degree of cold work, purity, etc.) and the excellence
of its construction. Instruments and implants must be used for the applications for which
they have been developed. Only the creative expert may take advantage of other possible
uses. The dimensions of the instruments must be carefully adapted to those of the implants.
This is the reason why mixing instruments and implants from different producers may
lead to unexpected problems, when, for example, the nominal dimensions fit, but the
tolerances are different.

We do not recommend repeated use of the implants. They are not designed for reuse,
and one cannot estimate the degree of fatigue the implant has undergone during an
earlier period of use.

The Technical Commissions of the AO

Developments under the aegis of the AO are controlled by the technical commissions.
The “large” technical commission sets the long-term goals and guidelines and coordinates
of smaller technical commissions. The latter deal with problems in special areas such
as small fragment surgery, maxillofacial surgery, spine surgery, joint surgery, pelvic sur-
gery, and veterinary surgery. An additional group deals with the development of new
materials.

At the AO research center in Davos a group develops prototypes based on the insights
provided by the scientists. Each manufacturer of AO products has a group for product
development. To coordinate the efforts of all these groups is a further task of the technical
commission.

A development is activated by a single person, be it scientist or physician, who works
with a member of the prototype or product development group. Once such a team has
developed something they consider to be worth testing, the technical commission organizes
the tests in the laboratories and hospitals. Care is taken that the clinics selected for
performance of the tests provide a complete test of the different intended types of use
under realistic conditions. The results are reported to and judged by the technical com-
mission. The AO works as a group; therefore, the inventor’s name will not appear on
the final product and private reimbursement, apart from compensation for the costs
of the development, is excluded. However, the AO will readily support ongoing research,
teaching, and fellowships at the inventor’s facility. In this way a safeguard is provided
against private interests which could impede critical and realistic evaluation of the poten-
tial and the possible shortcomings of a technique, instrument, or implant. In a similar
way, special scientific achievements are awarded the AO Prize, and inventions are awarded
the AO Inventors Prize or the AO Recognition Prize.
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1.7 Glossary

Absolute stability: The compressed surfaces of the fracture do not displace under applied functional
load. The definition of absolute stability applies only to a given time and a given site: some areas
of a fracture may displace in relation to each other, other areas of the fracture may not, and different
areas may exhibit different displacement at different times. Practically the only method of achieving
absolute stability consists in the application of interfragmental compression. The compression stabilizes
by preloading and by producing friction (Perren 1972).

Biological internal fixation, biological plating (Mast et al. 1989): In internal fixation a delicate balance
exists between the degree of stabilization and that of surgical trauma. The benefits of each must be
pondered. Biological fixation favors the preservation of the blood supply and thus optimizes the healing
potential of bone and soft tissues. It provides sufficient stability for multifragmentary fractures to heal
in correct alignment. For protection of the implants from overload it relies on early biological reaction
(callus formation).

If simple fractures are plated, stable fixation to prevent induction of bone surface resorption is required.
In single fractures with closely adapted fracture surfaces, minimal motion generates high strain. High
strain induces bone surface resorption in contact areas. When locking splints (see p. 24) or nongliding
splints (see p. 28) are used for fracture fixation reliable results are produced by stability which prevents
loosening. Surgical exposure required for stabilization of a simple fracture is limited and therefore less
detrimental to the blood supply and healing of the fracture.

Multifragmentary fractures and complex fractures are less demanding in respect to stability. Here
instability produces small amounts of strain due to (1) larger fracture gaps and (2) distribution of strain
over several, serially located fracture gaps. Surgical exposure required for stable fixation of multifragmen-
tary fractures would be extensive with consequent important disturbance of blood supply. Therefore
in plating of simple fracture, stability is an important goal to achieve, while in multifragmentary fractures
biology takes precedence.

