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Dedicated to

R. BRUuCE HOHN
D.V.M.

(1926-1986)

His enthusiasm for educating veterinarians in the fine art and exacting
science of orthopedics with a special emphasis on AO principles is the
driving spirit of this book. He was one of the primary people responsible
for the first edition and it saddens us that he could not work with us on
this edition. We take comfort in the fact that he contributed so much

to so many and thus his influence will be present for generations of
veterinary orthopedic surgeons.



I Preface of 2nd Edition

This manual addresses the current techniques used in the implementation of the A.O/
A.S.ILF System in small animal orthopedic surgery.

Fourteen years have passed since the publication, in 1983, of the first edition of the
Manual of Internal Fixation in Small Animals. During that time philosophical and
practical changes have taken place in the treatment of fractures and associated inju-
ries, which are reflected in this new edition.

This edition will serve to inform the experienced surgeon of the current situation
and yet, at the same time, be a basic text for the newcomer to veterinary small animals
orthopaedies and the A.O./A.S.LE. system.

The professional artist, Mr Jonathan Clayton-Jones was responsible for the new
drawings. He is to be congratulated on his skillful work and his ability to implement
the same style and artistic technique used in the First Edition. To Mrs. Bonnie Hamil-
ton we owe a debt of gratitude. She has, without demurring, retyped countless versions
of the manuscripts of each chapter and remained cheerful when the light at the end of
the tunnel was nowhere near being visible.

Finally, our sincere thanks are due to our editor at Springer-Verlag, Mrs. Gabriele
Schroeder, who has guided the manual through its gestation period, and to Mrs. Alison
Hepper who had the daunting task of turning the manuscript into a published text.

Fall 1997 Wade O. Brinker
Marvin L. Olmstead
Geoffrey Sumner-Smith
W. Dieter Prieur



Preface of 1st Edition

In 1958 a study group of surgeons in Switzerland formed the Arbeitsgemeinschaft fiir
Osteosynthesefragen (AO), known later in North America as the Association for the
Study of Internal Fixation (ASIF). The members of this AO/ASIF group studied the then
current methods and instrumentation of internal fixation of fractures in human pa-
tients, and joined with bioengineers, manufacturers, and basic research specialists to
develop new internal fixation devices and techniques of fracture treatment. Through
educational courses, now international, they promoted the concept of fracture manage-
ment through accurate anatomical reconstruction, rigid stabilization, primary bone
healing, and prevention of fracture disease through early postoperative weight-bearing.

For best results in treating fractures in animals, the patient should be ambulant
shortly after recovering from anesthesia and should have an early return to full func-
tion. Until the introduction of the AO/ASIF system to veterinary medicine in the mid-
1960s, this goal was unattainable in many cases, particularly in the treatment of com-
plex fractures.

After becoming familiar with the AO/ASIF studies on bone biology, biomechanics,
and the metallurgy of internal fixation and their documented results from numerous
clinical cases in man, it became obvious that application of the same principles and
equipment in veterinary bone and joint surgery would help resolve many of the prob-
lems and shortcomings concountered with several existing methods of fracture fixa-
tion. We are very grateful to the AO/ASIF group.

Veterinarians have adapted the AO/ASIF principles for internal fixation of fractures,
made some modifications better suited to the needs of animals, carried out orthopedic
research, developed some new and more versatile equipment, and carefully docu-
mented the initial treatment and follow-up results in numerous fracture cases.

The first part of this manual deals with the principles of the AO/ASIF method of
stable internal fixation. It covers both the experimental and theoretical aspects, includ-
ing function and main use of the different implants, use of the different AO/ASIF
instruments, operative technique, pre- and postoperative evaluation and care, metal-
lurgy, and postoperative complications.

The second part deals with the AO/ASIF recommendations for the operative treat-
ment of the most common fresh fractures occurring in the various locations in the
adult and growing animal.

The third part presents reconstructive bone surgery using stable internal fixation.

This manual is designed to convey to the student and the veterinary surgeon the
basic knowledge and techniques of small-animal fracture treatment. The information
and procedures presented are those which documentation studies on clinical cases
indicate as the most appropriate at this time. Note that we are recommending this as
a system of internal fixation of fractures, not as a complete substitute for all fracture
treatment. The importance of training, individual study, short courses, documenta-
tion, etc. cannot be overemphasized. We wish to express sincere thanks to all who took
part in producing this manual, particularly our wonderful artists Georgio Bertoli,
Bernhard Struchen, and Andreas Farner.

Fall, 1983 W. O. Brinker
R. B. Hohn
W. D. Prieur
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I 1 Basic Aspects of Internal Fixation

1.1 Aims and Principles

1.1.1 Introduction

Every fracture leads to a complex tissue injury
involving bone and surrounding soft parts. Imme-
diately after the fracture and during the repair
phase, we see local circulatory disturbances and
manifestations of local inflammation, as well as
pain and reflex immobilization. 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 patho-
genic factors: (1) pain and (2) lack of physiological
challenge to the bone-muscle complex by move-
ment and changing mechanical load. In the lower
limbs, this means lack of weight-bearing and lack of
normal muscle work. Fracture disease is therefore a
clinical state manifested by chronic edema, soft tis-
sue 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.

1.1.2 Life Is Movement, Movement Is Life

“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 nutri-
tion 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 fixation is achieved 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 repercussions on the

homeostasis of the accident victim as a whole, but
primarily on the cardiorespiratory system.

At the outset in 1958, the AO formulated four
treatment principles expected to improve the
results of fracture treatment in general and of inter-
nal fixation in particular (Miiller et al. 1984):

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

2. Stable internal fixation designed to fulfill the
local biomechanical requirements

3. Preservation of the blood supply to the bone
fragments and the soft tissue by means of atrau-
matic surgical technique

4. Early active pain-free mobilization of muscles
and joints adjacent to the fracture, preventing
the development of fracture disease

Some 30 years later, it appears timely to evaluate the
extent to which these four principles have stood the
test of time.

The first of these principles, anatomical reduc-
tion, has retained all its importance in reconstitut-
ing 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 reduc-
tion 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 neutraliza-
tion (protection) plates. To achieve optimal
mechanical strength, the cortical circumference
must be fully reconstructed and placed under both
interfragmental and axial compression.

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

So-called flexible plates were devised in an
attempt to avoid the “stress protection” formerly



believed to be instrumental in plate-induced cort-
ical osteoporosis. This has clearly been demonst-
rated 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 limited-contact
dynamic compression plate (LC-DCP) preserves
periosteal blood supply (see p.44), causes less oste-
oporosis than the dynamic compression plate
(DCP) with a flat undersurface, and furthermore
allows the cortical bone underlying the plate to
develop a thin callus bridge. Clinically, this is prob-
ably of limited importance because thanks to rapid
remodeling following application of a normal DCP,
cortical healing 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 undis-
turbed 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 advantageous mechanisms
come into play:

1. When the plate spans an extended fracture area,
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.

2. The plate applied at a distance to the bone per-
mits better vascular access to the repair tissue
and benefits more from the mechanical support
provided by the repair tissue due to better lever-
age.

Similar considerations apply to the second princi-
ple, stable fixation. All methods of operative fixa-
tion must provide adequate stability to maintain
length, axes, and rotation. Lag screw fixation, with
or without neutralization plates, depends on “abso-
lute stability” for optimal healing, which occurs by
direct angiogenic (haversian) bridging of the pre-
cisely 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
pinning or external fixation is used. With these lat-
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ter 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, atraumatic sur-
gical technique, has, if anything, increased. It con-
cerns 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 mobiliza-
tion, 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 decades: 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
animal’s body lies for an extended period of time in
an unphysiological supine position, this can lead to
long-lasting cardiorespiratory disturbance, which
often ends in multiple organ failure.

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

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

1.2.1 Bone as a Material

The strength of bone (Fig. 1.1) is about one tenth of
that of steel. The apatite structure of bone is forms
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 20% higher (Knets 1980). The
strength of cancellous bone is very variable and
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Fig. 1.1a,b. Strength of bone. Bone
is a comparatively strong material.
Its strength far exceeds the require-
ments of heavy physical activity.

a Compressive strength. A short
segment of the tibia diaphysis is
able to carry the weight of a small
car. b Holding strength of a screw
within cortical bone. A standard
4.5-mm cortex screw, anchored in
any one cortex, can withstand
2500 N (the weight of three people)

usually less than one tenth 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 com-
parably small loss (about 10 %-20%) is explained
by the time-dependent deformation under load
(“creep” or, conversely, “stress relaxation”). This

' 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 bear in mind
that a standard 4.5-mm screw anchored, for example, in one
femoral cortex is able to resist 400 N per mm cortical thick-
ness. Such a screw could therefore carry the weight of three
people.

phenomenon was earlier attributed to the “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., elong-
ated, only about 2 % of its length, it breaks.

The anisotropy of bone, ie., 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 mine-
rals, primarily calcium, a function which will not be
discussed here.) To function as a skeleton, the
bones must be stiff. As we shall see (see p. 33), this
stiffness is the main reason why the stability
achieved using internal fixation may be jeopardized



by minimal bone fracture surface resorption.” Dur-
ing normal activity, and much more so during
sports activity, bone has to resist large forces.

? 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 stiff-
ness of a plated and compressed diaphyseal bone segment is
such that only 10um 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 one
fifth to one tenth that of cortical bone in axial compresion.
In bending and torque, the geometry plays a more impor-
tant role, compensating for the difference in material prop-
erties.
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Fig. 1.2a,b. The bone fracture. The
sequence of events resulting in a spiral
fracture with additional (butterfly) frag-
ment analyzed using high-speed cinema-
tography. A human cadaver tibia was
fractured using axial torque. The process
resulting in a wedge 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 dis-
ruption results in an abrupt opening of a
fracture gap. A temporary vacuum is cre-
ated. An implosion occurs 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 in the process of frac-
turing. Within 400 ps, the fracture is fully
developed. The sequence leading to the
dissolution of the butterfly fragment is
also shown

1.2.2 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 func-
tion is adequate anatomic shape and stiffness, i.e.,
resistance to deformation under load.

Bone fractures as a result of mechanical over-
load. The fracture interrupts, within fractions of a
millisecond, the structural integrity and hence 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 trans-
verse fractures, bending in short, oblique fractures,
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and axial compression (especially in metaphyses) in
impaction, i.e., fractures without contact between
the main fragments after restoration of original
length of the bone. The degree of fragmentation
depends upon the energy stored prior to the pro-
cess of fracturing; thus wedge fractures and multi-
fragmentary 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) can be observed
using high-speed cinematography. .

In addition to the diminished blood supply
brought about by soft tissue damage, 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 sup-
ported by diffusion.

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 skeleton.

1.2.4 Basic Aims of Fracture Treatment

Fracture treatment in general strives for complete
and early recovery of limb function. Solid union in
the proper anatomical shape is therefore the basic
goal. With 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 flexu-
ral and torsional malalignment. In intra-articular
fractures, precise reconstruction of the articular
surfaces is a goal in its own right. Reconstruction of
the anatomy generally offers the best chance for
optimal recovery of function and is preferred to
“tolerable malalignment.”

1.2.5 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 frac-
ture disease (see p.1).

2. In the case of a fracture involving the load-
bearing articular surfaces, precise reconstruc-
tion of these surfaces is of paramount impor-
tance. Any incongruity of the articulating surfa-
ces gives rise to areas of high stress and thus pro-
motes post-traumatic arthrosis.

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 A.G. Binnington)



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.

It should be reemphasized that the goal of fracture
treatment is not only solid union, but also (and
equally importantly) early and full recovery of limb
function, which includes both bone and soft tissue
integrity.

The surgical treatment of a reactive (hyper-
trophic) nonunion aims at restoring the mechanical
environment so that, even without direct surgical
modification of the interfragmental fibrocartilagin-
ous tissue, uneventful solid healing in an anatomic-
ally correct position results (Fig. 1.4). Again, stable
fixation allows immediate recovery of pain-free limb
function. Solid union following appropriate stable
internal fixation is extremely reliable. A rapid rate of
union, correction of malalignment, and retaining
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joint function all lead to optimal results unmatched
by nonsurgical treatment. 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. It is therefore impor-
tant 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, disregard-
ing angulation, shortening and stiffness.”

1.3 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. Understand-

Fig. 1.4a-c. Surgical treatment of a non-
union after unsuccessful conservative
management. In an Appenzeller dog,
many attempts to treat the nonunion
failed; simple correction of malalignment
and stabilization led to prompt healing.
a Fully developed nonunion. Malalign-
ment has led to an increased bending
load which does not allow the repair tis-
sues to stabilize the fracture sufficiently,
a prerequisite of solid union. b Operative
treatment. The surgical treatment con-
sisted 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 inter-
fragmentary 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 heal-
ing resulted within 3 months
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ing of the biological reaction to changes in the envi-
ronment (e.g., forces, blood supply) is essential in
order to achieve the desired result and to avoid
complications.

The following section on scientific background is
intended to convey an understanding of fracture
treatment; it is not intended to be a complete over-
view of the science underlying the present-day art
of internal fixation. Thus many distinguished con-
tributions in this field could not be considered.

1.3.1 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 that provide the optimal envi-
ronment for reliable and undisturbed fracture heal-
ing and for functional restitution of the injured
limb as a whole.

1.3.1.1 Stability

The stability of a fracture (spontaneous or after fix-
ation) 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 union or nonunion depend mainly upon
mechanical conditions related to stability. 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 con-
dition is described by the term “absolute stability.”
This defines complete absence of relative displace-
ment between (compressed) fracture surfaces.
Within the same fracture surface, areas of absolute
and relative stability may be present simultaneously
(see Fig.1.7).

Stability, Strain, and Fracture Healing. The degree
of instability is best expressed as the 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

* For a definition of strain, see p.11.

formation of that repair tissue (Perren and Cordey
1977, 1980). It goes without saying that if strain is
too low, mechanical induction of tissue differentia-
tion (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 elements, taking into
account both the degree of displacement and the
gap width (relative deformation OL/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 deformation of the tissue ele-
ment (e.g., cell) and allows the veterinary surgeon
to determine the amount of critical deformation by
considering both relative displacement (fracture
instability) and fracture gap width.

Analysis of mechanical conditions using the con-
cept of strain allows us to understand why fractures
with a single, narrow gap are very intolerant of even
minute amounts of displacement (such displace-
ment may not be detected by vision but must be
“detected by intellect”). Instability is better toler-
ated by multifragmentary (comminuted) fractures
because the overall displacement is shared between
many fracture gaps. At any single gap, the relative
displacement is therefore greatly reduced. If the
reduction is not precise, the fracture is also tolerant
to further displacement as the strain is reduced due
to the larger gap width (see p. 11.

The importance of close adaptation and
increased stability achieved by means of compre-
ssion will be discussed (see p.19) 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 stabil-
ize spontaneously through the biological process of
tissue formation, with subsequent differentiation
into tissues with increasing stiffness, from granula-
tion tissue to bone. The simultaneous increase in
the diameter of the callus provides the repair tis-
sues 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 pre-
vented. The expression of instability in terms of
strain within the repair tissues allows for a logical
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understanding of the bone-healing process (for the
biology of strain, see p.37). It explains why some
fixation methods without total abolition of inter-
fragmentary mobility may allow healing (e.g., in
nonunions fixed using intramedullary nailing),
while other methods leaving only very small gaps
do not tolerate even macroscopically invisible dis-
placement.

plate loading

2000 -
1
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0 ‘—
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¢ | — T T T d T T T
0 20 40
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Fig. 1.5a-d. The effect of stability of fixation upon implant
loading. Short, oblique osteotomies of sheep tibial diaphyses
bridged by plates (Klaue et al. 1985). a In one group, only a
plate is used to merely bridge the fracture (splinting plate);
no lag screw is used to produce interfragmental compression.
b In another group, a lag screw - here applied through the
plate - provides additional stability. ¢ The initial bending load
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Living bone reacts to high-strain conditions at a
bone-bone or bone-implant interface by surface
resorption (see Fig.1.30; Perren et al. 1975). Thus,
in healing under conditions of relative instability
(see Figs. 1.8, 1.9), the distance between the surfaces
is widened, meaning that for a given amount of dis-
placement, the resulting strain of the individual tis-
sue element (cell) is reduced (see Figs. 1.8, 1.9).

plate loading
2000 T

1000

-1000 -

20 40
days post-op

O

of the plate (ordinate, microstrain) is markedly larger with-
out lag screw. Bone union eventually reduces the load
(abscissa, days after surgery). d The bending load of the plate
is continuously smaller when a lag screw is applied. This
explains why the technique of application rather than metal-
lurgy determines fatigue failure
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Stability and Implant Loading. The degree of stabil-
ity achieved has a determining effect upon the
amount of load borne by the implants used for fixa-
tion (Fig. 1.5). 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 resto-
res the “structural continuity” by the recovery of
the load-bearing capacity of the fractured bone. It
therefore reduces the load placed upon the
implants. According to B.G. Weber, (personal com-
munication), “the bone must protect the implant.”
The relative increase in load resulting from incor-
rect use of an implant is much larger than the rela-
tive 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, 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.

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. The most important type of corrosion
(practically the only one remaining) for implant
materials conforming to today’s international
standards (International Standards Organization,
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 fretting is to cause repeated disruption of the
protective “passive layer.” Stable fixation helps to
reduce corrosion.

In addition to the influence of stability upon the
pattern of fracture healing and solid implant-to-
bone contact, which avoids biological loosening
(see pp. 27, 28, 33), 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.

* Technical Committees TC 150 on “Surgical Implants”, TC
164 on “Biocompatibility Testing.”

1.3.1.2 Force, Stress, Strain, and Stiffness

Force (N)® acting upon a material results in a state
of internal stress. The unit of stress (o), force/area,
is N/m”. Force deforms a material. The deformation
ratio, strain (¢e=O8L/L) has no units and may be
reported as the percentage change of the original
dimension (Fig. 1.6). 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 syn-
onymously 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. 1.6¢).

1.3.1.3 General Aspects of Load

Load may consist of up to three components of
forces and three components of moment; it 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 period-
ically 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.

None of the components under consideration is
evenly distributed over the fracture area; they are
affected by the following:

1. The static force generated by the implant

2. 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

At different sites, therefore, different mechanical
conditions may exist (Fig. 1.7a,b). According to the
different mechanical conditions, locally dissimilar
types of fracture healing are observed (Fig.1.7¢)
within the same fracture area.

A simple mechanical analysis shows that the ten-
sion band wiring (Fig.1.7a) and the tension band
plating as outlined by Miiller et al. (1963), if per-
formed without lag screw application, result in con-
ditions which vary with time and location.

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

" In the technical sciences, the terms “static” and “dynamic”
are used to define the equilibrium of a situation.

® A more appropriate term would be “stationary”
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F
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The different mechanical conditions are the fol-
lowing:

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 irreversible deforma-
tion such as localized microfractures; Rahn et al.
1971). A minimal dynamic component may be
superimposed.

2. A site a little farther from the plate may experi-
ence a high static load but within the limits of
strength of the bone and with a small compo-
nent of dynamic load superimposed (stable con-
dition).

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

4. At the opposite cortex, the fracture gap may
remain open continuously, with a changing gap

Fig. 1.6a-c. Force, stress, and strain. a An externally applied
force F results in a deformation 8L of a body and in an inter-
nal state of stress F/A (o, force/area). The limit of failure can
be described by strength as well as by strain € (elongation
at rupture).* b 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 (limit of stress d,,,, - strain at
rupture €,,,). ¢ The three components of forces (Fx, Fy, Fz)
and three components of moments (Mx, My, Mz) which
describe the loading of a device

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. 1.7c). The different types of
healing are:

1. Internal remodeling or “contact healing” of over-
loaded contact areas. It is especially interesting

“The state of stress can be “visualized” by applying an
imaginary cut. To reestablish 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 (o).



1.3 Scientific Background to Internal Fixation

to note that areas which have undergone local
overload, but which remain stably fixed by adja-
cent contact areas, exhibit direct internal remod-
eling as demonstrated by Rahn (see above).

2. Internal remodeling or “contact healing” of
intact contact areas (see p.41).

3. Fracture surface resorption and indirect healing
(see p.42).

4. Delayed healing. The nonunited gap will eventu-
ally fill by indirect bone formation (see p.42).

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 combined 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 over-
load are not of basic concern, as the bone as a
whole is able to resist high loads. Generalized over-
load exerted prior to onset of bone union, however,
results in the mechanical breakdown of the inter-
nally fixed fracture. The French term “débricolage”
(see p.53) seems to be appropriate to describe a
condition in which the fragments of a fracture
which were previously fixed together simply fall
apart. This describes a condition in which no biolo-
gical 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 ten-
sion, produces an internal state of stress within the
material. Stress increases with load, but it decrea-
ses with increasing load-bearing surface.'’Increas-
ing 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 deforma-
tion (strain) of the material. Strain (Figs. 1.8, 1.9) is
expressed as relative (e.g., percentage) increase or
decrease in length in relation to original length (see
p. 13). Increasing load (stress) may reach the crit-
ical level of strength. Deformation may also reach
the critical level of elongation at rupture (or strain

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

1% Stress is expressed as force per unit area N/m’ (=~1kp/
mm?*= 10x10°N/m?= 10 MPa).

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.

When the load-bearing surface is large, the crit-
ical 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 hence
the contribution of the tissue to stabilization mini-
mal, the critical limit is best expressed in terms of
strain (limit of strain tolerance). The former condi-
tion is defined by load, and the latter by deforma-
tion. Although the two characteristics represent two
aspects of the same condition, critical mechanical
conditions of tissue differentiation in fracture heal-
ing and nonunions are more easily understood
using a clear concept of strain.

Bone Failure. As a rule, fractures of previously
intact diaphyseal bone occur due to a single state of
excessive stress. Failures of initial small bone
bridges in fracture healing are best understood as
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 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: (1) a
single massive overload or (2) multiple smaller
overloads (fatigue). The question therefore arises as
to why under certain conditions a thicker plate
seems 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 is called “load-
driven failure”

Another condition exists in a highly loaded frac-
ture area: when surface resorption with gap widen-
ing occurs, then eventually the strain of the implant
reaches the critical limit - “deformation-driven fail-
ure.” Given sufficient load, the failure of a plate, for
example, depends upon gap width and thickness of
the plate. A thicker plates fails at a smaller angle of
bending, because its surface experiences 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.
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Fig. 1.7a-c. Different mechanical conditions and types of
healing within the same fracture surface. a Different condi-
tions within a fracture surface at different times of observa-
tion (tension band wiring of the olecranon). The preload
exerted by the wire is shown by black triangles (static com-
pression); the changing load due to function (pull of the tri-
ceps muscle and related articular compression producing
additional compression of the fracture surface) is shown by
open arrows. b 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 interfragmentary 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 demonstrates within the same frac-
ture 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. (Courtesy of J. Craig)

Fig. 1.8a,b. Large strain in small gaps. The deformation of the
cells or tissues is critical. It depends not only upon the degree
of displacement OL of the fragments (instability), but also
(and more importantly) upon the initial width L of the frac-
ture gap. 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, e.g., the
cell. a A small displacement (5pm) in a small gap between
the fragments (here about one cell layer thickness, approxi-
mately 10 um) results in a strain of 50 %. b A somewhat large
displacement (10um) 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

Table 1.1 Critical strain levels of repair tissues

Values taken from Ymada and Evans (1970).
* The value of parenchyma has been taken to replace the mis-
sing data for granulation tissue.

1.3.1.4 Physiological Load

Physiological activity of a limb consists of move-
ments by muscle forces and weight-bearing. Both
result in bone loads with complex patterns of static
and dynamic components of torque, bending, and
axial load. The effect of physiological load may
again be analyzed as consisting of three compon-
ents of forces and/or three components of moments
(see p.12). Loading of a fracture surface statically
by the implant and dynamically by functional load
results in a complex pattern in which areas of over-
load, areas of reversible deformation, areas of inter-
mittently 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. 1.7a, see pp. 14).
Hertel (1984) has demonstrated that the stress gen-
erated 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 was thus
able to carry load.

1.3.1.5 Principles of Surgical Stabilization

There are two fundamentally different mechanisms
of fracture fixation: splinting and compression. The
two differ in the mechanism of stabilization and in
the degree of stability achieved.

Splinting. Fixation by splinting (Fig.1.10) 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, rang-
ing from external splints, i.e., plaster fixation, to
internal fixation by plates and medullary pins and
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Fig. 1.9a,b. Small strain in large gaps.
Strain of the individual tissue element,
e.g., ce the repair tissue within the frac-
ture gap (and adjacent to it) may be
reduced by widening of the gap (from
10pum in Fig. 1.8a to 40 um in Fig. 1.9 by
bone surface resorption) and/or by
shearing the overall displacement by
multiple serial gaps. Both conditions are
usually seen in multifragmentary frac-
tures. a A small displacement (5 pum,
same as in Fig. 1.8a) within an initially
wide gap (40 um) results in strain
(approximately 12 %) which is tolerated
by dense fibrous tissue. b A somewhat
larger displacement (10 um, same as in
Fig. 1.8b) within an initially wide gap
(40 um) results in strain (approximately
25 %) which is tolerated by granulation
tissue

Fig. 1.10a,b. Basic tools in internal fixation: splinting.
a External splinting by plaster cast relies upon the
same basic mechanisms as splinting for emergency
care. A splint is indirectly fixed to the bone. Because
of its stiffness, it reduces (but does not completely
abolish) the mobility of the fracture fragments. A
splint by necessity carries part or all of the load,
particularly if contact is missing between the frac-
ture fragments. Coupling between plaster cast and
bone is comparatively loose due to the interposition
of the soft tissues. b Plate used as a splint. The plate
may theoretically be used to keep the fracture frag-
ments apart. The plate carries full functional load
until solid union occurs. Coupling between the plate
and bone is very tight; plate fixation of simple frac-
tures (to meet the goal of reliable and undisturbed
fracture healing) does not tolerate fracture surface
resorption well (locking splint)
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also includes the transcutaneous splints: the exter-
nal fixators. The effect of splinting is to reduce, but
not abolish fracture mobility. Thus pain is reduced
and the limb is protected from excessive deforma-
tion. 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 called 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.

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 ele-
ment within the chain: bone - coupling by soft tis-
sues - 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 (B6hler 1938; Latta et al. 1980; Sarmiento
1980), it will hardly ever unload a stable internal
fixation, because it allows significant angulation of
the bone fragments and, in addition, increases iner-
tial 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, reli-
ably 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 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 chang-
ing 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.

Enhancement of Splints. A plate is known to be flex-
ible and, due to its asymmetric positioning, not
strong enough to carry the full load of limb func-
tion. Miiller and Witzel (1984) and Mast et al.
(1989) have proposed supplementing a minimal
internal fixation with a temporary external fixator

(Fig.1.11). The large lever arm of the external fix-
ator allows for efficient unloading of the internal
fixation until bone healing can take over its func-
tion of contributing stiffness and strength.

Unloading of Bone by Implanted Splints. Classical
splints are the pin 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 seg-
ment is a prerequisite of the function of the neutral-
ization plate and the buttress plate. Most other
implants act in a similar way and unload, or pro-
tect, 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 recon-
structed bone, because of its “structural integrity,”
protects the implant, e.g., from repeated bending
and thus from fatigue failure.

Gliding and Nongliding Splints. There are two basic
splinting principles: one which allows gliding of the
fragments along the implant, and the other which
prevents it (Fig. 1.12). An intramedullary pin allows
for gliding of the bone along the pin because the
friction between pin and bone is generally 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
undersurface and bone in the range of up to
3000 N)."

A plate applied to a simple fracture, without
additional measures (such as interfragmental com-
pression), would not provide sufficient stability to
prevent fragment and resorption induced by mic-
romotion 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 interfrag-
mental compression by screws and/or axial com-
pression 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

' If a frictional coefficient (metal to bone) of 0.4 is assumed
and if three screws are applied in each fragment, the sur-
face 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.
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weight-bearing bone, but to unload (protect) a frac-
ture stabilized by other means (e.g., lag screws); a
fracture is splinted to be partially unloaded (pro-
tected), provided that bone contact has been
restored. When a fracture gap beneath the splint
remains open, the bone at the fracture area is com-
pletely 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 prerequisite, and not primarily a dis-
advantageous 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

1 Basic Aspects of Internal Fixation

Fig. 1.11a,b. Enhancement of the splint.
In practice, for biomechanical reasons,
the external fixator is usually placed in
the craniomedial plane. For the sake of
clarity, it is shown in the lateral plane
here. As soon as the callus provides sup-
port, the external frame is removed. Thus
the time until transcutaneous connection
occurs is minimized, and the internal fix-
ation is adapted to the healing process

that of the tibia, for example. However, the plate is
many times less stiff than the bone in bending and
torque.

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

According to its alteration with time, two differ-
ent types of compression are distinguished:

1. Static compression, i.e., compression which does
not change with time. Once applied, static com-
pression remains virtually unaltered.
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Fig. 1.12. a Intramedullary pin alone allows the
fragments to close a fracture gap. Rotational sta-
bility is achieved by interlocking of the fragments.
b Callus formation adds further stability

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 a tension band trans-
forms 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 sur-
faces remain in close contact as long as the com-
pression applied remains larger than any
opposite-acting force, e.g., tension from physio-
logical load which results in bending (Fig. 1.13a).

2. Compression produces friction, i.e., the com-
pressed surfaces resist sliding displacement as

long as the friction produced by compression
remains larger than the shearing force applied
(Fig. 1.13b,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 compres-
sion. They differ not only in the implant used,
but also in the mechanism by which compression
is applied and in the efficiency of the compres-
sion.

Interfragmentary Compression Applied by Lag
Screw. A fracture may be compressed by application
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of a screw across the fracture (Fig.1.14), 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. 1.14b). For the lag screw to function, the bone
fragment near the head of the screw must not be
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

1 Basic Aspects of Internal Fixation

Fig. 1.13a-c. Basic tools in internal fixation.

a Stabilization by compressive preload. Preload is
effective whenever the compression that stabilizes
the interface exceeds the tension induced by
bending (Perren 1971). b Compression stabiliza-
tion by sufficient friction. Compression of an
interface produces friction, which opposes dis-
placement by shear. This mechanism is most
important in stabilization of interfaces of a struc-
ture 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, resulting in instability

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 rela-
tively large. Brennwald et al. (1975) and von Arx
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Fig. 1.14a-c. Principles of lag screw technique. a 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.
b The lag screw replaces the forceps in location and position

(1975) have determined that the force applied by
expert surgeons using a plate screw amounts to
2000-4000N. It is important to note that the force
exerted by the lag screw acts from within the frac-
ture surface (Fig. 1.14c), in contrast to the compres-
sion 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 frac-
ture surface. As Johner et al. (1989) 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 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 comparatively limited range of
action of the lag screw; the stress generated across
the fracture tapers off quite quickly with the dis-
tance to the screw axis. A single lag screw therefore

(inclination) for best stabilization. ¢ Photoelastic analysis
shows that the range within which compression acts is rela-
tively small. This explains why rotation cannot be countered
by a single lag screw

does not offer good stabilization with respect to
torque acting within the fracture plane.

Lag screw fixation provides rigidity, but the
strength offered is often considered to be inade-
quate, i.e., functional loads applied may result in
displacement. A single overload applied to lag screw
fixation can result in irreversible loss of compres-
sion. Therefore, the lag screw fixation is often pro-
tected by a plate with neutralizing function. The
combination of lag screw and neutralization plate
fixation has been studied by Barraud (1982) and
Eisner et al. (1985). Diehl (1975) analyzed stability
and strength of different types of internal fixation of
femur and tibia with respect to early rehabilitation.

Axial Compression Exerted by the Compression
Plate. Compression using a plate (Fig.1.15a,b) is
produced by applying a pretensioned plate to the
bone. For the application of this compression, the
bone fragments need to be in contact and thus to be
able to carry load.

Compression by Prebending of the Plate. When a
plate which is exactly contoured to the bone exerts
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Fig. 1.15a-e. Compression exerted by the
plate. A plate provides stable fixation only
under very special conditions. a Method of
test. First, the stiffness of the plated intact
bone is determined. Stiffness is then deter-
mined with the plate fixed to the tension side
and finally with the plate fixed to the com-
pression (bending) side. b Method of evalu-
ation. 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 sta-
bility of fixation. d A plate placed at the com-
pression (bending) side provides minimal sta-
bility. e Axial compression without prebend-
ing (top) results in compression near the plate
only. Prebending without axial compression
(center) results in adaptation of the far cortex
only. The combination of axial compression
and prebending (bottom) results in compres-
sion of the whole cross-section

Fig. 1.16a,b. Effect of axial compression superim-
posed on that of prebending. a Plate placed on
the tension side; initial stable conditions for all
degrees of load and compression. b Plate placed
on the compression (bending) side; no compres-
sion, no stability. Increasing range of stable con-
ditions with increasing compression

Fig. 1.17a,b. Effect of shallow versus sharp bend-
ing. a A shallow bend has a minimal effect, as
only the bend enclosed within the inner screws is
active. b A sharp bend is effective
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Fig. 1.18a-c. Effect of prebending upon stability under
torque load. a Torque applied without contact at the fracture
surfaces produces shear. The axis of rotation is within the
plate. b Pure axial compression is ineffective with 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

axial compression, then only the near cortex is
compressed. To achieve compression of the far cor-
tex, the plate may be bent so as to elevate its mid-
section 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 (transcortex) fracture
gap opposite the plate (Fig. 1.16 a,b). While smooth
bending used to be advocated (Fig.1.17a), it has
now become evident that only the part of the bend
spanning the distance between the inner screws is
active (Figs.1.17-21). Therefore, a comparatively
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 is elevated about
2mm from the bone surface. The effect of this
method depends upon the balance of the prebend
and axial compression applied (Fig.1.17-21). It
should be noted that compression which is equal in

1 Basic Aspects of Internal Fixation

Fig. 1.19a-d. (see p. 25) Practical application of prebending. P

a A comparatively sharp bend should then be applied. b The
plate should first be contoured to fit the bone surface snugly.
¢ The midsection is therefore elevated (p25). d, e When fixed
to the bone, the plate compresses the far cortex as well

both cortices is not an aim in itself. Good stability
only requires that the far cortex be compressed
enough to maintain contact under physiological
loading without being overloaded. The compres-
sion of the far cortex is important with respect to
stabilizing against torque and shear resulting from
it. 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 than 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 frac-
ture is again stabilized due to the elastic recoil of

-the plate.

Prebending increases stability and may be com-
bined with the interfragmentary lag screw. It is
especially efficient in bones of small diameter and/
or in soft bone. The disadvantage of prebending is
that 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 deter-
mined 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) also
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Fig. 1.20a-c. The correlation between prebending and
amount of axial compression. The amount of axial compres-
sion is kept constant. a A small amount of prebending results
in minimal compression of the far cortex. ¢ If too large an
amount of prebending is applied, the near cortex is not com-
pressed efficiently. b The goal is to balance the two principles
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Fig. 1.21a,b. The appropriate sequence of application of the
screws in a prebent plate. a To fix a prebent plate to the bone,
the inner screws should be applied first and the outer there-
after. b 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

included different aspects of plate screw position-
ing.

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 advantage 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.

Tension Band Fixation. Tension band fixation
(Fig. 1.22) relies upon compression produced by the
dynamic component of the functional load. The
classic example of a tension band consists of a wire

1 Basic Aspects of Internal Fixation

Fig. 1.22a,b. Tension band: dynamic compression used for
stabilization. The wire provides the tension band effect
directly countering tension loads applied to the bone by
muscle pull or weight bearing. a Countering tension loads
creates compression loads along the fracture line. b If tension
loads are not countered, the fracture would be distracted
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applied to the caudal surface of a fractured olecra-
non. This wire, together with the supporting condy-
les, transforms the tension applied by the triceps
muscle into dynamic compression acting at the
fracture.

The tension band allows for some load-induced
movement. Such fixation is often used at the meta-
physes, where cancellous bone is less affected by
small amounts of instability 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 sur-
geon produces around 3 kN of compressive force. A
plate used for axial compression results in about
0.6kN. The compression produced by the screw is
not only large, it also acts from within the fracture
surface and results in more or less even compres-
sion 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 James 1957). Prebending,
however, is only efficient if the plate is not too soft.

1.3.1.6 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 condi-
tions, 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, and the other is deformation of
the tissue between the bone fragments.

Deformation of repair tissues results in a rela-
tively large displacement of the fracture fragments
if the tissues between the fragments are soft. To
describe the mechanical condition of relative dis-
placement at the fracture gap, the term “stability” is
used. More or less stability is synonymous with less
or more relative displacement, which describes dif-
ferent grades of relative stability. When the fracture
surfaces are adapted and compressed, the immedi-
ate contact surfaces do not displace. This is known
as “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.1.23). This deformation has been used
experimentally in vivo to produce displacement
between a plate and bone so that the effect of insta-
bility can be studied. A screw (or bolt) inserted at
the free plate end is subjected to periodic unload-
ing, while the other end of the plate is rigidly fixed
to the bone by two screws under high common pre-
load. This results in intermittent minimal displace-
ments at the contact surface between the unloaded
screw (or bolt) and the bone cortex.
Two observations appear to be noteworthy:

1. Investigating the hypothesis that interface insta-
bility induces bone resorption, Ganz et al. (1975)
produced conditions of minute amounts of insta-
bility between a screw and the threaded hole
within the bone. Their method consisted of the
fixation of an instrumented plate to a function-
ally 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 with only 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 shor-
tens the plated bone segment by less than 10 um.
This displacement results in inclination of a
screw which is not tightly driven into bone. Fig-
ure 1.24 illustrates a simplified version of the
same experiment (J. Brennwald, personal com-
munication, 1976), in which a short fixed bolt
was used instead of the tilting screw. The dis-
placement and the resulting bone resorption are
displayed. Initial minute instability led to sec-
ondary massive instability, in both experimental
models, due to bone resorption.

2. Stadler et al. (1982) used a hydraulically oper-
ated plunger to study bone surface reaction to
high interface strain (Fig.1.24). High interface
strain produced by the plunger hitting the bone
surface intermittently led to bone surface resorp-
tion, while low strain conditions - in which the
plunger displaced the same amount, but at a dis-
tance to the bone surface - did not.

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

" The relationship between applied compression, resulting
shortening, and effect of minimal resorption is visualized
in Fig. 1.16. It can be seen that a load of 1000 N results in
about 10 pm shortening of the compressed segment. Mini-
mal surface resorption completely abolished the compres-
sion.
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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,

1 Basic Aspects of Internal Fixation

Fig. 1.23a-e. Method of producing instability in
an experiment. To study the effect of controlled
instability upon implant loosening by bone sur-
face resorption, advantage was taken of the fact
that bone shortens cyclically under weight-
bearing during walking. Comparing bone with a
stiff spring demonstrates how relative displace-
ment can be brought about between the free end
of a plate and the underlying bone. The displace-
ment amounts only to a few micrometers. The
plate is solidly fixed at the other end by two
screws under high common preload. a Non-
loaded and b 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 under-
lying bone results. ¢ Initial situation without
functional load; the unloaded bone has its origi-
nal length. A small amount of compression pre-
loads the inner surface of the cylinder to produce
bone contact. d 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 intermit-
tent contact. e 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

in cortical bone, surface resorption induced by mic-
romotion is much more common (see p.37). Two
methods to decrease micromotion have been used
empirically in the past (F. Behrens 1982, personal
communication; Behrens 1989):
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Fig. 1.24a-d. 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 marked bone
surface resorption in the vicinity of an intermit-
tently contacting plunger surface. d Cross-section
of the tibia; no resorption in the case of a plung-
er which cycled at a distance from the bone sur-
face
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1. The pins were prebent before they were fastened
to the longitudinal rods (bending preload).

2. The size of the pin shaft was selected so that its
diameter was larger than the drill hole (radial
preload).

Experiments carried out by Hyldahl et al. (1988)
(Figs. 1.25, 1.26) have cast doubts on the effective-
ness 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.37).

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

Mechanically Induced Nonunion. Unstable interfa-
ces between bone fragment ends may result in a
mechanically induced nonunion even in the pres-
ence of intact biological reactions (reactive or
hypertrophic nonunion; 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 in the width of the fracture gap and thus
increases the interfragmental strain.

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. Figure1.27 explains the relationship
between compression applied and fracture surface
resorption: maintenance of compression proves the
absence of such resorption.

Figure 1.28 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.
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1.3.2 Biological Reactions

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

The mechanical environment is mainly deter-
mined 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 forma-

tion, destruction, and differentiation, is con-
trolled 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 frac-
ture site. Intense staining of soft repair tissues
may necessitate several stages of tissue differen-
tiation, whereby soft tissues which tolerate
deformation, e.g., granulation 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 sur-
faces are maintained in close apposition by inter-
fragmental compression, the gap and the contact
surface provide low strain conditions. Under
these conditions direct bone formation is possi-
ble, and both bone surface resorption and callus
formation are 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 multiplied by the strength of bone. The
contact zone of a fracture therefore amounts to
only a small fraction (a few percent) of the cross-
sectional area.

2. Cellular function results in changes in the mate-
rial properties, in the geometry of the fracture
fragments, and in the (soft and hard) tissues
connecting the fragments."

" 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.
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Fig. 1.25a-d. Effect of bending versus
radial preload in pins of external fixators.
a Pneumatically operated external fixator
rod, which allows application of a cyclical
bending load to the single pin at the
right. b—d Cross-section of the near cor-
tex. b 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 to the
right, the bent pin increases the gap on
the left, the radially preloaded one dec-
reases somewhat the preload at the left
without displacement. d With an addi-
tional load pushing to the left, the gap
with the bent pin becomes smaller, and
the radially preloaded pin does not show
displacement

Fig. 1.26. 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 percentage.
Effect of different conditions of radial preload: left,
exactly fitting pin with marked resorption of the contact
surface; middle, slightly oversized pin with minimal
resorption; right, bending preload was applied. It
reduced somewhat, but did not prevent the resorption
and loosening

Loss of cortical contact surface
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Fig. 1.27a-c. Effect of resorption at the compressed
interface upon the amount of compression . a A bone
segment within a C-clamp of original length L, no
compression. b Deformation (shortening) of 10 uM
results in a compression of 1000 N. ¢ When the bone
segment undergoes shortening of 10 um due to frag-
ment end resorption at the “fracture site,” the com-
pression is abolished

Fig. 1.28. 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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1.3.2.1 Stability and Compression

Compression, Behavior, and Effects. For decades, the
clinical observation that soft tissues undergo pres-
sure necrosis (pressure sores) when continually
compressed led to the belief that bone also under-
went 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 com-
pression plates, Perren et al. (1969a,b) demon-
strated that the static compression applied
decreased only gradually over a period of several
months (Figs. 1.29, 1.30).

Compression by Screws. The forces exerted by
screws, as measured in simulated internal fixation
by von Arx (1973), are larger (2-4kN by screw
compared to 0.6-1kN 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 maintenance of very high forces
applied to a relatively small area of living bone in
the sheep (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 (approximately 10 um) would have resulted in
a prompt, noticeable loss of compression (Fig. 1.27).
The absence of such reaction demonstrated the

absence of induction of bone resorption even by
excessive compressive forces. Nevertheless, the inci-
dence of implant loosening, under conditions sug-
gestive of initial instability, led to further studies of
“pressure necrosis.”

1.3.2.2 Biomechanics of Instability

The effect of instability on bone biology is appar-
ent, especially at the bone surfaces (Fig. 1.32). Insta-
bility induces bone resorption, and this in turn
increases the instability of fixation, either by plates
or screws. Bone resorption induced by even mini-
mal instability at the interfaces may therefore com-
promise the results of an internal fixation when
techniques are applied which require the mainte-
nance of absolute stability of fixation. Such tech-
niques include screws and plates used for the treat-
ment of simple diaphyseal fractures. In a rigid sys-
tem, applied forces will result in minimal deforma-
tion; conversely, a minimal change in geometry
(e.g., 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.1.23), Perren et al. (1975)
demonstrated the effect of relative and intermittent
displacement between contacting surfaces of living

" The terms “rigidity” and “stability” are often confused. Sta-
bility is used here to define a state of absence of relative dis-
placement between contacting surfaces (“bone to bone” or
“bone to implant”). Stiffness or rigidity defines the relation
between force applied and resulting deformation or dis-
placement. The latter definition correctly implies that some
degree of deformation or displacement always results 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.

b

Fig. 1.29a,b. Flexible fixation using plates (Hutzschenreuter et al. 1969). a A thin, flexible plate results in callus formation. b A
thicker, more rigid plate results in smaller, better structured callus and no resorption of the fragment ends
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Fig. 1.30a—-c. Measurement of plate compres-
sion in vivo (Perren et al. 1969a,b). a Instru-
mented plate. An internal fixation plate
(dynamic compression 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. b Com-
pression measurement in sheep tibia. A
transverse osteotomy of a sheep tibia has
been fixed using two DCP applied at right
angles. (Only one of the two plates is shown
here). ¢ Compression applied to cortical bone
in vivo. The initial value of compression of
1800 N force decreases very slowly. This pat-
tern of change in compression proved that
pressure necrosis with surface resorption in
the compressed area did not occur
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Fig. 1.31a,b. Measurement of screw compres-
sion in vivo (Bliimlein et al. 1977). a Instru-
mented washer for in vivo measurement of
screw compression. A washer is fitted with
strain gauges and a transcutaneous wire con-
nection. b Recording compression exerted by
screws in vivo. Three different groups of

100

initial compression and their changes in vivo
are plotted. Over a period of 16 weeks, the
compression regressed very slowly b

cortical bone (Fig. 1.32). The induction of bone sur-
face 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 intermit-
tently contacting the bone surface, even with small
forces.

Induction of Callus Formation. It is well known that
mechanical irritation of living bone induces “cal-
lus” formation (as do other “irritating” factors). In
the experiments by Stadler et al. (1982), callus
formation was induced when the plunger cycled at
a distance from the bone surface. Kiintscher (1970)
and later Danckwardt-Lilliestrom et al. (1972)
demonstrated induction of periosteal callus forma-
tion 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.

1.3.2.3 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. Avoidance
of such surface resorption is of importance in pre-
venting a “nongliding” implant, such as a plate and
screw, from keeping fracture fragments apart and
preventing spontaneous stabilization by interdigita-
tion. The latter can occur if the fragments can slide
together.

Another situation in which prevention of contact
resorption is of importance is the interface between
bone and pins of an external fixator. The effects of
pin loosening may be:

1. Loss of stability, an effect which, in elastic fixa-
tion using external fixators, is not particularly
important

2. Pin track infection, a relation that is evident, but
not yet clearly proven
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1.3.2.4 Reaction
to Changes in 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 mis-
used theories. Bone adaptation 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 a 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.

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

1 Basic Aspects of Internal Fixation

Fig. 1.32a-c. Induction
of bone resorption in an
experiment. a Model
according to Fig. 1.23.

b Stable interface: no
resorption. ¢ Unstable
interface: biological
loosening

_

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 indisput-
ably demonstrated, and while bone changes are
observed after internal fixation, the question
remains of which structural changes are due exclu-
sively to the change in mechanical load. 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 chal-
lenge and the structural changes would have to be
demonstrated. The apparent paradox 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, about 6 months after implanta-
tion (although they may still protect against peak
load).

Reaction to Strain. Strain is defined as relative
deformation (strain is the relative deformation by a



1.3 Scientific Background to Internal Fixation

given stress, or vice versa). The basic assumption
of the strain theory is that a tissue cannot diffe-
rentiate when strained beyond the limit of its toler-
ance 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 follow a new
direction, it is simply halted at a certain level.
There is obviously a lower limit of strain (strain
induction level) below which no differentiation is
initiated, even though the strain level would be
tolerated.

Strain Controlling Fracture Healing. Surgeons are
often amazed by the fact that some fractures heal
under gross instability, while others do not tolerate
even invisible instability. The concept of strain (Per-
ren and Cordey 1977, 1980) considers the deforma-
tion sustained by the individual cell. If the deforma-
tion present within the repair tissue exceeds. the
elongation which would lead to tissue (cell) disrup-
tion (elongation at rupture) of the next tissue to be
developed, then 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, ie.,
deformation expressed independently of geometry
(see p. 13), the surgeon can now understand why in
some situations (e.g., spontaneous healing of com-
plex fractures) marked instability is compatible
with the development of solid union, while under
other conditions (closely adapted, but not com-
pressed fractures) even minute amounts of instabil-
ity 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 inter-
face. The question therefore arises as to how much
misfit can be tolerated mechanically. Again, strain
is the critical parameter that allows us 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 0.2mm 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 sta-
bility at the interface.

1.3.2.5 Disturbance of Blood Supply to Bone

Disturbance Due to 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 remodeling
may lead to demarcation and formation of a
sequestrum. Cavitation (see p.6) at the time of frac-
ture 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 nonperfused and hence necrotic
bone.

Disturbance Due to Soft Tissue Trauma. Stripping of
the periosteum results in damage to the periosteal
blood supply, but particularly in damage to the
nutrient artery. The latter is detrimental to the
overall blood supply of bone. Stripping of the peri-
osteum may occur due to displacement of the frac-
ture fragments and/or as a result of inappropriate
surgical procedures.

Disturbance Due to Implant Contact. Implant-to-
bone contact invariably results in damage of the
radial perfusion of bone (Fig. 1.33; 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 Liithi
et al. (1982), which was developed to determine the
implant (plate)-to-bone contact area.

1.3.2.6 Reaction to Disturbance of the Blood Supply

There are two consecutive effects of damage to the
cortical bone blood supply: (1) necrosis and (2)
remodeling (Fig.1.33). Remodeling starts within
the adjacent living bone and moves toward the nec-
rotic bone, eventually leading to removal and
replacement of the necrotic area.

The blood supply is first disrupted by displace-
ment of the fracture fragments. It is also damaged
by the cavitation phenomenon during fracture (see
Fig.1.2). Conservative 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.1.33).
From the experiments by Rhinelander (1978) and
Ganz and Brennwald (1987), we know that, if the
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fracture is stabilized, the medullary circulation may
recover within 1-2 weeks. With regard to the blood
supply, the surgeon must weigh the negative effects
(surgical trauma) against the positive effects (faster
recovery of blood supply) of different types of treat-
ment.

Early Temporary Bone Loss Near Implants. Uhthoff
and Dubuc (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

1 Basic Aspects of Internal Fixation

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
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Matter et al. (1974). They found no statistical differ-
ence in the remodeling rate, despite the compara-
tively 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 all implants, including intramedullary nails
(Fig.1.34) and external fixator pins (Pfister
1983).

2. Early temporary bone loss exhibits a close rela-
tionship to the vascular damage brought about
by implantation and by the presence of the
implant, i.e., implant-to-bone contact. The pat-
tern of early temporary porosis does not show a
correlation with any conceivable type of unload-
ing (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 et al. 1986). Softer pla-
tes may adapt more snugly to the bone and result
in increased vascular damage.

Early temporary bone loss disappears 3 months
following surgery, and at 1year 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
result in refractures (Kessler et al. 1988; Leu et al.
1989). Using quantitative computed tomography
(CT), Cordey et al. (1985) studied the bone struc-
ture 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, Jérger (1987) and
Vattolo (1986) studied the immediate changes in
blood supply (Fig.1.35) and the bone loss under
normal and special undercut plates 3 months fol-
lowing surgery (Fig.1.36). The grooves reduced
vascular damage and, as a corollary, also mitigated
the bone porosis that accompanies haversian re-
modeling.

1.3.3 Bone Healing

Healing is defined as restoration of the original
integrity. For surgeons, this means regaining the

stiffness of the bone structure. For biologists, the
microscopic restoration of the original structure
may take years of internal remodeling.

A prerequisite for healing is an adequate bio-
logical capacity to react. Biomechanical conditions
control the activity of the cells, with the media-
tors being of either a chemical or an electrical
nature.

1.3.3.1 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. It
can safely be assumed that, given biological integ-
rity, the cells surrounding a fracture are pluripotent
and able to form bone. The critical parameter,
therefore, is whether or not these cells are stimul-
ated to repair the fragment ends with living, solid
bone. Adequate blood supply to the repair tissues is
crucial.

1.3.3.2 Type of Healing

With the onset of stable internal fixation, a new
type of healing was observed. First, “healing by pri-
mary intention” (Lane 1913) and “soudure auto-
géne” (Danis 1947, 1979) were observed radiologic-
ally, 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 qualification.
Direct healing is based upon the process of angio-
genic bone formation (Krompecher and Kerner
1979). Different types of healing are outlined here
because they have direct implications upon the rati-
onale for various treatment modes.

1.3.3.3 Spontaneous (Indirect) Bone Healing

Spontaneous (indirect) bone healing consists of
three elements (Fig. 1.37):

1. Granulation tissue forms first around the frag-
ments and later between the fragments. 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).
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Fig. 1.34a-d. Blood supply, remodeling, and porosis around a
nail in the tibia of a sheep. a Disturbed blood supply; circular
area around nail. b Initial remodeling in the demarcation
area between necrotic and live bone. Cross-section with dis-
ulfine intravital staining of blood supply at higher magnifica-
tion. Within the demarcation zone, enlarged canals of the

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

1 Basic Aspects of Internal Fixation

osteons are seen. These represent osteons in remodeling with
temporary porosis. ¢ Remodeling of the necrotic area prog-
ressing towards the nail. d The rate and direction of the
remodeling process were determined using the polychrome
sequential labeling method (Rahn et al. 1980).

1.3.3.4 Direct (or Primary) Bone Healing

Direct bone healing bypasses the different steps
outlined for indirect healing and proceeds directly
to internal remodeling (Fig.1.38) in contact zones
(contact healing) (Fig. 1.38a) or to filling of stable
gaps with lamellar bone and consequent remodel-
ing or plugging (gap healing; Fig. 1.38b). The sur-
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Fig. 1.35a,b. Vascular damage produced by differ-
ent plates. a 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 remodel-
ing. The grooves are located between the plate
holes, where the conventional plate is excessively
strong. b 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

Fig. 1.36a-c. Vascular damage and consequent haversian
remodeling. a 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 remo-
deling may sequestrate, reaches the periosteal surface of the

bone, where plate contact retards the revascularization. b 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
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face of immediate contact within a fracture is
directly related to the compression applied (Ash-
hurst 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. Frag-
ment end resorption does not occur. The process of
internal remodeling of the haversian system, uni-
ting 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 nongliding splints
are used. The radiological appearance of direct
fracture healing is characterized by virtual absence
of callus formation. The fracture gap does not truly

1 Basic Aspects of Internal Fixation

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 resorp-
tion (shortening). Callus is not considered to be
undesirable per se, but its appearance under condi-
tions which require absence of fragment end shor-
tening is a sign of a critical instability.

1.3.3.5 Nonunion

Bone healing may come to a stop (See Fig.1.4)
when one or both of the following elements are dis-
turbed:

Fig. 1.37a,b. Healing pattern.
a Spontaneous (or indirect)
healing. Radiography of cort-
ical bone following a trans-
verse fracture without fixa-
tion. Abundant callus forma-
tion, bridging starts at the
lower periosteal side in this
figure (Rahn 1987). b Direct
(or primary) healing. An
oblique fracture fixed stably
using a lag screw and plate
healed by internal remodel-
ing alone. The radiological
picture and the histological
section of such healing
showed neither relevant peri-
osteal nor endosteal callus
formation specific to the
fracture area. As can be seen
in this histological picture,
direct healing proceeds with-
out resorption of the frag-
ment end surfaces, i.e., con-
tact healing. This figure
shows an extremely precise
adaptation achieved under
experimental conditions. In
reality, contact zones are
comparably infrequent and
therefore contribute little to
the strength of healing
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1. Mechanical conditions of strain
2. Capacity for biological reaction

In the first case, a hypertrophic nonunion is seen
(Fig. 1.4a). Treatment (Fig.1.4b) must then aim to
correct the mechanical instability by using an inter-
nal splint. In the second case, a nonreactive or
atrophic nonunion is present. Treatment here con-
sists in inducing bone formation by applying a liv-
ing bone graft as well as providing mechanical sta-
bility.

Fig. 1.38a~d. Elements of direct or primary bone healing. a
Contact healing. The initial direct bone healing and final
healing in all cases consist of remodeling of the haversian sys-
tem. In the case of contact healing, this remodeling is essenti-
ally the only element upon which healing relies. The histolo-
gical section shows the “cutter head” with osteoclasts and
osteoblasts at a distance producing a new vascularized osteon
(Perren and Cordey 1980). b Histological appearance of an
osteon tunneling the bone from left to right (Rahn and Per-
ren 1975). ¢ The cutter head at the right tip with osteoclasts

1.3.3.6 Relevance of Different Types of Healing

The different types of bone healing are of consider-
able scientific interest. The clinician in charge of
fracture treatment may argue that the only goal of
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 shor-

and the conical surface with osteoblasts towards the left is
visualized (Perren and Cordey 1980). d Gap healing. Under
stable conditions (due to nearby contact), a gap fills directly
with mature bone of similar structure, but whose orientation
is different to that of the original lamellar bone. This bone is
later remodeled 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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tening. Such shortening can easily be taken up by a
gliding splint, such as the intramedullary nail. Fixa-
tion by intramedullary nailing does not require
absolute stability. Compression fixation of single
fractures by lag screws in combination with a neu-
tralization plate does not tolerate even minimal
instability. The type of plate used in the bridge or
wave mode (“biological fixation,” see p. 4) with pre-
servation of the fragment blood supply neither pro-
vides nor requires absolute interfragmental stability
and greatly extends the indication for plate fixation.

1.3.3.7 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 resorp-
tion, and indirect bone formation via soft repair
tissues. Under conditions of maintained stable con-
tact, bone heals internally with minimal or no cal-
lus, without fragment end resorption, and with
direct bone formation. The fracture circumstances
dictate which type of healing offers the most
advantages.

1.3.4 Scientific Background of Development

The specific characteristic of the development of
principles, techniques, implants, and instruments
by the AO is close collaboration between research
and practical surgical work. The AO Institute in
Davos (Switzerland), 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.

1.3.4.1 Concept of Biological Plating:
Limited-Contact Dynamic Compression Plate

The scientific observations of biomechanics and
biology of bone led to the new concept of biological
plating. 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 real-
ized. The LC-DCP is technically a further develop-
ment 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 dynamic compression unit (DCU).
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
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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. 1.39).

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 selec-
tion 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 compres-
sion - 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 effi-
cient compression than a normal lag screw. Again,
secondary wedging within the gliding hole is pre-
vented.

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 frac-
ture gap at the periosteal surface.

3. They result in more even distribution of the stiff-
ness of the plate than in conventional plates,
where the cross-section at the screw holes is sof-
ter and weaker, while the full rectangular cross-
section between the screw holes is markedly stif-
fer, 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. 1.41), 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
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Fig. 1.39. Histological appearance of bone healing with the
dynamic compression unit (DCU). Sheep tibia 56 days after
surgery (Klaue et al. 1985). Intensive remodeling of the obli-
que 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

Fig.1.36a (conventional plate, smooth undersur-
face) and Fig. 1.36¢c (plate does not touch bone at
all).

A larger screw hole apparently 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, however, allows for
filling in of the threads. The mechanical difference
with respect to the strength of the bone is negli-
gible.

The radiograph of a diaphysis plated with a con-
ventional plate with a smooth undersurface
(Fig. 1.42e) 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 possible place,
when considering plate removal. The photoelastic
model of a beam under bending load with the
defect at the tension side is shown in Fig. 1.42 g, the
harmful stress concentration is disclosed. The dif-
ference in healing resulting from the experimental
application of an LC-DCP is shown in Fig. 1.41.

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 a byproduct
rather than a direct biological response to the fracture

1.3.4.2 Distraction Osteogenesis

Bone defects resulting from infected nonunions, for
example, require prolonged treatment with bone
grafting in most cases. The most efficient way to
produce bone would be autologous grafting with
optimal vascular support and soft tissue connec-
tion. Bone segment transportation according to Ili-
zarov (1989) ideally fulfills these requirements. In
one or both fragments adjacent to a defect, an oste-
otomy 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 trans-
ported segment has closed the defect, it unites read-
ily with the opposite fragment. This type of auto-
logous local bone grafting has gained wide accep-
tance for the treatment of very serious cases. Simi-
larly, malformations and malalignment may be
treated by bone lengthening and correction.
Ilizarov has achieved, in a clinically reliable and
reproducible way, what Kirschner (1916), Bier
(1918), Putti (1918), and Anderson (1936) before
him demonstrated, but for which they could find no
wide application. While Ilizarov’s ingenious
method is performed with an apparatus that allows
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Fig. 1.40a-c. Klaue’s experiment demonstrating the loss and
recovery of lag screw compression. a 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. b Using a shaft
screw with a shaft diameter corresponding to the outer diam-

for easy three-dimensional corrections, the require-
ment of multiple transfixing wires, the compara-
tively large rings, and the long duration of fixation
has led others to study the feasibility of bone trans-
portation with simpler devices that are more able to
meet the higher expectations of today’s patients.
Riiter and Brutscher (1988) have established the
clinical usefulness of a device which allows for
transportation without transfixing wires. Their pro-
cedure completely avoids cutting of the wires
through soft tissues. Regazzoni (1989) has recently
demonstrated the use of the AO unilateral external

1 Basic Aspects of Internal Fixation

eter of the screw thread, wedging is avoided and optimal
compression achieved. ¢ 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

fixator supplemented with a simple nut for trans-
portation along the conventional AO spindle.
Riiter and Brutscher (1988) studied the use of
wires applied along the bone in animal experiments
utilizing full osteotomies and corticotomies. Fig-
ure 1.43 shows the result in sheep. Transportation
was reliably achieved. Once the transported frag-
ment closed the defect, solid union occurred with-
out further internal fixation. Long-lasting fixation
using transcutanously connected external devices
was felt to be in need of improvement. Brunner et
al. (1990a,b) devised a method of transportation
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Fig. 1.41a-d. Bone healing and minimal early temporary
porosis with the limited-contact dynamic compression plate
(LC-DCP). a Fracture of sheep tibia plated with LC-DCP. An
oblique shaft screw and a nearby single cortex plate screw
were used. b Three months after the operation: clinical X-ray
before the animal was killed. ¢ Three months after the opera-

using an intramedullary nail, whereby transport is
achieved using the method of noncutting wires
explained in Fig. 1.43b. The small and simple exter-
nal frame helps to achieve distraction of the frag-
ments, and the intramedullary rod provides splint-
ing. After transportation has come to an end, the
external part is removed and the intramedullary
rod left in place. S. Tepic (1989, personal commu-
nication) developed a method for continuous trans-
portation of the fragment; it consists of a bar which
includes a battery-operated spindle device. K. Kor-
cinek (1989, personal communication) demon-
strated the formation of a more homogeneous bone
in dogs and in humans with continuous distraction
according to Tepic.

1.4 Development

Development involves principles, techniques,

instruments, and implants.

1.4.1 Principles and Guidelines

This insight into the fundamental facts that guide
development stems from basic and applied research

tion: X-ray of the dissected bone shows marked bone density
in the fracture area. d 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

and from practical experience. Knowledge is com-
piled by careful and open-minded observation of
the reaction of the body tissues to different changes
brought about by various types of trauma and dis-
tinct modes of treatment.

As an example 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 immobilization of the limbs and
the analysis of the reactions to early pain-free
mobilization. Observations of the effect of subopti-
mal restoration of joint congruence have resulted in
the definition of the principle of complete restitu-
tion of joint anatomy as a basis for optimal long-
term function. :

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 princi-
ples within the AO group is that injured bone is
understood as being a biological structure that
depends on its biological interaction with soft tis-
sues. Bone should not be treated like a piece of bro-
ken furniture to be first cleaned and then embel-
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Fig. 1.42a-g. Developments in AO internal fixation plates.
Upper (left) and lower (right) surfaces are shown. a Round
hole plate (Miiller et al. 1963). The conically undercut screw
head allows for only a perpendicular position of the screw.
The distance between the inner screw holes is larger. The
plate undersurface is smooth. b Dynamic compression plate
(DCP) (Perren et al. 1969¢). The spherical contact geometry
allows for 20° tilting of the screw along the long axis of the
bone. ¢ 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 inclina-
tion. d Limited-contact (LC)-DCP (Perren et al. 1991) viewed
from above: symmetric arrangement of the screw holes with-
out a solid elongation between the innermost screw holes.
The screw holes themselves are symmetrical and are pro-
vided 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 trape-
zoid cross-section allows for easier and less traumatic
removal of the plate. e A clinical case in which a plate with a
smooth undersurface had been used; defect in fracture heal-
ing immediately beneath the plate. This defect acts as a stress
riser and increases the mechanical stress locally. (Courtesy of
S. Kessler). f 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

lished by application of individual, but largely
“unnecessary fittings” (B.]. Weber, personal com-
munication).

Decisions regarding 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.

1.4.2 Techniques

The manner of accomplishing internal fixation
according to these principles must satisfy the crite-
ria of simplicity and safety. The different tech-
niques, such as plating, pinning, external fixation,
and wiring, rely on an understanding of bone reac-
tion to the prevailing mechanical and biological
(“biomechanical”) conditions. In conventional plat-
ing (with the exception of biological plating, for
example), unloading of the plate, degree of corro-

sion, mechanical fatigue of the implant, type and

rate of bone healing, and susceptibility to infection
are highly dependent on the degree of stability of
fixation achieved.

With respect to the selection of the optimal tech-
nique, 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 patient
cooperation are important and variable elements to
be taken into consideration.

1.4.3 Instrumentation and Implants

The tools and the implants must be simple and of
high quality. The surgeon must have an armamen-
tarium at hand which puts him or her 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 complete-
ness. Good results depend on the selection of the
material, the appropriate grade (e.g., degree of cold
work, purity), and high-quality construction.
Instruments and implants must be used for the
applications for which they have been developed.
Only a 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 why mixing instruments and implants from
different producers may lead to unexpected prob-
lems, e.g., if the nominal dimensions fit, but the tol-
erances are different.

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

1.4.4 Technical Commissions of the AO

Developments under the aegis of the AO are con-
trolled by the technical commissions. The main
technical commission sets the long-term goals and
guidelines and coordinates the smaller technical
commissions. The latter deal with problems in spe-
cial areas such as small-fragment surgery, maxil-
lofacial surgery, spine surgery, joint surgery, pelvic
surgery, and veterinary surgery. An additional
group deals with the development of new materials.

At the AO research center in Davos, there is a
group responsible for developing prototypes based
on the insights provided by the scientists. Each
manufacturer of AO products has a group for prod-
uct development. Coordinating the efforts of all
these groups is a further task of the technical com-
mission.

A development is initiated by a single person -
either a scientist or a 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 tests in laboratories and hos-
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b

Fig. 1.43a-e. Distraction osteogenesis according to Ilizarov. a
The new method of Riiter and Brutscher (1988) using noncut-
ting wires, with X-ray and computed tomography (CT)
immediately after surgery and 3 months later. Left, trans-
portation is achieved using elements of the conventional AO
external fixator with carbon fiber bars supplemented with
two ratchets. Center, before transportation. Right, after com-
plete transportation. b The recent method of Brunner and
coworkers combining the above-mentioned method with an
intramedullary nail. Left, the apparatus consists of a small
bilateral AO external fixator frame supplemented with two
small Wagner external fixators to allow transport of the seg-
ment using a pair of tension wires. Center, the situation
before transportation of a segment to close a 45-mm-long
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defect. Right, after 32 weeks, the gap has filled with homoge-
neous, tubular bone. The defect is solidly healed. ¢ Riiter and
Brutscher radiologically quantified the difference between
corticotomy (filled symbols) and osteotomy (open symbols). A
relatively small difference was found. d The cross-sections
obtained by quantitative CT of the transported segment
shown in b and ¢. The bone within the gap shows a normal
shape with temporarily lesser density (Brunner et al.
1990a,b). e Motor-driven rod of Tepic for continuous distrac-
tion. The study by K. Korcinek (1989, personal communica-
tion) seems to demonstrate the superiority of continuous dis-
traction. At 6 weeks after surgery, the gap is filled with more
homogeneous bone
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X-ray evaluation
L
1

pitals. Care is taken that the clinics selected for per-
formance of the tests provide a complete test of the
different intended types of use under realistic con-
ditions. The results are reported to and judged by
the technical commission. The AO works as a
group; therefore, the inventor’s name does not
appear on the final product, and there is no private
reimbursement (apart from reimbursement of the
costs of development) . However, the AO readily
supports ongoing research, teaching, and fellow-
ships at the inventor’s facility. A safeguard is thus
provided against private interests which might
impede critical and realistic evaluation of the
potential and the possible shortcomings of a tech-
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nique, instrument, or implant. The AO Prize is
awarded for outstanding scientific achievements,
and the AO Inventors Prize or the AO Recognition
Prize is awarded for inventions.

1.5 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
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areas may exhibit different displacement at differ-
ent times. In practical terms, the only method of
achieving absolute stability consists in the applica-
tion of interfragmental compression. The compres-
sion stabilizes by preloading and by producing fric-
tion (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
weighed against one another. Biological fixation
favors preservation of the blood supply and thus
optimizes the healing potential of bone and soft tis-
sues. It provides sufficient stability for multifrag-
mentary 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. 16) or
nongliding splints (see p.17) are used for fracture
fixation, reliable results are produced by stability
which prevents loosening. Surgical exposure
required for stabilization of a simple fracture is lim-
ited and therefore less detrimental to the blood
supply and healing of the fracture.

Multifragmentary fractures and complex fractu-
res are less demanding with respect to stability.
Here, instability produces small amounts of strain
due to two factors:

1. Larger fracture gaps
2. Distribution of strain over several serially loc-
ated fracture gaps

Surgical exposure required for stable fixation of
multifragmentary fractures would be extensive,
with considerable disturbance of blood supply as a
consequence. Therefore, in plating of simple fractu-
res, stability is an important goal to achieve, while
in multifragmentary fractures biology takes preced-
ence.

Blood supply to cortical bone (restoration of). Cort-
ical bone which has been completely deprived of
blood supply for an extended period of time beco-
mes necrotic. It may be revascularized by regrowth
of blood vessels without marked widening of the
haversian canals or by newly formed haversian
canals. The restoration by neoformation of haver-
sian 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
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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 or external fixator) then temporarily carries
functional load while maintaining the shape of the
bone.

Callus. A reparative tissue made of connective, car-
tilaginous, or bony tissue (or any combination
thereof). Callus formation may be induced by any
irritation - chemical (Kiintscher 1970), infection,
and/or instability (Hutzschenreuter et al. 1969) or
others. In internal fixation, the appearance of callus
is therefore little appreciated, being a sign of an
unwanted condition. Callus, however, is always wel-
come 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 for the following:

1. To provide stability of fixation where motion-
induced resorption must be prevented

2. To protect the implants and to improve their effi-
ciency by unloading them

Unloading is achieved by restoration of the load-
bearing capacity of the bone. Any fixation taking
advantage of the load-bearing capacity of frag-
ments of a fractured bone can withstand appreci-
able 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 further-
more helps to restore dynamic loading of the bone
fragments, a process for which stable contact of the
fracture fragments is essential.

If the implant (screw, plate) bridging the fracture
is applied under tension, the fracture focus under-
goes an equal amount of compression. The com-
pression is used to help stabilize the fracture. We
have not observed any “magic biological effect” of
compression.

Contact healing. Healing which occurs between two
fragment ends of a fractured bone, at circum-
scribed places which are maintained in motionless
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contact. The fracture is then repaired by direct
internal remodeling. Contact healing may be
observed additionally where the gap is only a few
micrometers wide.

Débricolage. 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 frac-
ture site

2. Absence of bone surface resorption at the frac-
ture site

3. Direct bone formation, i.e., without intermedi-
ary repair tissue

Direct fracture healing was formerly called “pri-
mary healing” in some countries. The term “pri-
mary” is now avoided so as not to grade the quality
of fracture healing. Two types of direct healing are
distinguished: contact healing (see above) and gap
healing (see below).

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

Far (trans-)cortex. The cortex away from the plate.
The consequences of a defect within the far cortex
are much more serious 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 frac-
ture pattern is observed, e.g., impaction, transverse
fracture, spiral fracture, avulsion. 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 (also called
Sudeck’s atrophy) can best be avoided by stable fixa-
tion to reduce irritation and by early active movement
and, when possible, immediate or at least partial
weight-bearing on the injured limb (Allgéwer 1978).

Gap healing. The healing process taking place
between two fragment ends kept in a stable relative

position with a small gap between the fragment
ends. Gap healing progresses in two phases:

1. Filling of the gap with lamellar bone of an
orientation different from that of the bone of the
fragments

2. Subsequent remodeling of the newly filled bone
from within the gap into the fragments (plugg-
ing) 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 overdrill-
ing 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 pro-
vides the possibility for coaptation under condi-
tions of fragment end shortening due to bone sur-
face resorption.

Goal of fracture treatment. According to Miiller et
al. (1963), the goal of fracture treatment is to
restore optimal function of the limb with respect to
mobility and load-bearing capacity. The goal is fur-
thermore 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. The-
oretically, the healing process after a bone fracture
lasts many years, until internal fracture remodeling
subsides. For practical purposes, healing is consid-
ered completed when the bone has regained its nor-
mal 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 carti-
laginous tissue to bone.

Interfragmental compression (effect of). Static com-
pression applied to a fracture area stabilizes the
fragments 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).
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Interlocking nail. A nail provides some degree of
stability mainly by its (flexural) stiffness. A conven-
tional 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.

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
is reduced by engagement (wedging) of the screw
threads with the walls of the gliding hole. Anchor-
age in the near fragment can be avoided by the use
of a shaft screw. This method is required to main-
tain 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 resorp-
tion with consequent biological loosening of the
fixation. Such loosening without possible coapta-
tion may result in a mechanically induced nonu-
nion. This is a problem after plating, while after
locked nailing the mere removal of the locking pins
allows for maintenance of the splinting while glid-
ing along the long axis of the nail is permitted.

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

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

Neutralization. An implant (plate, external fixator,
or nail) whose action is 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, for example, protects a screw fixa-
tion. 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.

1 Basic Aspects of Internal Fixation

Pin loosening. The pins of external fixator frames
serve to stabilize the fragments of a fracture. Stabil-
ity 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 with respect to loss
of stability, but is important with respect to its dele-
terious effect upon pin tract infection.

Prebending of plate. Exactly contoured plates pro-
duce asymmetric compression, i.e., the near cortex
is more compressed than the far cortex. The latter
may not be compressed at all. With respect to stabi-
lization against torque and bending, compression
of the far cortex is more important than that of the
near cortex. To provide compression of the far cor-
tex, the plate is applied after exact contouring, but
with an additional bend of the plate segment bridg-
ing the fracture. The bend is such that the midsec-
tion of the plate is elevated from the bone surface
prior to fixation to the bone. Prebending is an
important means of increasing stability in small
and/or porotic bones.

Precise reduction. Exact adaptation of fracture frag-
ments (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 com-
pression keeps the fragments together until a ten-
sile 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, noth-
ing is neutralized. In plate fixation, the plate
reduces the load placed upon the screw fixation.
It therefore protects the screw fixation from over-
load.

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
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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.

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 pres-
ent, but is 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 stiff-
ness 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., at the
plate-bone interface.

Simple (single) fracture. A disruption of bone (dia-
physeal, extra-articular, articular) with two main
fragments.

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 depres-
sion in an articular fracture.

Spontaneous healing. The healing pattern of a frac-
ture without treatment. Solid healing is observed in
most cases, but malalignment frequently results.

Stable fixation. A fixation which keeps the frag-
ments of a fracture in motionless adaptation at least
for joint movement. While a mobile fracture produ-
ces 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 deforma-
tion. The higher the stiffness of an implant, the
smaller its deformation, the smaller the displace-
ment of the fracture fragments, and 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 elasti-
city. 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 crit-
ical 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 in the dimensions than by using
a “less rigid” material.

Strain. Relative deformation, e.g., of a repair tissue.
Motion at the fracture site in itself is not the impor-
tant feature, but rather the resulting relative
deformation, which is called strain (8L/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 in which the displacement may
not even 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 resorp-
tion, a lower limit of strain, the minimum strain,
should be considered.

Strain tolerance. This determines the tolerance of
the repair tissues to mechanical conditions. No tis-
sue 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
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reported as ultimate tensile strength, as bending
strength, or as torsional strength. The local crite-
rion 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.

Stress protection. This term, initially used to
describe bone reaction to reduced functional load
(Allgdwer et al. 1969), is now mainly used to
express the negative aspects of stress relief of bone.
The basic assumption is that bone deprived of nec-
essary functional stimulation by changing mechan-
ical 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 cor-
tical bone, stress protection seems to play a fairly
unimportant role compared with vascular consid-
erations.

Early bone loss, which was hitherto attributed to
stress protection, can be explained on the basis of a
temporary lack of blood supply. The necrotic area is
then remodeled by osteons originating from the
area with a good blood supply. Remodeling accom-
panies temporary osteoporosis. Measurements of
late bone loss in humans under clinical conditions
of internal fixation using quantitative CT 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 cor-
tical bone fractures.

1 Basic Aspects of Internal Fixation: 1.5 Glossary

Stress shielding. When internal fixation relies upon
screws and plates, according to the AO/ASIF group
the stability of fixation is achieved by interfrag-
mental compression exerted mainly by the lag
screws. Such stabilization by lag screw is very
stable, but provides safety under functional load
only in certain situations (e.g., long spiral fractures,
metaphyseal fractures). A plate providing protec-
tion (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. Protec-
tion is provided based upon the stiffness of the
plate. The plate shields the fractured and temporar-
ily fixed bone.

Tension band. An implant (wire or plate) function-
ing 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 sys-
tem. 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 carti-
lage, or if the vessels present are not functioning,
e.g., obliterated by thrombosis.

Wedge fracture. A fracture with a third fragment in
which, after reduction, there is some direct contact
between the main fragments.
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2.1 Screws

2.1.1 Function

Screws are used either to fasten plates to bone, to
maintain bone fragments in their relative position,
or - as lag screws - to hold together fragments of
bone.

2.1.2 Screw Types

Screws are differentiated by the manner in which
they are inserted into bone, their function, their
size, and the type of bone they are intended
for. Thus we differentiate between self-tapping
and non-self-tapping screws, lag screws, and large-
and small-fragment cortical and cancellous
screws.

One other major differentiation between screws
is based on the manner in which they couple with a
screwdriver. Thus screws may have a slot, a cruciate
recess, a square, and so on. All but the smallest AO
screws have a hexagonal recess and require a corre-
sponding screwdriver with a hexagonal tip. The
screws couple securely with the screwdriver, which
has completely obviated any screw-holding devices
on the screwdriver. This feature has proven to be a
great advantage at the time of screw removal and
insertion. At removal, once the tissue is cleared
from the hexagonal recess in the screw head, the
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screwdriver can be easily inserted into the screw
head and the screw turned without the screwdriver
jumping out and stripping the recess. At insertion,
the torque is transmitted evenly to the screw and
there is no danger of tilting and losing control of
screw direction or of stripping the recess. There is
one further advantage of the secure coupling of the
screw head with the screwdriver: at insertion, it is
useful, and at times absolutely necessary, to know
the exact direction of a screw; by simply inserting
the screwdriver into an AO screw, the surgeon has
an automatic guide as to its direction.

2.1.2.1 Self-Tapping and Non-self-tapping Screws

Self-tapping screws (Fig. 2.1b) are designed in such
a way that once a pilot hole is drilled into bone they
can be inserted by simply screwing them in. The
pilot hole is somewhat larger than the core of the
screw. The resistance to screw insertion may inter-
fere with the accuracy of insertion, particularly if
one is trying to insert the screw obliquely into bone
to lag two fragments together. It used to be thought
that self-tapping screws had a weaker hold in
bone. Experimental investigation (Schatzker et al.
1975a-c) has shown that a self-tapping screw can
be removed and reinserted without weakening its
hold in bone provided that it is carefully inserted.
However, if inadvertently angled, it will cut a new
path and destroy the thread that has already been

Fig. 2.1a-c. Non-self-tapping screw (a) and self-tapping screw (b). The pilot hole for the self-tapping screw has to be larger, and

the screw threads do not penetrate as deeply into the bone ()



58

2 Implants and Their Application

Fig. 2.2a-e. Cortex screws. a
The 4.5-mm cortex screw. Top,
fully threaded with a diameter
of 4.5 mm and a 1.75-mm pitch.
Center, screw head 8 mm in
diameter with a 3.5-mm hex-
agonal recess; the core is 3 mm.
Bottom, the drill bit for the
thread hole is 3.2 mm (left), the
drill bit for the gliding hole is
4.5mm (middle), and the tap
has a diameter of 4.5 mm
(right). b The 3.5-mm cortex
screw. Top, fully threaded with
a diameter of 3.5mm and a
1.25-mm pitch. Center, screw
head 6 mm in diameter with a
2.5-mm hexagonal recess; the
core is 2.4 mm. Bottom, the drill
bit for the thread hole is
2.5mm (left), the drill bit for
the gliding hole is 3.5 mm (mid-
dle), and the tap has a diameter
of 3.5 mm (right). ¢ The 2.7-mm
cortex screw. Top, fully threaded
with a diameter of 2.7 mm and
a 1.0-mm pitch. Center, screw
head 5mm in diameter with a
2.5-mm hexagonal recess; the
core is 1.9 mm. Bottom, the drill
bit for the thread hole is
2.0mm (left), the drill bit for
the gliding hole is 2.7 mm (mid-
dle), and the tap has a diameter
of 2.7 mm (right). d The 2.0-
mm cortex screw. Top, fully
threaded with a diameter of
2.0mm and a 0.8-mm pitch.
Center, screw head 4.0 mm in
diameter with a 1.5-mm hexag-
onal recess; the core is 1.3 mm.
Bottom, the drill bit for the
thread hole is 1.5 mm (left), the
drill bit for the gliding hole is
2.0 mm (middle), and the tap
has a diameter of 2.0 mm
(right). e The 1.5-mm cortex
screw. Top, fully threaded with
a diameter of 1.5mm and a 0.6-
mm pitch. Center, screw head
3mm in diameter with a 1.5-
mm hexagonal recess; the core
is 1.0 mm. Bottom, the drill bit
for the thread hole is 1.1 mm
(left), the drill bit for the glid-
ing hole is 1.5 mm (middle),
and the tap has a diameter of
1.5 mm (right)
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cut, which is a disadvantage. Self-tapping screws
should therefore not be used as lag screws.