Blood supply to cortical bone (restoration of). Cortical bone which has been completely deprived of
blood supply for an extended period of time becomes necrotic. It may be revascularized by regrowth
of blood vessels without marked widening of the haversian canals (Pfister et al. 1979), or by newly
formed haversian canals. The restoration by neoformation of haversian canals is a process with a marked
lag period and relatively low speed (0.1 mm/day, Schenk 1987). Bone may be revascularized by resorption
and replacement with newly formed, vascular bone (creeping substitution).

Buttress: When the trauma results in impaction of the bone (e.g., at the distal metaphysis of the tibia)
a defect remains after fracture reduction. An implant (plate, external fixator, or interlocking nail) then
temporarily carries functional load while it maintains the shape of the bone.

Callus: A reparative tissue made of connective, cartilaginous, or bony tissue (or any combination thereof).
Callus formation may be induced by any irritation — chemical (Kiintscher 1970), infection and/or instabili-
ty (Hutzschenreuter et al. 1969) or others. In internal fixation the appearance of callus is therefore little
appreciated, as a sign of an unwanted condition. Callus, though, is always welcome as a repair tissue.

Complete articular fracture: The articular surface is completely dissociated from the diaphysis.
Complex fracture: Fracture in which after reduction there is no contact between the main fragments.

Compression: The act of pressing together. It results in deformation (shortening like a spring) and in
improvement or creation of stability. Compression is used (1) to provide stability of fixation where
motion-induced resorption must be prevented, and (2) to protect the implants and to improve their
efficiency by unloading them. Unloading is achieved through restoration of the load-bearing capacity
of the bone. Any fixation taking advantage of the load-bearing capacity of fragments of a fracture
bone can withstand appreciable amounts of load without mechanical failure or temporary micromotion
within the fracture. This is the main reason for using careful reduction and application of compression.
Compression furthermore helps to restore dynamic loading of the bone fragments, a process for which
stable contact of the fracture fragments is a prerequisite.

If the implant (screw, plate) bridging the fracture is applied under tension the fracture focus undergoes
an equal amount of compression. The compression is used to help stabilize the fracture. We have not
observed any “magic biological effect” of compression.
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Contact healing: A healing which occurs between two fragment ends of a fractured bone, at circumscribed
places which are maintained in motionless contact. The fracture is then repaired by direct internal remodel-
ing. Contact healing may be observed additionally where the gap is only a few micrometers wide.

Debricolage: A French term signifying the process of mechanical failure of an internal fixation prior
to the onset of solid bone bridging.

Direct healing: A type of fracture healing observed with stable internal fixation. It is characterized by:

1. Absence of callus formation specific to the fracture site.

2. Absence of bone surface resorption at the fracture site.

3. Direct bone formation, i.e., without intermediary repair tissue.

Direct fracture healing was formerly called “primary” healing in some countries. Today we avoid the
term primary so as not to grade the quality of fracture healing. Two types of direct healing are distin-
guished: contact healing (q.v.) and gap healing (q.v.).

Extra-articular fractures: The fracture does not involve the articular surface, but it may be intracapsular.

Far (trans-) cortex: The cortex away from the plate. The consequences of a defect within the far cortex
are much more important than those of a defect in the near cortex. The difference is due to the larger
lever arm of the far cortex.

Fracture: A sudden rupture of a structure which occurs whenever the internal stress produced by load
exceeds the limits of strength. Depending on the type of load — compressive, flexural, torsional, shear,
or any combination thereof — a typical fracture pattern is observed (impaction, transverse fracture,
spiral fracture, avulsion, etc.). The complexity of the fracture depends mainly upon the amount of energy
stored prior to fracture.

Fracture disease: A condition characterized by pain, swelling, and other signs of dystrophy such as
patchy bone loss and stiffness of joints (Lucas-Championniére 1907). Fracture disease (synonym: Sudeck’s
atrophy) can best be avoided by stable fixation to reduce irritation and by early active movement and,
when possible, immediate or at least partial weight-bearing by the injured limb (Allgower 1978).