Non-self-tapping screws (Fig. 2.1a) require a pre-
drilled pilot hole and then careful cutting of their
thread in cortical bone with a tap which corre-
sponds exactly to the profile of the screw thread.
Because the thread is cut with a tap, the pilot hole
corresponds in size almost to the core of the screw
and the screw thread has a much deeper bite into
the adjacent bone. Much less heat is generated
when the screw is inserted because there is less
resistance. The tap is designed in such a way that it
is not only much sharper than the thread of a screw,
but it also has a more efficient mechanism of clear-
ing the bone debris, which therefore does not accu-
mulate and clog its threads to obstruct its insertion.
This allows one to work with much greater preci-
sion, particularly in thick cortical bone. The screws
can be removed and reinserted with ease without
fear of inadvertently cutting a new channel, as a
screw alone is not able to cut a channel in cortical
bone. The screws are spun; their core is therefore
perfectly straight and their surface is polished.
Thus fully threaded screws can be removed easily.
Recent investigative work has shown that in
extremely thin layers of cortical bone, such as facial
bones, self-tapping screws appear to have a better
holding power than the non-self-tapping screws of
corresponding size (Phillips and Rahn 1989). The
non-self-tapping screw is considerably superior
except in extremely thin cortical bone, cancellous
bone, and in flat bones such as those of the skull,
scapula and the pelvis.

2.1.2.2 Cortex Bone Screws

Cortex screws (Fig.2.2) are fully threaded. In the
case of non-self-tapping screws, a tap is required to
cut their thread before insertion. Since the holding
power of a screw diminishes as the diameter of the
screw approaches 40 % of the diameter of the bone,
there are a number of different sizes of cortex
screws available in the AO armamentarium to
enable fixation of bones of different diameters.
Each screw size has a corresponding drill bit and
tap. Particularly noteworthy is the recently intro-
duced 3.5-mm AO cortex screw. The pitch of this
screw is different, as is the ratio of the outer diam-
eter to the screw core. The core is larger (2.4 mm)
than that of the corresponding cancellous bone
screw (2.0 mm; Fig. 2.3). The increase in the screw
core thickness has increased the bending and tor-
sional strength of this screw and has prevented
shearing of the screws when used as load screws
with the self-compressing dynamic compression
plate (DCP).

2.1.2.3 Cancellous Bone Screws

Cancellous bone screws (Fig. 2.4) are characterized
by a relatively thin core and a wide and deep thread.
This increase in the ratio of the outer diameter to
the core gives such a screw considerably increased
holding power in fine trabecular bone, which char-
acterizes metaphyseal and epiphyseal areas of
bone. Cancellous bone screws are either fully or
partially threaded. The fully threaded screws are
used for fastening such devices as plates in meta-
physeal and epiphyseal areas of bone. The partially
threaded screws are used as lag screws. The cancel-
lous bone screws differ not only in the number of
threads, but also in size. Thus there are the large
6.5-mm cancellous bone screws (Fig.2.4a-c) and
the fully and the partially threaded 4.0-mm small-
fragment cancellous bone screws (Fig.2.4e). Can-
cellous bone screws are designed as non-self-
tapping screws. Their thread must be tapped only
in the near cortex. Tapping of the cancellous bone is
unnecessary because the cancellous bone screw can
easily cut a thread for itself, and its holding power
is increased if its thread is not cut, because it tends
to compress the trabeculae together when it is
driven in.

If there is a cortex opposite through which the
cancellous bone screw can be inserted, the screw
should also engage the far cortex, since this signifi-
cantly increases its hold in bone (approximately six-
fold). In the metaphysis, no tapping of the opposite
cortex is required. If the far cortex is thick, as might
be the case in a young individual, then the far cor-
tex and the intervening cancellous bone may have
to be tapped to facilitate the insertion of the screw.

To facilitate the insertion of cancellous bone
screws acting as lag screws into fragments of bone,
particularly during reconstructions of major epi-
physeal or metaphyseal fractures such as the femo-
ral condyles or the proximal tibia or for the fixation
of femoral neck fractures of the femur, the AO has
recently introduced 3.5- and 6.5-mm cancellous
bone screws which are cannulated and can be
inserted over Kirschner wires. (In the United States,
the large cannulated cancellous bone screw has a
thread diameter of 7 mm.)

2.1.3 Screw Fixation

In order to restore the ability of bone to support
loads, its structural continuity must be restored.
This can be done by the application of a plate to the
bone once alignment is restored. As long as there is
a gap between the fragments, however small, the
load is transmitted via the plate from one fragment
of bone to the next. The fracture surfaces by neces-
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Fig. 2.3. Summary of available screws and their corresponding drill bits and taps (see also Appendix)
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Fig. 2.4a-f. Cancellous bone screws. a-¢ The 6.5-mm cancel-
lous bone screw with an 8-mm spherical head and a 3.5-mm hex-
agonal recess. a Thread length, 16 mm. b Thread length, 32 mm.
¢ Fully threaded. All have a 6.5-mm diameter, a 4.5-mm shaft,
and a 3.0-mm core. All require a 3.2-mm drill bit and a 6.5-mm
tap. d A 4.5-mm malleolar screw. Its thread has a diameter of
4.5mm; it is partially threaded, has a trephine self-cutting tip,
and a 3.0-mm core. It requires a 3.2-mm drill bit and a 4.5-

mm tap. e Three sizes of serrated plastic washers are available
for ligamentous avulsions and the 13-mm metal washers for 6.5-
and 4.5-mm cancellous bone screws. A 7.0-mm washer is avail-
able for small cancellous screws. f Small-fragment cancellous
bone screws: 4.0-mm cancellous bone screws with a 6-mm-wide
head and a 2.5-mm hexagonal recess. All have a core of 1.9 mm
and a 1.75-mm pitch. All require a 2.5-mm drill bit and a tap for
4.0-mm cancellous bone screws
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Fig. 2.5. a For a lag screw to compress two fragments, its
thread must be engaged only in the far fragment. b The cortex
in the near fragment must be overdrilled in order to create a
“gliding” or a clearance hole. This will ensure that the thread
will take purchase only in the “thread hole” in the far cortex.
Note also that for maximum compression, the screw should be

sity will move in relation to each other and the plate
will act as a load-bearing device. The stability of the
fixation depends on the rigidity of the plate and the
holding power of the screws. A fixation device
which is subjected to full loads can fail due to
mechanical overload or fatigue. Furthermore, the
stability thus achieved is never absolute, no matter
how rigid the plate is. The most effective way of
restoring structural continuity is to bring the frag-
ments of bone not only into contact, but also under
compression. This permits direct transfer of load
from one fragment of bone to the other, which
diminishes the load borne by the fixation device,
increases the stability of the fixation, and reduces
corrosion. The most effective way to achieve com-
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at 90° to the fracture line. ¢ If a screw thread engages both the
near and the far cortex, then as it is tightened, no compression
is generated because the two cortices cannot come together. In
order to achieve maximal compression, the lag screw must be
inserted through the center of both fragments and it must be
directed at a right angle to the fracture plane

pression between fragments of bone is by means of
a lag screw.

2.1.3.1 Lag Screw

A lag screw is a screw whose thread purchases only
in the far cortex. This means that the portion of the
screw in the near cortex does not purchase, either
because the screw shank has no thread or because
the hole in the cortex is equal to or actually bigger
than the outer diameter of the screw. Thus, when a
lag screw is tightened, it causes the two fragments
of bone to be compressed (Fig.2.5). The partially
threaded cancellous bone screws may be employed
as lag screws. The portion of the screw passing
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Fig. 2.6a-f. Technique for lag screw fixation after fragment
reduction. a The gliding hole is drilled the same diameter as
the screw thread. b The insert drill sleeve with outer diameter
of the gliding hole and inner diameter of the thread hole is
inserted until the serrated end meets the opposite cortex.
This drill sleeve ensures perfect centering of the drill bit even
when the holes have an oblique direction. The hole is drilled
in the far segment the same diameter as the screw core. ¢ To
enlarge the contact area betwen the screw head and the bone

through the near cortex does not have a thread
and hence will not engage in the near cortex, but
the distal portion of the screw is threaded and will,
therefore, engage the far cortex. As the screw is
tightened, it will approximate the two fragments
and interfragmental compression will be gener-
ated. This holds true as long as the screw thread
does not cross the fracture line to engage in both

surface, the hole is countersunk. d The screw length is care-
fully measured with the depth gauge. e The thread hole is
tapped. f The appropriate screw is inserted and tightened. If
a screw thread engages both the near and the far cortex, then
as it is tightened, no compression is generated because the
two cortices cannot come together. In order to achieve maxi-
mal compression, the lag screw must be inserted through the
center of both fragments and must be directed at a right
angle to the fracture plane

fragments. If it does, as the screw is tightened it
will fail to generate any compression at the frac-
ture (Fig. 2.5¢).

If a fully threaded screw is to function as a lag
screw (Fig.2.5b), the near cortex has to be over-
drilled so that the hole in it is at least equal in size
to the outer diameter of the screw thread. This hole
is then called the gliding hole. The hole in the far
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Fig. 2.7. If a lag screw is inserted at an angle other than 90 ° to the fracture plane, then as it is tightened, it introduces a shearing

moment and the fracture may displace

cortex is drilled to the diameter of the pilot hole (its
size is determined by the size of the core of the
screw) and is then tapped with a tap which corre-
sponds exactly to the thread of the screw. This hole
now becomes the thread hole. If the gliding hole is
in one fragment of bone and the thread hole in
another, as the fully threaded screw is tightened,
the fragments are squeezed together and interfrag-
mental compression is generated.

The type of compression generated by a lag
screw is referred to as static interfragmental com-
pression. It is static because it does not change sig-

Fig. 2.8. In a spiral fracture which is fixed with more than two
screws, the central screw is usually at right angles to the long
axis of the bone and is thus able to prevent axial displace-

nificantly with load. A lag screw is the most effi-
cient way of achieving interfragmental compres-
sion and stability. It forms the basic building block
of all stable fixation. It provides interfragmentary
stability but does not provide a great deal of
strength.

Fixation Techniques. In order to achieve maximal
interfragmental compression, the lag screw must be
inserted in the middle of the fragment equidistant
from the fracture edges and directed at a right
angle to the fracture plane (Fig. 2.6a-f). If the screw

ment. The other two screws will be at right angles to the spi-
ral fracture plane and will ensure maximal compression
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is not inserted perpendicular to the fracture plane,
then as it is tightened a shearing force is introduced
and the fragments will shift (Fig. 2.7).

Similarly, if a screw is inserted at an acute angle
to the fracture plane, then as it is tightened it
introduces a shearing moment and tends to dis-
place the fragments (Fig.2.7). These fundamental
errors in screw insertion are often responsible for
the loss of reduction. With the loss of reduction,
loss of structural continuity and stability are
inevitable.

In long oblique, spiral, or multiple fractures, the
elements are held in place by lag screws or some-
times by position screws (Fig.2.8). They are pro-
tected from weight-bearing loads by a plate applied
in the neutralizing mode.

Indications. As already indicated, whenever there
are two fragments of bone whose size and geometry
permit lag screw fixation, then this technique
should be used. Lag screws are used in the recon-
struction of intra-articular epiphyseal and meta-
physeal fractures (see Fig.2.9). The fractures in
these areas are usually the result of a shearing or
cleaving force, which results in fragments ideally
suited for lag screw fixation. In practice, lag screw
fixation alone is reserved for short tubular bones
and for epiphyseal and metaphyseal fractures.

Countersinking of the Screw Head. The cortex is
reamed using the countersink with the object of
increasing the contact area between the screw head
and the bone, thus preventing microfractures of the
cortical surface due to compression. In small-breed
dogs and cats, the cortex is very thin. If the counter-

Fig. 2.9a-c. Screw fixation after exact fragment reduction. a
The fracture is initially reduced and then stabilized with bone
forceps and a Kirschner wire to avoid rotation. b A glide hole
is drilled parallel to the wire. The thread hold is drilled with

sink area is too deep, the screw head will break
through the remaining cortex when tightened.
Countersinking is never carried out in areas in
which cancellous bone is covered by a thin cortex or
soft bone, e.g., in young animals, as the screw head
easily breaks through. In order to prevent this, it is
advisable to use a washer, which distributes the
force over a larger area (Fig.2.10). Countersinking
is carried out prior to measuring the depth of the
drill hole.

2.1.3.2 Position Screw

There are times when placing a lag screw will cause
a fracture segment to collapse into the medullary
cavity. This occurs when the two fracture surfaces
can slide past each other and do not abut against
each other when the segments are compressed. This
is a relatively rare occurrence. If the orthopedic sur-
geon suspects that this will happen, the effects of
compressing the fracture line should be tested prior
to the insertion of a screw. By carefullly closing a
pointed reduction forceps across the position where
the screw is intended to go, the fragments are
observed to see whether compression or collapse of
the fragments will occur. If collapse of the frag-
ments occurs, then a screw with position function
is inserted (Fig.2.11). In this instance, thread holes
are drilled in the cortex of both the far and near
fragments. Both holes are tapped to the appropriate
size and when the screw is inserted, the position of
the two fragments is maintained. There will be an
insignificant amount of distraction along the frac-
ture line with the use of a position screw.

the aid of the insert sleeve. ¢ After the hole has been mea-
sured and tapped, a cortex screw is inserted and tightened.
The Kirschner wire is bent first and then cut
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Fig. 2.10. a When using a screw in the epiphysis where the cortex over the cancellous bone is very thin, countersinking is to be
avoided. b In young dogs with soft bony tissue, a washer will distribute the pressure of the screw head to a larger area.

Fig. 2.11. The steps for inserting a position screw. The fragments are reduced and maintained in position. Both fragments are
drilled with thread holes, measured, and tapped. The inserted screw will avoid collapsing of the fragment
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2.2 Plates

2.2.1 Function

Plates are devices which are fastened to bone for the
purpose of providing fixation. They are principally
differentiated by their function. Thus there are
neutralization plates, buttress plates, static com-
pression plates, and dynamic compression plates.
The shape of the plate is an adaptation of the plate
to the local anatomy and does not denote any func-
tion. A plate may have more than one function in a
given fracture repair.

2.2.2 Plate Types
2.2.2.1 Neutralization Plates

Whenever the internal fixation of a diaphyseal frac-
ture consists of a lag screw or screws in combina-
tion with a plate whose function is to protect the lag
screw fixation, we refer to the plate as a protection
or neutralization plate. Lag screw fixation alone is
not able to withstand much loading. In order to
allow patients early movement of the limbs after

Fig. 2.12. Note that, in this wedge fracture,
primary stability is achieved with the lag
screws and not the plate. A plate serves only
to protect the lag screws

internal fixation as well as limited loading, it is nec-
essary to protect most fracture zones fixed by lag
screws with a plate. Such a plate protects the inter-
fragmental compression achieved with the lag
screw or screws from all torsional, bending, and
shearing forces. It is important to emphasize that
the lag screw is responsible for interfragmentary
stability and not the plate. A plate, even if it exerts
axial compression, can never achieve the same
degree of interfragmentary stability as a lag
Screw.

A wedge fracture is first reduced and fixed with
lag screws (Fig.2.12). A carefully contoured plate is
then fixed to the two main fragments with a mini-
mum of two to four screws. The type of plate and
the number of screws will depend on the bone
being fixed and on the quality of the bone. A lag
screw can also be inserted through the plate
(Fig.2.13). The combination of lag screws and a
plate is the commonest type of internal fixation of
diaphyseal fractures when screws and plates are
used for their fixation.

It must be appreciated that a plate can perform
more than one function at any one time. Thus a
neutralization plate can serve as a compression
plate if the geometry of the fracture permits
(Fig.2.12). Whenever possible, an implant should
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Fig. 2.13. A lag screw can be inserted through the plate once
axial compression has been generated. This greatly increases
the stability of the fixation

be prestressed. This brings the bone under com-
pression, increases the stability of the fixation, and
greatly protects the implant from overload and fail-
ure. By virtue of its design, when the fracture is
reduced, the DCP automatically exerts some axial
compression even with the screws inserted in a
neutral position. The plates must not only corre-

Fig. 2.14. A plate may have more than one function. This plate
is acting not only as a neutralization plate, but also as a com-
pression plate. In order for this dynamic compression plate
(DCP) to serve as a neutralization plate, the plate is con-

2 Implants and Their Application

spond to the bend in the shaft of the bone, but as
the metaphyseal areas are approached, the plates
must often follow a twist as well (Fig. 2.14).

2.2.2.2 Buttress Plates

One of the commonest applications of lag screw fix-
ation is in the reconstruction of epiphyseal and
metaphyseal fractures. Epiphyseal and metaphyseal
areas of bone consist of large areas of cancellous
bone surrounded by a thin shell of cortex. As a
result of loading, they are also subjected to com-
pressive and shearing forces. If the fracture is in the
metaphysis and the cortical shell has been commi-
nuted, the compressive forces tend to lead to an
axial deviation or bending. Lag screw fixation can-
not overcome these deforming forces of shear and
bending. In order to prevent deformity, it is neces-
sary to supplement the fixation with a buttress
plate. The function of the buttress plate is simply to
prevent axial deformity as a result of shear or bend-

toured exactly and the screws are inserted from the fracture
towards the ends of the plate. As the neutral drill guide places
the screws 0.1 mm away from the end of the dynamic compres-
sion slope, they cause some axial compression
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ing. Thus it must be applied to the area or cortex
which has been broken and which is coming under
load.

In shaft fractures, the plate with buttress (bridg-
ing) function is used when local transmsission sur-
faces cannot be reconstructed.

The plate maintains alignment of highly commi-
nuted segments of bone. A plate is used in this
manner when lag screw fixation of the individual
fragments would result in their devitalization or
when there is an actual gap and the plate is used to
maintain the relative position of the fragments.
This type of plate fixation is subjected to full load-
ing. Therefore, every possible effort should be made
to maintain all the soft tissue attachments and
blood supply of the intervening comminuted frag-
ments, since union will depend on the formation of
a bridging callus rather than primary bone union.
In these situations, techniques of indirect reduction
are particularly useful. Both plate ends have to be
solidly fixed to their corresponding part of the bone
by two or more screws.

Technical Guidelines for Application. As the func-
tion of the buttress plate is to support, it must be
firmly anchored to the main fragment, but need not
necessarily be fixed with screws to the fragment
that it is supporting. It must also correspond very
accurately to the shape of the underlying cortex;
otherwise, a deformity might ensue. The order and
manner in which the screws are inserted through a
buttress plate are also important.

The screws must be inserted in such a way that
under load there must be no shift in the position of
the plate. Thus if the plate which is being used has
oval holes, e.g., the DCP, the limited-compression
DCP (LC-DCP), or reconstruction plates, then the
screws fixing the plate to the shaft must be posi-
tioned in the screw holes of the plate close to the
fracture (see Fig. 2.19c¢). In this position, as the load
is applied, any tendency for the plate to shift is
immediately arrested by the screws.

The recommended method of applying a but-
tress plate is first to contour it very accurately to the
segment of bone and then to begin its fixation to
the bone in the middle of the plate and to advance
the insertion of screws in an orderly fashion one
after another towards both ends of the plate.

It should be noted that any plate that is carefully
contoured to the shape of the bone can act as a but-
tress plate.

Great care must be exercised when buttress
plates are used in subcutaneous areas. Problems
with wound healing have been encountered in such
areas as the medial side of the distal tibia. The sur-
geon must therefore avoid putting these plates under

Fig. 2.15a-f. Articulated tension device with a pressure gauge
and an excursion of 20 mm. The green indicated a compres-
sion of 30 kp and the red a compression of 120 kp (colors not
shown here). Note: This tension device can also be used as a
distractor. To be used in this mode, its hook is turned over
and the tension device is closed and fixed to bone so that the
hook is against the end of the plate. As the tension device is
then opened, it pushes against the plate, which is fixed to the
other main fragment. This produces distraction of the frac-
ture and can be used to achieve indirect reduction of inter-
mediate fragments by “ligamentotaxis.” b-d Use of the ten-
sion device to compress. b The fracture is reduced and the fit
of the plate checked. The plate is removed and a 3.2-mm hole
is drilled 1cm from the fracture; its depth is measured
through the plate. The hole is tapped and the plate fixed to
the bone with a 4.5-mm cortex screw of suitable length. The
fracture is reduced and held reduced to the plate with a bone-
holding clamp. ¢ The hook of the open tension device is
engaged in the end hole of the plate and, using the tension
device as a guide, a 3.2-mm hole is drilled. After measuring
and tapping this hole, the tension device is fixed with a cortex
screw to either one or both cortices, depending on the quality
of the bone. Osteoporotic bone requires fixation of the ten-
sion device to both cortices. With the articulated socket
wrench (Kardan key), tightening of the screw of the tension
device is begun. This pulls on the plate and causes the frac-
ture to be compressed. d Once the tension device is fully
tightened, the fracutre is under maximal axial compression.
e, f Insertion of the remaining screws
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Fig. 2.16a-f. Healing of an osteotomy of a dog’s radius under
compression (drawn from histological material of Schenk). a
The cortex adjacent to the plate is in contact. There is no
ingrowth of mesenchymal cells from either the periosteum or
the endosteum. Note that there is a gap in the cortex opposite
the plate. b The bone ends in contact immediately adjacent to
the plate show no changes within the first 3-4 weeks. ¢
Opposite the plate, the gap persists. d From the fourth week
onwards, the bone ends in contact show active haversian
remodeling. There is a proliferation of haversian canals,
which grow across both living and dead cortex bridging the
osteotomy. This is contact healing. e The gap in the cortex
opposite the plate is invaded by blood vessels, which appear
within the first 8 days. These are accompanied by osteoblasts,
which deposit osteoid. This gives rise to bone lamellae, which
are oriented osteons. This is gap healing. f High magnifica-
tion of a remodeling osteon or “cutting cone” shows resorp-
tion and bone formation adjacent to one another. At the head
are osteoclasts (I) which give rise to a resorption canal,
which is then invaded by capillary sprouts (2). The circum-
ferentially oriented osteoblasts (3) give rise to a new osteon
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(Fig. 2.15)
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badly contused skin flaps, and all incisions must be
planned in such a way that they do not cross over
plates.

2.2.2.3 Static Compression Plates

Transverse and short oblique fractures cannot be
stabilized with lag screws but can be brought under
compression with a plate. The plate acts as a static
compression plate and exerts compression in the
direction of the long axis of the bone. This can be
accomplished either by using the DCP holes or the
tension device (Fig.2.15) or by prestressing the
plate. It must be appreciated, as already emphas-
ized, that the most efficient and the most stable
means of achieving interfragmental compression is
the lag screw. Therefore, whenever possible, axial
compression plates should also be combined with
lag screw fixation (see Fig.2.12).

Technique of Achieving Static Axial Compression.
The example of a transverse fracture in a straight
segment of a diaphysis will help to explain static
axial interfragmental compression. A straight plate
is fixed to one fragment and the fracture reduced.
Compression of the fracture line is achieved by
using the plate hole geometry and the load drill
guide. If the bone is now carefully examined, two
things will be noted: (1) there is a gap in the frac-
ture opposite the plate and (2) the bone fragments
deep to the plate have been impacted with the frac-
ture line almost vanishing. This type of internal fix-
ation was used by Schenk and Willenegger (1964) in

Fig. 2.17. a The broad 4.5-mm dynamic compression plate
(DCP) and its profile. b The narrow 4.5-mm DCP and its pro-
file. ¢ The 3.5-mm DCP and its profile. The broad 3.5-mm
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their early experiments on primary bone healing.
The contact of the cortices adjacent to the plate and
the gap in the fracture opposite the plate in their
work was also documented histologically as contact
and gap healing (see Fig. 2.16).

2.2.2.4 Dynamic Compression Plates

Self-compressing plates are plates which make it
possible to achieve axial compression by combining
screw hole geometry with screw insertion. Plates
referred to as compression plates or LC-DCP can be
used to provide static compression of a fracture, as
described below.

The Dynamic Compressed Plate (DCP) (Fig. 2.17)
represents a significant improvement on the round
hole plates. It is a self-compressing plate due to the
special geometry of the screw hole. This screw hole
geometry makes it possible to achieve static axial
compression without the use of a tension device,
and the screws can be angled in many directions.
This plate can be adapted to many different internal
fixation situations and can function as a static com-
pression plate, a dynamic compressed plate, a neu-
tralization plate and a buttress plate.

Static compression results from the interplay
between screw hole geometry and eccentric place-
ment of the screw in the screw hole. The screw hole
is a combination of an inclined and a horizontal
cylinder which permits the downward and horizon-
tal movement of a sphere, the screw head. Sideways
movement of the screw head is impossible. The aim
is to position the screw head at the intersection of

DCP (not shown) has an identical profile to the narrow
4.5-mm DCP. d The 2.7-mm DCP and its profile
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the inclined and downward cylinder. At this point,
the screw head has a spherical contact in the screw
hole, which results in maximum stability without
completely blocking the horizontal movement of
the screw (Fig. 2.18).

DCP require the use of two drill guides. The
neutral drill guide (Fig. 2.19a), which is green, has a
central hole for the drill bit. It allows the screw to be
inserted in the neutral position, i.e., at the intersec-
tion of the two cylinders which make up the screw
hole. In this neutral position, the drill guide results
in a 0.1-mm loading, so that even when inserted in
the neutral position and fully tightened, the screws
cause a slight degree of axial compression.

Fig. 2.18a-d. The screw hole and the spherical gliding princi-
ple. a A sphere (the screw head) glides down an inclined cyl-
inder (the screw hole). This combination of downward and
horizontal movement of the screw causes a horizontal move-
ment of the underlying bone with respect to the stationary
plate. A sideways movement is impossible. The aim is to posi-
tion the screw head at the intersection of the inclined and
horizontal cylinder. At this point, the screw head has a spher-
ical contact in the screw hole, which results in maximum sta-
bility without blocking the horizontal movement of the screw
towards the fracture. b The screw hole is manufactured in

The load guide (Fig.2.19b), which is yellow, has
an eccentric hole for the drill bit, which must be
oriented away from the fracture. This results in the
load screw being inserted initially 1.0mm away
from the neutral position in the screw hole in the
4.5-mm and 3.5-mm DCP and 0.8 mm in the 2.7-
mm DCP. When the screw is tightened, its head slid-
es downwards along the inclined plane of the cylin-
der as well as horizontally towards the fracture. As
the horizontal displacement is resisted by the bone,
the horizontal movement results in axial compres-
sion of the bone and tension in the plate. Following
an anatomic reduction of the fracture with fragment

such a way that in shape it corresponds to the scheme of
the two half-cylinders described in a. ¢ Here we see the exact
representation of the shape of the screw hole. The inclined
half-cylinder is for self-compression or self-loading, and the
horizontal cylinder is to prevent blocking or obstructing the
screw in its horizontal path. This guarantees that only com-
pression will be exerted at the fracture. d Sloped gliding hole
and its corresponding spherical screw head. In the left por-
tion of the screw hole, we see the inclined load plane, and on
the right, the horizontal sliding plane
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contact, insertion of one screw in the load position
results in an axial compression of 50-80kp. In
order to increase the load, i.e., to increase the
impaction of the fragments, more than one load
screw can be inserted, although this is rarely neces-
sary. When a substantial load is required, as in the
case of pseudarthroses, the tension device should
be used first.

If the DCP is used as a buttress plate, the appro-
priate drill sleeve for the cortical screw to be
inserted should be used as a drill guide with the
sleeve pressed in the end of the screw hole towards

2 Implants and Their Application

Fig. 2.19a-c. The drill guides for
the dynamic compression plate
(DCP). a Neutral drill guide (green;
color not shown here). It places a
screw 0.1 mm from the end of the
slope, inducing some axial
compression. b Load drill guide
(yellow; color not shown here). It
places a screw 1 mm from the end
of the slope. ¢ The hole for buttress
function, drilled using the double
drill sleeve

the fracture (Fig.2.19c). The hole is drilled in such
a position that when the screw is tightened, its head
will be pressed against the plate in the locking posi-
tion.

As already indicated, the shape of the screw head
and of the screw hole in the DCP permits the
angulation of screws. This allows a much better
adaptation of the screw direction to the particular
anatomy of the fracture (Fig.2.20). It also greatly
facilitates the insertion of an oblique lag screw
across the plate. It must be stressed again and again
that, whenever possible, the stability of the internal

Fig. 2.20. The interplay between the spherical screw head and the geometry of the screw hold permits the angulation of the
screws in all directions (maximum 25 ° longitudinally, 7 ° sideways)
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Fig. 2.21a-f. Axial compression fixation of a
short oblique fracture with a dynamic com-
pression plate (DCP); maximum angulation,
25° longitudinally, 7 ° sideways). a First the
gliding hole is drilled with the 4.5-mm drill
bit. b The fracture is reduced. The 3.2-mm
drill sleeve (3.5/4.5) is inserted through the
plate into the predrilled gliding hole and the
plate fixed with one screw in a neutral posi-
tion to the opposite fragment, which sub-
tends an obtuse angle with the fracture
plane. Before drilling the 3.5-mm hole, the
plate is drawn (arrow) towards the fragment
so that the 4.5-mm drill guide buttresses
against the slope of the plate hole. ¢,d One
screw is inserted in the load position into the
other fragment. As the screw is tightened,
axial compression is generated. e The thread
hole is drilled for the lag screw. The lag
screw is measured, tapped, and inserted.

f The remaining screws are inserted in the
neutral position
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fixation should be enhanced by the insertion of a
lag screw through the plate across the main fracture
line. This applies when the plate is being used as a
neutralization plate, but even more so if it is used as
a compression plate.

Eccentric Loading of Bones. Pauwels postulated that
eccentrically loaded bones have one cortex loaded
in tension and the other in compression (Fig. 2.22).
This postulate has now been proven in vivo (Schatz-
ker et al. 1980). The eccentrically loaded bone is
subjected to bending stresses which result in a typ-
ical distribution of stresses, with the tension com-
ing on the convex side and compression on the con-
cave side of the bone.

Pauwels (1935) borrowed from engineering the
principle of tension band fixation and demon-
strated its application in the internal fixation of
eccentrically loaded bone. In order to restore the
load-bearing capacity of an eccentrically loaded
fractured bone and to minimize the forces borne by
the fixation device, it is necessary to absorb the ten-
sile forces, the result of the bending moment, and
convert them into compressive forces. This requires
a tension band. A tension band is therefore a device
which will exert a force equal in magnitude but
opposite in direction to the bending force. This is a
dynamic compressive function (Fig.2.22). The ten-
sion band must be made of a material which resists

Fig. 2.22. a Eccentric loading of a bone results in one side
being loaded in tension and the other in compression. b
Under an eccentric load, the gap will open first on the tension
side. ¢ A plate applied to the tension side of bone will prevent
the deformity. As load increases, the plate will be put under
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tensile forces and which can be prestressed. The
bone must be able to withstand compression. This
means that the bone must not be comminuted
either under or on the opposite side from the ten-
sion band. The prestressing of a plate (or wire) in
tension will result, as we have already learned, in
axial compression of the bone. If such a bone is now
subjected to eccentric loading, e.g., the femur, the
prestressing of the tension band plate will resist the
tensile forces and convert them into compressive
forces. This will result in a simultaneous increase
and uniform distribution of compressive forces
across the fracture. The dynamic component of the
compression rises when the bone is loaded and sub-
jected to bending. The prestress in the tension band
ensures that the bone remains loaded in compres-
sion even when the dynamic component of the
loading is removed. Thus the fluctuations in the
load magnitude of compression are directly related
to cyclical loading (see also Sect.2.2.4).

As already indicated, the prerequisites for
dynamic compression are the following: (a) a plate
or wire able to withstand the tensile forces, (b) bone
which is able to withstand compression, (c) an
intact buttress of the opposite cortex, and (d) a
plate (or wire) applied to the tension side of the
bone. If the buttress (the opposite cortex) is defi-
cient under load, the plate will be subjected to repe-
titive bending, will suffer fatigue, and will break.

tension and the cortex opposite the plate will come under
compression. d If the plate is applied to the concave side
which is under compression, under load the only resistance
to deformity is the stiffness of the plate
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Shortcomings. The DCP has not only proved to be
more versatile than the round hole plate, but has
also ensured the elimination of the inconsistencies
in achieving successful axial loading which were
seen with the round hole plate. Although the DCP
has withstood the test of time, over the years cer-
tain shortcomings have become apparent.

@ [nclination. The geometry of the DCP hole is such
that, in the long axis, a screw cannot be tilted
more than 25° (see Fig.2.20). This has led to dif-
ficulties whenever attempts are made to lag short
oblique fractures through the plate and has
resulted in less than optimal interfragmental
compression.

e Distribution of plate holes. The conventional
round hole plates had an extended middle seg-
ment without holes. When the DCP was designed,
this feature was retained without any particular
rationale. This middle segment has led to difficul-
ties when a fracture with a zone of fragmentation
has to be stabilized. Once the position of the plate
has been chosen and the first hole drilled,
because the middle segment cannot be displaced,
it becomes impossible to shift the plate in the
long axis of the bone. The drill hole in bone will
not fit the plate holes even if the new position of
the plate suits the overall fixation better. Under
these circumstances, the only solution for the sur-
geon is a longer plate.

® Fragile lining. Plates with a rectangular cross-
section lead to the formation of a comparatively
thin bony wall along the length of the plate. These
longitudinal ridges add to the strength of the
bone when the plates are removed. If the ridges
thus formed are thin, they are easily nicked at the
time of plate removal. This not only renders the
bone less strong, but may also act as a stress
raiser and contribute to failure.

Solutions to the Problems. The following solutions
to the problems associated with DCP have been
proposed:

® Structured undersurface resulting in improved cir-
culation. Extensive animal studies have shown
that grooves in the undersurface of plates signifi-
cantly improve the blood supply of plated bony
segments (Joerger 1987). To be effective, such
grooves must be of adequate depth and width. As
a corollary to the improvement in the periosteal
blood supply and cortical blood supply, the osteo-
porosis which was said to have been the result of
the so-called stress shielding has disappeared.
This plate-related osteoporosis has been shown
conclusively to be the result of the initial vascular
insult and consequent avascular necrosis which

then provoked corresponding florid bone remod-
eling (Fig. 2.23c).

o Undercut screw holes. Each screw hole has been
fitted out with oblique undercuts at both ends
(Fig. 2.23b,c). This allows a screw to be tilted up
to 40° in each direction of the long axis of the
bone. This has greatly eased the passing of lag
screws through the plate, particularly when lag-
ging short oblique fractures. In addition, it has
contributed to a significant reduction in the con-
tact area of the plate with bone.

e Uniform spacing of screw holes. The uniform
spacing of screw holes and the elimination of the
middle segment allows for easy shifting of the
plates in the long axis as well as easy changes in
the plate length (Fig.2.23a,b)

e Trapezoid cross-section. The trapezoid cross-
section of the plate with the smaller surface in
contact with the bone has resulted in the forma-
tion of lower and broader ridges of bone along
the length of the plate than those previously
observed with the plates with a rectangular cross-
section. Such ridges are less likely to be injured at
the time of plate removal (Fig. 2.23d).

® Additional new compressing principle. The basic
spherical gliding principle of the screw within the
screw hole of the DCP has been preserved, but the
screw hole has been redesigned so that this fea-
ture is present at both ends of the hole. This
improves the versatility of the plate when com-
plex fractures are being fixed.

Avoidance of bone damage and improvement in

compression. Whenever a lag screw is passed

through a DCP screw hole to lag a fracture, it is
subjected to a translational force which tends to
shift the screw head towards the buttress position
as the screw is tightened. This may give rise to
one of two complications: (1) either the screw
head or thread may abut against the inner wall of
the plate hole; because of friction, this may signif-
icantly reduce axial compression, and it may also
damage the plate or the screw; (2) the thread of
the screw may bite on one side into the wall of the
gliding hole, which may reduce the lag effect by as
much as 37 % (Klaue 1982). The use of an elon-

gated and undercut screw hole together with a

newly designed partially threaded cortex screw

whose shaft diameter equals the outer diameter
of the screw thread avoids these complications.
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Fig. 2.23a-k. The limited-contact dynamic compression plate
(LC-DCP). a Surface of the plate. b Undersurface of the plate.
¢ Note the oblique undercuts at both ends of each screw hole.
This permits a maximum tilting of the screw of 40° in each
direction in the long axis of the bone. d Note the trapezoid
cross-section of the plate and the undercuts between the
screw holes. The different undercuts greatly reduce the con-
tact area between the plate and the bone. e The LC-DCP
screw hole acts in a similar way as that of the DCP: the posi-
tion of the screw is neutral, i.e., at the intersection of the
inclined cylinder with the horizontal cylinder. f Using the
load guide results in a maximal compressive displacement of
1.0 mm. g Detail of the construction of the screw hole com-
posed of three cylinders meeting at obtuse angles. h The
inclined cylinder of one side and the horizontal one within
the plate hole with more marked undercut. i The screw with
spherical undersurface always provides a congruent fit
between screw head and plate hole. The plate hole with two
symmetrically opposed inclined compression slides. j The
universal plate drill guide used for neutral positioning of the
screw. When the universal plate drill guide is pressed down,
the screw head is positioned onto the horizontal cylinder
(neutral buttress position). k The universal plate drill guide
used for loading positioning of the screw. When the universal
plate drill guide is not pressed down, the screw head is posi-
tioned onto the inclined cylinder (variable degree of loading;
maximum, 1.0 mm)

2.2.2.5 Limited-Contact Dynamic Compression
Plates

Conventional Use. The LC-DCP may be used in
exactly the same way as the DCP. For the experi-
enced surgeon, there are additional features which
provide a definite improvement in plate function.
The plate must be used with the new LC-DCP
drill guide (Fig.2.24-2.27). The old DCP drill guide

should not be used. In order to avoid confusion, the
handle of the new LC-DCP drill guide is shaped like
the plate. A neutral and a load guide are provided
within the same instrument. The arrow of both the
neutral and the load guide must always point in the
direction of the fracture plane to be compressed.
The new smooth-shaft screw with its improved effi-
ciency and increased strength should always be
used to generate compression either in the load
position or as a lag screw (Fig. 2.28¢).

Additional Possibilities. The screw hole of the LC-
DCP imparts tremendous versatility to the plate. It
allows a lag screw to be inclined in an arc of 80° in
the long axis of the plate. In addition, it is symmet-
rical and provides additional compression by tak-
ing advantage of the force vector directed towards
the fracture line which has been created when the
screw head hits the horizontal extension of the
screw hole.

Using the neutral LC-DCP drill guide, screws can
be inserted in the buttress position. To achieve this,
the neutral drill guide is used with the arrow point-
ing away from the fracture line.

The grooves reduce the stiffness of the plate
between the screw holes. This has resulted in a
more even distribution of the stiffness of the plate
and has made it easier to shape the plate by allow-
ing bending between the screw holes.

Titanium is known to be biologically exception-
ally inert and it is therefore well tolerated as an
implant material. Commercial pure titanium avoids
any potentially toxic components such as vana-
dium. The mechanical limitations of pure titanium
are well known. However, new technical advances
in the way titanium is treated have now made it

Fig. 2.24a,b. Universal drill guide and drill sleeve for a 4.5-mm and b 3.5-mm cortex screws
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Fig. 2.25a-c. Double drill guide for the 4.5-mm and 3.5-mm
cortex screws. Each guide is provided with two inserts, one
green one (color not shown here) guiding the drill bit to the
neutral position, and one yellow one (color not shown here)
guiding it to the load position (1.0 mm). a The 4.5-mm drill
guide viewed from above. Both drill guides are provided with

possible for titanium to reach 90 % of the strength
of the stainless steel used for implants. Thus tita-
nium appears to be the best metal from the point of
view of tissue tolerance and avoidance of low-grade
immunological complications.

The cost of titanium implants and the relatively
short life of veterinary patients, in most cases, pre-
cludes their use in orthopaedic surgery in small
animals. However, as LC-DCP are now made in
stainless steel, the veterinary surgeon has the
option of choosing to use them, along with the steel
shaft screw, where the latter is appropriate.

All these additional features of the LC-DCP are
provided without requiring specific changes in the
application technique.

2.2.3 Contouring the Plates

Special contouring devices (Fig.2.29) permit accu-
rate and controlled shaping of the plates. The new
shape is the result of plastic deformation and is per-
manent. With practice, the plates can be twisted at
the time they are bent. This is accomplished by
inserting the plate at an angle into the bending plier

2 Implants and Their Application

arrows. These should always point to the fracture or osteo-
tomy. b View from below. The undercuts should remind the
user that this drill guide should be used with the limited-
contact dynamic compression plate (LC-DCP). ¢ The 3.5-mm
drill guide viewed from above

or press. Most of the time, however, the shaping of
the plates is carried out using both the bending
press or plier and the bending irons. Certain areas
of bone, e.g., the pelvis around the acetabulum, the
distal humerus, and the mandible, have an
extremely complex anatomy, which makes the shap-
ing of normal straight plates such as the DCP
extremely difficult. To overcome these difficulties,
the AO has developed reconstruction plates. Normal
plates can be twisted and bent in the direction of
their long axis, but they strongly resist any attempt
to bend them in the direction of their short axis or
width (Fig.2.30). The design of the reconstruction
plate is such that it permits bending about the P-Q
axis. Reconstruction plates are available in the
4.5-mm and 3.5-mm configurations. The design of
these plates (Fig. 2.31) is such that their contouring
with the specially designed bending pliers and
bending irons is simple and easy.