Gap healing: The healing process taking place between two fragment ends kept in stable relative position
with a small gap between the fragment ends. Gap healing progresses in two phases: (1) the filling of
the gap with lamellar bone of different orientation than the bone of the fragments, (2) the subsequent
remodeling of the newly filled bone from within the gap into the fragments (plugging) or crossing from
one fragment through the newly filled bone into the other fragment (remodeling).

Gliding hole: When a fully threaded screw is used as a lag screw, the cortex under the screw head
should not engage. This can be accomplished by overdrilling the near cortex screw hole to at least
the size of the outer diameter of the screw thread.

Gliding splint: A splint (e.g., conventional nail) which allows for axial shortening. Such a splint provides
the possibility for coaptation under conditions of fragment end shortening due to bone surface resorption.

Goal of fracture treatment: According to Miiller et al. (1963), the goal of fracture treatment is to restore
optimal function of the limb in respect to mobility and load-bearing capacity. The goal is furthermore
to avoid early disturbances such as Sudeck’s atrophy (fracture disease) and late sequels such as post-
traumatic arthrosis.

Healing: Restoration of the original integrity. Theoretically the healing process after a bone fracture
would last many years, until internal fracture remodeling subsides. For practical purposes healing is
considered completed when the bone has regained its normal stiffness and strength.

Impacted fracture: A fracture in which the cortex or articular surface is driven into the cancellous bone.

Indirect healing: Bone healing as observed in nontreated or nonstably treated fractures. Callus formation
is predominant, the fracture fragment ends are resorbed, and bone formation results from a process
of transformation of fibrous and/or cartilaginous tissue to bone.

Interfragmental compression (effect of): Static compression applied to a fracture area stabilizes the frag-
ments and thus reduces irritation. Bone surface resorption is then absent. No proof has been found
that compression per se has an effect upon internal remodeling of the cortical bone (Matter et al. 1974).

Interlocking nail: A nail provides some degree of stability mainly by its (flexural) stiffness. A conventional
nail allows the fragments to slide along the nail; the fracture must therefore be provided with a solid
support against shortening. For the treatment of complex fractures the nail can be interlocked to prevent
shortening and rotation.
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Lag screw: The lag screw produces interfragmental compression by compressing the bone under the
screw head against the fragment in which the screw threads are anchored. Interfragmental compression
will be reduced by engagement (wedging) of the screw threads with the walls of the gliding hole. Anchorage
in the near fragment can be avoided by the use of a shaft screw. This method is required to maintain
efficient compression when the lag screw is applied through the plate in an inclined position.

Locking splint: An implant (e.g., plate) acting as splint which, when somewhat loosened by interface
resorption, does not allow coaptation. Therefore, when using a locking splint for fixation of a simple
and adapted fracture, interfragmental displacement should be avoided to prevent bone surface resorption
with consequent biological loosening of the fixation. Such loosening without possible coaptation may
result in a mechanically induced non-union. This is a problem after plating, while after locked nailing
the mere removal of the locking pins allows for maintenance of the splinting while gliding along the
long axis of the nail is permitted.

Multifragmentary fracture: A term reserved usually for extra-articular and articular fractures which have
one or more completely dissociated intermediate fragments.

Near (cis-) cortex: The cortex near the plate. In respect to bending the near cortex contributes little
to stability of fixation. When — e.g., in wave plate application — the distance between the plate and
the near cortex is increased, the bone and the repair tissues gain better leverage.

Neutralization: An implant (plate, external fixator, or nail) which acts based upon its stiffness is said
to “neutralize” the effect of the functional load. The implant carries a major part of the functional
load and thus protect, e.g., a screw fixation. It does not actually “neutralize” but does minimize the
effect of the forces (see Protection).

Partial articular fracture: The fracture involves only part of the joint while the remainder remains attached
to the diaphysis.