The contouring of any plates has been further
facilitated by the design of malleable templates.
They come in different sizes to correspond to the
different plates, such as the 4.5-mm or 3.5-mm
plates, and they also come in different lengths
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Fig. 2.26a-e. Application of the limited-contact
dynamic compression plate (LC-DCP) in steps.
Procedure 1. a Initially, the fracture is bridged
by the plate. Using the neutral drill guide, the
first screw is applied to the fragment, which
forms an obtuse angle with the fracture near
the plate. The resulting space between fracture
plane and plate undersurface guides the oppo-
site fragment towards the plate. The arrow of
the neutral drill guide points towards the frac-
ture. The screw is seated at the neutral position
far from the fracture. b After adaptation of the
fragments, a screw hole for axial compression is
drilled in the fragment, which forms an acute
angle near the plate. Here the load guide is
used. Once again, the arrow points towards the
fracture line to be compressed. At this position,
a shaft screw will be inserted with optimized
rigidity and strength (compared with the stan-
dard 4.5-mm cortex screw) for axial compres-
sion. The same procedure is therefore used as
for application of a lag screw. A gliding (4.5-
mm) hole and a threaded (3.2-mm) hole are
drilled. ¢ Using the universal plate drill guide,
the threaded (3.2-mm) hole for the lag screw is
drilled. It is subsequently overdrilled (4.5 mm)
in the near cortex to create a gliding hole. As
for any other application in which a drill bit is
used in an inclined position, the three-fluted
drill bit positions the drill hole more precisely
than the conventional two-fluted drill bit. d The
lag screw and the remaining screws are
inserted. e Completion of the internal fixation.
Some short screws are used if the bone is
strong. In porotic and/or small bones, long
screws and/or a longer plate may be chosen
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Fig. 2.27a-e. Application of the limited-contact
dynamic compression plate (LC-DCP) in steps.
Procedure 2. a Using the 4.5-mm sleeve con-
nected to the universal plate drill guide, the
gliding hole is drilled for the lagged plate screw.
b The fracture is then bridged by the plate,
whereby the tightly inserted universal plate drill
guide assures perfect alignment. Using the
neutral drill guide, the first screw is inserted
into the fragment, which forms an obtuse angle
near the plate. The resulting space between
fracture plane and plate undersurface guides
the opposite fragment towards the plate. ¢ With
the load drill guide, a screw hole for axial com-
pression is inserted into the fragment, which
forms an acute angle near the plate. Here a
shaft screw is used. d After perfect reduction of
the fragments, the lag screw is inserted by dril-
ling the thread hole in the opposite cortex, cut-
ting the thread etc. e The subsequent screws are
then inserted. Here again, the length and the
number of screws chosen varies according to
the quality and geometry of the bone and to
the pattern of the fracture
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Fig. 2.28a-d. Clinical use of the universal plate drill guide. a
The universal plate drill guide allows for tilting in a plane
perpendicular to the long axis of the plate. It limits the side-
ways tilting to a maximum of 7°. b It also allows for longitu-
dinal tilting of 40 °. ¢ The shaft screw. The thread is 4.5/3 mm

(Fig.2.29a). They have been color coded for easy
identification. Once reduction has been carried out,
the malleable template is laid on the bone and then
gently shaped to correspond exactly to the underly-
ing bone (Fig.2.29). The template is then removed
and taken to the contouring device, where the plate
is shaped until it corresponds to the template
(Fig. 2.29¢,f). At the end, the contouring of the plate
is checked against the bone and adjusted to make it
perfect. In contouring a plate, care should be taken
not to bend it back and forth because this weakens
the plate.

Radiographs of the opposite normal limb can
also be used as an aid to plate contouring. Such
radiographs should be taken to show the surface to
which the plate is to be contoured.

2.2.4 Overbending

Leaving a gap in the opposite cortex decreases the
stability of the fixation. This may result in micro-
movements with consequent bone resorption.
Compression of the opposite cortex can be achieved
by overbending the plate, which when pressed
against the bone, will act like a spring and close the
gap in the opposite cortex (Fig.2.32). Overbending
can be used only when dealing with simple, two-
fragment fractures. In complex fractures, over-
bending will very frequently jeopardize reduction.

When short oblique fractures are fixed with
compression plates using the DCP hole and the load
guide, the plate must be fixed first to the fragment

wide, and the shaft corresponds to the outer diameter of the
thread. This screw offers advantages when used as a lag screw
and when used as an axial compression screw (improved
stiffness and strength). d The equal distance between the
screw holes allows easy shifting of the plate at surgery

which subtends an obtuse angle with the fracture
plane under the plate (Fig.2.33). When compres-
sion is then applied to the other fragment subtend-
ing an acute angle under the plate, this fragment
glides under the plate and is pressed against the
other fragment, which, by virtue of its fixation to
the plate, remains stable.

Biomechanical studies have shown that the
bending and rotational stability of “axial compres-
sion fixation” of a long oblique fracture can be
greatly increased if a lag screw is inserted obliquely
through the plate and across the fracture once axial
compression has been generated. The increase in
stability is due to the greater resistance of the fixa-
tion to torsional and bending forces. If there is a
transverse or an oblique fracture, fixed with a com-
pression plate, any force which tends to bend the
bone and stretch the plate will increase the stability
of the fixation. However, if the force is directed in
the opposite direction, the only force resisting
opening of the fracture is the stiffness of the plate.
If there is a lag screw across the fracture, then the
tendency of the fracture to open will be resisted by
the screw. If the configuration of the fracture is such
that the insertion of the screw will interfere with the
position of the plate, then the plate should be
applied and fixed to the bone as above. The lag
screw should then be inserted across the fracture,
outside the plate. It still greatly adds to the stability
of the fixation, even though it does not go through
the plate. One should also remember that axial
compression of an oblique fracture by a plate with-
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Fig. 2.29a-g. Bending and twisting the plate for a butterfly
fracture of the humerus. a The colored malleable aluminum
templates have the end screw holes punched out. The other
screw holes are only marked. b After reduction of the fracture
and fixation of the butterfly fragment by means of lag screws,
the template is placed on the bone and carefully contoured. c
It will now serve as a template for contouring the plate. d

2 Implants and Their Application

Bending pliers. e Bending press and twisting irons. f The
plate is first bent with the bending press. g The plate is held
in the bending pliers and twisted with the twisting iron. All
plates can be bent by means of the bending pliers. If a plate is
inserted obliquely into the pliers, both the bend and the twist
can be achieved simultaneously
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Fig. 2.30. A narrow or a broad dynamic compression plate (DCP) can be twisted about its X-Y axis and bent about its R-S axis.

It resists strongly any attempt to bend it about its P-Q axis

out an interfragmentary screw may cause the frag-
ments to dislocate. The load must always be
applied to the fragment with an acute angle next to
the plate. Most of the AO plates can be prestressed.
Compression generated using self-compressing
plates, e.g., the DCP and LC-DCP, is usually suffi-
cient.

2.2.5 How Many Screws?

Experience has shown that to prevent mechanical
failure of plate fixation, a certain number of screws
are necessary to secure the plate to the bone. This
varies from bone to bone and depends to some
degree on the size and weight of the patient and the
size and quality of the bone. The number of screws
in the plate on either side of the fracture line is very
important for the rigidity of fixation of a fracture. A
main fracture fragment, under one end of the plate,
should never have only one screw in it. This frag-
ment will have only one point of fixation around
which it can still rotate. To stop this fragment from
rotating, it must have at least two points of fixation
and thus at least two screws through two plates
holes. Placing two screws beyond the fracture line,
in either end of the plate, establishes axial align-
ment of two main bone fragments. If the mechan-
ical loads acting at the fracture line are potentially

high, as occurs with diaphyseal fractures, then two
screws per fragment are not adequate. In such a
case, a minimum of three screws should be inserted
in a fragment. However, if the distance between the
end of the bone and the fracture line are insuffi-
cient to allow three screws to be placed in the bone
fragment, then the minimum number of screws in a
fragment becomes two, ensuring axial alignment of
the fragment.

One should not feel compelled to fill every hole
of the plate with screws. The failure of a plate does
not depend on the presence or absence of a screw
from a hole, but rather on the presence or absence
of a bony defect as well as on its extent. The plate is
more likely to fail if the bone defect is short, as this
results in considerable stress concentration. This is
reflected by the stress concentration around a screw
hole in the overlying plate. A plate will fail through
a screw hole, since it is the site of the stress concen-
tration as well as the weakest portion of a plate. If
the defect in the continuity of the bone is longer,
the stresses are distributed over a longer segment
and the stress per unit area is correspondingly
lower. Thus bridge plating is likely to succeed if the
defect is longer, particularly if it is filled with a
number of viable bone fragments which will rapidly
bridge with callus. If the defect is short, transverse,
or oblique, failure is more likely, since there is not
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Fig. 2.31. a Shape of both the 3.5-mm and the 4.5-mm recon-
struction plates. b Special twisting irons. These can also be
used for bending the plates about their P-Q axis. ¢ Special

2 Implants and Their Application

bending pliers. These can be used to bend the plates about
their long X-Y and short P-Q axes. d Bending of the plates
about their short P-Q axis

Fig. 2.32. a In the contouring process, the plate is prestressed
if a slight, but acute bend is made over the fracture site, creat-
ing a 1- to 2-mm gap between the plate and the bone on
insertion of the first screws at the end of the plate. b Insertion
of the screws adjacent to the fracture pulls the plate up to the
bone, creating static compression between the fracture ends.
In order for compression to be achieved, prior anatomical
reduction of the fracture is required. ¢ Completion of stability
is achieved by inserting the remaining screws
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Fig. 2.33. a If a plate is fixed to the fragment
which forms an acute angle with the fracture,
then as axial compression is generated, the
fragments displace and reduction is lost. If,
however, the plate is fixed to the fragment
which forms an obtuse angle with the fracture,
then as axial copmression is generated, the
spike of the opposite fragment is driven against
the plate, and displacement is prevented. b
Axial compression is achieved by inserting the
screw in the “load” position. ¢,d To increase
rotation stability and improve resistance to
bending, if a force is directed towards the plate,
a lag screw should be inserted through the plate
whenever possible to lag any short oblique or
spiral fracture. e The fixation is complete

only a concentration of stresses, but also a consider-
ably longer healing time. If the fragments are small,
it is best not to attempt screw fixation since it is
likely to result in devitalization of the fragments, a
delay in callus formation, and consequently failure.

2.3 Wire

In orthopedic surgery, different types of wire are
used. These include the rigid Kirschner wire and

the flexible orthopedic wires of different diameters.
Various additional instruments for wire fixation are
available in the wire instrument set (Fig. 2.34).

2.3.1 Orthopedic Wire

Orthopedic wire is monofilament, soft, and flexible
and may be used with the wire-tightener or with
the flat-nosed pliers (Fig.2.35). It is primarily used
as cerclage wire or tension band wire.

87



88

The exclusive use of cerclage wire for internal
fixation in oblique fractures is not to be recom-
mended, because the stability is variable. However,
for temporary fixation or additional fixation of a
fragment, cerclage wire may be very helpful. To
avoid loosening, the wire should be fixed perpendi-
cular to the long axis of the bone and the knot must
be twisted down snugly. Cerclage wire will slip on
wedge-shaped bones. Slipping can be avoided by
using hemicerclage wire or the figure-of-eight
skewer pin technique (Figs. 2.36, 37). Cerclage wires
may be applied using the AO/ASIF loops and tight-
ener (Figs. 2.38).

2.3.2 Kirschner Wires

Single-pointed Kirschner wires 0.6-1.6mm in
diameter are used in orthopedic surgery in small
animals. They are available up to 3 mm in diameter
and also as double-pointed wires. Kirschner wires
are used for temporary fixation of fragments and
for marking purposes in arthrodeses and osteoto-
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Fig. 2.34a-g. Wire and instru-
ments for wire fixation. Ortho-
pedic wire of different sizes

(0.8 mm, 1 mm, and 1.25mm) is
available in rolls and with wire
loops. Instruments for wire fixa-
tion: a Flat-nosed parallel pliers;
b wire-cutter; ¢ wire-bending
pliers; d wire-tightener with
handle; e bending iron for
Kirschner wires; f wire-passer,
large; g wire-passer, small (25 %
of actual size)

mies. They are also used in tension band osteosyn-
thesis, intramedullary fixation in small bones, and
certain epiphyseal fractures in young animals.

If full-length Kirschner wires are not needed, it is
advantageous to shorten them, as long wires may
bend during insertion. If a long wire is needed,
bending may be avoided by using the telescoping
wire guide.

Kirschner wires should be inserted with a hand
chuck or low-speed drill. High speeds increase fric-
tion and will heat the wire and surrounding bone,
causing necrosis and loosening of the wire. Kirsch-
ner wires that are to remain in the bone should be
bent at the proximal end, as loose wires may mi-
grate and may be lost in the soft tissue.

2.3.3 Tension Band Wiring

The tension band principle, which involves a com-
bination of orthopedic wire and Kirschner wires,
was adopted from the engineering field, where it is
used extensively. It was first applied to bone surgery
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Fig. 2.35. a When flat-nosed pliers are used to twist a wire  one end will swing around the other and the knot will slip. d
into a cerclage, the wire must be under tension during the  The cerclage must surround the bone perpendicular to the
process. b Correct twist with both wires uniformly wrapped  long axis, otherwise it will loosen. The knot should be bent
around each other. ¢ If the wire is not twisted under tension,  against the bone surface to avoid soft tissue irritation

Fig. 2.36a,b. Technique of hemicerclage. a Two holes are drilled parallel to the fracture line of one fragment. b After reduction,
the wire is tightened and the knot pressed against the bone surface

89



90

Fig. 2.37. Figure-of-eight skewer pin technique. A Kirschner
wire is drilled across the fracture and a wire is passed around
the ends, as shown. After reduction, the wire is tightened and
the knot pressed against the bone surface

Fig. 2.38a-d. Application of cerclage wires is facilitated by
using the AO wire loops in combination with the wire-
tightener. a The wire is passed around the bone, through the
eye of the wire, through the oval hole of the tightener, and
finally through the hole in the crank. b The wire is slowly
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by Pauwels for the treatment of nonunions
(Fig. 2.39). Every loaded bone has a tension and a
compression side. According to the work of Schatz-
ker et al. (1980), these sides change with the various
phases of locomotion and are variously located on
the bone according to loading and muscle pull. A
constant tension side seldom exists. However, the
lateral surface of the proximal and midshaft femur
and the caudal surface of the olecranon at the
moment of weight-bearing are tension sides. Other,
very short tension sides are the outer sides of bony
protuberancs, such as the malleoli and the tibial
tuberosities, where ligaments and muscles are
inserted. If there is to be a tension side, there must
be an opposing compression side; therefore, if sup-

tightened by turning the crank in the slit. ¢ As soon as the
wire is tight, the tightener is tipped through an angle of 90°,
which bends the wire. The tension is released by reversing the
turns of the crank. d When 1 cm of wire is exposed, the wire
is cut with a wire-cutter
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port is not present on the compression side, e.g.,
due to lack of an opposite buttress, the tension
band principle is not applicable. With support
opposite the implant, tension forces working on the
bone are changed to compression forces. Con-
versely, without support opposite the implant, the
latter will be subjected to cyclic loading and fail.

Tension band wiring is a useful technique for
stabilizing bone fragments that are under tension in
one direction due to the pull of muscles, tendons, or
ligaments, such as the olecranon, greater trochan-
ter, and malleoli. The principle is that the Kirschner
wires stabilize against rotation and anchor the
orthopedic wire, which functions as a tension band
(Fig. 2.39).

2.4 Preoperative Planning

A radiograph of the normal side is required in
order to have a template on which to plan the pro-
cedure. The fracture pattern determines the steps of
the internal fixation as well as the choice of plate.
The selected plate is drawn in with the help of the
templates. The plan should include the order in
which the different steps will be carried out, denote
the function of the different screws, and indicate

Fig. 2.39. A tension band wire can also be applied using a
wire loop and the wire-tightener

whether a gliding hole or a thread hole needs to be
predrilled before the reduction is carried out and
whether a bone graft is necessary.

The working drawings are made before any sur-
gical procedure is embarked upon. They are of par-
ticular importance before corrective osteotomies,
because they are the only way the veterinary sur-
geon can check, preoperatively, the result of the
osteotomy and the three-dimensional concept of
the procedure.

2.5 Special Implants

A number of specialized instruments have been
developed which greatly facilitate the exact execu-
tion of the operation in accordance with the pre-
operative plan. Neither radiographs nor an image
intensifier is a substitute for a three-dimensional
concept of the local anatomy, nor will they serve as
a guide to the correct insertion of the guide wires.
Correct insertion is based on the anatomical land-
marks and on the particular device employed for
fixation. Radiographs are also useful as a perma-
nent intraoperative record of the position of the
guide wires and of all the internal devices as well as
of the position of an osteotomy if one is being car-
ried out.

2.5.1 Cannulated Cancellous Bone Screws

For precise placement of cancellous bone screws in
metaphyseal and epiphyseal sites, guidance by a
guide wire may be advantageous. To this end, large
and small cannulated cancellous bone screws are
available.

Very often, Kirschner wires, used for temporary
fixation, occupy the very position where a cancel-
lous bone screw would have its optimal biomechan-
ical effect. If such Kirschner wires can be used as
guide wires for cannulated screws, the problem is
solved.

2.5.2 Small-Fragment Plates

Small-fragment plates were originally designed for
human hand surgery. These plates are thin and
should be used only on bones where there are low
bending forces, such as the scapula, pelvis, and
sometimes small bones of the distal limb. The
plates are designed in a number of shapes in order
to suit various fracture types and are used with
2.7-mm screws (Fig. 2.40).
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Fig. 2.40. Small-fragment plates are designed for the 2.7-mm
cortex screw and have different forms

2.5.3 Miniplates

The mini-fragment plates are designed for use with
the 2-mm cortical screw. They may be used success-
fully in miniature breeds and in small pets such as
rabbits. Working with these delicate instruments
and implants presupposes some expertise and a
steady hand. The miniplates are also available in the
DCP type with a special drill guide (Fig. 2.41).

2 Implants and Their Application

2.5.4 Special-Use Plates

A number of plates have been developed for special
purposes in human surgery. Some of these plates
are useful in small animal orthopedics, including
the 3.5-mm and 2.7-mm reconstruction plates
(Fig. 2.42). Some special plates have been developed
for veterinary use. These include the 2.7-mm and
2-mm acetabular plates, the double-hooked plate
designed for subtrochanteric femoral osteotomy in
the dog, and the triple pelvic osteotomy plates
(Fig. 2.43). '

2.5.5 Veterinary T Plates

Two veterinary T plates are now available: the 2.7/
3.5-mm small T plate and the 1.5/2.0-mm mini T
plate. They are designed especially for use in meta-
physeal fractures in which a small epiphyseal frag-
ment is present. The small T plate may be used in
medium-sized and large dogs, and the mini T plate
is for use in toy dogs and cats (Fig. 2.44).

Fig. 2.41a-c. Miniplates are used with 1.5-
and 2.0-mm cortex screws. a Mini
Dynamic Compression Plate (DCP).

b Round-hole miniplates. ¢ Angled mini-
plate and T miniplate

Fig. 2.42a-d. Special plates developed for
human use which may be used in animals.
a 3.5-mm T plate (four holes). b 3.5-mm T
plate (three holes). ¢ 2.7-mm reconstruc-
tion plate. d 3.5-mm reconstruction plate
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Fig. 2.43. a Acetabular plates, 2.7 mm and 2.0 mm. b Double-
hook plates. ¢ Right and left triple pelvic osteotomy plates
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Fig. 2.44. The veterinary T plate comes in 2.7/3.5-mm (shown
here) and 1.5/2.0-mm sizes

2.5.6 Broad Veterinary Dynamic Compression
Plate

The broad veterinary DCP was especially designed
for use in stabilizing fractures in large dogs. It has
the same dimensions as the 4.5-mm plate, but takes
the 3.5-mm screw. It is thus more rigid and, over a
unit length, it has more holes than the 4.5-mm
plate. It is recommended for use in long-bone frac-
tures, nonunions, osteotomies, and arthrodeses in
medium- to large-sized dogs, weighing 20-45kg.
The plate is especially suited as a buttress (bridg-
ing) plate for comminuted fractures in dogs up to
35 kg (Fig. 2.45).

2.5.7 Cuttable Plates

Cuttable plates are versatile plates are designed for
use in small animals. They may be custom cut to
any length to accommodate a variety of fracture
situations. Two sizes are available, and each is
manufactured 300 mm long with 50 round holes.
The plates may be stacked one on the other using

® o ® 0. 0 o 0.

Fig. 2.45. The 3.5-mm broad dynamic compression plate
(DCP) expands the 3.5-mm plating technique to include
some of the larger canine breeds. The profile matches that of
the 4.5-mm narrow DCP; the design and distance between
the plate holes conform to those of the 3.5-mm DCP

plates with the same hole size; alternatively, the
ones with the smaller holes (1.5/2.0 mm) may be
placed on top of the one with the larger holes (2.0/
2.7mm). In the latter case, in order to distribute
stress risers, the more superficial plate is cut shor-
ter than the one underneath it (Fig. 2.46).

2.5.8 Self-Tapping Screws

Self-tapping screws are made in five sizes: 4.5, 3.5,
2.7, 2.0, and 1.5 mm, in both titanium and stainless
steel (Fig. 2.47).

2.6 External Fixators

External skeletal fixation of long bones consists of
inserting two or more pins in the proximal and dis-
tal bone fragments. The pins are connected by
clamps and an external bar. Many modifications
have been devised to cover some of the more com-
plex fractures. Rigid aseptic practice is required,
whether the splint be applied in connection with
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Fig. 2.46. Cuttable plates are made in two sizes: the 1.5 and
2.0-mm plates possess 50 round holes and have dimensions of
1.0x7x300mm. The plates may be stacked on top of one
another, either with a plate of the same size or with a smaller

Fig. 2.47. The self-tapping cortex screw is a thread-cutting
screw designed to meet orthopedic requirements

closed or open reduction. A sound knowledge of
regional anatomy and good tactile sense are helpful
in locating bony landmarks for insertion of the
pins.

2.6.1 Indications

External fixators are amenable to a wide variety of
fractures, both simple and complex. They are espe-
cially adaptable to the following: (a) infected frac-
tures, (b) fractures with many small fragments, (c)
cases wWhere a supplement to other internal fixation,
e.g., intramedullary pins, is required, (d) certain
osteotomies (radius curvus), and (e) delayed
unions and nonunions.

2 Implants and Their Application

plate (1.5/2.0mm) on top of a larger plate (2.0/2.7mm). In
such cases, it is recommended that the more superficial plate
be cut shorter than the plate which is in apposition to the
bone

2.6.2 Methods of Application

With a few exceptions, the fracture should be
reduced and maintained in reduction during inser-
tion of the pins into the bone fragments. This
brings about proper restoration of the soft tissues
to their normal anatomical position. Some of the
more stable and easily palpable fractures may lend
themselves to closed reduction and application, but
most fractures require an open approach for ease
and accuracy of reduction. The pins are usually
inserted through the skin, underlying soft tissue,
and bone by use of a pin chuck, pressure being
exerted while quarter-turns are made back and
forth (Figs. 2.48, 2.49).
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Fig. 2.48a-d. Procedure using one connecting bar. a The
proximal and distal pins are inserted first. They pass through
both cortices, but do not penetrate the skin on the opposite
side. They are inserted in the same plane and at an angle of
about 35°-40° to each other. b The connecting bar and single
clamps are assembled. ¢ The two outside clamps are attached.

d The third and fourth pins are then inserted through the
clamp holes in approximately the same plane and at an angle
of about 35°-40° to the pin in the same fracture fragment.
All clamps are then tightened. This procedure lends itself to
fixation of fractures of the femur, tibia, humerus, and radius
and ulna
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' 3 Preoperative, Operative, and Postoperative Guidelines

3.1 Definitions

A fracture is a complete or incomplete break in the
continuity of bone or cartilage or both. It is accom-
panied by soft tissue injury and impairment of
blood supply and function. Fracture disease may be
defined as any pathological change in the soft tis-
sues, joint, or bones associated with treatment of a
fracture and resulting in impaired limb function.
The term clinical union indicates a state in which
healing bone is sufficiently strong for all fixation
devices to be removed. The term osteosynthesis is
used for internal fixation of a fracture by means of
a mechanical device, e.g., pin, screw, plate.

3.2 Cause of Fracture

Causes of fracture include the following:

e Direct overloading of the bone. Documentary data
indicate that approximately 80 % of all fractures
are caused by impact with motorized vehicles.

e Indirect overloading. The load is transmitted
through bone or muscle to a distant point where
the fracture occurs, e.g., avulsion of tibial
tubercle, fracture of the condyles of humerus or
femur, fracture of the femoral neck.

® Diseases of bone. Many diseases of bone may
cause destruction and weakening of bone to such
a degree that minimal trauma may produce a
fracture, e.g.,, bone neoplasms, certain nutri-
tional diseases.

® Repeated stress. Stress fractures are most fre-
quently encountered in bones of the rear or front
feet, e.g., metacarpal and metatarsal bones in a
racing greyhound.

3.3 Classification

Fractures may be classified according to the pres-
ence or absence of a communicating external
wound:

e Closed fracture. The fracture does not communi-
cate to the outside.

® Open fracture. The fracture site communicates to
the outside through an external wound.

They may also be classified according to the direc-
tion and location of the fracture surface:

e Transverse fracture. The fracture is at right an-
gles to the axis of the bone.

e Oblique fracture. The line of fracture is a diago-
nal, extending in an oblique direction to the axis
of the bone.

e Spiral fracture. The line of fracture is a curve; the
bone has been twisted apart.

e Multiple (comminuted) fracture. The bone is
splintered, fragmented, or crushed, and three or
more interconnecting fragments are present.

e Segmental fracture. This is a three-piece fracture
in which the cylinder of the bone shaft remains
complete in the middle segment.

® Impacted fracture. One segment is driven into
the other.

® Avulsion fracture. This involves a fragment of a
bone at the origin or insertion of a muscle, ten-
don, or ligament that is detached due to a trac-
tion or tension load.

® Physeal fracture. This is a fracture involving the
growth plate and occurs only in young, growing
animals.

® Condylar or unicondylar fracture. The fracture

line passes through a condyle or between con-

dyles, e.g., medial or lateral portion of the
humeral condyle or the medial or lateral femo-
ral condyle.

Fissure fracture. This involves incomplete longi-

tudinal or spiral fracture lines in the cortex.

Wedge or notch fracture. The fracture is commi-

nuted with two fragments on each side of a main

center fragment whose shape resembles a wedge.

Greenstick fracture. The fracture is incomplete

and lies in a transverse or oblique plane across

the cortex.

Bicondylar or intercondylar fracture. The frac-

ture is situated between the two condyles and

diaphysis, e.g., T or Y fracture of the femur.

In addition, fractures may be classified according to
stability after anatomical reduction:
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e Stable fracture. Fragments interlock and resist
physiological loads.

e Unstable fracture. The fragments do not inter-
lock and move when loaded.

Fracture treatment is classified as follows in this
manual:

1. Conservative (limb splint)

a) Schroeder-Thomas splint

b) Coaptation splints

c) Casts

2. Surgical treatment

a) Without interfragmentary compression (bone
splint), i.e., intramedullary pinning or nail-
ing, buttress plates, external skeletal fixation
(external fixator)

b) With interfragmentary compression, i.e.,
compression plates, lag screws, tension band
wires

¢) Combination, i.e., neutralization plate and lag
screw, external skeletal fixation and lag screw,
intramedullary pin and external skeletal fix-
ator

d) Other, i.e., adaptation osteosynthesis, Kirsch-
ner wires

3.4 General Fracture Treatment

In few surgical specialties is the need for preplan-
ning and preparation greater than in orthopedic
surgery. Orthopedics requires teamwork in order to
accomplish a surgical procedure successfully and to
avoid undue patient trauma and excessive anes-
thetic time. Many demands are made on the sur-
gical team, both in the preoperative evaluation of
the patient and in postoperative care. Bone and
joint surgery should only be carried out in operat-
ing rooms in which high standards of asepsis can be
maintained. Asepsis is vital to preventing the devas-
tating effects of postoperative bone infection. Fail-
ure to strive for perfection is soliciting failure.

In addition to the relevant precautions taken in
all surgical procedures, there are some rules to be
observed in the operating theater in order to reduce
the risk of contamination:

e Eliminate unnecessary movement of staff within
the operating room after the incision has been
made.

e Use surgical hoods rather than routine surgical
caps in order to reduce the risk of contamination
from the hair of the surgeon or of his or her
assistant.

e Use sterile cotton gloves over the sterile surgical
gloves or double gloving in order to further
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reduce the possibility of contamination due to
puncture of the surgical glove by bone spicules
or sharp instruments. It is advisable to limit con-
tact between the fingers and the bone or tissues
and rely on proper instrumentation to accom-
plish the necessary manipulations.

3.4.1 Preoperative Evaluation

In all surgical procedures, consideration of the
patient’s well-being is paramount; everything else is
secondary. There is often a tendency to concentrate
on the obvious pain and make thorough examina-
tion of the patient a minimal priority, something
which can lead to a calamity. Following a thorough
physical examination, it is wise to obtain a hemo-
gram and a blood chemistry profile as a baseline.
High-quality radiographs of the affected bone and
of the chest are essential in trauma patients for
evaluation of the fracture or injury and for making
decisions as to treatment.

In multiple fractures, it is advisable to draw the
fracture on transparent paper on the radiograph
and to delineate all of the fracture lines in order to
lay down the method of reduction and fixation with
accuracy and with the correct dimensions. This
step, in itself, frequently reduces operating time.
However, it is essential in every procedure to have
an alternative plan in case the primary course of
action should prove to be unworkable. Adequate
instruments and implants for both options should
be available.

The decision to repair a fracture immediately or
at a later time is governed by many variables, such
as the condition of the patient, the time elapsed
since the injury, and whether or not the fracture is
open or closed. As a general rule, the sooner the
fracture is stabilized, the less trauma there will be
to the soft tissues and the vascular supply to the
bone. On the other hand, it is not advisable to rush
into internal fixation if there has not been proper
preparation and if the patient’s general condition is
not stable. There is some degree of soft tissue injury
in all fractures, and frequently it is of such magni-
tude that it dictates when and how the fracture
should be handled. In general, a fracture is best
repaired within 48 h of injury. Surgery performed at
this time can be done prior to the development of
marked edema, swelling, and marked contraction
of soft tissues, and reduction can be accomplished
in a shorter time and with less trauma to the soft
tissue.

Infrequently, contusion of the skin in closed frac-
tures is so great that final surgical repair must be
delayed for up to a week while the skin recovers suf-
ficiently to allow surgical intervention, hence pre-
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cluding the possibility of postsurgical dehiscence.
This is particularly true in trauma to the lower por-
tion of the limbs, where blood supply to the skin is
not as good as to other parts of the body. External
skeletal fixation may be considered as an alternative
in these cases or may be used for temporary stabili-
zation until the patient is ready for internal fixation
of the fracture. These are general guidelines; how-
ever, clinical judgement should always take preced-
ence over generalizations. Disregarding the condi-
tion of the soft tissues, particularly in fractures of
the lower limb, will jeopardize the chances of suc-
cessful internal fixation. Edema may often be pre-
vented or reduced by application of a Robert Jones’
bandage in lower limb fractures.

Open fractures should be regarded as emergen-
cies and treated soon after presentation. If the
patient’s condition permits, primary internal fixa-
tion can be attempted following proper débride-
ment of the soft tissues (see Sect. 3.8.7).

3.4.2 Operative Procedures

Proper aseptic technique during the operative pro-
cedure, coupled with careful manipulation of the
soft tissues and bone fragments, reduces the risk of
iatrogenic infection and also reduces the healing
time. The question as to the use of antibiotics in
noninfected fractures has not yet been resolved by
experimental data or by clinical findings. The use of
antibiotics postsurgically is not necessary if there is
neither evidence nor knowledge of a break in asep-
sis or contamination of the wound during the oper-
ation.

3.4.3 Postoperative Considerations

In the 12-24h following a surgical orthopedic pro-
cedure, a rise in body temperature of 1-11/2°C
(2-3 °F) is frequently observed. This, in itself, is not
necessarily evidence of infection, but rather a reac-
tion to tissue damage. Clinical experience has
shown that, in the dog, provided that the tempera-
ture does not rise above 40 °C (103.6 °F), this is not
an absolute indication for the use of antibiotics; the
febrile response generally lasts 24-48 h, However, if
this temperature persists or rises above 40°C
(103.6 °F), antibiotic therapy should be initiated
immediately.

The concept of stable internal fixation of frac-
tures is partially predicated on the early return to
function and the elimination of fracture disease. To
accomplish this, early ambulation with active
movement of the joints above and below the frac-
ture is essential. Unfortunately, when dealing with
animals, the degree of movement and weight-

bearing cannot be dictated verbally and thus must
be controlled by other means, such as restraining
devices and/or confinement within a small space.
The degree of activity allowed is dependent upon
the stability of the fixation. Repair of a fracture
using a fixation device is a race between fracture
healing and fixation failure. All loaded implants are
subject to variable degrees of cyclical stress; there-
fore, if the fixation is less than optimal, activity
must be reduced. This calls for judgement on the
part of the surgeon as to the amount of ambulation
allowed.

3.5 Biomechanics of Implants
and Implant Failure

3.5.1 General Considerations

The implants used for fracture fixation or correc-
tions must reliably support the locomotor system in
its function of carrying the load applied by the
patient or by nonaccidental external events. The
biomechanical investigation of implants is not
restricted to the observation of the implant itself,
but must take into account the biomechanical con-
ditions of the internal fixation as a whole. Reliable
function is based on some important requirements:

® The implant material must be biocompatible.

® The design (with respect to the selected mate-
rial) must be appropriate to cope with the
applied load.

® The application and handling must be appropri-
ate to avoid failure of the biomechanical struc-
ture (Fig. 3.1).

In the following, the important parameters
influencing the reliable function of an internal fixa-
tion implant will be analyzed. The biomechanics of
implants cannot be restricted to mechanical aspects
alone. Biochemical aspects regarding the materials
used must also be considered.

Fig. 3.1. Interaction between implant and environment (bio-
mechanical structure)
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3.5.2 Materials
3.5.2.1 Composition

The conventional material used for surgical
implants for internal fixation in human beings and
in animals is a stainless steel. of high purity,
strength, and ductility (Table3.1). The amount of
other elements (carbon, phosphorus, sulfur, silicon,
copper, and light elements) is restricted to very low
levels, i.e., below 1 wt/%.

Unalloyed titanium, containing 99 % titanium, is
being increasingly used for implants. The five dif-
ferent grades, according to the ISO standard
5832-2, can be chemically distinguished by the dif-
ferent amounts of light elements they contain, such
as oxygen, nitrogen, and hydrogen (Table 3.2). The
amount of light elements influences the mechanical
properties.

The manufacturers of the AO/ASIF implants
specify the properties and the purity of the metallic
raw material to narrow limits, which guarantees
their high quality.

Although the application of titanium implants in
veterinary surgery is still limited, the use of tita-
nium in human beings is increasing. There is no
doubt that titanium is superior as a biomaterial.

3.5.2.2 Magnetic Properties

Implant materials containing iron must, in compli-
ance with the standards, be in a so-called austenitic
condition. These materials are not sensitive to any
external magnetic fields to which they might be
exposed, e.g., by magnetic resonance imaging
(MRI) investigations of the patient.

Table 3.1. Composition of standardized stainless steel
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Materials in a ferritic state react dramatically to
external magnetic fields (such as MRI), which may
lead to displacement of the implant. The manufac-
turers control the magnetic properties (susceptibil-
ity) of their raw material to avoid such problems.
However, there is no way to control the magnetic
properties of an implant in a patient. If the geome-
try of an implant allows unique identification of its
metal properties, this could influence the decision
on whether to carry out an MRI investigation.
Chemically pure titanium does not show any mag-
netic susceptibilty.

Instruments, especially cutting instruments such
as drill bits, reamers, and chisels, require different
material properties. Since these instruments only
come into brief contact with the living tissue, corro-
sion resistance is a secondary consideration com-
pared to strength and wear resistance. In general,
these materials have a higher carbon content. which
reduces the corrosion resistance but increases hard-
ness and wear resistance. The material is often in a
ferritic state.

3.5.2.3 Corrosion

Corrosion resistance, i.e., resistance to chemical
destruction of the metal due to chemical processes,
is a necessary condition for an implant material.
Corrosion in the initial state results in formation
and emission, or exchange, of active ions which
interact with the body fluid and the tissue.

Ageing, i.e., a change of mechanical properties as
a reaction to the environmental conditions in the
body, is an undesirable property of a biomaterial.
The majority of metallic biomaterials do not show
any ageing behavior. Polymeric materials fre-
quently undergo ageing, resulting in increased brit-
tleness caused by cross-linking of the polymer
chains.

Degradation of metallic biomaterials is normally
prevented by good corrosion resistance. The com-
bined action of high mechanical and chemical
forces may lead to local destruction of the material
(e.g., fretting corrosion, wear), causing a so-called
metallosis. Such situations should be avoided by
appropriate design. Adequate laboratory tests simu-

Table 3.2. Composition (maximum wt. %) of standardized unalloyed titanium, containing 99 % titanium
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lating these extreme conditions are recommended
for newly developed designs.

When an implant undergoes relative motion to
another implant or to the surrounding tissue, wear
resistance is an advantage.

3.5.2.4 Surface Treatment

Electrochemical surface treatment aims to achieve
perfect and smooth implant surfaces. Electropolish-
ing is a procedure mainly used for stainless steel
implants to create a complex passivation layer on
the surface, making the implant more resistant to
corrosion.

Anodizing (or anodic oxidation) is another elec-
trochemical process forming a thin oxide layer on
titanium implants. The titanium oxide layer is very
stable and biocompatible. This layer is extremely
thin and produces an optical effect; titanium
implants therefore have a specific color.

3.5.2.5 Biocompatibility

The tests for biocompatibility of implant materials
are laid down in the ISO 10993-x standards, which
describe guidance for the selection and performing
of tests for different investigations, e.g., for toxicity,
cytotoxicity, cancerogenicity, and degradation
effects. The biocompatibility of metallic materials
(alloys) correlates with the content of nontoxic
elements and with the corrosion resistance (see
Sect. 3.5.2.3). The toxicity of relevant metallic ele-
ments has been investigated in a rat femur model.

Allergic reactions to chemically pure titanium
are unknown. Allergies to other metals, especially
nickel and chromium, are on the increase. Stainless
steel is an alloy containing these substances, but the
emission rate of ions containing nickel or chro-
mium is very low because of the high corrosion
resistance of stainless steel. Therefore, use over
many years has proved that the behavior of this
material in the body is acceptable. However, in the
case of known patient allergy to metals, pure tita-
nium implants should be preferred in order to
reduce the potential risk.

3.5.2.6 Standards’

The most commonly used metallic biomaterials
with accepted biocompatibility are standardized by
the International Organization for Standardization

' Standards are issued by various national standards
organizations, e.g., ASTM (USA), BSI (UK), DIN (Germany),
AFNOR (France), and UNI (Italy).

(ISO). AO/ASIF experts have contributed for many
years to a substantial number of standards related
to materials and implants.

The most important material standards for
implants for internal fixation are the following:

® [SO 5832-1 Wrought stainless steel

® [SO 5832-2 Unalloyed titanium

® SO 5832-11 Wrought titanium - 6 aluminum -
7 niobium alloy

There are other ISO standards for biomaterials,
such as other titanium alloys, cobalt-based alloys,
ceramics, tantalum, and polyethylene, which are
relevant to the field of joint replacement and for
special applications. In clinical trials, all these
materials have been accepted as having sufficient
biocompatibility.

3.6 Mechanical Terminology
and General Mechanical Properties
of Materials

3.6.1 Static Strength

Strength is a material property. It is defined as the
stress at which a material fails. (Stress is defined as
the force divided by the area of the sample on which
the force is acting. Normally, the undeformed size
of the area is used. We call it true stress if the actual
size of the area in the deformed stage is used. Units
of stress units are N/mm’ or MPa.) High strength is
usually required for biomaterials in order to
minimize the necessary volume of an implant.
Depending on the kind of applied stress, different
strengths are referred to:

e Tensile strength, or ultimate tensile strength, is
the strength measured in a uniaxial tensile test-
ing machine. The sample is subjected to a uni-
axial stress.

e Shear strength is the strength measured under
uniform shear stress. This pure shear stress state
can be approximately realized in a thin-walled
torque-loaded tube.

e Yield strength is the stress level at which the
stress—strain curve exhibits a specified limited
deviation from the initial straight part of the
curve, i.e., the deformation increases dispropor-
tionally more than the force. Both yield strength
and force are related to a static or quasi-static
loading, i.e., a slow increase of test load until
fracture. In the case of dynamic load, an addi-
tional characterization of strength properties
exists (see below).
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3.6.2 Fatigue Strength

If the material is subjected to a time-dependent
stress state which does not exceed the static
strength limit, failure may occur at a lower stress
level. The higher the stress level, the lower the num-
ber of loading cycles that the material can resist.