Pin loosening: The pins of external fixator frames serve to stabilize the fragments of a fracture. Stability
depends, among other things, upon the contact between pin and bone. If bone surface resorption at
the pin-bone interface occurs, stability is reduced. Pin loosening is less important in respect of loss
of stability but is important in respect of its deleterious effect upon pin tract infection.

Prebending of plate: Exactly contoured plates produce asymmetric compression, i.e., the near cortex
is more compressed than the far cortex. The latter may not be compressed at all. In respect of stabilization
against torque and bending the compression of the far cortex is more important than that of the near
cortex. To provide compression of the far cortex the plate is applied after exact contouring but with
an additional bend of the plate segment bridging the fracture. The bend is such that the midsection
of the plate is elevated from the bone surface prior to fixation to the bone. Prebending is an important
tool to increase stability in small and/or porotic bones.

Precise reduction: The exact adaptation of fracture fragments (hairline adjustment). It should result
in complete restoration of anatomy and optimal late function. It should be noted that overall stability
does not depend on precise reduction, but precise reduction more reliably results in stability and increased
strength of fixation.

Preload: The application of interfragmental compression keeps the fragments together until a tensile
force exceeding the compression (preload) is applied.

Protection: While the term “neutralization” has often been used in plate and screw fixation, the term
“protection” should replace it. In reality nothing is neutralized. In plate fixation the plate reduces the
load placed upon the screw fixation. It therefore protects the screw fixation from overload.

Pure depression: An articular fracture in which there is only depression of the articular surface without
a split.
Pure split: An articular fracture in which there is an articular split without any additional cartilaginous

lesion.

Refracture: A fracture occurring after the bone has solidly bridged, at a load level otherwise tolerated
by normal bone. The resulting fracture line may coincide with the original fracture line or it may be
located remote from the original fracture, but within the area of bone undergoing changes due to fracture
and treatment.
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Relative stability: An internal fixation construct that allows small amounts of motion in proportion
to the load applied. This is the case with a fixation which depends only on the stiffness of the implant
(such as a nail bridging a fracture without exerting compression). It will always show deformation or
displacement which is inversely proportional to the stiffness of the implant. Such motion is always
present but harmless in nail fixation. According to the philosophy of the AO/ASIF group, plate fixation
is more reliable if motion is prevented. (Callus as a sign of unwanted instability is then absent.)

Rigid fixation: A fixation of a fracture which allows little deformation under load.

Rigid implants: In general implants are considered to be rigid when they are made of metals. The implant
geometry is more important than the stiffness of the material. Most implants made of metal are much
more flexible than the corresponding bone.

Rigidity: This term is often used synonymously with stiffness. According to Timoshenko (1941) it should
be used when related to shear (e.g., in the interface of plate and bone).

Simple (single) fracture: A disruption of bone (diaphyseal, extraarticular, articular) with two main frag-
ments.

Splinting: Reducing the ‘mobility of a fracture by coupling a stiff body to the bone fragments. The
splint may be external (plaster, external fixators) or internal (internal fixation plate, intramedullary nail).

Split depression: A combination of split and depression in an articular fracture.

Spontaneous healing: The healing pattern of a fracture without treatment. Solid healing is observed
in most cases but malalignment frequently results.

Stable fixation: A fixation which keeps the fragments of a fracture in motionless adaptation at least
for joint movement. While a mobile fracture produces pain with any attempts to move the limb, stable
fixation allows early painless mobilization. Thus stable fixation minimizes irritation, which may eventually
lead to fracture disease.

Stability of fixation: This is characterized by lack of motion at the fracture site (i.e., little or no displace-
ment between the fragments of the fracture). In technical terms, stability describes the tendency to revert
to a condition of low energy.

Stiffness: The resistance of a structure to deformation. The higher the stiffness of an implant the smaller
its deformation, the smaller the displacement of the fracture fragments, the smaller the straining of
the repair tissue. Reduced but not abolished strain promotes healing.