Fatigue strength is the stress level which the
material is able to resist for an unlimited number of
loading cycles (see Sect. 3.6.6).

3.6.3 Deformation and Strain

Deformation of an implant is a specified geometrical
deviation of the implant from its initial shape. This
may be measured as a displacement, as an angle, or
as strain. Strain is defined as the elongation of a
material divided by its resting length. It is a dimen-
sionless measure, often given as a percentage.

Elongation after fracture means the remaining
(permanent or plastic) strain after fracture of a test
piece in a tensile test. The plastic strain is located in
the vicinity of the fracture site (of the metal) and is
characterized by a (permanent or plastic) reduction
of the cross-sectional area of the test piece.

3.6.4 Elasticity

Perfectly elastic biomaterials do not show any resid-
ual deformation after unloading. Elasticity is char-
acterized by the elastic constants of the material
(modulus of elasticity, shear modulus). The modu-
lus multiplied by the elastic strain gives the stress;
in linearly elastic materials, stress and strain are
proportional.

If the stress exceeds the proportional limit, per-
manent or plastic strain occurs, which can be mea-
sured after unloading as the residual strain.

3.6.5 Viscoelasticity

Viscoelastic behavior refers to the time dependency
of deformation under constant load or vice versa.
Creep and relaxation (decrease of stress if deforma-
tion remains constant) are typical effects in poly-
mer or metallic materials loaded under conditions
of high temperature.

Under normal environmental conditions (body
temperature, environmental temperature), metallic
biomaterials do not show any remarkable visco-
elastic effects.

3.6.6 Fatigue

Fatigue is the tendency of metallic materials to fail
under cyclical loading after a number of cycles at a
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stress less than the static strength. Fatigue strength
is the stress level which the material is able to resist
for an unlimited number of loading cycles.

Fatigue tests and their results vary with the load
time and process applied. Oscillating (alternating)
and increasing - decreasing (monotone) loading
processes are in use. A typical test is the rotating -
bending test, in which a heterogeneous oscillating
stress state is applied to the test piece. The neutral
axis is not affected, and the maximum stresses
appear at the surface of the cylindrical sample.

3.6.7 Notch Sensitivity

Notches and scratches on the surface of a material
cause local stress concentrations. Cracks often start
at such high-loaded areas and then run through the
healthy material until fracture of the part occurs.
Sensitivity to notches is an undesirable property in
a material. Brittle materials (materials with low
elongation after fracture) are more sensitive to
notches. It should be noted that brittleness is not a
constant property of a material, but depends upon
the applied stress state (three-dimensional states
show less deformation after fracture than uniaxial
stresses) and is therefore a behavior (not a constant
property) of the material under stress.

The notch toughness is a measure of the sensitiv-
ity to notches, high strain rate, and three-
dimensional stress states.

3.6.8 Specific Mechanical Properties of
Stainless Steel and Unalloyed Titanium

An example of the varying properties of stainless
steel and unalloyed titanium is given in Table 3.3.
The density of the two materials differs: 4.51 g/cm’
(chemically pure titanium) and 7.95g/cm’ (stain-
less steel).

3.7 Functional Load

3.7.1 Anatomy

An implant should be able to withstand all func-
tional “loads” to which the natural tissue in this
area is exposed. The anatomy, i.e., the mass of the
patient and the size of the body including the limbs,
considerably influences the functional load acting
on the locomotor system, and consequently on the
implant.

Figure 3.2, for example, shows the dependency of
the knee joint force in jumping for different sized
animals, human beings included. There is no doubt
that all functional internal loads can be determined



3.7 Functional Load

Table 3.3. Mechanical properties of stainless steel and unalloyed titanium

* Minimum.

by similar relationships. This means that large,
heavy subjects apply more functional load to the
locomotor system than small, light ones.

3.7.2 Fracture Type

The fracture type defines the complexity of the
injury. A more complex fracture normally forces an
implant to transmit more functional load than a
simple fracture. Locked intramedullary nails used
for more complicated fractures transmit more load
than unlocked nails used in simple fractures.
When selecting implants to be used, this must be
taken into consideration by the surgeon; sometimes,
a change in the type of internal fixation is necessary.

3.7.3 Activity

The activity of a patient has a twofold influence on
functional load: (1) fast-moving (accelerating) sub-
jects apply more force to the implant than slow-
moving ones, and (2) an active patient generally
applies a greater number of loading cycles to the

skeleton than an inactive one. This may influence
the life of the implant.

3.7.4 Intended Survival Time of the Device

Each implanted medical device has a certain in-
tended survival time in the body. Thus reliable and
safe function during this time interval is required.

Devices for fracture treatment, such as bone
plates and screws, are usually temporary devices.
They are usually explanted after 2years or less.
However, the possibility of leaving the implant in
the body - if the patient does not have any prob-
lems with it and/or if he or she refuses implant
removal - is an advantage. Therefore, there is now a
trend towards using biomaterials which are suitable
for long-term use.

K wires and guide wires often used in fracture
treatment are very often implanted for a short time
and are sometimes removed during the operation.

Instruments such as drill bits, forceps, templates,
and scalpels may not be categorized as short-term
“implants.” The implantation time is very short.
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The standards for these materials do not need to be
as strict as for implants.

3.7.5 Anchorage Problems in Natural Tissues
3.7.5.1 General Comments

Sufficient anchorage in the viable tissue is impor-
tant. Ideally, the tissue adjacent to the implant
should not transmit more contact stresses than
healthy tissue. High local stresses should be
avoided.

The distribution of internal forces depends not
only on the elasticity and the shape of an implant,
but also upon the external load configuration (e.g.,
bending, torsion, axial force, and combinations
thereof).

3.7.5.2 Anatomical Shape

The anatomical shape of an implant is always
a problem. For example, the shaft of an artificial
hip joint fills an anatomically empty canal, i.e.,
there is not any hard tissue at this site. Therefore,
a prosthesis can only exist as a foreign body, even
if the anatomical shape is perfect. When handling
an anatomically shaped implant, it is often desir-
able to have low contact stresses. This may be
obtained even with appropriate nonanatomical
designs.

An internal fixation plate is normally adapted to
the bone surface by contouring. This procedure
aims to achieve exact anatomical reduction of the
fragments, good contact, and low stress to the bone,
but it induces plastic strain in the implant (Fig. 3.3).
Therefore, contouring should be minimized and, in
particular, repeated bending or twisting in opposite
directions should be avoided.

Fig. 3.3. Load distribution for locking bolts: an example
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3.7.5.3 Time Dependency of Load

Since all animals permanently change their load
configurations relative to the body in time, there is
not a fixed configuration of external load. Thus
there is also no fixed distribution of internal (func-
tional) forces. Fortunately, the functional loads vary
only between certain limits. This allows for an
optimization of the implant design in order to deal
with the varying loading conditions. However, the
search for an optimal implant is a very complex
problem and cannot be solved by the choice of the
appropriate “ideal” biomaterial alone.

3.7.5.4 Biological Environment/Time Dependency
of Tissue Properties

The biological environment of an implant is the
body of a human being or an animal. The anchor-
age of implants in bone depends upon the proper-
ties of the bone, and these may change with time.
This can affect the stability of the fixation. Anchor-
age in soft tissues or in organs presents far more
difficult biophysical and biochemical problems
(e.g., ligaments, tendons, heart valves, vessel
implants).

3.8 Open Fractures

An open fracture by definition occurs where there
is, or was, communication between bone and the
external environment. Open fractures must be con-
sidered an emergency situation. Even with proper
treatment, this type of fracture has an increased
risk of osteomyelitis and/or nonunion. A common
cause of failure of internal fixation is the bacterial
infection associated with open fractures. In addi-
tion, the force involved in the mechanism of injury
may result in increased tissue damage. Devitalized
soft tissue or bone with the addition of foreign
debris decreases the healing potential and dimin-
ishes the body’s ability to fight infection. The basic
principles for the treatment of open fractures
include the following:

e Prevention of further contamination of the
wound

e Prompt and thorough wound inspection, clean-
ing, and surgical debridement

e Proper handling of soft tissue and bone to pre-
serve vascularity

® Informed decisions regarding timing of surgery
and wound closure

® Adequate stabilization of the fracture with opti-
mal devices depending upon the type of fracture
and wound



3.8 Open Fractures

3.8.1 Classification

The severity of soft tissue and bony injury is classi-
fied in order to aid in treatment decisions, progno-
sis, and for informed client consent:

e Type I: Puncture-type wound with skin lacera-
tion of less than 1.0 cm. The laceration may be
associated with penetration of the skin by a bone
fragment. The wound is clean and has minimal
tissue damage.

e Type II: Skin wound larger than 1.0cm, with
more soft tissue damage caused by the external
trauma.

@ Type III: Skin wound larger than 1.0 cm or multi-
ple wounds with more extensive soft tissue dam-
age, including skin flaps, foreign material wound
contamination, degloving, nerve or vessel dam-
age, severe muscle laceration or contusion, or
loss of skin, fascia, or muscle. Fractures include
increased comminution, periosteal stripping,
segmental fracture, and bone loss (Fig.3.4a).
Fractures caused by gunshot (high-velocity or
close-proximity shotgun wounds) are included
in the type III classification. The extent of soft
tissue damage is important for prognosis and
treatment planning.

3.8.2 Treatment Guidelines
3.8.2.1 Emergency Treatment

An uncovered open fracture should be immediately
covered with a sterile dressing to prevent further
contamination. Shock, hemorrhage, or any life-
threatening internal injuries are treated immedi-
ately. A physical examination is done, including
ascertaining the neurological status. After patient
stabilization, appropriate radiographs are taken to
aid in the treatment plan. All open fractures need
adequate wound débridement. Sedation or anesthe-
sia should be administered; if the patient’s condi-
tion is critical, local or regional anesthetic tech-
niques should be used. The limb is prepared ste-
rilely. Sterile petroleum jelly is used in the wound to
protect it from further contamination by clipped
hair. In the operating room, enlargement of the skin
wound may be necessary to permit adequate wound
inspection and treatment. Specimens are taken for
culture, sensitivity, and gram stain, and antibiotics
are started. Positive evidence of bacteria by quanti-
tative gram staining means that bacteria at a con-
centration of 10° are present and confirms severe
wound contamination. Repeating gram stains after
débridement can help in judging whether the
débridement was adequate.

Systemic antibiotic options are: (a) cefazolin at
20 mg/kg every 6 h for clean types I and II (covers
gram-positive bacteria), (b) for types II and III, use
either cefotetan 30mg/kg t.id. (covers gram-
positive and gram-negative bacteria and 70 % of
anaerobes) or gentamicin 6 mg/kg s.i.d. + ampicil-
lin 10 mg/kg q.i.d. + metronidazole 15 mg/kg b.i.d.
(covers gram-positive and gram-negative bacteria
and anaerobes). Antibiotic therapy should be con-
tinued until culture and sensitivity reports are
known and then modified or discontinued, as indi-
cated by the reports. If outpatient antibiotics are
indicated, either enrofloxacin 5 mg/kg or ciproflox-
acin 5mg/kg + metronidazole 15mg/kg b.i.d.
should be used. The total length of antibiotic treat-
ment varies with the fracture type and cultures;
7-10days is usual for types I and II, with a longer
duration for type III.

Pressure lavage, using either a commercial sys-
tem (Pulsavac; Zimmer Corp., Ohio) or a 35-cc
syringe with an 18-gauge needle, enables bacteria,
contaminants, and tissue debris to be efficiently
flushed from the wound. An adequate amount of
fluid (3-51 lactated Ringer’s solution) is required
for flushing. Surgical débridement is carried out
with sharp dissection of severely damaged or avas-
cular muscle, fascia, and smaller bone fragments.
Large bone fragments should be saved for later
rigid fixation. After carrying out wound inspection,
pressure lavage, débridement, and evaluation, sev-
eral major decisions must be made (see 3.8.2.3).

3.8.2.2 Definitive Treatment

If definitive fracture treatment is to be carried out,
the following may be considered:

1. External splints and casts. These are indicated in
selected type I and II fractures below the elbow
or the stifle which are minimally displaced or
reducible, clean, and biomechanically stable.
Frequent reexaminations are necessary during
the convalescent period.

2. Internal fixation. Intramedullary pins, interlock-
ing nails, or plates may be used for certain type
I and II fractures. All are contraindicated if gross
contamination/infection (type III) is present in
order to prevent spread of infection. Skeletal fix-
ation (external fixator, transcortical pins with
acrylic) can be used on all fracture types, espe-
cially type III (Fig.3.4a). The pins are placed
some distance from the wound (Fig. 3.4b). Bone
plating may be used for all types of open frac-
tures after proper débridement. Delayed plating
is indicated for severely infected wounds, after
the infection has been controlled. Plating may be
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Fig. 3.4a-f. Grade III open fracture. a Radiograph of an 8-
year-old Springer Spaniel with a highly comminuted tibia/
fibula fracture with bone loss caused by a corn-picker acci-
dent. b Temporary stabilization with an external fixator after
thorough débridement. ¢ Radiograph after serial débride-
ment and antibiotic therapy, 2 months after the injury. d
Radiograph shows ulnar donor site where a 6.0-cm autograft
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was harvested. e After removal of the external fixator, the
tibial fracture plus ulna and rib autografts were stabilized
with a 3.5 broad plate and two cerclage wires. f Radiographs
show healed fractures and incorporation of autografts at
50 weeks. The plate was removed 18 months after the injury
with full return of limb function
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used after a temporary external fixator has been
removed as long as pin tract infection is not present
(Fig. 3.4¢,f).

3.8.2.3 Decisions

The following major decisions have to be taken:

1. Fracture fixation. Definitive fracture stabiliza-
tion may be postponed because of the severity of
tissue damage (type III), inadequate technical
help, or for referral reasons. If further surgery is
not to be performed immediately, a sterile sup-
portive bandage should be applied to prevent
nosocomial contamination of the open wound
and to provide temporary immobilization of the
fracture and soft tissue. Definitive stabilization
of the fracture immediately after débridement
may be performed using appropriate internal or
external fixation devices. An external fixator
may be applied for temporary fracture stability
and to facilitate wound access for serial débride-
ment (Fig. 3.4b).

2. Is a bone graft needed to aid fracture healing? If
50, should it be immediate or delayed? Types I
and II fractures may be grafted at the initial
operation using autogenous cancellous or mor-
cellized cortico-cancellous bone. If a fracture has
been categorized as a type III fracture because of
contamination/infection, then grafting should be
delayed until the infection is contolled. This can
usually be accomplished in 1-8weeks. Repeat
cultures are necessary. Antibiotic-impregnated
methylmethacrylate beads are sometimes
installed locally for 2-3 weeks in cases of resis-
tant infection.

3. Should the wound be closed? Fracture types I and
IT are usually amenable to primary closure if the
initial wound is clean. Wounds should be left
open if the degree of contamination is felt to be
significant. Type III should not be closed ini-
tially. The timing of the delayed closure depends
upon the culture results and the progression of
soft tissue healing. In severe cases, the wound or
wounds are often allowed to close in by third-
intention healing. Open wounds should be
dressed with a sterile bandage.

3.9 Design

3.9.1 Shape: Stiffness, Strength

The shape of the implant determines its stiffness
and its load-carrying capacity. Stiffness is defined
as load divided by deformation, and for elastic

materials it represents the proportional factor
between these two physical variables. There are
indefinite numbers of “stiffnesses” depending upon
the defined load configuration and on the deforma-
tion considered. For instance, the modulus of elas-
ticity is the stiffness constant of the elastic material
itself, representing the relationship between stress
(“load”) and strain (“deformation”). Bending stiff-
ness defines the relationship between a bending
moment and the curvature of the bent strip or
plate.

The stiffness of implants, for internal fixation,
becomes an important aspect if the implant acts as
a composite together with living tissue (such as
bone) transmitting functional load. In such cases of
good or partially good tissue contact (reduction),
the distribution of the functional load to the two
partners is determined by their stiffness parame-
ters. In general, high stiffness attracts the load, i.e.,
the stiffer of the two will carry the most load. In
human patients, intramedullary locking nails have
been used. The shorter (stiffer) locking bolt carries
the greater axial load (Fig. 3.5).

Examples include the following:

® The bending stiffness of a plate is proportional to
the third power of the length of a plate measured
in the plane in which the bending occurs. It is
also proportional to the width of the cross-
section, measured perpendicular to the plane of
bending, and is proportional to the modulus of
elasticity.

® The axial stiffness of a plate is proportional to

the cross-sectional area measured in the plane

perpendicular to the axial force. It is also propor-

tional to the modulus of elasticity.

The torsional stiffness of a plate is proportional

to the third power of the small width of a plate

Fig. 3.5. Strain values on the surface of a plate in the case of
contouring (bending to a curvature of diameter D). Extreme
strain values=s/(D +s)
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measured in the plane in which the bending
occurs. It is also proportional to the greater
height of the cross-section, measured perpen-
dicular to the plane of bending, and is propor-
tional to the shear modulus or to the modulus of
elasticity.

The strength of an implant, in a more general sense,
is often identified by its load-carrying capacity, i.e.,
the maximum force or torque at which the device
will fail. The maximum load an implant is able to
transmit does not depend upon the modulus of
elasticity. It depends upon the strength (or its yield
strength) of the material itself and on its shape and
dimensions.
Examples include the following:

e The maximum bending moment of a plate (bent
around the long axis of its cross-sectional area)
is proportional to the width and to the second
power of the length of the plate and also to the
yield strength.

e The maximum axial force transmittable by a
round bar not showing plastic deformation is
proportional to the second power of the diam-
eter and to the yield strength of the material.

® The maximum axial force transmittable by a
round bar until complete failure is proportional
to the second power of the diameter and to the
ultimate tensile strength of the material.

® The maximum torque of a solid round rod is
proportional to the third power of the diameter
and also to the yield strength (note: tubes and
especially slotted tubes obey different rules).

3.9.2 Manufacturing

Manufacturing of implants requires special experi-
ence and extensive quality control in order to pro-
vide adequate performance of the implant.

3.10 Special Implants and Specific
Aspects of Failure

3.10.1 Screws and Plates

Bone screws have a twofold application:

1. Stand-alone devices: used as lag screws and/or
splints bridging a fracture gap

2. In combination with plates: load screws trans-
mitting axial forces and active shear forces to
achieve dynamic compression, or neutral screws
transmitting axial forces and passive shear forces
to achieve firm adaptation of the plate to the
bone
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Combined application may be possible, i.e., lag
screw through a plate hole. The maximum axial
force a screw can transmit to the bone is propor-
tional to the outer diameter of the screw and to the
strength of the bone (limited by stripping the
thread in the bone). The maximum axial force at
which the screw fails is determined by the core
diameter of the screw and by the strength of the
screw material (limited by fracture of the screw).
Bone plates are used for internal fixation of frac-
tures bridging the fracture site and replacing the
missing bone in this area. Load-transmitting plates
may have an additional compressional effect
(dynamic compression plate, DCP) or may act as
neutralization plates to support fixation by one or
more lag screws.

Plates transmit longitudinal forces, bending
moments, and torque. Contouring of plates may
change their mechanical strength. Additional local
stress concentrations can lead to plate fatigue fail-
ure, and careful handling of the implants to avoid
sharp bends, scratches, and notches is necessary.
Single contouring using the appropriate instru-
ments and techniques has proven to be acceptable
(Table 3.4).

3.10.2 Wires

Two main functional groups of wires exist:

1. Cerclage wires made from a soft raw material for
tension band techniques, fixed mainly by twists

2. Kirschner wires of a certain stiffness used for
splinting, guiding, and temporary fixation, avail-
able with and without threaded tip.

If at all, very low axial forces are applied. The wires
are usually used in a shear-loaded condition. In the

Table 3.4. Mechanical properties corresponding to the solid
cross-section of the various plates (maximum tensile strength
as maximum load before rupture)

DCP, dynamic compression plate.
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case of external fixators, they may also tolerate
bending loads. It is evident that sharp edges and
knots in wires or repeated bending may cause fail-
ure. Scratches and notches should be avoided.

3.11 General Aspects of Implant Failure

Safety and reliability are primary requirements for
implantable medical devices. They are not
determined solely by the mechanical properties of
the biomaterials used. Failure of an implant, which
may mean lack of safety under certain circum-
stances, can occur for a variety of reasons.

The safety of an implant depends on three fac-
tors (Fig. 3.6):

1. The patient plays a passive and an active role: the
anatomy and the type of disease or injury (frac-
ture type) are given properties of the patient and
cannot be changed; the activity of the patient
should be regulated and controlled in order to
achieve the best possible healing and recovery.

2. The surgeon (and the hospital) is able to influ-
ence the choice of the implant and type of treat-
ment, the quality of application, and the activity
of the patient by load-limiting devices and by
supervision.

3. The manufacturer is responsible for the design,
the raw materials, and the reliable manufactur-
ing of the device.

Fig. 3.6a-d. Unstable internal fixation in human femur lead-
ing to fatigue fracture of the plate. a Postoperative radiograph
showing lack of support opposite the plate because of a large,
unstablized fragment. b Under weight-bearing, bending
forces (which cause fatigue failure) are exerted on the plate. ¢

Failure of implants seldom occurs, but in most
cases it is caused by dynamic load resulting in fa-
tigue of the material.

Pure static overload by high accident forces or by
complex fractures with insufficient bone support sel-
dom occurs. When it does occur, the above-
mentioned parameters may play a part, and - as is
often the case in accidents - simultaneous exposure
to several effects may lead to the load-carrying capac-
ity of the device being exceeding, causing it to fail.

The type of treatment depends upon the ana-
tomy and upon the fracture type. The biomechan-
ical construction must form a stable compound
consisting of implant and bone, replacing the miss-
ing bone strength in the fracture gap by the tensile
strength of the implant and providing additional
compression of the fracture gap, if appropriate.
Insufficient bone support at important points can
lead to load concentrations at the implant site, caus-
ing implant failure.

Mishandling of the implants using the wrong
instruments for application, producing notches in
the surface, or performing repeated contouring
(cold forming process) may decrease the safety fac-
tor to an insufficient value and lead to fatigue frac-
tures of the implant.

3.11.1 Complications of Internal Fixation

Complications of fracture treatment in small ani-
mals are more frequently caused by partial or total

Later radiograph showing resorption of the fragment and
development of nonunion, which led to increasing instability
and implant failure. d Fractured plate with fatigue cracks in
neighboring holes (compare Figs. 3.7 and 3.8)
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collapse of the fixation than by fracture of the
implants. This contrary to experience in human
orthopedic surgery and indicates that in small ani-
mals the bone is usually the weaker component of
the bone-implant unit. In comminuted fractures,
the fragments are often so tiny that they cannot be
stabilized individually, or the screw fixation of a
fragment fails because the bone splits. In fractures
near joints, the plates often cannot be attached with
the necessary number of screws. The breakdown of
internal fixation through screw loosening can be
caused by a number of different factors:

& Improper fracture repair plan

® Inadequate choice of screws (too small, too
large)

® Improper screw direction

® Defective screw seating (e.g., stripped bone
threads)

® Poor reduction with subsequent overloading of
the screws

® Unstable fixation with subsequent overloading
of the screws

® Overloading by secondary trauma or inadequate
postoperative treatment

® Necrosis and bone resorption

® Infection

If only one or two individual screws are loose, they
can often be replaced by a screw with a larger diam-
eter. However, when the whole fixation breaks
down with loss of reduction, reconstruction of the
internal fixation is necessary. Occasionally, screws
fail due to fatigue fracture.

3.11.2 Implant Fractures

Investigations have shown that implant failures in
small animals are caused by the same mechanism
as that observed in human orthopedic surgery.
Detailed analysis of a series of human clinical cases
revealed that implants can fail by fatigue under
unstable conditions when the alternating stresses of
the loading-unloading weight-bearing cycles are
too high or when the number of cycles at relatively
low load exceeds a critical value. As an example,
Fig. 3.6a shows an unstable internal fixation of a
broken femur. Figure 3.6b illustrates how bending
forces are exerted on the plate under weight-
bearing, leading to fatigue failure of the plate in the
fracture zone (Fig. 3.6¢,d). Comparison of the frac-
ture morphologies of implants broken in the body
with those of fractures generated by different labo-
ratory tests indicates that overload fractures, stress-
corrosion-cracking, and corrosion fatigue can be
excluded as probable fracture mechanisms.
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Fatigue cracking is a critical failure mode for
implants, since it is a slowly proceeding, accumula-
tive process. It can even occur when the material is
loaded in the elastic range, under stresses which
cause only reversible elastic deformation. In such
relatively low load ranges, fatigue failures are only
possible because metals can be damaged irrever-
sibly in a progressive manner on the free surface.
Figure 3.7 demonstrates the development of a fa-
tigue crack on implant material under laboratory
conditions. Investigations have confirmed that fa-
tigue cracking takes place in exactly the same man-
ner in the body (compare Fig.3.7d with Fig. 3.9).
The crack propagation into the material is shown in
a longitudinal section in Fig. 3.8.

Figure3.9 shows the fatigue damage structure
adjacent to the crack on the surface of a plate
broken in vivo, which is similar to that of Fig.3.7d
(from a fatigue experiment). Figure3.10 gives an
overview of the fracture surface of a plate. Higher
magnifications show typical parallel fatigue stri-
ations created by individual load cycles in the crack
propagation zone (Fig. 3.11).

In general, fatigue cracking occurs in a sequence
of different steps:

1. Crack initiation:

a) Deformation structures develop at the free
surface. Slip steps of the glide systems of the
metal grains protrude through the surface
(Fig.3.7a).

b) Micronotches form out of certain slip systems
during further fatigue damage (Fig. 3.7b).

¢) Nucleation of microcracks which extend over
several grains (Fig. 3.7¢)

2. Crack propagation:

a) A main crack forms on the surface (Fig. 3.7d).

b) The main crack propagates into the depth of
the material (longituduinal section, Fig.3.8;
high magnification, Fig. 3.11).

3. Final overload fracture: after the main crack has
reduced the cross-section to a critical size, sud-

den rupture takes place (Fig. 3.10, stage III).

The higher the load under which fatiguing takes
place, the quicker the stages described follow each
other, with fewer numbers of cycles to failure. The
fatigue curves (Fig.3.12) show the fatigue lifetime
to failure as a function of the applied stresses for
the different implant material conditions. Curve 1
represents the highly cold-worked material (pins),
curve 2 the medium cold-worked material (screw,
plates), and curve 3 the soft material. Comparison
of curves 1-3 shows that the fatigue resistance of
the stainless steel increases with cold work and
strength. This behavior is significant for bone
plates, which undergo cold-work deformation when
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Fig. 3.7a-d. Development of fatigue cracks on stainless steel
implant material during in vitro testing in Ringer’s solution.
(The micrographs show the implant surface after a certain
number of load cycles.) a After 500 cycles: single slip systems

appear. X275. b After 1100 cycles: first extrusions/intrusions
(micronotches). x275. ¢ After 29 500 cycles: first visible crack.
x275. d After 60 000 cycles: a major crack has developed. x70

m
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Fig. 3.8a,b. Fatigue crack propagation through plate shown on longitudinal section through plate. x110

Fig. 3.9a,b. Plate broken in the body by fatigue of plate surface adjacent to
fracture with addition minor fatigue crack. X100
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Fig. 3.10. Macroscopic view of fatigue fracture surface of a broken plate. The three main stages of fatigue are indicated

Fig. 3.11. SEM micrograph. Fine parallel horizon-
tal lines show typical fatigue striations caused by
single load cycles (propagation stage of Fig. 3.9).
X 6000
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Fig. 3.12. Fatigue curves for stainless steel implant material of
varying cold-work degrees generated by rotating-bending
beam tests in air. The curves indicate the number of cycles to
failure counted under certain applied stresses. The fatigue
strength increases with the strength of the material, as seen
from curves 1-3. Curve 2 represents the medium cold-worked
material used for screws and plates. Interpreted in terms of
internal fixation, this curve indicates that no failure will
occur when the stresses do not exceed approximately 45 kgf/

they are contoured intraoperatively. The fatigue
resistance will not be diministhed by this pro-
cedure, as can be deduced from the fact that mate-
rial more cold-worked (curve 1) than the plates
(curve 2) has higher fatigue strength. This result
has also been verified by fatigue tests on contoured
plates. Precise contouring of the plates to fit the
bone shape is an important precondition for rigid
fixation and should thus be emphasized. However,
repeated bending back and forth should be avoided
because it leads to loss of ductibility. In addition,
contouring in the plate holes is not recommended.
Tool marks left on the smallest plate section at a
screw hole could serve as stress raisers if the hole
became subject to fatigue loading.

The radiographs in Fig.3.13 show a typical
example of a plate that has failed due to fatigue in
an unstable internal fixation where bony support
was lacking opposite the plate and a considerable
fracture gap persisted. The plate broke at a screw
hole in the unstable zone, which is characteristic for
all clinically broken straight plates. Figure3.14
illustrates schematically the effect of a fracture gap
on a plate hole. When a fracture gap or bony defect

mm’, which is the fatigue limit of the material. For a perfectly
rigid internal fixation, the stress concentration would already
be below the fatigue limit postoperatively, and no risk of fa-
tigue would exist. However, under severe instability with high
stress concentrations assumed in the range of 70kgf/mm?’
fatigue failure could occur after about 10000 load cycles. In
cases with smaller instabilities and lower stress concentra-
tions, the bone might heal before the critical number of load
cycles was reached, and an implant failure thus be avoided

is situated beneath or near a plate hole, the uniform
stress distribution through the plate is disturbed
and the bending stresses which occur under
weight-bearing concentrate at this particular screw
hole to create a fatigue situation.

In general, analysis of cases with broken
implants always revealed an unstable biomechan-
ical situation, and the failure developed by the
mechanism decribed above. The instability leading
to fatigue can have different sources:

1. Primary instability due to:
a) Wrong indication, e.g., screw fixation only
instead of a neutralization plate fixation
b) Wrong implant, e.g., implant too weak, plate
too short
c) Missing lag screws
d) Insufficient reduction and fixation
e) Missing bony support (becuase of persisting
fracture gap or bony defect, lack of a bony
buttress opposite the plate)
f) Lack of bone graft
. Secondary instability due to:
a) Delayed healing
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Fig. 3.13a-e. Fatigue failure of a plate in an unstable internal
fixation in a dog. a Comminuted fracture of tibia and fibula.
b Three days postoperatively. Although two single lag screws
were applied, a wide fracture gap remains. Therefore, medial
bony support is lacking and the plate undergoes cyclic bend-
ing under load-bearing. ¢ Four weeks postoperatively. The

b) Bone resorption

¢) Infection

d) Change of biomechanical situation (variza-
tion, valgization)

e) Inadequate postoperative treatment, e.g.,
overloading

In most failures, a number of these characteristics
are present at the same time. To avoid complica-
tions, the operation should be planned and per-
formed so that optimal stability is achieved. Stabil-
ity of the internal fixation is necessary not only to
prevent implant failure, but also to avoid bone
resorption and nonunion. Depending on the type of
fracture or orthopedic correction, the achievable
degree of stability varies from nearly ideal rigid fix-
ation to highly unstable fixations in which the plate
has only a bridging function, as illustrated in
Fig.3.15a-d. With the proper technique, fractures
with more than two fragments can be well stabi-
lized (Fig.3.15c). In fractures with comminuted
zones, as depicted in Fig. 3.15b, the stability is prac-
tically no better than if a bone segment were
missing (Fig. 3.15a). In cases with bony defects and
unsecured small fragments, cancellous bone-
grafting is an important aid in enhancing bone
healing and lowering the risk of complications and
implant failure. The postoperative treatment must
be adjusted according to the degree of stability of
the internal fixation.

fracture gap closes under load and the plate bends. In the
fracture zone, the load is only transmitted through the plate
without bony support. d,e Five weeks postoperatively. Fatigue
fracture of the plate. The fracture site of the plate exhibits the
typical features of fatigue under high load when examined
microscopically

3.12 Bone Infection

3.12.1 Introduction

Infection of the bone (osteomyelitis) is defined as
inflammation of bone caused by a microorganism.
Acute osteomyelitis and chronic osteomyelitis are
the same disease, the only difference being the time
the disease has been present. Wound infections
involve tissues adjacent to the bone, but do not
always involve the bone. Osteomyelitis is present
only when there is radiographic, microbiological,
or histopathologic evidence that the bone is
infected. The clinical signs of wound infection
include localized swelling and drainage. Wound
infection can proceed to osteomyelitis if not prop-
erly treated.

Post-traumatic osteomyelitis is the most com-
mon type of bone infection in animals. The clinical
signs of post-traumatic osteomyelitis include inter-
mittent, localized swelling and drainage. Lameness
may or may not be present. Mortality due to post-
traumatic osteomyelitis is very low. This disease is
reported in all animals that undergo bone surgery
or incur trauma.

Hematogenous osteomyelitis is an infection of
the bone not associated with trauma or surgery.
The source of the bacteria is elsewhere in the body.
This is often a systemic disease, and the animal may
exhibit the clinical signs of fever and/or anorexia.
Compared to the incidence of post-traumatic osteo-
myelitis, this disease is rare, but the mortality rate
is high.
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Fig. 3.14a-d. Stress concentration in plate holes. a If a plate
without holes is bent, stresses are distributed evenly over the
plate. b If the plate contains a hole, stresses concentrate there,

at the smallest cross-section. ¢ If, at the same time, the plate

is supported, e.g., by a bone, the bending effect on the plate is
reduced. However, when support is lacking underneath the
plate hole because of a persistent fracture gap, the stresses at

3.12.2 Animal Characteristics

Post-traumatic osteomyelitis is not an age-specific
disease, nor is there any specific breed predisposi-
tion. There is a sex prevalence in post-traumatic
osteomyelitis, with males (64 %) being represented
almost twice as often as females (36%). Due to
their behavioral characteristics, males are more
likely to suffer trauma than females. Staphylococcus
spp. are the most common bacteria isolated from
dogs with osteomyelitis, followed by Streptococcus
spp (Table 3.5).

3 Preoperative, Operative, and Postoperative Guidelines

the hole are increased, while the rest of the plate is stiffened
by the bone. d However, if the fracture gap is closed under
compression, e.g., tension band plate, the plate is supported
continuously and stress concentration in the hole is markedly
reduced. If possible, placing a plate hole over a fracture gap
should be avoided, as the plate is weakest at this point

Table 3.5. Bacterial organisms isolated from 67 dogs with
osteomyelitis
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Fig. 3.15a-d. Internal fixations with varying degrees of sta-
bility. a Wide bony defect, plate has only bridging function -
highly unstable situation. b No bone support under load
because fragments are too small to be fixed - unstable situa-
tion. ¢ Primary fixation with two lag screws and protection of

3.12.3 Pathogenesis

The most common source of bacteria in osteomyeli-
tis is a poor surgical technique. Other sources of
infection are the open wound and environmental
contamination.

The pathogenesis of osteomyelitis is outlined in
Fig. 3.16. Three components are necessary for the
creation of post-traumatic osteomyelitis: (1)
infected wound, (2) avascular bone, and (3) favor-
able milieu. If any one of the three components are
missing, osteomyelitis is unlikely to develop.

The first component needed to create osteomyelitis
is an infected wound. A contaminated wound becomes
infected when sufficient bacteria are present to start
reproducing (>10° colony-forming units, CFU) and
sufficient time has passed, i.e., lag phase (Fig.3.17).
Traumatic wounds more than 4h old are considered
“dirty wounds,” and all traumatic orthopedic wounds
older than 4 h are considered contaminated.

Avascular bone is segregated from the body’s
humoral defenses and systemic antibiotics. In all

fixation by neutralization plate. The fragments are in contact
and under compression - good stability. d Rigid compression
fixation with plate under tension and bone under compres-
sion - best achievable stability

fractures there will be some dead bone, either sepa-
rate avascular fragments or the “die-back” zone
along fracture lines.

A favorable environment permits bacteria to
multiply because they meet their nutritional needs
from stagnant blood and/or necrotic soft tissue.

3.12.4 Prevention
3.12.4.1 Prevention of Infected Wound

A wound can be prevented from becoming infected
by keeping the bacterial count of the wound at clos-
ing below 10° CFU per g tissue. Good surgical tech-
nique and proper open wound management can
keep the CFU below 10’ per g tissue. Good surgical
technique involves aseptic surgery, knowledge of
the anatomy of the surgical region, an atraumatic
approach, fastidious hemostasis, gentle tissue han-
dling, lavage of soft tissues, anatomic closure, and
physiologic postoperative care.
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Avascular Bone
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Fig. 3.16. Pathogenesis of post-traumatic osteomyelitis. (CFU = colony-forming units)

3.12.4.2 Prevention of Infected Sequestrum

The second component needed to create post-
traumatic osteomyelitis is avascular bone. There is
always some dead bone present in fractures. Histo-
pathologic sections of fractured bone show a few
millimeters of bone along the fracture line with
empty lacunae (dead bone). This is caused by vas-
cular damage in the bone. This area of dead bone is
the die-back zone. Although this bone is dead, it
should not be removed because the bone still sup-
ports weight, accepts fixation, and aids in reduction
and alignment of the fracture.

Dead bone has vascular channels throughout,
1.e., Haversian and Volkmann’s canals, which
become revascularized during bone healing. Such
bone protects new vascularization and allows a slow
remodeling process throughout. Bone cells follow
the vascular network. The osteoclasts remove dead
bone, and osteoblasts invade and mature into os-
teocytes, which lay down new living bone matrix.

The surgeon can minimize the die-back zone at
the fragment end by not damaging the intramedul-
lary arteries or stripping the periosteum and mus-
cular attachments from the bone. The normal blood
flow through the cortical bone is from the medul-
lary artery centrifugally to the periosteal venous
system. Any break in the flow will result in more
dead bone.

Large fragments of bone that have soft tissue
attachments must be preserved. If possible, these
fragments should be incorporated into the fixation
with interfragmentary screws or cerclage wires,
without stripping the soft tissue attachments.

If there are avascular fragments in an open frac-
ture too small to be incorporated into the fracture
repair with screws or wires, they may be removed
from the wound. This is only done in open fractures
to minimize the amount of avascular bone where
bacteria can isolate themselves from humoral
defenses and antibiotic therapy. Small fragments
are left in place or packed around the fracture gap
in closed fractures. If a significant fracture gap is
present, an autogenous cancellous graft can be used
because it will not become an infected sequestrum.

3.12.4.3 Prevention of a Favorable Milieu
for Bacteria

The third component needed to successfully create
post-traumatic osteomyelitis is a favorable milieu.
In an environment of stagnant blood and/or ne-
crotic tissue, bacteria can multiply. A wound can
rapidly go from a contaminated wound to an
infected wound. If the hematoma and necrotic tis-
sue are eliminated from the wound, the favorable
milieu is reduced.
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Fig. 3.17. The number of organisms (bacteria) in an open wound versus time. During the lag phase (approximately 6h), the
wound is considered contaminated. When the bacteria start to multiply, the infected phase is initiated. CFU, colony-forming units

Hematoma is controlled by hemostasis tech-
niques such as ligation or electrocautery. After each
layer is closed, the wound should be lavaged and
checked for bleeding vessels.

Any necrotic tissue present should be removed
by surgical débridement or with microdébridement
during open wound management. If there is some
possibility that tissue is so traumatized that it may
later necrose, the wound is left fully or partially
open. Within a few days, the status of the tissue will
become obvious. Premature closure of the wound
traps necrotic tissue and bacteria inside the sur-
gical site.

The surgeon needs to practise gentle tissue han-
dling and care of the soft tissue. If soft tissues are
traumatized during the surgical procedure, necrosis
may develop after closure, creating a favorable
milieu. Retraction of muscles using atraumatic
retractors — and not the hands - is important. The
tissues should not be wiped or scraped with
sponges, but gently blotted. Tissues must be kept
moist. Tissue dries out on exposure to the air and
heat of the surgical lights. This can be avoided by
lavaging every 10 min.

3.12.5 Diagnosis

Post-traumatic osteomyelitis can be diagnosed by
evaluating six different parameters: (1) drainage,
(2) soft tissue swelling, (3) periosteal reaction, (4)
serial radiographs, (5) microbiology, and (6) histo-
pathology.

3.12.5.1 Drainage

Since wound drainage is not normal after ortho-
pedic surgery, it may indicate infection. Drainage
can be intermittent. The infection causes exudate,
leading to soft tissue swelling, and exudate pressure
eventually results in drainage. As the wound drains,
swelling recedes and the draining tract can close.
Drainage reoccurs if the exudate pressure increases
beyond tissue-holding strength and indicates
wound infection and/or osteomyelitis. Infection
may be present without drainage.

3.12.5.2 Soft Tissue Swelling

For the first 4 weeks after trauma or surgery, soft
tissue swelling cannot be used to diagnose post-
traumatic osteomyelitis, because swelling can be
normal during that period after surgery or trauma.
If swelling is present after 4 weeks, the presence of
osteomyelitis should be considered. However, if the
lesion is draining, soft tissue swelling is not usually
present.

3.12.5.3 Periosteal Reaction

Periosteal reaction is proliferation of the periosteum
due to stimulation by the infection. It may be palp-
able below the elbow or stifle (Fig. 3. 18) and can be
seen on radiographs of all infected bones (Fig.3.
19). Most cases of osteomyelitis show a periosteal
reaction. However, osteomyelitis is occasionally very
aggressive, lytic, and minimally proliferative.
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Fig. 3.18. Medial aspect of a tibia of a dog with post-
traumatic osteomyelitis. Notice the enlargement (periosteal
reaction) in the midtibial region, measuring 7x3.5X2cm.
This periosteal reaction palpates as firm as bone

Fig. 3.19. Mediolateral and posteroanterior radiograph of
tibia (same dog as in Fig. 3.18). Notice the large amount of
periosteal reaction; the cortical lysis, the medullary reaction,
and the bone sequestrum (arrows)

3 Preoperative, Operative, and Postoperative Guidelines

3.12.5.4 Radiography

The typical radiographic signs of osteomyelitis are
proliferative periosteal reaction, soft tissue swell-
ing, increased medullary density, and cortical lysis
(Fig.3.19). Bone sequestrum can be found radio-
graphically in some cases (Fig.3.19). These signs
correlate with the histopathologic changes seen
with osteomyelitis (Fig. 3.20). Most of these radio-
graphic signs are similar to the changes seen in sec-
ondary bone healing; diagnosing osteomyelitis after
a fracture can therefore be difficult. The radio-
graphic signs of secondary bone healing should
peak at 6-12weeks and then proceed into the
remodeling stage of healing. If signs are persistent
or advancing in extent after 6-12weeks, post-
traumatic osteomyelitis should be suspected. A ten-
tative diagnosis of post-traumatic osteomyelitis can
be made sooner if the radiographic signs are pres-
ent, with soft tissue swelling beyond 4 weeks and
drainage.

Serial radiography is a noninvasive parameter
used to diagnose osteomyelitis. With serial radio-
graphy, two or more different periods are evaluated.
Bony lesions develop slowly, and an interval of
3-4 weeks between radiographic evaluation periods
is thus recommended. The bone and lesions at the
different periods can be compared.

Fig. 3.20. Histologic cross-section of a tibia with osteomyeli-
tis showing the bony changes that are also seen radiographi-
cally, such as cortical lysis (c), periosteal bone proliferation
(p), and medullary bone proliferation ()
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Fig. 3.21. Mediolateral radiograph of a healing humerus with
osteomyelitis from an Irish wolfhound

3.12.5.5 Microbiology

Microbiology has the highest sensitivity and speci-
ficity in diagnosing post-traumatic osteomyelitis.
However, a positive microbiology culture is not
100 % indicative of osteomyelitis, since the wound
alone may be infected. Radiology is used to dif-
ferentiate between osteomyelitis and wound infec-
tion.

3.12.5.6 Histopathology

Histopathology can be a useful diagnostic param-
eter if a significant core of bone can be taken for
histologic analysis without further weakening the
bone. A core of bone at least 6 mm in diameter is
needed. The sample should include the reactive
periosteal bone, the cortical or trabecular bone, and
contents of the medullary canal from the most
pathologic area. If the biopsy is taken through a
small incision, two Kirschner guide wires are
placed aseptically into the lesion and two radio-
graphic views are taken. With the wires, the most
pathologic area can be identified and biopsied.
Histopathologic diagnosis of osteomyelitis is
based on the morphologic identification of bacteria
in the periosteal reactive tissue, the cortical or tra-
becular bone, or the medullary canal. Marked my-
eloid hyperplasia (active marrow) is evident. How-
ever, active marrow alone cannot be considered as

evidence of osteomyelitis, because hyperplasia of
the marrow cells is also present in several other
situations, such as healing bone, hematopoiesis,
and noninfectious inflammatory conditions of
bone.

3.12.5.7 Other Parameters

Other parameters have been used to evaluate osteo-
myelitis, but these are usually not helpful. Param-
eters of questionable value include clinical function,
local tissue temperature, rectal temperature, pain,
complete blood count, serum calcium, serum phos-
phorus, serum glucose, blood urea nitrogen, uric
acid, serum cholesterol, total protein, serum albu-
min, total bilirubin, alkaline phosphatase, and
aspartate transferase. These parameters are of little
to no help because they are systemic measurements,
and this is a localized disease.

It should be evident that making the diagnosis of
post-traumatic osteomyelitis is difficult using only
one parameter. The history (trauma, surgery, drain-
age, lameness), physical examination (soft tissue
swelling, periosteal reaction, drainage, lameness),
and radiographic and microbiologic findings (and
possibly histopathology) need to be evaluated to
make this diagnosis.

3.12.6 Treatment

The treatment of osteomyelitis consists of two
parts: (1) improving the environment and (2)
proper antimicrobial therapy. Of these, the former
is by far the most important. The success rate of
treating osteomyelitis merely with proper antimi-
crobial therapy is less than 25 %, while the rate for
improving the environment alone is 76 %. When
combining both treatments, the success rate is
approximately 90 %.

Improving the environment consists in surgically
removing the elements from the wound that make
the body’s defenses and/or systemic antimicrobials
ineffective. Post-traumatic osteomyelitis is a sur-
gical disease and should not be treated only medi-
cally. One or more of the following is removed sur-
gically: pus, bacteria, necrotic soft tissue, dead
bone, unstable implants, and/or foreign bodies.
Open wound management is also part of improving
the environment.

3.12.6.1 Surgical Management

During the surgical débridement, copious lavage
should be done frequently (every 5-10min) with
lactated Ringer’s solution. One to 51 is used,
depending on the size of the animal, the size of the
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wound, and appearance of the wound. The lavage
solution should be delivered to the wound via a
low-pressure system, such as a bulb syringe or
sterile i.v. tubing leading from an overhead con-
tainer of lactated Ringer’s solution. Lavaging com-
bined with suction removes bacteria, debris, and
exudate. Large foreign bodies, dead bone, and
unstable implants are removed. Any necrotic soft
tissue (skin, subcutaneous tissue, fat, or muscle)
should be débrided. Fistulous tissue is removed.
Once the wound is entirely opened, a swab for
aerobic and anaerobic organisms and antimicrobial
sensitivity of the tissue that appears most actively
infected is performed.

A sequestrum should always be removed. It is
usually not connected to other bone, callus, or soft
tissue. It is generally yellowish-white, whereas nor-
mal bone tends to be white, pink-white, or blue-
white. The surface of an infected sequestrum is
often pitted, and its size varies but is generally is no
smaller than 6 mm. Smaller pieces of bone are gen-
erally resorbed or phagocytized.

Typical foreign bodies found in the wound
include surgical sponges, wooden twigs, drains,
grass, straw, dirt, and gravel or stones. They should
be removed. All unstable orthopedic implants should
be removed. There are many areas on implants in
which the bacteria can be isolated from the body’s
defense system and systemic antimicrobials.

Stable orthopedic devices should not be
removed. Infected bone will heal if it is stably fixed.
The implants should stay in place until bony union
is evident radiographically. After the bone has
healed, all implants should be removed.

After débridement of the infected area, the sur-
gical wound should be treated with open wound
management. When the wound is clean and the
infection controlled, it can be partially closed. The
lowest 1-2 cm of the wound is left open, establish-
ing drainage for exudate or transudate. If the infec-
tion is controlled, the 1- to 2-cm wound will heal by
second intention.

3.12.6.2 Medical Management

Medical management of osteomyelitis consists in
proper antimicrobial therapy. During surgical dé-
bridement, a deep microbiological culture of aer-
obes and anaerobes and antimicrobial sensitivity is
taken. Antimicrobial treatment should last for a
minimum of 28 days. Cultures should not be taken
from draining tracts. Culturing the draining tract
generally gives a mixed infection, and in at least
50 % of cases it does not identify the causative bac-
teria. The patient should not receive antimicrobials
for 5-7 days before the culture is taken.
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There is usually a 2- to 5-day period between cul-
turing and obtaining the results. During this time
period, an empirical antimicrobial should be ad-
ministered. The bacteriocidal antimicrobial used
for this period should be effective in osteomyelitic
bone.

Occasionally, an antimicrobial is effective in
vitro (petri dish) but seems to have very little to no
effect in the animal. One reason for this may be that
the bacteria have produced a glycocalyx, i.e., a poly-
saccharide that forms a protective biofilm. Bacteria
produce the glycocalyx in the wound, so an anti-
microbial must be able to penetrate the biofilm to
be effective. The environment in the petri dish is
extremely favorable for the bacteria, so it does not
produce the glycocalyx in vitro.

3.13 Gunshot Fractures of Long Bones

3.13.1 Introduction

Fractures and related soft tissue injuries created by
a ballistic missile can be more efficiently treated if
the surgeon has a basic understanding of the type
of missile causing the wound and the pathophysi-
ology related to such injuries. The severity of the
destructive effects a missile has on tissues is related
to: (a) the action of the missle and its physical prop-
erties, including velocity, mass, ballistic shape,
design, composition, angle of the missile at impact
on the tissue (yaw or tumble), and its course
through the tissue and (b) the reaction of the tis-
sues, which depends on their density, elasticity,
cohesiveness, and diversion of the bullet path by
fascial planes or bone. All of the above factors play
a part in the deceleration of the bullet and its
release of energy into the tissue.

3.13.2 Definition of Terms

The following definitions are helpful in under-
standing the pathophysiology of gunshot wounds.

® Ballistics is the science of motion of projectiles.
Wound ballistics is the effect a moving projectile
has on the tissues. Bullet velocity, mass, and the
kinetic energy (KE) released in the tissues have
major roles in the extent of wounding.

® Initial velocity (muzzle velocity) is the speed
transferred to the projectile by combustion of
the propelling charge. It is measured approxi-
mately 5m from the muzzle of the gun. Wound
severity decreases as the distance from the muz-
zle increases. Gunshot wounds are divided into
low-, medium-, and high-velocity wounds. Low
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velocity is less than 400 m/s; medium velocity,
400-825m/s; and high velocity, greater than
825 m/s.

e Impact velocity is the bullet’s speed as it enters
the tissue. With a low impact velocity, the tissue
damage is less and there is no explosive effect.
With a high impact velocity, the tissue injury is
more severe and additional tissue destruction is
caused remote to the bullet’s path because shock
waves are initiated as KE is released.

e Residual velocity is the velocity retained by the
bullet after it has passed through the tissue. The
difference between impact velocity and residual
velocity is used to calculate the KE generated in
wound production.

e Kinetic energy (KE) is the energy resulting from
motion of an object. The following formula can
be used to calculate the KE of the projectile:

KE=1/2x(mass of the projectilexvelocity of the
projectile’)

or
KE=1/2(mv?)

Data is available from the companies who manufac-
ture ammunition listing the KE of the bullet.

3.13.3 Pathophysiology

When a bullet penetrates tissue, KE is released. The
tissues offer resistance to the bullet in direct pro-
portion to their density, elasticity, and cohesive-
ness. The bullet passing through the tissue causes
cavitation. Initially, a temporary cavity radiates out-
ward from the bullet’s path, forcing tissues apart
and sending shock waves through them. The bullet
crushes the soft tissue that it contacts directly. In
high-velocity injuries, the diameter of the tempo-
rary cavity may be up to 30 times the bullet’s diam-
eter. The temporary cavity oscillates seven to eight
times until dampened, producing pressures which
can be thousands of kilograms per square centi-
meter. The permanent cavity is the space left along
the bullet’s path after the temporary cavity has
come to rest. If the bullet breaks apart, the frag-
ments of the bullet act as secondary missiles, caus-
ing further tissue destruction. Fragments of frac-
tured bone can cause further damage to soft tissues.
The surgeon should explore beyond the missile
tract for injuries.

In high-velocity injuries, the muscle can be
pulped and may be blown out through entry and
exit sites. Additional muscle damage comes from
muscle fiber stretching and tearing and from vascu-
lar disruption within the muscle. Larger blood ves-
sels are elastic and, unless hit directly, often remain

intact. However, they may thrombose from internal
damage. When stretched, the function of large
nerves may be impaired. In high-velocity injuries, a
long bone can be indirectly fractured without being
hit by the bullet due to the kinetic energy released.
A bone hit directly by a high-velocity missile is usu-
ally severely fragmented, and fragments may be
blown out of the entry and exit wounds. Low- and
medium-velocity missiles do not have sufficient KE
to cause indirect fractures. The healing time for
fractures caused by high-velocity missles may be
longer than those caused by a low-velocity missile
because of more extensive vascular damage.

3.13.4 Infection Associated with Bullet Wounds

Bullets are not sterile. All bullet wounds are con-
taminated with bacteria. A bullet carries hair, dirt,
debris, and bacteria with it into the wound. The
negative pressure created by the temporary cavity
sucks contaminated material throughout the
wound. Contaminated gunshot wounds develop
into infected wounds in the same manner as
described in Sects.3.12.3 and 3.12.4. The optimal
time for wound débridement and treatment is
within 6 h from the time of wounding. If infection
becomes established, it is more difficult to treat the
soft tissue and the fracture.

3.13.5 Classification

The classification of fractures caused by gunshots is
based on the velocity of the bullet:

e Type I fractures, caused by low-velocity projec-
tiles, are transverse, oblique, or spiral fractures
and have minimal soft tissue damage (Fig. 3.22).

e Type II fractures associated with low-velocity
projectiles, are comminuted; however, severe
cortical bone loss is generally not present
(Fig. 3.23) and soft tissue damage is minimal to
moderate.

e Type III fractures caused by high-velocity projec-
tiles are multifragmented fractures. Extensive
cortical defects may be present, and soft tissue
damage is severe (Fig. 3. 24).

3.13.6 Initial Treatment

The gunshot fracture patient is treated in the same
way as all open fracture patients (see Sect. 3.8). The
course of the bullet should be established, as accu-
rately as possible, since body cavities may have
been traversed on the bullet’s way to the limb. A
patient with a high-velocity injury to an extremity
may have damage in other body systems caused by
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Fig. 3.22. Type I fracture created by a low-velocity projectile

Fig. 3.23. Type II fracture created with a low-velocity projec-
tile. There is more soft and hard tissue damage associated
with this type of fracture than with the type I fracture
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Fig. 3.24. Type III fracture created with a high-velocity pro-
jectile. Soft and hard tissue damage is extensive

KE release. The patient’s total status must be as-
sessed and treatment instituted as appropriate for
the existing conditions.

3.13.7 Fracture Fixation

The methods used for fracture fixation depend on
fracture classification, the bone involved, location
of the fracture, and the surgeon’s preference. Most
gunshot fractures are repaired using some type of
external fixator or a bone plate. One advantage of
using an external fixator for repairing diaphyseal
gunshot fractures is that the surgical approach to
the involved bone is less extensive than that
required for application of a bone plate.
Low-velocity (type I) gunshot fractures involving
the humerus, femur, ulna, or tibia may be success-
fully repaired using an intramedullary pin plus
cerclage or hemicerclage wire (Fig.3.25). Low-
velocity fractures of the radius should be repaired
using either a bone plate or an external fixator.
Medium-velocity (type II) gunshot fractures are
generally repaired using a bone plate or an external
fixator (Fig.3.26). Some fractures of this type,
involving the humerus or femur, may be repaired
using an intramedullary pin and a type I single bar
external fixater. High-velocity (type III) gunshot
fractures require a bone plate or an external fixator
for proper fixation of the fracture (Fig. 3.27).
Autogenous cancellous bone grafts are required
in all high-velocity (type III) and most medium-
velocity (type II) gunshot fractures. Regardless of
the type of fixation that is used for repair of gun-
shot fractures, it must provide rigid stabilization of
the fracture until clinical union of the fracture has
been achieved. The entry and exit holes should be
left open until any infection that is present is
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Fig. 3.25. The type I fracture in Fig.3.22 stabilized with an
intramedullary pins and cerclage wire

Fig. 3.26. The type II fracture in Fig.3.23 stabilized with a
type I external fixator in the radius and an intramedullary
pin in the ulna

Fig. 3.27. The type III fracture in Fig.3.24 stabilized with a
bone plate, lag screws, and cerclage wires

brought under control. Because of the severity of
skin wound in type III fractures, the skin wound is
generally allowed to heal by second intention.

3.13.8 Healing and Complications

In type I and II fractures, delayed bone healing,
although possible, is rare. Because of the severe soft
tissue, bone, and vascular damage, type III frac-
tures may have a prolonged healing time. Non-
unions are unlikely with type I and II fractures, but
are a potential risk in type III fractures. Infection is
possible in all open fractures. Proper treatment
reduces the incidence of infection. Soft tissue com-
plications occur most commonly with type III frac-
tures. Muscle damage may cause limb weakness.

3.13.9 Prognosis

The prognosis for gunshot fractures is directly
related to the severity of the classification of the
fracture. It is good to excellent in type I, fair to
good in type II, and less favorable in type III frac-
tures. Although the soft tissue and bone damage is
severe in type III diaphyseal fractures, amputation
should not be the first consideration for treating
these injuries if the vascular system and nerves are
intact.
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Part Il
Fresh Fractures

This section deals with proven methods of internal
fixation for the most common fractures. It has been
organized in anatomical sequence. These methods
are all based on the principles of internal fixation
discussed in Partl and on clinical experience.
Where especially important, the most reliable sur-
gical approaches are included along with the sur-
gical techniques and postoperative care. Fractures
of immature animals are discussed in a separate

section at the end of this chapter.



4 Internal Fixation of Fresh Fractures

4.1 Fractures of the Scapula

Fractures of the scapula can be classified into four
groups on the basis of the anatomic structures
involved:

1. Fractures of the glenoid (articular surface)
2. Fractures of the neck

3. Fractures of the acromion

4. Fractures of the body and spine

A general tendency exists to dismiss scapular frac-
tures as not needing internal fixation and to treat
all fracture types by conservative management.
However, certain scapular fractures do require
accurate reduction and rigid internal fixation in
order to maximize return of function of the shoul-
der joint. This necessity is easily appreciated for
those fractures that directly invade the glenoid sur-
face, but may be less apparent in other instances.

Function of the joint is dependent upon factors
other than an intact articular surface. A displaced
scapular neck fracture will result in mechanical
interference with movement of the humeral head,
and fracture of the acromion process causes pain
due to fragment distraction as a result of contrac-
tion of the deltoid muscle. Fractures of the distal
half of the body can result in malalignment and
may precipitate degenerative joint disease.

The healing potential of the scapula is excellent.
Thus truly rigid fixation devices are usually not
essential. Multiple Kirschner wires, or simple
interfragmentary wiring, are often sufficient,
except where muscle tension is strong, as in the
case of the supraglenoid tubercle avulsion frac-
ture. Here, and when fractures involve the articu-
lar surface, interfragmentary compression with lag
screws is ideal.

The only anatomic structure that requires special
mention is the suprascapular nerve, which crosses
the scapular neck at the base of the acromial region
of the spine. This nerve can be intimately involved
in the fracture line of a neck fracture and may be
difficult to protect during fracture reduction and
placement of the fixation device. Open approaches
to the region of the joint are complex, and an inti-
mate knowledge of regional anatomy is essential.

Several approaches to the body and joint region
have been described.

4.1.1 Fractures of the Glenoid

A craniolateral approach with osteotomy of the
acromion process and tenotomy of the infraspinous
muscle is usually sufficient for reduction of simple
fractures. It may be necessary, in multifragment
fractures, to osteotomize the greater tubercle of the
humerus to allow complete retraction of the supra-
spinous muscle. Although rarely needed to reduce
the fracture, a medial approach is occasionally
needed to facilitate placement of the fixation device.

4.1.1.1 Avulsion Fracture
of the Supraglenoid Tubercle

Also known as the scapular tuberosity, the supra-
glenoid tubercle is the point of origin of the power-
ful biceps brachii muscle, which exerts tension on
the fragment. Typically, this fracture occurs in
skeletally immature dogs of the larger breeds, such
as retrievers. The tubercle is a separate center of
ossification from the rest of the glenoid and is sub-
ject to avulsion before endochondral ossification is
complete (Fig.4.1a). This avulsion fracture has
occasionally been presented bilaterally. The strong
distracting tension of the biceps muscle is best
neutralized by a lag screw (Fig 4.1b). Although the
tension band wiring technique provides good fixa-
tion, it is difficult to install in this area, and to do so
would require greater surgical exposure. The cra-
nial approach to the shoulder is preferred.

4.1.1.2 Fracture of the Rim of the Glenoid

Fractures involving an articular surface cannot be
treated with external coaptation. Malunion of an
articular fracture will usually result in progressive
osteoarthrosis, and internal fixation provides the
best long-term prognosis (Fig. 4.2a). Lag screw fixa-
tion of intra-articular fractures is preferable
because of the stability afforded. Multiple divergent
Kirschner wires are a second possibility, but are
advisable only in fragments that are too small for
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Fig. 4.1. a Avulsion fracture of the supraglenoid tubercle (origin of biceps brachii muscle). b Interfragmentary lag screw fixa-
tion is used to overcome distracting muscle forces

Fig. 4.2. a Fracture of the ventral angle of the glenoid. b Stabilization by Kirschner wire and interfragmentary lag screw

Fig. 4.3. a Fracture of the scapular neck. b Scapular neck fracture stabilized by Kirschner wires inserted from the dorsal side of
the fracture. The L plate in Fig. 4.1 is an alternative implant for this fracture
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bone screws. Since the Kirschner wires do not provide

interfragmentary compression, they are often useful -

for holding fragments in position for screw placement
if bone-holding forceps are difficult to place
(Fig. 4.2b). A foreleg sling bandage for 2 weeks post-
operatively may be advisable in very active animals.

4.1.2 Fractures of the Neck

Fractures of the scapular neck are serious injuries
(Fig.4.3a). Although they usually heal if treated
by external immobilization, a malunion usually
results. This, along with suprascapular nerve dam-
age and the resulting spinous muscle atrophy, leads
to malpositioning of the shoulder joint, which in
turn affects all the joints of the limb, and degenera-
tive joint disease can be expected, especially in
active, large-breed dogs.

For these reasons, internal fixation is the pre-
ferred method of treatment. Since these fractures
heal quickly, pinning techniques are often sufficient
(Fig. 4.3b). In large dogs, the stability afforded by
an L or T plate is useful. The neck region is exposed
by osteotomy of the acromion process. A sling
bandage for 10-14 days is usually indicated.

4.1.3 Fractures of the Glenoid and Neck
(T and Y Fractures)

Of greatest concern in fractures of the glenoid and
neck (Fig. 4.4a) is accurate reconstruction and rigid
fixation of the glenoid fragments. This is achieved
with lag screws. The remaining neck fractures can
be stabilized with crossed Kirschner wires in small
breeds (Fig.4.4b) or an L or T plate in large breeds
(Fig. 4.4c). The crossed wires must be started near

the base of the spine and close to the body of the
scapula. Care must be taken in placing a bone plate
under the suprascapular nerve. The approach of the
craniolateral region of the shoulder by osteotomy of
the acromion process is the usual choice for expo-
sure. A foreleg sling bandage for 2 weeks is usually
advisable, especially if the neck fracture has been
stabilized with crossed Kirschner wires.

4.1.4 Fractures of the Acromion

Fractures of the spine that cause detachment and

mobility of the acromion and distal spine cause
pain and lameness. The deltoid muscle, a major
flexor of the shoulder, originates on the acromion
and causes motion at the fracture site when the
muscle contracts. Although these fractures will heal
with immobilization by means of a foreleg sling,
internal fixation gives faster and more certain heal-
ing. This is especially important in the larger and
more athletic breeds. Simple interfragmentary wir-
ing in small breeds and the tension band wire and
pin techniques in large breeds both work well
(Fig.4.5). Exposure is by approach to the body of
the scapula. A sling bandage for 10-14days is
advisable if simple wiring is used.

4.1.5 Fractures of the Body and Spine

Transverse or oblique fractures through the mid- or
proximal areas of the scapula rarely require more
than a foreleg sling bandage (Velpeau sling) for
healing. The bandage should incorporate cotton
padding over the scapula and a generous number of
wraps around the trunk, forming a figure-of-eight
round the contralateral limb. Conforming gauze

Fig. 4.4. a Fracture of the glenoid and the scapular neck (T fracture). b Fixation of T fracture of the glenoid by crossed pins and
an interfragmentary lag screw. ¢ Fixation of T fracture by an interfragmentary lag screw and L plate
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Fig. 4.5. a Fracture of the acromion process with interfragmentary wire fixation as used in small and medium-sized dogs.
b Fracture of the acromion process with Kirschner wires and tension band wire fixation. Most applicable in giant breeds

covered with wide tape is used. Two to 3 weeks of
immobilization is sufficient.

Occasionally, fractures of the body are so
severely displaced that they are cosmetically unac-
ceptable (especially in short-haired dogs), or they
markedly change the normal position of the glen-
oid, resulting in degenerative joint disease. Some

degree of malfunction of the limb can be antici-
pated in this situation. Fractures of this type should
be treated by open approach and internal fixa-
tion.

Minimal internal fixation, combined with exter-
nal immobilization, as discussed above is often suf-
ficient. Interfragmentary wiring is an efficient

Fig. 4.6. Fracture of the body of the scapula stabilized with
two simple interfragmentary wires and a tension band wire
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Fig. 4.7. a Fracture of the body of the
scapula stabilized with a veterinary cutt-
able plate inverted at base of the spine.
b Screws are placed at the angle to take
advantage of the thickest bone at the
junction of the scapular spine and the
body

method in some cases. The wire should not be too
heavy or it will cut through the very thin bone of
the scapular body. Holes should be drilled through
the thickest available bone. Reconstructing the
spine with a tension band wire adds a great deal of
stability to the repair (Fig. 4.6).

Because of the thinness of the bone, plating is
only possible along the base of the spine where
screws can be placed in the thickest portion of the
bone. The veterinary cuttable plate is the most ver-
satile implant for these fractures. The 1.0-mm plate
is used in cats and toy dogs. The 1.5-mm plate
attached with either 2.0-mm or 2.7-mm screws is
adequate for dogs up to approximately 20 kg. Larger
breeds require the 1.5-mm plate to be doubled
(stacked) and used with 2.7-mm screws. With other

fractures, the major advantage of the cuttable plate
is the ability to place more screws per unit of plate
length (Fig.4.7).

Not uncommonly, the scapular spine sometimes
remains intact despite marked displacement of the
body fragments. The thin cortico-cancellous bone
of the spine allows considerable bending before fail-
ure. Stabilization of the body fracture can be pro-
vided with a cuttable plate applied along the cranial
and/or caudal scapular border (Fig.4.8). An alter-
native fixation is interfragmentrary wiring. The
spine is reattached to the body by a “T” plate
(Fig. 4.8). Exposure is by incision directly over the
scapular spine with elevation of the spinous mus-
cles. External support is advisable for 10-14 days in
most cases.
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Fig. 4.8. a Craniolateral view of an oblique fracture of the scapular body. The spine remains intact, but partially separated from
the body. b Caudolateral view of fixation of an oblique body fracture with a plate, and fixation of the spinal fracture with a T plate

4.2 Fractures of the Humerus

The configuration of the humerus is diverse
throughout its length. The location of the fracture
lines and fragments dictates the approach and the
position of implant devices. As all of the surfaces of
the humerus may be used for the placement of
plates, the fracture position and configuration
influence plate position. Occasionally, fractures of this
bone involve either the brachial plexus or the radial
nerve and, consequently, a thorough presurgical
neurological assessment should be performed.

4.2.1 Fractures of the Proximal Humerus

The following fractures occur in the proximal
humerus:

® Fractures of the greater tubercle
e Fractures of the humeral head
o Fractures of the proximal third of the diaphyis

The above fractures are approached craniolaterally.
Fractures of the greater tubercle may be reduced
and then held in temporary stabilization with
Kirschner wires, final stabilization being carried
out with either one or two lag screws or with pins
and a tension band wire (Fig.4.9). If the bones are
soft, metal washers should be placed under the
screw heads.

In humeral head fractures, depending upon the
course of the fracture line, it may or may not be
necessary to perform an acromion osteotomy of the
scapula to facilitate reduction. Temporary fixation
may again be achieved by means of Kirschner
wires; final fixation is usually performed with par-
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Fig. 4.9. a Avulsion fracture of the greater tubrcle. b Fixation with two lag screws

tially threaded cancellous screws or cortex screws
with lag function (Fig.4.10). In small patients,
where there is insufficient space for two screws, one
may be used, in conjunction with a Kirschner wire,
to obtain satisfactory stabilization.

4.2.2 Fractures of the Proximal Diaphysis

Fractures of the proximal third may be stabilized by
a crainially positioned plate (Fig.4.11a-c). In large

dogs, when there is insufficient length of bone to
permit the insertion of at least two screws, a hook
plate gives adequate stabilization.

Fractures of the mid-third of the diaphyis may be
stabilized with intramedullary pins, particularly if
the fracture ends interdigitate or the fracture is
slightly oblique. Excellent stabilization of diaphy-
seal fractures may be achieved with plating, the
implant being placed on the lateral, cranial, or
medial surface (Fig. 4.12). The medial surface is flat,
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Fig. 4.10. a Fracture at the base of the humeral head with a metaphyseal component. b Rigid stabilization with two lag screws
and a washer, indicating soft bone in this area

but approaching it requires considerable care due to  lateral surface dictates considerable plate contour-
the presence of blood vessels and nerves, where the  ing (Fig. 4.13).
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Fig. 4.11. A cranial placed plate is used to stabilize a proximal metaphyseal fracture of the Hunerus
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Fig. 4.12. a Spiral midshaft fracture of the humerus. b Follow-
ing reduction, three lag screws are inserted in a craniocaudal
position. A dynamic compression plate is contoured and
applied to the lateral surface. ¢ An alternative method of

4 Internal Fixation of Fresh Fractures

stabilizing this fracture is placement of the plate on either the
cranial or medial surface of the bone, with lag screws at a
right angle to the plate. In some situations it is possible to
insert the lag screws through the plate
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Fig. 4.13. a Multiple midshaft fracture with a wedge segment.
b The wedge segments are first attached using lag screws. The
contoured plate is applied laterally and a cancellous bone

4.2.3 Fractures of the Distal Humerus

Supracondylar fracture stabilization, in adult ani-
mals, is achieved by means of a plate applied to the
medial or caudal surface of the medial portion of
the condyle (Fig.4.14). For similar fractures in
immature individuals, see Sect.4.11. Fractures of
the lateral and medial portion of the condyle are
stabilized by an intercondylar lag screw and one or
more additional fixation devices, e.g., other lag
screws and pins (Fig 4.15). Intercondylar fractures
(T and Y fractures) may be stabilized by means of a
transcondylar lag screw and a plate. The condyles
are reduced, one to the other, and then attached to

graft is used to fill defects. ¢ Alternatively, the plate may be
applied to the medial surface of the bone

the diaphyis by means of a plate along the caudo-
medial condylar ridge or, alternatively, the caudal
surface of the medial portion of the condyle
(Fig.4.16). In certain multiple fractures in large
dogs, it may be advisable to also plate the caudola-
teral aspect of the condyle.
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Fig. 4.14. a A supracondylar fracture of the humerus with a  the fourth and fifth screws are lagged through the plate into
long oblique lateral portion. b,c A dynamic compression plate  the lateral segment. Alternatively, the plate may be applied to
applied to the caudomedial surface. In the fracture shown,  the caudal surface

Fig. 4.15. a An oblique fracture of the lateral aspect of the  the transcondylar screw may be performed using either the
humeral condyle. b A transcondylar lag screw and a Kirsch-  “inside-outside” or the “outside- inside” methods
ner wire provide stabilization. Drilling the gliding hole for
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Fig. 4.16. a T fracture of the humeral condyle. b The condyle
fragments are reduced and temporarily held compressed
together with forceps and Kirschner wire while the transcon-
dylar lag screw is inserted. ¢ A dynamic compression plate is

applied to either side of the metaphysis to fix the condyles to
the shaft. d Alternatively, the plate may be applied caudally
over the medial portion of the condyle
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4.3 Fractures of the Radius and Ulna

Since the radius and ulna are paired bones of similar
size, when only one of the two bones is frac-
tured, the other acts as a natural splint maintaining
alignment and length, permitting treatment with an
external coaptation splint or cast. Stable fractures of
both bones (incomplete fractures, fissure fractures,
serrated transverse fractures) may also be treated
with external coaptation. However, for optimum
results and fewer complications, most fractures of
both bones are treated with rigid internal fixation.

Usually, only the radius is plated, but in certain
unstable fractures additional support may be
needed. The ulna can be plated or pinned or exter-
nal coaptation splintage may be applied during the
critical early healing period.

Swelling of the foot, which often accompanies
open reduction of radial fractures, may be mini-
mized by gentle tissue manipulation, preservation
of the cephalic and accessory cephalic veins, ana-
tomical reduction, and stable fixation, which per-
mits early active exercise in order to prevent stag-
nant circulation and edema. The application of a
modified Robert Jones bandage preoperatively and
for 3-4 days postoperatively is helpful in minimiz-
ing swelling and edema.

Because the radius and ulna do not grow syn-
chronously, pins and screws should not be inserted
through both bones during fixation in young grow-
ing animals. Synostosis between the radius and
ulna, following fracture, may interfere with normal
longitudinal growth. Synostosis may also interfere
with normal supination and pronation. In the dog,
this does not affect function; however, in cats and
some primates it may result in disability. Interfer-
ence with normal growth or injury to one or more
of the three metaphyseal growth plates (proximal
radius, distal radius, and distal ulna) may result in
angular, rotational, and/or length deformities.
Damage to these physes may lead to degenerative
joint disease in the elbow or carpus because of
malarticulation with the asynchronous longitudinal
growth between the radius and ulna. The distal
ulnar physis in dogs is particular sensitive to a
Salter type-V premature closure as a result of a
crushing injury. The proximal ulnar growth plate
does not add to the length of the limb below the
elbow.

4.3.1 Fractures of the Olecranon Process

Fractures involving the trochlear notch require ana-
tomic reduction in order to restore acceptable func-
tion. Malalignment results in the development of
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degenerative joint disease. A caudal approach is
used to expose the fracture site. After exposure and
removal of all tissue debris, extending the elbow will
facilitate reduction. It may be difficult to see the sur-
face of the trochlear notch, but precise reduction is
possible provided all debris is removed.

4.3.1.1 Fixation Using Tension Band Wire

Tension band wire fixation is effective on most
transverse or short oblique fractures. The tension
band wire is used to counteract tension created by
the pull of triceps muscles. Triceps muscle tension
results in dynamic compression across the fracture
line, when a tension band is correctly applied. Two
Kirschner wires are inserted on the caudal proximal
corners of the olecranon process extending distally
into the ulna, directed somewhat obliquely to
engage the cranial cortex of the ulna rather than
extending directly down the marrow cavity, since
the latter may not achieve rotational stability. A
small hole is drilled transversely through the shaft
of the ulna distal to the fracture site. The drill hole
distance below the fracture site is equal to the frac-
ture site to pin insertion distance. An orthopedic
wire (0.8-1.25mm) is inserted through the hole
and the ends wrapped around the Kirschner wires
in a figure-of-eight pattern. The projecting ends of
the Kirschner wires are bent over, shortened, and
then rotated so that they are buried in the triceps
tendon if possible (Fig. 4.17). In miniature dogs and
in cats, because of the lack of bone stock, the
Kirschner wires may be placed one behind the
other craniocaudal (anteroposterior) rather than
side by side (laterally). In such cases, the tension
band wire need only hook behind the caudal
Kirschner wire.

4.3.1.2 Fixation Using a Plate

Achievement of stability and dynamic compression
using pins and a figure-of-eight tension band wire
requires full cortical continuity. A cortical defect or
gap results in instability, increased wire cycling,
and increased shear forces being applied to the
pins. Implant failure and loss of fixation is the usual
result. Bone plates are suitable for the fixation of
comminuted or unstable olecranon fractures. A 2.7-
or 3.5-mm plate is appropriate for most dogs, while
the 2.0-mm cuttable plate is best for the cat and toy
breeds. Hook plates are useful for the fixation of
very proximal fractures; alternatively, a caudal plate
can be moulded over the top of the olecranon
(Fig. 4.18c). The plate is contoured to the surface of
the fractured proximal ulna. Radiographs of the
lateral aspect of the normal ulna may serve as a
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Fig. 4.17. a Transverse fracture of the olecranon process, involving the
trochlear notch. Fixation using a tension band figure-of-eight wire.

b Two parallel Kirschner wires are placed from proximal to distal across
the fracture site obliquely to engage the cranial cortex of the distal frag-
ment. ¢ Two twists have been placed in the tension band wire. A single
twist, as shown in d, also provides adequate fixation. d Oblique fracture
stabilized with a tension band wire. This technique is also employed
following olecranon osteotomy
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Fig. 4.18. a Multiple fractures of the olecranon. b Fixation with a contoured
bone plate applied on the caudal surface. Attention must be paid to screw
depth. ¢ The plate has been contoured over the proximal ulna

guide for plate contouring. If lag screws are used,
they may be positioned first. The remaining screw
holes are filled as indicated with the appropriate
length screws. Drilling into the elbow joint and dis-
rupting the articular cartilage or depositing debris
within the joint should be avoided by calculating
the hole depth from the radiographs. One or two
screws may be placed in a load fashion; however,
too much compression of the fracture may cause
incongruency of the trochlear notch, resulting in a
limited range of motion and the development of
degenerative joint disease.

4.3.2 Fractures of the Proximal Radius

The radio-humeral joint carries the majority of the
load during ambulation and is essential for normal
walking. Removal of the radial head usually results
in lameness. However, in cases of irreparable frac-
tures, chronic fractures with severe secondary
changes, or in the case of congenital lateral luxa-
tions in small dogs, radial head removal plus the
interposition of fat has been reported. In larger
breeds of very athletic dogs, arthrodesis of the
elbow should be considered. Fractures of the radial
head are rare, owing to the fact that the anatomy of
the elbow joint predisposes to fractures of the
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Fig. 4.19. a Longitudinal fracture (slab fracture) of the radial
head. b Lag screw fixation using one or two screws depending
upon the size of the fragment

humeral condyles and not the proximal radius.
Most fractures of the radial head involve the articu-
lar surface, although immature dogs may suffer a
Salter-Harris type I injury. The treatment objectives
are to preserve the radial head and to reconstruct
the radio-humeral joint (Fig.4.19). If the radial

head is displaced and does not articulate with the
humeral capitellum, or if it is unstable, open reduc-
tion and internal fixation may be preferred. Trans-
verse and short oblique fractures may be treated
with a small plate or with diagonally inserted
Kirschner wires (Fig. 4.20). In certain cases, multi-
ple proximal radial and ulnar fractures may be
reduced and stabilized by reconstruction and stabi-
lization of the ulna alone.

4.3.3 Monteggia Fractures

Fractures of the proximal half of the ulnar shaft,
including the trochlear notch, with separation of
the radius and ulna and dislocation of the radial
head are known as Monteggia fractures. Chip frac-
tures of the radial head may occur concurrently. In
this type of fracture, the annular ligament is usually
torn unless the fracture is at the base of the coron-
oid processes or in the trochlear notch. The ulnar
diaphysis may be reduced through a caudal
approach and fixed in place with a plate and screws.
The radial head and neck can be exposed through a
craniolateral approach to remove fracture debris
and to explore the annular ligament. The latter can
be sutured to maintain stability of the proximal
radioulnar articulation. There is a high incidence of
reluxation of the radial head if the suturing is not
supported with a small screw. In most cases, a posi-
tion screw is placed through the plate between the

Fig. 4.20. a Transverse fracture of the radial neck. b Fixation using crossed Kirschner wires. ¢ Fixation with a T plate
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Fig. 4.21. a Fracture of the ulna, rupture of the annular liga-
ment with separation of the radius and ulna and dislocation
of the radial head (Monteggia fracture). b Fixation using

ulnar and radius (Fig. 4.21). Alternatively, an ortho-
pedic wire can be used in an interfragmentary fash-
ion to stabilize the proximal radioulnar articula-
tion. These techniques maintain articulation of the
elbow joint, but limit supination and pronation. In
the cat, fixation of the ulna to the radius may result
in pain and disuse.

4.3.4 Shaft Fractures

Most shaft fractures of the radius and ulna are
amenable to plate fixation. Commonly, only the
radius is plated. However, in markedly comminuted
cases, and particularly those occurring in large
breeds, plate fixation of both the radius and ulna or
the use of a 4.5 lengthening plate (4.5 mm) to bridge
the fracture gap created by severe comminution
may offer a better solution (Fig. 4.22). Defects in the
radius associated with comminuted fractures
should be filled with autogenous cancellous bone
grafts. Care should be taken to minimize plate
interference with the extensor tendons. Miniplates
using 1.5- or 2.0-mm screws and the 2.0-mm cutt-
able plate are extremely useful for treating antebra-
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three lag screws. ¢ Fixation of a multiple ulnar fracture using
a plate with proximal screw place in lag fashion into the
radius

chial fractures in toy breeds. Due to a minimal
blood supply, these fractures are notoriously slow
to heal, so an autogenous cancellous bone graft is
used routinely. The veterinary T plate is ideal for
the treatment of distal antebrachial fractures in
small breeds and cats (Fig. 4.23b), while the 3.5-mm
hook plate is applicable in large and giant breed
dogs (Fig.4.23a). Fracture separation of the distal
radial physis in young animals is usually repaired
with Kirschner wires placed in a cross-pin pattern
or two pins placed perpendicular to the physis
(Fig.4.24). A caudal splint is often advisable for
10-14 days and the pins are usually removed after
2-4weeks, depending on the dog’s age and rate of
healing.