Stiffness and material properties: The stiffness of a structure depends on its Young’s modulus of elasticity.
An increasing Young’s modulus affects the deformation of the material by its first power.

Stiffness and geometrical properties: The thickness affects the deformability by its third power. Changes
in geometry are therefore much more critical than the changes of material properties, a fact which
is often overlooked by nonengineers. Thus, if flexible fixation is a goal, it can be achieved better by
a small change of the dimensions than by using a ““less rigid”” material.

Strain: Relative deformation of, e.g., a repair tissue. Motion at the fracture site in itself is not the
important feature, but the resulting relative deformation, which is called strain (6L/L). As strain is
a relative unit (displacement of fragments divided by width of fracture gap), very high levels of strain
may be present within small fracture gaps under conditions where the displacement may even not be
visible. This possibility must always be considered.

Strain induction: Tissue deformation may — among other things — result in induction of callus. This
is an example of a mechanically induced biological reaction. For those reactions triggered by strain,
such as callus formation and bone surface resorption, a lower limit of strain, the minimum strain, is
to be considered.

Strain tolerance: This determines the tolerance of the repair tissues to mechanical conditions. No tissue
can be formed under conditions of strain which exceed the elongation at rupture of the tissue. Above
the critical level, the straining of tissues will destroy the tissue once formed or will prevent its formation.

Strength: The ability to withstand load without structural failure. The strength of a material can be
reported as ultimate tensile strength, as bending strength or as torsional strength. The local criterion
for failure of bone or implants is expressed in units of force per unit of area: stress, or (equivalent)
deformation per unit length; strain, or elongation at rupture.
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Stress protection: This term, initially used to describe bone reaction to reduced functional load (Allgéwer
etal. 1969) is used today mainly to express the negative aspects of stress relief of bone. The basic
assumption is that bone deprived of necessary functional stimulation by changing mechanical load
becomes less dense or strong (Wolff’s law, Wolff 1893, 1986). Stress protection is often used synonymously
with stress shielding, i.e., in a purely mechanical sense. It is often used to characterize bone loss —
implying a negative reaction to stress shielding. With regard to internal fixation of cortical bone, stress
protection seems to play a fairly unimportant role compared with vascular considerations.

The early bone loss which was hitherto attributed to stress protection can be explained on the basis
of temporary lack of blood supply. The necrotic area then is remodeled by osteons which originate
from the area with good blood supply. Remodeling goes along with temporary osteoporosis. Measure-
ments of late bone loss under clinical conditions of internal fixation in the human using quantitative
computed tomography show very little bone loss at the time of implant removal (Cordey et al. 1985).

In summary, bone may react to unloading but this plays a minor role in internal fixation of cortical
bone fractures.

Stress shielding: When internal fixation relies upon screws and plates, according to the AO/ASIF group
the stability of fixation is achieved by interfragmental compression exerted mainly by the lag screws.
Such stabilization by lag screw is very stable but provides safety under functional load only in some
special situations (long spiral fractures, metaphyseal fractures, etc.). A plate providing protection (or
neutralization) is therefore often added. The function of such a plate is to reduce the amount of peak
load applied to the screw fixation. Protection is provided based upon the stiffness of the plate. The
plate shields the fractured and temporarily fixed bone.

Tension band: An implant (wire or plate) functioning according to the tension band principle: when
the bone undergoes flexural load and with the implant attached to the convex surface, it carries tensile
force; the bone, especially the far cortex, is then dynamically compressed. The plate is able to resist
very large amounts of tensile force, while the bone best resists compressive load.

Vascularity: A tissue is vascularized if it contains blood vessels connected to the main circulatory system.
Blood vessels may be shut off temporarily from the circulatory system. We consider a tissue to be
nonvascular if there are no vessels, as in cartilage, or if the vessels present are not functioning, e.g.,
obliterated by thrombosis.

Wedge fracture: Fracture with a third fragment in which after reduction there is some direct contact
between the main fragments.
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