The radius is approached by making a skin inci-
sion along the craniomedial border of the antebra-
chium. Care should be taken to avoid injury to the
cephalic and accessory cephalic veins. A lateral
approach should be used if exposure of both the
radius and ulna is required. Plates may be applied
on the medial, craniomedial, or cranial aspect of
the radius. On the ulna, plates are usually applied
on the caudal surface.



4.3 Fractures of the Radius and Ulna

Fig. 4.22. a Transverse fracture of the radius and ulna stabi-
lized with a compression plate applied to the radius. b Obli-
que fracture of the radius and ulna fixed with a lag screw
across the radial fracture line and application of a neutraliza-
tion plate to the cranial aspect of the radius. ¢ Multifrag-

mented fracture of the radius and ulna in a large dog fixed
with buttress plate on the radius. Fractures sites packed with
autogenous cancellous bone graft. d Similar fracture in a
large dog stabilized using a lengthening plate applied on the
cranial aspect of the radius
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Fig. 4.23. a Transverse fracture of the distal radius and ulna
in a large dog stabilized using a hook plate providing three-
point fixation in the short distal fragment. b Similar fracture
in a small or toy breed repaired using a veterinary T plate

Fig. 4.24. a Distal radial metaphyseal growth plate fractures
in young dogs can be stabilized using Kirschner wires in a
cross-pin fashion. b Alternatively, the wires can be placed
perpendicular to the fracture separation and parallel to each
other

External fixators are useful in the treatment of
antebrachial fractures. Type II fixators are more
resistant to compressive forces than type I con-
figurations and therefore afford better fixation of
unstable fractures. Biplanar type I configurations
are useful in treating very proximal or very distal
fractures. Intramedullary pinning of radial shaft
fractures often results in rotational instability and
delay in medullary revascularization and may cause
mechanical interference with carpal joint func-
tion.

4 Internal Fixation of Fresh Fractures

4.3.5 Styloid Fractures

The styloid processes serve as the attachment for
the radial and the ulnar collateral ligaments of the
carpus. They also buttress the proximal carpal
bones and provide medial and lateral stability.
When fracture of either or both styloid processes
occurs, stability is lost. Reduction and fixation is
indicated. The styloid process is exposed by incis-
ing longitudinally directly over the process.
Depending upon the character and extent of the
fracture, fixation is usually achieved with Kirschner
wires and a figure-of-eight tension band wire or lag
screws to overcome the distractive forces present
(Fig. 4.25).

4.4 Fractures of the Pelvis

Pelvic fractures, which total 20 %-30% of all frac-
tures in dogs-and cats, are almost always closed,
involve three or more bones, and are associated
with motor vehicle-induced trauma. Due to the
etiology of these fractures, trauma to other organs
and tissues is common. Structurally, the pelvis is a
rectangular box with a center strut. It is surrounded
by large muscle groups.

4.4.1 Indications for Surgery

Surgical intervention should be considered when
one or more of the following conditions exists:

e Collapse of the pelvic canal

® Fractures of the acetabulum which disrupt the
continuity of the articular surface(s)

® Fractures surrounding the hip joint which cause
instability or malposition of the joint

o Marked fragment displacement resulting in dis-
ruption of load transmission from the limb to
the spine

® Significant pain

® Prolonged convalescence would be needed with
nonsurgical treatment

® Neurologic compromise

Reduction and fixation are easier if undertaken
within 4days of the original trauma. The three
areas of primary surgical concern are as follows:

1. Sacroiliac fracture-luxations
2. Ilial fractures
3. Acetabular fractures
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Fig. 4.25. a,b Styloid fractures involving the distal radius and
ulna. Repaired using two parallel Kirschner wires and a
figure-of-eight tension band wire to counteract the pull of the
collateral ligament. ¢,d Fracture of both the radial and ulnar

If these areas are properly reduced and stabilized,
other fractures generally do not need surgical treat-
ment.

4.4.2 Fracture-Luxation of the Sacroiliac Joint

In sacroiliac fracture-luxations, the ilium is usually
displaced cranially and dorsally, but may also dis-
place cranially and ventrally. These fracture-
luxations may be unilateral or bilateral and are
often associated with fractures of other pelvic
bones. Patients treated nonsurgically may exhibit
considerable discomfort and lameness for a pro-
longed period (4-6 weeks) and may have difficulty
with limb adduction. Surgical fixation considerably

Fig. 4.26a-c. Sacroiliac fracture-luxation. a A cortex sc rew is
used as a lag screw in the body of the sacrum. From a dorsal
approach with the animal straddling sandbags, the lateral
surface of the sacrum is exposed. A Hohman retractor placed

styloid process. Fixation of the radial styloid fracture using
two lag screws and of the ulnar styloid fracture with a single
Kirschner wire and a figure-of-eight tension band wire

reduces the patient’s convalescence time and is
most commonly accomplished by using either lag
screws or transilial pins or a combination of the two
techniques (Fig. 4.26).

4.4.3 Fractures of the llium

Ilial fractures are often simple oblique fractures.
However, they may have a complex configuration
depending on the direction and magnitude of the
forces causing them. The caudal segment is usually
displaced medially, decreasing the pelvic canal
diameter. They are almost always accompanied by
fractures of the pubis and ischium.

Fracture reduction is achieved through levering,

under the ventral sacrum can be used to displace the illium
ventrally. A thread hole is drilled and taped in the center of
the exposed sacrum. This hole must be placed ventral to the
neural canal.
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Fig. 4.26a-c. Sacroiliac fracture-luxation. b A glide hole, cen-
tered in the sacroilial articular surface, is drilled in the wing
of the ilium. This surface is identified by visualization or
palpation of the medial surface of the ilium. The lateral sur-
face of the ilium is exposed and the hole is drilled from lateral
to medial. The appropriate cortex screw is passed though the
glide hole and its tip is visualized as it is directed into the
thread hole. Seating the screw in the thread hole will reduce
and stabilize the fracture-luxation. ¢ A transilial pin may be
used in combination with lag a screw in the sacral body or as
primary fixation by itself. This pin should pass through both
ilial wings and above the dorsal lamina of the seventh lumbar
vertebra. It should be bent at both ends to prevent migration

traction, and rotation of the fragments. The caudal
fragment often has to be levered from under the
cranial one with a long, flat instrument. Traction
and/or rotation can be applied to the caudal frag-
ment by either a bone-holding forceps used to
grasp the fragment or by a Steinmann pin inserted
through the ischial tuberosity (Fig.4.27). The
reduction of most ilial fractures is maintained by a
self-retaining bone forceps (e.g., pointed reduction,
speed lock, or self-centering forceps) while the
implant(s) are applied.

The most successful stabilization is achieved
with bone plate fixation of the ilium (Fig.4.28).
Plates must be contoured to fit the concave lateral
surface of the ilium. The plate should be anchored
by a minimum of two screws in each fragment. The
first screws placed in the plate are generally close to
the fracture, with subsequent screw placement
moving towards the end of the plate.

4 Internal Fixation of Fresh Fractures

Fig. 4.27. Inserting a Steinmann pin into the ischial tuberos-
ity and grasping the greater trochanter may be helpful in
accomplishing reduction. Reduction forceps may be used to
maintain temporary reduction while the bone plate is con-
toured and applied
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Fig. 4.28. a Oblique fracture of ilium along with fractures of
ischium and pubic bones. There is a decrease in the size of
the pelvic canal and instability of the rear leg. b,c With good
reduction and rigid fixation of the ilium, the remaining frac-
tures fall into line and are satisfactorily stabilized. Following
open exposure of the ilial fracture area, the caudal segment of
the ilium is exteriorized and partly reduced. The ilial plate
must be bent concave (slightly more than the opposite nor-
mal side). This is essential in order to restore and maintain

the normal size of the pelvic canal. The usual procedure in
applying the plate is to attach the caudal segment first. An
upward lift is exerted on the greater trochanter, with down-
ward pressure on the cranial end of the plate prior to and
during insertion of the screws into the cranial segment. This
aids in lining up and stabilizing fractures of the ischium and
pubic bones. d When the sacrum lies immediately under the
cranial segment of the ilium, additional fixation is gained by
inserting the screw into it
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4.4.4 Fractures of the Acetabulum

The rare, nondisplaced acetabular fractures with
stabile adjoining segments may be treated nonsur-
gically. Repeat radiographs of the pelvis should be
taken 24 h after the initial radiographs to ensure
that the fragments have remained in place. Placing
the limb in a non-weight-bearing sling for
1-2 weeks may be advantageous. Surgical reduction
and fixation are indicated when the fragments are
displaced. Abnormal wear of the articular cartilage,
leading to osteoarthritis, will result if displaced
fractures are treated nonsurgically.

The reduction techniques usually consist of a
combination of traction, levering, and rotation. A
Steinmann pin inserted through the skin and cau-
dal ischium allows traction to be applied to the cau-
dal fragment. The ischium can also be grasped with
a bone-holding forceps through a short incision
over the tuber ischium (Fig.4.29). To maintain

Fig. 4.29. After an incision has been made in
the skin over the ischial tuberosity, grasping
it and manipulating the caudal segment with
a Kern bone clamp may aid in the reduction
process. By holding onto this clamp, the
caudal fracture segment can be held in
reduction by an assistant while the contoured
plate is applied to the pelvis

Fig. 4.30. a-b Lateral and dorsoventral views of a (transverse)
acetabular fracture.

4 Internal Fixation of Fresh Fractures

reduction while the plate is applied, it is often nec-
essary to manually hold the fracture segments in
position.

Most fractures lend themselves to fixation using
a bone plate anatomically contoured to the dorsal
acetabulum. Insertion of at least two bone screws in
each bone segment is necessary for rigid stability.
Screws must be angled through the plate so that
they do not penetrate articular cartilage. The C-
shaped acetabular plate is often used for the repair
of two-piece fractures (Fig.4.30). The reconstruc-
tion plate can be used to repair complex fractures
where a plate longer than the C-shaped acetabular
plate is needed. Depending on the patient’s size,
miniplates, which are available in various sizes and
shapes, can also be used to stabilize acetabular frac-
tures. Interoperative time can be reduced if the
plate has been contoured before surgery to a pelvic
specimen with approximately the same size and
shape as the patient’s pelvis.
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Fig. 4.30. ¢-d ¢ Dorsoventral view with the acetabular fracture
reduced and the contoured acetabular plate in place. Note
that reduction and fixation of this area also results in satis-
factory reduction and stability of fractures in the pelvic sym-

4.4.5 Fractures of the Ischium and Pubis

Most fractures involving the ischium and pubis do
not require further treatment if fractures of the ilio-
sacral joint, ilium, and/or acetabulum are stabi-
lized. If an ischial fracture causes significant pain,
reduction and fixation with lag screws or intra-
medullary pins is indicated (Fig.4.31).

physis area. d Lateral view with acetabular plate in place. A
dynamic compression plate may be helpful in adding com-
pression, particularly in stable fractures

4.4.6 Fractures of the Pelvis Requiring Fixation
in Two or More Areas

Many pelvic fractures require fixation of two or
more areas. Usually, all areas are stabilized in the
same operative session. When fractures of both the
ilium and acetabulum exist, the ilial fracture is usu-
ally stabilized first (Fig. 4.32).
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Fig. 4.31. a Most fractures of the ischiatic tuberosity respond
satisfactorily to nonoperative treatment. However, in some, a
sizable bone segment is fractured and pulled distally by the
hamstring muscles, giving rise to considerable discomfort.
Surgical treatment is indicated. The ventral surface of the

Fig. 4.32. a Oblique fractures of the ilium and transverse
fracture of the acetabulum, accompanied by fractures of the
pubis. The combined approach is indicated to expose the
ilium and acetabulum. Reduction and fixation sequence
varies: in some, it is advantageous to reduce both areas
approximately and then proceed with fixation; in others,
each area is reduced and fixed individually. b Lateral view
showing fixation in place using two bone plates. ¢ A single
reconstruction plate can be used to stabilize both fractures.
When this is done, the surgical time can be reduced by con-
touring the plate to a similar-sized pelvis before surgery. The
plate is sterilized and minor adjustments in its shape are
made on the operating table

4 Internal Fixation of Fresh Fractures

ischiatic tuberosity gives rise to the powerful hamstring
group (biceps femoris and semimembranous muscles). b The
ischiatic tuberosity bone segment is fixed in place using two
cancellous bone screws



4.5 Fractures of the Femur

4.5 Fractures of the Femur

Fractures of the femur are among the most com-
monly encountered long-bone fractures in small
animals. Most result from trauma, are multifrag-
mented, and involve the diaphysis. Because of their
anatomical location, femoral fractures are not
easily immobilized with casts or splints, and some
form of internal fixation is usually indicated. Tem-
porary stabilization is difficult for the same
reasons. Strict confinement and the conscious
effort the patient makes to avoid pain are often suf-
ficient to control additional trauma that might be
caused by the unstable fracture segments. Repair of
femoral fractures should be undertaken as soon as
the patient’s condition is stabilized.

4.5.1 Fractures of the Femoral Head and Neck

In the mature animal, either capital or neck frac-
tures occur in this area (Fig. 4.33). Capital fractures
are intracapsular. Neck fractures may be intracap-
sular, extracapsular, or both.

4.5.1.1 Blood Supply

The rich blood supply (Fig.4.34) to the femoral
head and neck arises from the lateral circumflex
femoral artery, the medial circumflex femoral
artery, and to a limited extent from a branch of the
caudal gluteal artery. All of these vessels develop
into a network within the retinaculum, which
penetrates various aspects of the joint capsule
supplying blood to the femoral head and neck. It
has been observed clinically that, when the fracture

Fig. 4.33. Types of fracture of the femoral head and neck.
Capital fracture (a) and neck fractures (b)

is intracapsular, the ventral joint capsule strips
from the femoral neck, leaving intact the retinacu-
lar blood supply from the medial circumflex femo-
ral artery to the femoral head. The femoral neck
also receives some blood supply from the nutrient
artery of the femur.

When proper stabilization has been applied to
the fracture, avascular necrosis of the femoral head
and neck is rarely observed. Some narrowing of the
femoral neck is seen in many cases, but this is a
sign of rapid revascularization, bone resorption,
and remodeling; it is often termed “apple core.” The
approach used for fracture repair and the time span
between injury and surgery does not seem to influ-
ence the occurrence of femoral neck narrow-
ing.

4.5.1.2 Methods of Repair

The proximal femur is usually approached through
a modified craniolateral approach or occasionally
through a trochanteric osteotomy or gluteal teno-
tomy. The method of repair is dictated by the loca-
tion of the fracture and the size of the fragments
involved.

4.5.2 Capital Fractures

Capital fractures are usually bony avulsions, involv-
ing the insertion of the ligament to the head of the
femur, and are associated with coxofemoral disloca-
tions in the mature dog. If the fragment of bone
attached to the ligament is too small to accept a
screw, the treatment of choice is to remove the
avulsed piece of bone during open reduction of the
hip. Occasionally, the fracture fragment is large
enough for screw fixation (Fig. 4.35).

Early reduction of capital and neck fractures pre-
vents the femoral head or neck from being abrased.
When the joint capsule is torn, the femoral head
rubs against the craniodorsal rim of the acetabu-
lum. Femoral neck fractures in mature animals
carry a favorable prognosis if early surgery, ana-
tomical reduction, rigid internal fixation, and
proper postoperative management is provided. Nei-
ther the surgical approach used nor the location of
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Fig. 4.34a-c. Blood supply to the femoral head and
neck. a Lateral view. b Cranial lateral view. ¢ Cau-
dal lateral view. I, Cranial gluteal artery; 2, ilio-
lumbar artery; 3, medial circumflex femoral artery;
4, lateral circumflex femoral artery; 5, caudal glu-
teal artery; 6, ventral branch of the caudal gluteal
artery; 7, femoral artery



4.5 Fractures of the Femur

Fig. 4.35. a If the fragment is large enough, it may be fixed
with a lag screw. b The gliding hole is drilled before the frag-
ments are reduced. Reduction is maintained with a reduction
forceps, while the thread hole is drilled through the drill
sleeve. ¢ A lag screw is used to compress the fracture, and the
Kirschner wire is added for rotational stability
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Fig. 4.36a-c. a When using a cortex screw, the gliding hole
should be drilled through the proximal femur before the seg-
ment is reduced, so that this hole is properly placed in the
femoral neck. The screw should parallel the long axis of the
femoral neck to take advantage of the mechanical forces
transmitted up the limb during weight-bearing. Some sur-
geons prefer to drill the glide hole from proximal to distal.

the neck fractures seems to influence the risk of
subsequent degenerative joint disease. However,
delayed reduction and fixation is often associated
with bone loss from the femoral neck. This may
prevent anatomic reduction and increases the risk

4 Internal Fixation of Fresh Fractures

b After the fragments have been reduced, they are stabilized
by inserting one or two Kirschner wires. These wires should
be parallel to the direction of the screw hole and should not
penetrate the cartilage surface of the femoral head. The
thread hole is drilled through the appropriate insert drill
sleeve. ¢ After the hole has been measured and tapped, a cor-
tex screw of the appropriate length is seated

Fig. 4.37. A method of repair referred to as “triangulation”
with three Kirschner wires. Ideally, these wires should run
parallel to each other in separate locations of the femoral
neck. The wires should also be parallel to the long axis of the
femoral neck, which means they must start at a point on, or
just distal to, the third trochanter and must be inserted until
they lodge just underneath the cartilage surface of the femo-
ral head without actually penetrating it. In very small ani-
mals, it is usually only possible to use two wires

of subsequent degenerative joint disease. The two
commonly used methods of repair are: (1) lag screw
fixation combined with a pin for rotational stability
(Fig. 4.36) and (2) pinning with two or three Kirsch-
ner wires (Fig. 4.37).
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Fig. 4.38. a Fracture of the greater trochanter with luxation of the femoral
head. b After reduction of the femoral head and closure of the joint capsule,
the fracture is fixed with a tension band wire. For optimal stability, the pins
should be directed medioventrally to engage in the medial cortex

4.5.3 Trochanteric Fractures

Fractures which involve only the trochanter are
uncommon in the mature animal and are usually
accompanied by hip luxation or femoral neck frac-
tures. Tension band wiring, or lag screw fixation, is
the ideal method for repair of these fractures
(Fig. 4.38).

4.5.4 Subtrochanteric Fractures

Since the types of fractures encountered in this area
are widely diversified, no one standard method of
fixation can be applied to all cases. Many of these
fractures include a fractured femoral neck
(Fig. 4.39). Wherever possible, the bone fragments
should be reconstructed and stabilized with the use
of lag screws and a plate. Lag screws should be posi-
tioned so that they do not conflict directly with the
position of the plate (Fig.4.39) The plate must be
contoured precisely so that it fits the lateral surface
of the trochanter and shaft to a point where a mini-
mum of three, or preferably four, screws are located

distal to the lower fracture line. It is sometimes nec-
essary to flatten the ridge of the third trochanter
with a rongeur to facilitate positioning of the plate.
The femoral neck fracture can be reduced and fixed
with a Kirschner wire and a lag screw, as demon-
strated in Fig. 4.36, being sure to keep the wire and
screw head sufficiently caudolateral so as not to
interfere with the lateral plate placement. In most
cases, the femoral neck screw is inserted through
the plate just below the level of the third trochanter,
paralleling the long axis of the femoral neck
(Fig.4.39¢). In certain fractures, it may be advan-
tageous to use the hook plate.

4.5.5 Shaft Fractures

Bone plates provide the most rigid fixation and are
the fixation of choice for shaft fractures in large
breeds of dogs. The shaft of the femur is
approached laterally where the plate is applied to
the tension side of the bone. Depending upon the
type of fracture present, a plate may function either
as a compression plate, a neutralization plate, or a
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Fig. 4.39. a A comminuted fracture of the proximal femur
including a fractured femoral neck. b, ¢ Reductiuon and fixa-
tion of the butterfly fragment with lag screws. The femoral
neck fracture is stabilized with a Kirschner wire and “lag
screw”. The latter may go through a hole in the plate or be

buttress plate (Figs. 4.40, 4.41). In the face of severe
comminution, anatomic reduction of bone frag-
ments may be neither possible nor desirable. In
these cases, the principles of biological osteosyn-
thesis should be respected (Fig. 4.38):

1. The lateral femur should be approached by
exposing the bone from the greater trochanter to
the distal femoral condyles

2. The actual fracture zone should not be touched
and the soft tissue attachments should be pre-
served in order to protect the remaining blood
supply of the main fragments. Fragments should
not be removed from the fracture site. The blood
clot is left intact.

3. The plate should be selected and contoured
based on a craniocaudal radiograph of the
opposite femur. In heavy, very active dogs, it may
be advantageous to use a bone-lengthening
plate.

4. The properly contoured plate should be applied
to the proximal femur using at least two screws.

5. The distal femur should be reduced and fixed to
the plate using an AO reduction forceps or a sim-
ilar clamp.

4 Internal Fixation of Fresh Fractures

inserted independently caudal to the plate. Many subtrochan-
teric fracture components are comminuted with a avery
short, intact proximal femur in which only two screws can be
inserted

6. Verification of the proper axial and rotational
alignment is mandatory. The linea aspera can be
used as a landmark for orientation. Proper rota-
tional alignment can also be ensured by checking
internal and external rotation of the hip joint. A
normal joint allows a 90 ° of internal rotation and
45°-60° of external rotation.

7. If fracture repair is delayed, restoration of length
can be carried out by means of the articulated
tension device or the AO distractor. Distraction
of the proximal and distal femoral fragments
allows correct alignment of major fragments by
“soft tissue taxis” When the length is regained,
the small intermediary fragments may be
squeezed and reduced with a dental pick.

8. The plate is fixed to the distal femoral shaft with
a minimum of two or three screws. In these
severely comminuted fractures, the plate is used
as a pure buttress plate. An autogenous cancel-
lous bone graft is recommended to fill architec-
tural defects and to promote fracture healing.

Intramedullary pinning with a Steinman pin is an
alternative to stabilize shaft fractures in small
breeds of dogs or cats. As the sole form of fixation,
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Fig. 4.40a-c. Neutralization plate. a,b When comminution is
present, the shaft should be reconstructed by laying the frag-
ments in the original position. Starting at one end and work-
ing towards the other, it is usually possible to reconstruct the

Steinman pins are rarely used and are only applied
in stable fractures. They are most commonly used
with supplementary fixations such as the external
fixator, cerclage wires, or stacked pins. Proximal
normograde pin placement is the preferred tech-
nique of pin insertion in the femur in order to avoid
sciatic nerve entrapment or pin placement too close
to the femoral head. Transverse fractures should
never be fixed with a Steinman pin alone, because
the pin does not provide rotational stability. The
addition of a type I external fixator eliminates rota-
tion at the fracture site and helps maintaining
length (Fig. 4.42).

shaft totally or to reduce it to two main segments. ¢ A neu-
tralization plate is applied to the tension side of the bone
(lateral femur) for final stabilization

4.5.6 Supracondylar Fractures

Supracondylar fractures of the femur occur rela-
tively infrequently in adult animals and are seen
primarily in the cat and smaller breeds of dogs. Fix-
ation of supracondylar fractures with regular
dynamic compression plates (DCP) is difficult, due
to the curvature of the distal end of the femur. Two
parallel pins, pins and wire, or a pin and external
fixator are effective alternatives (Fig.4.40). Proper
alignment of the fracture site is an important factor
in determining the outcome of the treatment. If,
however, perfect reduction is difficult to achieve, a
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Fig. 4.41a-c. Buttress plate. a,b A severely comminuted frac-
ture of the femur is depicted in which it is not possible to
reconstruct the shaft of the bone totally. Those fragments
which are large enough to accept screws can be lagged
together. Architectural defects in which the fragments are
missing or too small to accept screws should be left undis-
turbed. ¢ A buttress plate, in this case a lengthening plate, has
been applied to keep the reconstructed bone from collapsing.

slight cranial overreduction of the distal fragment
prevents patellar impingement during extension of
the stifle.

4 Internal Fixation of Fresh Fractures

Whenever possible, a plate performing buttress function in
the diaphyseal bone should be large and should extend nearly
the entire length of the bone. Cancellous bone graft is added
to promote bone healing. If the plate extends to the distal
metaphysis, it should be placed as caudally as possible to
avoid direct interference with the patella or entrapment of the
joint capsule

Multiply fragmented fractures may be associated
with patellar fractures or straight patellar ligament
injury or avulsion. An osteotomy of the tibial crest
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Fig. 4.42. Simple transverse shaft fracture in small breeds of
dogs or cats can be stabilized with an intramedullary pin and
an external fixator. The latter is important to provide rota-
tional stability

may facilitate reduction of multifragmented frac-
tures and thus fracture fixation. Proper axial and
rotational alignment and stable internal fixation are
mandatory. The landmarks used for shaft fractures
are also used for proper rotational alignment in this
area. Reconstruction plates can be used for fixation.
The distal extremity of the plate is bent caudally
and twisted inwardly (Fig. 4.43d).

4.5.7 Condylar and Intercondylar
Y and T Fractures

Condylar fractures are rare. Usually, the medial
condyle is affected. In most cases, the caudal cruci-
ate and the medial collateral ligament are attached
to the fractured condyle. In rare cases, the fractured
condyle is an isolated fragment luxated caudally.
Sometimes both condyles are fractured. Most uni-
condylar fractures are not displaced, and reduction
and fixation is easily accomplished. A pointed
reduction forceps is used for temporary fixation. A
lag screw is inserted diagonally, from the proximal
metaphysis into the fractured condyle, or from the
condyle into the metaphysis (Fig.4.44b). In large

dogs, two screws may be inserted in a transcondylar
fashion. If only the distal part of the medial condyle
is fractured and luxated caudally (Fig. 4.44a), reduc-
tion may be difficult, especially when the injury is
several days old. Reduction is attempted using a
hook to pull the condyle cranially. If reduction is
impossible, the vertical parapatellar arthrotomy
incision is extended by a horizontal capsulotomy.
Exposure may be further improved by osteotomy of
the origin of the collateral ligament. When the frac-
ture is reduced, complete inspection of the cruciate
ligaments and menisci is mandatory. Intercondylar
Y or T fractures are usually associated with exten-
sive soft tissue damage and comminution in the
supracondylar area. An osteotomy of the tibial
tuberosity improves exposure. The fractured con-
dyles are reduced and fixed temporarily using Vul-
sellum forceps. A transcondylar lag screw is
inserted first in order to reconstruct the articular
surface. Proper placement of the transcondylar lag
screw is important to avoid cruciate ligament or
articular surface damage. The supracondylar frac-
ture is stabilized with two cross pins, Kirschner
wires, or two screws. If the supracondylar fracture
area is comminuted, a reconstruction plate is pre-
ferred and is applied as described above
(Fig. 4.43¢,d).

4.6 Fractures of the Patella

The patella is a large sesamoid bone interposed
between the quadriceps tendon and its continuation,
the straight patellar ligament. On contraction of the
muscle group, the patella is subjected to consider-
able tensile stress axially and is concurrently com-
pressed against the femoral trochlea. Consequently,
fractures of the patella result in distraction and are
therefore treated by the tension band technique.
The tension side of the patella is its cranial sur-
face, while the side subjected to compressive stress
is the caudal surface that contacts the femoral
trochlea. The tension band wire is placed on the
cranial surface of the patella. It acts as a tension
band preventing avulsive forces of the quadriceps
mechanism from distracting thte fracture. As the

Table 4.1. Tension band wire size according to size of dog

Weight (kg) Wire size (mm)

)-5 0.5
-15 0.8
5-30 1.0

=30 1.2
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Fig. 4.43a-d. Supracondylar fracture. a,b Following reduc-
tion, two Kirschner wires or small Steinman pins are inserted
in a crossed fashion. The exposed ends of the pins can be
secured with tension wires. ¢ Fixation using an intramedul-

Fig. 4.44.a, b. Condylar fractures may involve only the con-
dyle or they may course through the trochleargroove. Follow-
ing reduction, one or two lag screws are inserted perpendicu-
lar to the fractured plane. Kirschner wires may be inserted in
smaller fragments in place of the second screw. ¢ Intercondy-

4 Internal Fixation of Fresh Fractures

lary pin and halt-pin splintage. d A five hole reconstruction
plate is employed to maintain a supracondylar fracture. This
is especially useful in femurs, which have marked caudal
bowing.

lar Y or T fracture. The intracondylar fracture is reduced and
fixed with a transcondylar lag screw. Fixation of the condyles
to the femoral shaft may be performed with two parallel pins
or similar techniques used to treat supracondylar fractures
depending on bone size



4.6 Fractures of the Patella

Fig. 4.45a-c. Correct placement of patellar tension band wire.
a Lateral view with joint extended. b Lateral view with flexed
joint. When the stifle joint flexes, the force from the femoral
trochlea (white arrow) will convert the traction forces (gray

caudal surface of the patella contacts the trochlea of
the femor during weight-bearing, the avulsive force
is converted to compression at the fracture site
(Fig. 4.45). Incorrect placement of the wire allows
the fracture to open on the tension side (Fig. 4.46).

In order to apply the above principle correctly,
some details must be observed. First, the wire must
be strong enough (suture wire will not do). A guide
to proper size is given in Table 4.1.

Fig. 4.46. Incorrect placement of patellar tension band wire:
the wire is not on the tension side of the patella. When the
stifle is flexed, the trochlea of the femur exerts cranial force
on the patella (white arrow), combining with tractional force
of quadriceps mechanism (gray arrow). The fracture site
pivots about the axis of the incorrectly placed wire and the
fracture surface breaks open cranially (black arrows)

arrow) to compression forces at the fracture site (black
arrows). ¢ In large breeds, the use of two wires may be advis-
able

Second the transverse arms of the wires should
be passed just caudal to the quadriceps attachment
to the patella and the straight patellar ligament. The
proximal to distal arms of the wires must pass
superficial to the retinacular tissue overlying the
patella on the tension surface (Fig.4.45). If the
proximal to distal arms of the wire are allowed to
pass lateral and medial to the patellar surface,
respectively, then the repair will invariably fail
(Fig.4.46). Third, the properly placed wire should
be tightened until the fracture is slightly overcor-
rected (Fig. 4.45a). This will cause the fracture frag-
ments to be compressed when the stifle is flexed
(Fig. 4.45b).

4.6.1 Types of Fractures
4.6.1.1 Nondisplaced Fractures

In simple transverse or even more comminuted
fractures where the quadriceps expansion on either
side of the patella has not been injured, the radio-
graph will reveal little or no displacement of the
fracture fragments. These fractures should be
repaired by means of the tension band wiring tech-
nique. In smaller patients, the tissues will only
accommodate one wire. In the larger breeds, two
wires should be used (Fig. 4.45).

Intraoperatively, the articular surface must
always be inspected for small irreparable chondral

165



166

4 Internal Fixation of Fresh Fractures

Fig. 4.47a,b. Displaced transverse patellar fracture. a insertion of 2-mm Kirschner wire Retrograde through the proximal frag-

ment. b Completed reduction. Note the soft tissue repair

or osteochondral fragments. If they are 2-3 mm or
less in diameter, they must be removed, since their
replacement is impossible. Prior to capsule clo-
sure, the articular sufrace should again be
inspected to make certain that the placement of
the wires has not caused malalignment of the
articular surface.

Postoperative care includes a bulky soft dressing
for 24-48h. Activity of the animal should be
restricted to leash-walking for the first 2 weeks. If,
for some reason, the patient refuses to use the limb
within 5 days postoperatively, then passive exercise
of the stifle may be initiated. Swimming is also
excellent physiotherapy. Gradual increase in activ-
ity is encouraged after the second week.

4.6.1.2 Displaced Transverse Fractures

When there is significant displacment of the proxi-
mal and distal ends of the patella, this means that
the quadriceps expansion on either side of the
patella has been completely disrupted. Such frac-
tures are highly unstable and require anatomical
realignment of the articular surface prior to the
application of the tension band wire. This realign-
ment can be accomplished by the placement of two
parallel Kirschner wires longitudinally (one Kirsch-
ner wire in the case of smaller breeds). In extremely
hard bone, the channel for the Kirschner wire must
be predrilled wih a drill bit or corresponding size.
The Kirschner wire or wires prevent movement and
subsequent malalignment of the fragments as the
tension band wires are placed and tightened. In this
case, the tension band wires should pass caudal to
the Kirschner wires (Fig. 4.47). The reduction of the
main fragments as well as the tightening of the

wires must be accomplished while the limb is in a
hyperextended position. In all cases, the lacerated
components of the quadriceps mechanism must be
sutured. Postoperative management is the same as
for the nondisplaced fractures.

4.6.1.3 Comminuted Displaced Fractures

Kirschner wires are need to realign comminuted
displaced fractures. However, Kirschner wire place-
ment may be oblique rather than parallel, as dic-
tated by the direction of the fracture lines
(Fig. 4.48). Partial patellectomy may be necessary if
the fracture fragments are too small. In such cases,
close attention must be paid to the alignment of the
articular surfaces to prevent the occurrence of stair-
stepping (Fig. 4.49). It is also essential that suturing
of the soft tissue components of the quadriceps
mechanism be accomplished as in any displaced
patellar fracture. Postoperative managment is simi-
lar to the regimen described in Sect.4.6.1.1.

In some extreme distal apical patellar fractures
where the distal fracture fragment is so small that
repair is not feasible, the fragment may be excised,
taking care to preserve or reconstruct all the soft
tissue structures. In cases of more severely commi-
nuted patellar fractures, total patellectomy may be
the only solution. In these cases, it is important to
reconstitute the quadriceps mechanism. In order to
do this, the surgeon must judiciously preserve all
soft tissues to which the patellar fragments are con-
nected. If this is not done, it is very likely that there
will not be enough quadriceps mechanism to
accomplish an anastomosis. This latter condition
would leave the animal with an ineffective stifle
extensor mechanism.
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Fig. 4.48a,b. Multiple displaced
patellar fracture. a Preoperative
cranial view. b Two Kirschner
wires and tension band wire
repair of the fracture. Note the
soft tissue repair

Fig. 4.49a-c. Multiply displaced patellar fracture. a Ostec-
tomy of highly comminuted distal portion. All possible soft
tissues must be preserved. b Lateral view of repair. Note that

4.7 Fractures of the Tibia

Numerous methods of repair of tibial fractures have
been documented. External coaptation using
splints or casts may be adequate for stable shaft
fractures, green stick fractures, and fractures in
young animals. In some cases, the fibula remains
intact and provides a certain degree of stability that
can be supplemented by external coaptation.

Generally, rigid internal fixation is the preferred
method of treatment. It permits earlier weight-
bearing and allows stifle and hock movement dur-
ing fracture healing.

Intramedullary pins are suitable for transverse or
short oblique fractures provided that rotational sta-

articular surfaces must be made congruous. ¢ Craniocaudal
view of repair. Note the soft tissue repair

bility is achieved. Tibial fractures are pinned in an
antegrade fashion. Retrograde insertion will result
in the pin entering the stifle joint. Intramedullary
pinning often requires some form of secondary fix-
ation such as cerclage wires, lag screws, or an exter-
nal fixator. A unilateral fixator applied medially
with either one or two pins proximally and distally
provides rotational stability. It should be used until
fibrous callus has formed, at which point it can be
removed. At this stage, sufficient stability is pro-
vided by the intramedullary pin until clinical union
is achieved.

External fixators are widely used for the treat-
ment of open fractures, since they provide access
for wound management and the pins can be placed
away from the contaminated area.
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Bone plates can be used to treat most fractures of
the proximal end and shaft. They are the method of
choice for comminuted or unstable fractures, since
they permit rigid stabilization and result in an early
return to functional activity. Plates are usually
placed on the medial surface of the bone via a cra-
niomedial or cranial approach. It is best not to
make the skin incision directly over the proposed
site of the plate, since there is frequently little soft
tissue to cover the plate, especially in the distal
region of the bone. A longitudinal flap incision
minimizes soft tissue complications.

4.7.1 Fractures of the Proximal Tibia

Fractures of the proximal end involve the proximal
metaphysis and/or diaphysis and are either oblique
or comminuted (Figs. 4.50, 4.51). It is essential that

4 Internal Fixation of Fresh Fractures

the tibial plate be buttressed to assist in alignmant.
A T plate is the preferred method of stabilization, if
at all possible. Otherwise, a straight plate of appro-
priate size should be employed.

4.7.2 Shaft Fractures

Shaft fractures are frequently long oblique, spiral, or
comminuted fractures. They are best immobilized
with lag (or position) screws supported by a plate.
Small fissure lines commonly extend distally from
the major fracture. Radiographs in at least two
planes are required to demonstrate the full extent of
the fracture. Failure to identify fracture lines and to
immobilize them may result in failure of the repair.

The following methods are some of the ways sug-
gested to achieve rigid fixation using bone plates
and screws (Figs. 4.52-4.60).

Fig. 4.50. a An oblique fracture involving the
proximal end of the tibia. b Fixation using a
dynamic compression plate (DCP) with interfrag-
mentary compression accomplished by use of a
lag screw inserted through the plate
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Fig. 4.51. a A multiple fracture of the proximal end of the  the bone and the support to the tibial plateau incorrect align-
tibia with a wedge segment. b,c Repair was accomplished  ment. Medial view of the proximal tibia, showing the T plate
using a T plate, which was employed so as to restore length of
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Fig. 4.52. a A transverse fracture of the mid-diaphyseal area  the lack of apposition of the far cortex. ¢ Final tightening of
of the tibia. b Craniocaudal view of the prestressed dynamic  all screws brings about axial compression and closure of the
compression plate prior to final seating of the screws. Note  gap in the cortex on the far side
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Fig. 4.53. a Craniocaudal view of a long oblique fracture, screws for interfragmentary compression. ¢ Craniocaudal
where the fracture line extends from caudal to cranial. b view showing final fixation with a neutralization plate
Medial view showing reconstruction by use of three lag
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Fig. 4.54a,b. Craniocaudal view of a long ob-
lique diaphyseal fracture, where the fracture
line extends from lateral to medial, showing
repair by means of lag screws inserted
through the neutralization plate to accom-
plish interfragmentary compression



4.7 Fractures of the Tibia

Fig. 4.55. a A multiple fracture of the diaphysis with double
butterfly segments. b The diaphysis is reconstructed by
reducing each segment in turn and immobilizing it with a lag
screw. Where possible, two small lag screws are preferred to

one larger single screw per segment. ¢ The reconstructed dia-
physis using three lag screws. d A long neutralization plate
protects fracture reconstruction
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Fig. 4.56. a A segmental fracture of the
tibia. b Reduction and fixation may be
accomplished in the following manner:
The craniocaudal view of the opposite
normal tibia is used as a guide in con-
touring the plate. The plate is first fixed
to the proximal fragment with a plate
screw (1). The next screw (6) is inserted
in a loaded position (opposite to the cen-
ter of the plate). One screw (2) is inserted
in a loaded position, one (5) in a neutral
position, and one (4) in a lag position
through the plate. The distal fragment is
reduced, and a screw (9) is inserted in a
loaded position. A screw (8) is also
inserted in a loaded position. The
remaining screws (3 and 7) are inserted
in a neutral position
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Fig. 4.57. a Craniocaudal view of a long oblique diaphyseal
fracture in a cat. The fracture line extends from lateral to
medial. b Repair with two veterinary cuttable plates sand-
wiched for increased strength. Lag screws are inserted
through the plates to achieve interfragmentary compression

Fig. 4.58. a Distal wedge shaft fracture of the
tibia with a contoured plate to permit stabi-
lization and closure of the transcortex.

b The wedge has been lagged to the distal
segment through the plate. ¢ In extremely
distal fractures in large dogs, stabilization
may be achieved by means of a hook plate.
The two prongs, which may have to be
shortened, augment the single screw if there
is insufficient room in the epiphysis for two
screws
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Fig. 4.59. a A fracture of the medial malleolus. b Repair using
a tension band wire. Note: In very small animals, the small
fracture segment may only accommodate one Kirschner wire
instead of two

The selection of a suitable plate for long oblique,
spiral, and comminuted fractures in cats and small
dogs may present problems. Small fragment plates
are too weak and often too short, while the 2.7-mm
DCP may be thick and the 2.7-mm cortical screws
may be too large. This problem is overcome by
using the veterinary cuttable plate. If the degree of
stiffness needs to be increased, the plates can be
“sandwiched” by placing one on top of the other
(Fig. 4.61).

Fractures of the distal shaft pose a particular
problem in that there is little bone for screw pur-

Fig. 4.60. Repair of a fractured medial malleolus and a por-
tion of distal tibial epiphysis using two lag screws. Due to the
extent of the weight-bearing surface involved, screw fixation
is necessary to prevent displacement of the articular surface

4 Internal Fixation of Fresh Fractures

Fig. 4.61a,b. Repair of a fractured lateral malleolus using a
tension band wire

chase in the distal metaphysis. Moreover, the shape
of the articular surface of the distal tibia means that
distally placed screws must be directed proximally
to prevent them from entering the joint. Such frac-
tures may be immobilized with a double hook plate
placed with the hooks in the distal metaphysis. It
may be necessary to shorten the hooks to prevent
them from penetrating the talocrural joint.

4.7.3 Fractures of the Malleoli

Most malleolar fractures are associated with luxa-
tion or subluxation of the talocrural joint. Malleolar
fractures may occur singly or as a bimalleolar frac-
ture. Bimalleolar fractures are occasionally seen in
association with a caudal triangular fragment.
Shearing injuries not infrequently result in hock
disruption due to the loss of malleolar bone and
associated soft tissue structures.

Since malleolar fractures have an articular com-
ponent and are accompanied by ligamentous inju-
ries, surgical repair must be precise and internal
fixation is mandatory if joint incongruency and
degenerative joint disease are to be avoided.

Most malleolar fractures can be repaired using
the tension band wire principle or with lag screw
fixation. If the fragment is large enough, lag screws
may be used. External support is required to pro-
tect the repair until healing is confirmed
(Figs. 4.62-4.65).
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Fig. 4.64a,b. Bimalleolar fracture with a distal caudal triangle
fragment and a caudal butterfly fragment (see Fig. 4.65)

Fig. 4.62a,b. Craniocaudal (a) and mediolateral (b) views of a
long oblique fracture of the distal tibial shaft, with transverse
fractures of the medial and lateral malleoli (see Fig. 4.63a,b)

Fig. 4.63a,b. Fixation of the shaft fracture of the distal tibia

(see Fig. 4.62a,b) accomplished by using five lag screws. Ten-

sion band wires were used on both malleoli. The leg was fur-

ther supported with a coaptation splint for 2 weeks Fig. 4.65. The so-called trimalleolar fracture (see Fig. 4.64) is
in reality a bimalleolar fracture with a distal caudal triangle
fragment. This case also had a caudal butterfly component.
Repair is by interfragmentary compression with lag screws
and tension band wires on either side, utiliying a medial and
lateral plantar incision (Figs. 4.76, 4.77).
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4.8 Fractures of the Carpus, Tarsus,
Metacarpus, Metatarsus,
and Phalanges

Fractures of the carpus, tarsus, metacarpus, meta-
tarsus, and phalanges usually result in involvement
of one or more articular surfaces. Anatomic reduc-
tion and fixation are therefore essential. Where
possible, interfragmentary compression at the frac-
ture site is desirable, thus ensuring stability for
early weight-bearing and joint function while
reducing the chance of delayed union or nonunion
and degenerative joint disease. Interfragmentary
compression between large fragments can be
achieved by using the lag screw principle and in
avulsion fractures by using the tension band wire
technique.

A well-padded temporary coaptation splint
should be applied to these fractures prior to surgery
to stabilize the fragments, prevent further injury to
the adjacent tissue, and reduce swelling of the
injured area. For postoperative care a well-padded
splint is usually applied for several days up to sev-
eral weeks, depending on the complexity of the
fracture and adequacy of the fixation.

4.8.1 Fractures of the Carpus
4.8.1.1 Radial and Ulnar Carpal Bones

Fractures involving the radial, ulnar, or accessory
carpal bones are rare. Fractures through the body
of the radial carpal bone can be stabilized using a
lag screw. This screw is placed in the medial palmar
prominence and angled laterally and anteriorly to
cross the fracture line (Fig. 4.66). Fractures of the
distal medial palmar prominence represent avul-
sion of the distal radial carpal-metacarpal ligament
and can be reattached with a tension band wire
(Fig.4.67). Ulnar carpal bone fractures are
extremely rare and are fixed using the same tech-
nique.

4.8.1.2 Distal Carpal Bones

Small chip fractures of the distal carpal bones are
usually excised. Medial slab fractures or luxations
of the second carpal bone are treated by open
reduction and then maintained by a lag or posi-
tion screw, respectively, that is, placed medial to
lateral. Dorsal slot fractures of the third carpal bone
may be exposed by longitudinally splitting the
extensor carpi radialis tendon. Repair is by screw
fixation. The head should be countersunk.

4 Internal Fixation of Fresh Fractures

Fig. 4.66. Fracture through the body of the radial carpal bone
stabilized with a lag screw (medial)

Fig. 4.67. a Avulsion fracture of the medial palmar prominence
of the radial carpal bone. b Fixation with a tension band wire
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Fig. 4.68. Type 1A fracture of the accessory carpal bone. An
intra-articular avulsion fracture of the origin of the
accessero-ulvar ligament

Fig. 4.69. Type 1B fracture of the accessory carpal bone has a
medial intra-articular component

Fig. 4.70. Type II fracture of the accessory carpal bone. An
intra-articular fracture of the accessory carpal bone that
involves the proximal portion of the base

4.8.1.3 Accessory Carpal Bone

Type IA accessory carpal fractures are intra-
articular and should be repaired by either posi-
tional or lag screw fixation (Fig. 4.68).

Type IB accessory carpal fractures not only have
the classical palmar lateral fragment but also a pal-
mar medial component. These fractures should also
be repaired by screw fixation, although the medial
component is often small and must be removed
(Fig. 4.69). Type II fractures are also intra-articular
and must be replaced or removed (Fig. 4.70).

Type III fractures involve an avulsion of the
accessory carp-metacarpal ligament and should be
repaired by lag screw fixation. The carpus should be
supported in flexion postoperatively (Fig.4.71).
Type IV fractures involve the flexor carpi ulnaris.
There is either an avulsion of the tendon at its
attachment or an avulsion fracture of the tendinous
insertion. These are rarely large enough to reattach
and are treated by excision of the fragment and

Fig. 4.71. Type III fracture of the accessory carpal bone. An
avulsion fracture of the origin of the accessory carpal-
metacarpal ligament

Fig. 4.72. Type IV fracture of the accessory carpal bone. Avul-
sion of insertion of flexor carpi ulnaris tendon
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Fig. 4.73. Type V fracture of the accessory carpal bone. A
comminuted fracture

Fig. 4.74. Type VI fracture of the accessory carpal bone. Avul-
sion of growth plate of the accessory carpal bone

suturing of the tendon (Fig. 4.72). Type V fractures
are highly comminuted and are not amenable to
surgical reconstruction; therefore they should be
cast in flexion (Fig. 4.73). Type VI is a growth plate
avulsion and fracture that is managed by Kirschner
wire fixation and flexion casting (Fig.4.74). These
classifications are a modification of those described
by K. A. Johnson (1988). All of these fractures
should be supported in flexion for several weeks
following the operation.

4 Internal Fixation of Fresh Fractures

4.8.2 Tarsal Fractures, Luxations,
and Subluxations

Tarsal fractures are not common in pet animals, but
are seen with regularity in working breeds. Most
commonly, these fractures involve the calcaneus,
the central tarsal, the fourth tarsal, and the talus.
Internal fixation is the rule rather than the excep-
tion in the dog if a return to near-normal function
is to be achieved.

These fractures are usually characterized by
being closed, comminuted, and due to indirect
trauma. They are associated with severe dorsiflex-
ion, with other tarsal fractures, and with extensive
swelling and soft tissue damage. Diagnosis is
achieved by palpation, by evaluating the range of
motion, and by fine-detail radiographs taken from
the anteroposterior, mediolateral, and oblique di-
rections. Additional radiographs may be needed
with the joint under load (stress films).

4.8.2.1 Surgical Approaches to the Tarsal Joints

Four primary incisions are commonly used in sur-
gical approaches to tarsal injuries. Proximal or dis-
tal extensions of these incisions may enhance expo-
sure in certain instances. A dorosomedial approach
is utilized for central tarsal fractures and indirect
repair of most fourth tarsal fracture-subluxations.
This approach is also used for second and third tar-
sal fractures and subluxations, and for fractures of
the talar head and neck (Fig. 4.75).

A lateral plantar approach is often utilized for
calcaneal fractures, lateral malleolar fractures, and
for repairs of the lateral collateral ligaments. This
approach is occasionally used to stabilize avulsion
fractures of the lateral lip of the base of the fifth
metatarsal, and to repair tears in the lateral colla-
teral calcaneal insertion of the superficial digital
flexor tendon. It is rarely used as partial exposure
for repair of some talar neck fractures and for lat-
eral condylar fractures of the body of the talus
(Fig. 4.76).

A medial plantar incision is used to repair
medial malleolar fractures, (tibial) collateral liga-
ments, medial condylar fractures of the talus, osteo-
chondrosis lesions of the talus, and some fracture-
dislocations of the tibial tarsal bone (Fig.4.77). A
plantar approach is used for proximal plantar
tarsal-metatarsal subluxations (Fig. 4.78).
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Fig. 4.75a,b. Surgical approaches to
the tarsal joints. Dorsomedial
approach to the tarsus. a Skin inci-
sion. Note that the tibialis cranialis
tendon obliquely crosses the surgical
field. b Deep dissection to the liga-
ments and bone. The tendon is
retracted medially

Fig. 4.76. Lateral plantar approach to the tarsus Fig. 4.77. Medial plantar approach to the tarsus
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Fig. 4.78. Plantar approach to the tarsus

4 Internal Fixation of Fresh Fractures

4.8.2.2 Body of the Talus

The body of the talus is that enlarged proximal por-
tion of the bone with the articular surface termed
the trochlea. Fractures of the condyles are quite
rare and may be very difficult to visualize radio-
graphically. The surgical approach to the condyles
requires osteotomy of the appropriate malleolus.
The advantage of this approach is the maintenance
of collateral ligamentous integrity.

A lateral plantar or medial plantar incision is
utilized to approach the appropriate malleolus
(Figs. 4.76, 4.77). The distal fibula and malleolus are
osteotomized, exposing the fractured condyle
(Fig.4.79). The fragments are reduced and repaired
with multiple Kirschner wires. Since the condyle is
articular, it is imperative to countersink the Kirsch-
ner wires. The osteotomized fibula is replaced with
position screws or by the tension band wire tech-
nique (Fig. 4.59b).

Fig. 4.79a-c. Fracture of
the lateral condyle of the
talus. a Osteotomy of the
distal end of the fibula
to expose the fractured
lateral condyle of the
talus. b Fixation with
three Kirschner wires
(countersunk). ¢ Repair
of the osteotomized dis-
tal fibula
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4.8.2.3 Neck of the Talus

Fractures of the neck may be managed by one of
several methods, depending on fragment size. The
area is approached by making an incision on the
medial aspect of the tarsus, beginning just dorsal to
and above the medial malleolus, curving downward
and forward following the normal curvature of the
tarsus to end at the dorsomedial side of the distal
aspect of the central tarsal bone (Fig.4.80). The
incision is carried through the deeper tissues,
splitting the V composed of the tibialis cranialis
tendon cranially and the tibial collateral ligament
caudally. After reduction, fracture alignment is
maintained with self-locking tissue forceps (Vulsel-
lum forceps). On the medial aspect of the neck, dis-
tal to the fracture and proximal to the articular sur-
face of the talus, a 4-mm cancellous screw (or
lagged cortical screw) is countersunk in an oblique
proximal plantar lateral direction into the body of
the talus (Fig.4.81a). Another method involves
placement of a screw in the distal fragment in a
lateral plantar direction to seat in the base of the
calcaneus. This is a positional (noncompression)
screw between the two bones (Fig. 4.81b).

Talar neck fractures in small patients, such as
cats, may be surgically reduced and stabilized with

Fig. 4.80. Medial approach to the tarsus

Fig. 4.81a,b. Fracture of the neck of the talus. a Cancellous lag
screw obliquely across the fracture line into the body of the
talus. b Positional screw from the talus into the calcaneus

Kirschner wires, or in some instances simply sur-
gically reduced and coapted.

4.8.2.4 Talar Head

Damage to the articular surface of the head of the
talus is a frequent finding in central tarsal bone
fractures. Occasionally, a dorsal or medial slab frac-
ture of the head of the talus will be found associated
with a combination central and fourth tarsal bone
fracture (Fig.4.82a,b)

A dorsomedial approach is utilized as for central
tarsal bone fractures, except that the incision will
be extended 1-2cm proximally. Fixation is per-
formed as for a fourth tarsal bone fracture, except
that an additional 2.7-mm cortical screw is counter-
sunk and lagged into the dorsal slab fracture of the
head of the talus (Fig. 4.82¢,d). Fractures of the talar
head not amenable to reconstruction and stabiliza-
tion may be treated by arthrodesis.
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Fig. 4.82a-d. Multiple fractures of the hock. a Large medially
displaced fragment of the central tarsal bone, compression
fracture of the fourth tarsal bone, and an avulsion fracture of
the base of the fifth metatarsal. b A dorsal slab fracture of the

4.8.2.5 Avulsion Fracture of the Fifth Tarsal
(Nondisplaced)

A very small avulsion fracture occurs that is the
result of increased tension on the inserting struc-
tures and is associated with fracture of the central
tarsal bone. Displacement is usually not great and
reduction is rarely necessary. Those that are dis-
placed can be managed indirectly by repairing the
primary central tarsal fracture, thus relieving the
tensile forces of the inserting structures on the base
of the fifth metatarsal (Fig. 4.82a).

In selected cases, a figure-of-eight wire may be
used for additional support. Because of the small
size of the fragment, true tension-wiring with pin
fixation is often not feasible.

4 Internal Fixation of Fresh Fractures

central tarsal bone with displacement and a dorsal slab frac-
ture of the head of the talus with slight displacement. ¢, d Fix-
ation using three lag screws

4.8.3 Fractures of the Metacarpals
and Metatarsals (Figs. 4.83-4.96)

4.8.3.1 Avulsion Fracture (Displaced)
of the Second and Fifth Metacarpals

Fracture of the lateral aspect of the base of the fifth
metacarpal occurs as a result of hyperextension
injury to the carpus. It represents an avulsion frac-
ture of the distal attachment of the lateral accessory
carpal ligament. Depending on the size of the avul-
sion, either tension band wire or compression
screw fixation is satisfactory for the fracture. How-
ever, other ligament reconstruction or panar-
throdesis may be indicated to complete the repair
for carpal hyperextension injuries. The oblique
fracture of the fifth metacarpal is repaired by three
lag screws. The avulsion fracture at the base of the
second is stabilized with a pin and tension band
wire.
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Fig. 4.83a-c. Peritalar dislocation. a Peritalar dislocation with rupture of the medial collateral ligament. b Anteroposterior view
showing screw. ¢ Mediolateral view of the talocentral arthrodesis and collateral ligament repair
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Fig. 4.84a-d. Fracture of the calcaneus. a Simple shaft fracture of the calcaneus. b Lateral view of tension band wire fixation.
¢ Plantar view of the repair. d Lateral view with countersunk pins

Fig. 4.85. Fracture of base of calcaneus. Lateropalmar view of  Fig. 4.86. Axial slab fracture of the lateral surface of the calca-
tension band wire fixation of fractured base neus fixed with two lag screws
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Fig. 4.87a,b. Central tarsal bone fracture. a Dorsal
exposure. b Fixation with two cortical lag screws

Fig. 4.88. Dorsal slab fracture of the central tarsal bone fixed  Fig. 4.89. Repair of a dorsal slab fracture of the third tarsal
with a lag screw bone
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Fig. 4.90. a Plantar proximal intertarsal subluxation. b Lateral plantar stressed view. ¢ Lateral views of the calcaneoquartal joint
arthrodesis maintained with a single Steinmann pin and tension band wire. d Lateral view with countersunk pin

Fig. 4.91. Dorsal view of the calcaneoquartal joint arthrodesis  Fig. 4.92a,b. Luxation of the intertarsal joints. a Lateral luxa-
maintained with a single lagged cortical screw tion. b Arthrodesis of the intertarsal joints maintained with a
plate, screws, and figure-of-eight wire
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Fig. 4.94a-d. Plantar tarsometatarsal subluxation. a Lateral plantar stressed view. b, ¢ Lateral and plantar views of the tarsome-
tatarsal joint arthrodesis maintained with a single Steinmann pin and tension band wire. d Arthrodesis with countersunk pin
fixation

Fig. 4.95. Stress fracture of right metacarpal two repaired
with a lag screw
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Fig. 4.96. Stress fracture of left metacarpal five repaired with
lag screws

Fig. 4.97. a Avulsion fractures of the basis of
fifth and second metacarpals repaired with
three lag screws and tension band wire tech-
nique, respectively (left paw). b Avulsion frac-
ture of the base of the first metacarpal and sec-
ond carpal subluxation repaired with positional
screws (right paw). The fracture of MCI is in a
non-weight-bearing digit and will heal without
fixation

4.8.3.2 Avulsion at the Base of the First Metacarpal
and Subluxation of the Second Carpal

Avulsion of the base of the first metacarpal and sec-
ond carpal bone subluxation is an example of
hyperextension injury primarily involving bones on
the medial aspect of the carpus. The base of the first
metacarpal is immobilized by using a positional
screw to seat it in the base of the second metacar-
pal. The fracture in the non-weight-bearing first
metacarpal will heal uneventfully. The second car-
pal is reduced and fixed in position with a posi-
tional screw anchored in the third and fourth car-
pals (Fig. 4.97).

4.8.3.3 Oblique Fractures of the Metacarpals
and Metatarsals

Some oblique fractures may be anatomically
reduced and stabilized utilizing the lag screw prin-
ciple in conjunction with coaptation to provide
additional support until healing has progressed suf-
ficiently. Two smaller lag screws are preferred to
one larger screw (Fig. 4.98a).

191



192

Fig. 4.98. Transverse fractures of fifth and fourth metacarpals
(vassal), and oblique fracture of second metacarpal repaired
with a plate and lag screws, respectively (left paw)

4.8.3.4 Second or Fifth Metacarpal (Metatarsal)
Shaft Fractures

External coaptation is often sufficient for single
fractures. However, oblique fractures can be
repaired as above, or transverse fractures may be
repaired by the application of plates to the lateral
side for fifth metacarpal fractures and on the
medial side for second metacarpal fractures
(Fig. 4.98a). This does away with any involvement to
the extensor mechanism that is inherent with dor-
sal plating. Additionally, the plate is now closer to
the tension side of the bone.

4.8.3.5 Third and/or Fourth Metacarpal (Metatarsal)
Fractures

Third and/or fourth metatarsal (metacarpal) fractures
rarely need plate fixation. They are usually managed
by coaptation, screw fixation, intramedullary pinning,
or combinations of the above. The exception would be
the displaced right metatarsal three fracture in the
racing greyhound which is routinely plated with a
suitable length of Veterinary Cuttable Plate.

4 Internal Fixation of Fresh Fractures

4.8.3.6 Second or Fifth Metacarpal (Metatarsal)
Neck Fractures

Fractures in the area of the neck of metacarpals
(metatarsals) two or five involve a small distal piece
of bone and are inherently unstable. These fractures
are best managed by the insertion of a solitary
Kirschner wire in a ”"Rush pin” fashion from the
medial or lateral side of metacarpal (metatarsal)
two or five, respectively (Fig. 4.99).

4.8.3.7 Fractures of Second, Third, Fourth and Fifth
Metacarpals (Metatarsals)

A crescent-shaped incision may be used to expose
the fracture area. With the aid of a small periosteal
elevator the distal fragment is exposed and elevated
into the incision. A slot is then cut in the dorsal
aspect of the bone, using a high speed burr, to
expose the medullary canal. This slot needs to be
wide enough to accept an appropriately sized K
wire and also long enough so that the K wire once
introduced will remain in the medullary canal. The
fracture is now reduced and the K wire driven
firmly into the proximal fragment. The wire end is
bent dorsally and cut short so that the protruding

Fig. 4.99. Metacarpal neck fractures managed with Kirschner
wires
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Fig. 4.100. a Metacarpal fractures repaired by ”slotting” technique. b Multiple displaced (metacarpal) metatarsal fractures
repaired with Kirschner wires (right forepaw). ¢ If there is only minimal displacement of the fractured bones, pinning of the

central metacarpal is usually sufficient (left forepaw)

end does not irritate the soft tissues. This pro-
cedure is repeated in at least the third and fourth
metacarpals and, if necessary, in all four. The foot
should be supported in the immediate postopera-
tive period (Fig. 4.100a).

An alternative method of repair is the insertion
of pins from the fracture site distally. With the toes
flexed, a Kirschner wire of the appropriate diameter
is inserted dorsally from proximal to distal through
the distal fragment, emerging through the dorsal
surface of the metacarpal phalangeal joint
(Fig. 4.100b). The fracture is reduced and the wire is
seated in the base of the proximal fragment. The
protruding wires are not bent in a dorsal and proxi-
mal direction before being cut just beneath the
skin. A coaptation splint is then applied for approx-
imately 6 weeks (Fig. 4.100c).

4.8.3.8 Fractures of Fourth and Fifth or Second
and Third Metacarpals (Metatarsals)

The fracture of the fifth metacarpal is reduced and
fixed with a neutralization plate applied to the lat-
eral surface. This affords sufficient support for the
fourth metacarpal. The foot is then coapted for
approximately 1 month. This illustrates the “vassal
rule” (Fig. 4.98a).

4.8.3.9 Phalangeal Fractures

Oblique fractures of the first and second phalanges
that are unstable and tend to override may be
repaired by lag screw fixation (Fig.4.101a).
Although two small screws are preferable to one
larger screw, this is sometimes difficult to achieve,
especially in the small patient. The lower limb is
coapted postoperatively. Unstable transverse frac-
tures of the first phalanx may sometimes be managed
by the application of a small plate (Fig.4.101b,c).
Ideally, a minimum of three cortices on each side of
the fracture should be fixed with the plate screws.
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Fig. 4.101. a Fracture of the first phalanx repaired with a lag screw (preferably two screws) (right forepaw). b, ¢ Lateral and
anteroposterior views of a first phalanx fracture repaired with a plate (left forepaw)

4.8.2.10 Sesamoids

A hyperextension injury resulting in fractures usu-
ally involves the second and/or seventh sesamoids.
Treatment may be conservative or surgical. Con-
servative therapy involved the use of support dress-
ings and nonsteroidal anti-inflammatory agents.
Surgical therapy consists of surgical excision of
either the damaged portion of the offending sesam-
oid, the whole sesamoid, or both sesamoids on the
affected digit.

4.9 Fractures of the Head

4.9.1 Fractures of the Mandible

A vertical fracture of the mandible body will rup-
ture the mandibular canal with the encased man-
dibular vessels and nerve. The anatomy of the rele-
vant vessels and nerve of the mandible is illustrated
in Fig. 4.102.

Most unilateral fractures of the mandible are
reducible. They may be treated nonsurgically or sta-
bilized by use of stainless steel wire placed around
the base of adjoining teeth (Fig. 4.103). Severely dis-
placed bilateral and multiple fractures should be
reduced and stabilized with rigid internal fixation.
Following reduction, the vessels recannulize. In
affixing screws through the bone, care should be
taken to avoid further damage to the canal and its
contents, although this may sometimes be unavoid-
able.

Attainment of satisfactory dental occlusion is of
paramount consideration in reduction and stabili-
zation of mandibular fractures. This is best accom-
plished with the jaws closed and the teeth in normal
occlusion during surgery. The airway may be main-
tained by means of a tracheal tube through a pha-
ryngostomy opening. In describing these fractures,
it is assumed that appropriate stabilization of frac-
tures of the opposite mandible or maxilla will also
be accomplished.

Fractures of the body are subject to the forces of
the muscles of mastication. In humans, the tension
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Fig. 4.102. Mandibular vessels
and nerves

side of the mandible is the alveolar border, and a
plate cannot be placed on that surface. If the plate is
fixed on the lower border of the mandible, where
the pressure zone lies, it will not be able to neutral-
ize the forces of distraction of the opposite side,
neither can these be transformed into forces of
pressure. The situation is demonstrated in
Fig. 4.104. There is no mechanical evidence that this
is the case in animals.

4.9.1.1 Fracture of the Symphysis

Fracture of the mandibular symphysis is a common
fracture which precludes normal occlusion and
mastication. Fixation may be accomplished by
using wires, pins, or screws (Fig. 4.105).

4.9.1.2 Fractures of the Body

Single fractures of the body of the mandible may be
stabilized by means of a plate affixed to the ventral
border of the bone and by wire fixation around the

Fig. 4.103. Simple uni-
lateral fracture stabil-
ized with a stainless
steel wire around the
base of adjoining teeth

teeth (Fig.4.106). The surgical approach and the
decision as to the technique to be used will be influ-
enced by the position of the dental roots involved in
the site.

The approach to fractures of the body of the man-
dible may be made through the skin of the ventral
aspect of the mandible or intraorally. Incisions made
through the skin usually heal well, and sutures are less
likely to pull through. Nevertheless, the mucosa
within the mouth is noted for its rapid healing.

A ventral approach permits anatomic alignment,
and the incision may be continued caudally without
the limitations imposed on an intraoral incision by
the lip commissures. The incision is made from the
level of the canine tooth caudally, as far as neces-
sary for adequate exposure of the fracture site. It
should preferably be made slightly lateral to the
midline. The subcutaneous tissue and the thin pla-
tysma muscle are incised and reflected from the
bone exposing the mandible itself. The mental fora-
mina should be identified and the emerging vessels
and nerves protected.
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Fig. 4.104a,b. Forces working on the mandible after fracture.
a Gray arrows indicate direction of muscle pull. Black arrows
indicate direction of distraction and compression forces. b A
plate was applied to stabilize the fracture and a wire placed
around the base of the teeth to neutralize the distracting
forces. In clinical application of the fixation, the holes adja-

4 Internal Fixation of Fresh Fractures

cent to the fracture site are filled first, the second hold being
loaded in compression. After the wound is closed, a wire is
placed around the base of the adjacent teeth to support the
tension surface. For smaller bones, a 2.7-mm dynamic com-
pression plate (DCP) is used
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Fig. 4.105a~-d. Fracture-separation of the mandibular sym-
physis. a The fracture-separation is reduced and held in place
with small reduction forceps. A wire is placed around the
base of the incisor teeth for stabilization. b In some cases, a

Fig. 4.106. A butterfly frag-
ment fracture following
reduction and temporary
immobilization with two
Kirschner wires. A seven-hole
dynamic compression plate
(DCP) is contoured and
applied. It is necessary to
reduce one fragment at a
time and to compress as in a
segmental fracture

wire may be placed around the base of the canine teeth for
stabilization. ¢,d Stabilization by placing a wire around the
base of the canine teeth and down between the two parts of
the mandible, securing it ventrally through a button
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In humans, teeth are sometimes removed prior
to fixation; if at all possible, this is not recom-
mended in the dog or cat, as the roots are much
longer in relative terms and occupy a considerable
proportion of the mass of the bone. Their removal
may well institute collapse of the large alveoli, with
consequent instability of the fixation. Sufficient sta-
bility is usually attained with a ventral plate, pro-
vided that the animal is only given soft food until
healing is complete (Figs.4.106-4.108). In some
cases, it is particularly important to withhold all
forms of chewable food until radiographic healing
is advanced.

There can be no doubt that the use of screws can
severely compromise the roots of teeth. It has been

4 Internal Fixation of Fresh Fractures

Fig. 4.107. As an alternative, a reconstruction
plate may be molded to the mandible body
and stabilized with appropriate screws

shown that such damage can lead to caries, which
produces pain. Careful placement of the screws
minimizes this complication. Simple fractures may
be treated by interdental wiring. Fractures which
are extremely extensive and highly fragmented may
be treated by plating. (Figs. 4.106-4.108).

External Fixator. Although an external fixator may
be successfully employed for some fractures of the
mandible body, there is the disadvantage that the
patient may catch the frame on a surrounding
object, resulting in pain and loosening of the
device. However, the method has much to recom-
mend it, provided that great care is taken in placing
the pins (Fig. 4.109).

Fig. 4.108. A comminuted fracture of the body of the mandible with bone loss is fixed with a buttress plate. The defect is filled

with cancellous bone, held in place by suturing the soft tissues
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Fig. 4.109. The external fixator may be
employed either uni- or bilaterally as the
fracture dictates, and interdental wiring
may also be used in conjunction with the
frame. An example of a bilateral frame,
with interdental wiring, is shown

4.9.1.3 Fractures of the Ramus

A ventral approach is made to the ramus. The mas-
seter muscle is subperiosteally reflected. Reduction
is obtained and stabilized by a plate of the appropri-
ate size and shape: straight, oblique right angle, or
T plate (Fig.4.110). The advent of reconstruction
plates has made available yet another useful series
of fixation devices for stabilization of mandibular
fractures. The advantage of the plate is that it may
be molded in three planes; this is made possible by
the scalloped edge of the plate.

4.9.2 Fractures of the Upper Jaw
4.9.2.1 Fractures of the Incisive Bone

Fixation and stabilization of fractures of the incisive
bone may be achieved by plates or by the tension
band wire principle. This portion of the skull may
also be approached through the skin or through the
mouth. The intraoral approach usually gives suffi-
cient exposure. The lip is elevated dorsally and an
incision made through the buccal mucosa, just
below the reflection into the labial surface of the

Fig. 4.110. Fracture of vertical
ramus stabilized with
a T plate
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mucosa. With a periosteal elevator, the fibrous tis-
sue of the gum is reflected on both sides of the frac-
ture line, far enough to permit reduction and fixa-
tion with the appropriate implant.

The choice of plates will vary with the exact site.
Usually, a thin fragment plate (2.7- or 2-mm series)
is appropriate, as it more readily permits closure of
the soft tissue over it (Fig.4.111). The exact site of
the fracture may require that very short screws be
used, as they would otherwise penetrate the nasal
cavity. Apart from the inferior border, the incisive
bone is only one cortex thick. The comments
regarding screws made in Sect.4.9.1.2 are also rele-
vant here. Some fractures lend themselves to fixa-
tion with pins and wires, as is demonstrated in
Fig. 4.112.

4 Internal Fixation of Fresh Fractures

Fig. 4.111. A small fragment plate, or cuttable plate, is
fixed to the premaxilla to effect stabilization

Fig. 4.112. A multiple fracture of the premaxilla is fixed by
the tension band wire technique. Following reduction, two
Kirschner wires are inserted beneath the buccal mucosa in an
X pattern across both premaxillae. The tips of the Kirschner
wires are bent away from the fracture site. Tension band
wires are connected to the exposed Kirschner wire ends on
either side of the jaw

4.9.2.2 Fractures of the Maxilla

The majority of fractures of the maxilla do not
require stabilization. However, butterfly-type frac-
tures may be severely displaced along with the
accompanying teeth. The approach to the maxilla is
carried out in a similar manner as the approach to
the premaxilla. The commissure of the lip is
elevated and retracted. However, in some cases it is
necessary to approach the mandible through a skin
incision. The thin nasolabial levator muscle is
incised across its fibers and the underlying maxil-
lary nasolabial levator is divided between its fibers
to expose the underlying fracture and bone. Ventral
branches of the facial nerve should be identified, as
should the infraorbital arteries and nerve, as the
latter emerge from the infraorbital foramen.
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Fig. 4.113. A butterfly fracture of the maxilla including
the fourth premolar tooth is stabilized by fixing the
small plate first to the caudal segment, then to the but-
terfly fragment, and then compressed to the rostral por-
tion of the maxilla

In fractures of the maxilla, it is only possible to
use very short screws in many areas due to the thin-
ness of the cortical bone. In such cases, the plate
should be gently prestressed, and a plate of above-
average length should be employed to permit the
use of a large number of screws (Fig. 4.113).

4.9.3 Fractures of the Calvarium

Internal fixation is rarely used for fractures of the
skull. Small depressed fractures may be treated by
decompression and removal of the fragments. If the
defect is large, it may be covered with a special plate
which is screwed to the surrounding bone. The
parietal bone permits use of short, 2- or 2.7-mm
screws. The fragments are maintained in position
following their elevation by means of small frag-
ment plates fixed to the surrounding stable bone.
Areas such as the zygomatic arch on the occiput
lend themselves to stabilization by this means.

The necessity and wisdom of surgery in the case
of such fractures depends on the underlying trauma
to the central nervous system caused by the frac-
ture. If only the frontal sinus is involved, surgical
judgment may dictate that the fragments be left to
heal or may indicate simple removal of depressed
fragments.

4.10 Spinal Fractures and Luxations

Fractures and luxations of the spine (Fig.4.114-
4.125) can involve any level; however, the more
mobile regions, particularly the thoracolumbar and
the lumbosacral junctions, are involved most fre-
quently. Commonly encountered types of spinal
fractures and luxations are illustrated in Fig.4.114.
Thorough neurological and radiological evaluation
of the patient must be performed prior to any oper-

ative treatment of a spinal injury. Neurologic exam-
ination should enable the level of vertebral column
injury to be identified and the severity of spinal
cord damage to be graded.

4.10.1 Clinical Grading of Spinal Cord Injury

® Grade I: Pain only, without any neurological
deficits

® Grade 2: Paresis or ataxia

® Grade 3: Paraplegia or quadriplegia

® Grade 4: Paraplegia or quadriplegia with urinary
retention and overflow

® Grade 5: Paraplegia or quadriplegia with urinary
retention and overflow and absence of conscious
pain sensation

Lateral and ventrodorsal radiographs should be
taken to evaluate the extent of spinal column injury;
however, these will not necessarily show the posi-
tion of the vertebra at the time of injury. The ani-
mal must always be evaluated neurologically along
with radiographic evaluation.

Indications for surgical management of spinal
trauma and the results of treatment have been
reviewed. Animals with grade 1 or 2 dysfunction
are usually initially treated conservatively with
strict confinement and corticosteroids; external
spinal splintage is occasionally needed. Surgery is
indicated in these grades if there is a deterioration
in neurological status as a result of vertebral insta-
bility. Animals with grade 3 or 4 dysfunction are
generally classed as surgical emergencies. Prompt
reduction and stabilization of the spinal column
and decompression of the spinal cord should be
undertaken within hours of the accident. Animals
with grade 1-3 injuries usually have a good prog-
nosis for recovery, while the prognosis for grade 4 is
less favorable. Grade 5 injuries generally carry a
poor prognosis.
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Fig. 4.114A-E. Commonly encountered types of spinal frac-  of the vertebral body. E Simple vertebral body fractures with
tures and luxation. A Fracture of the dorsal spinal process. B a large portion of the body intact
Spinal subluxation. C Spinal luxation. D Epiphyseal fracture

Fig. 4.115. Bone forceps affixed to adjacent
dorsal spinous processes can be used to
exert traction and countertraction in
accomplishing reduction
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Fig. 4.116. a Fixation of two lumbar verte-
brae using a plate. b Direction of insertion
of the plate screw

Fig. 4.117a,b. Interfragmentary fixa-
tion of vertebral body fragments
with small pins. a Lateral view.

b Dorsal view. This is usually used
in combination with vertebral body
plating
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Fig. 4.118. Fixation of two thoracic vertebrae using a
plate. The elevated ribs are reattached to the plate
with wire

Fig. 4.119. In the thoracolumbar
spine, there is a tension side (dorsal,
gray arrows) and a compression side
(ventral, black arrows)

Fig. 4.120. Vertebral body plating
used in conjunction with plastic spi-
nal plates
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Fig. 4.121. a Vertebral body fracture of L1. This is an oblique fracture with a major portion of the vertebral body intact. b Fixa-
tion utilizing a vertebral body plate

Fig. 4.122a,b. Pins and methylmethacrylate bone cement pro-
vides a more versatile method of spinal fixation
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Fig. 4.123a-c. U-shaped pin (a), wired to the dorsal spinous pro-
cesses or multiple pins and wires attached to the dorsal spinous pro-
cess and articular facets (b). The wires may penetrate the wings of
the ilium in posterior lumbar fractures (c)
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Fig. 4.124a,b. Fracture of the ventral aspect of
a lumbar body. Reduction of the articular
facets gives simultaneous reduction. Stability
of the vertebral bodies is achieved by lag
screw fixation of the articular facets

Fig. 4.125a,b. Fracture of the seventh lumbar vertebrae may
be stabilized a by screw fixation of the dorsal articular facets
or b by transilal pinning
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4.10.2 Methods of Spinal Fixation

Methods of spinal fixation include the following:

1. Vertebral body plating (Figs.4.115-4.118) gives
excellent stability, but the method is only appli-
cable in the caudal thoracic and cranial lumbar
areas.

2. Pins and methylmethacrylate (bone cement) pro-
vide a versatile method of spinal fixation
(Fig.4.122a,b).

3. A U-shaped pin can be wired to the dorsal spi-
nous processes or multiple pins and wires
attached to the dorsal spinous processes and
articular facets (Fig. 4.123).

4. The dorsal spinous processes may be plated
(Fig. 4.120).

5. Vertebral body cross-pinning can be performed
(Fig. 4.117a,b).

6. Fractures of the seventh lumbar vertebra can be
stabilized by screw fixation of the dorsal articu-
lar facets (Fig. 4.125a-c) or by transilial pinning
(Fig. 4.125ba,b).

4.10.3 Vertebral Body Plating

The application of a small bone plate to adjacent
vertebral bodies provides excellent fixation for cer-
tain spinal injuries. Its usage in the canine patient is
limited to the fixation of vertebral bodies T11
through to L3. Cranial to T11, spinal exposure
becomes very difficult, and the anatomical struc-
ture of the vertebral body does not permit proper
application of a bone plate to the vertebral body.
Caudal to L3, the problem concerns the important
nerve roots of the lumbosacral plexus. Vertebral
body plating necessitates unilateral cutting of the
spinal nerve at the intervertebral foramen. This is
necessary because postoperative bony exostosis can
impinge upon the intact nerve root, causing persis-
tent pain. Because of overlapping dermatomes, the
cutting of a spinal nerve root between T11 and L3
does not precipitate clinical problems. Caudal to L3,
the spinal nerves contribute to the lumbosacral
plexus, and cutting causes neurological deficit in
the unilateral rear limb. It is therefore advisable not
to apply a vertebral body plate caudal to L3.

4.10.4 Surgical Techniques

The spinal nerve and vessels exiting through the
intervertebral foramen between the vertebrae to be
plated are clamped, cut, and ligated. Hemilaminec-
tomy, when performed, is done by removing the
articular processes between adjacent vertebrae with
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a rongeur. A window is developed using a high-
speed drill, rongeur, or trephine. After hemila-
minectomy, the injured spinal cord and spinal canal
can be visualized. Visualization of the spinal canal
aids in the anatomical reduction of the injured ver-
tebrae.

Bone forceps are affixed to adjacent dorsal spi-
nous processes to aid in reduction of the displaced
vertebra (Figs.4.115, 4.121a). A bone plate is
selected which fits along the bodies of the two ver-
tebra to be stabilized. It is necessary that at least
two screws be placed in each vertebral body. The
plate is laid on the dorsolateral aspect of the verte-
bral bodies, between the transverse process and
articular processes of the hemilaminectomy site. A
2.7-mm plate is used for small dogs, and a 3.5-mm
plate for dogs weighing over 20kg. Drill holes are
made into vertebral bodies, angling across and
slightly ventral. The drilling angle is approximately
45° to the horizontal plane of the vertebral bodies.
The drill hole in the opposite cortex should be lo-
cated ventral to the transverse process. The most
caudal hole is drilled first, and the screw is inserted
in the standard manner. The most cranial hole is
then drilled and the screw inserted, and the
remaining holes drilled and the screws inserted
(Figs. 4.116, 4.121b).

Interfragmentary fixation of vertebral body frag-
ments with small lag screws or small pins can be
used to effect anatomical repair. This technique is
especially helpful in treatment of vertebral body
fractures and is often used in conjunction with ver-
tebral body plating (Fig. 4.117).

When adjacent thoracic vertebral bodies are
plated, it is often necessary to expose and disar-
ticulate the rib at the junction with the vertebral
body. The vertebral body is then smoothed by
removing protruding bone with a rongeur. This
provides a smooth surface upon which the plate can
be placed. After the bone plate has been positioned
and attached, the rib heads are elevated to their
normal position and held in place by passing ortho-
pedic wire through a hole in the rib head and under
the plate, prior to final tightening of the screws
(Fig. 4.118).

Vertebral body plating can be used in conjunc-
tion with other spinal fixation devices, where added
stability is needed. The thoracolumbar spine has a
dorsal curvature, which in effect creates a tension
side (dorsal) and a compression side (ventral)
(Fig. 4.119). Therefore, when a vertebral body plate
is applied to the ventral (compression) aspect, the
force upon it can be lessened considerably by appli-
cation of a fixation device to the dorsal (tension)
aspect of the vertebrae. Fixation of adjacent dorsal
spinous processes acts to neutralize the tension
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forces on the vertebral body. Stabilization of the
dorsal spinous processes can be accomplished using
metal spinal plates or plastic spinal plates. The
plates should span two vertebrae cranial and caudal
to the point of injury.

Plastic spinal plates utilize a sandwiching tech-
nique, affixing spinous processes by bolts through
the interspaces between the processes. The entire
apparatus is secured by a washer and nut on the
screws. The use of two plates, applied to the dorsal
spinal processes in conjunction with vertebral body
plating, provides a very stable fixation (Fig. 4.120).
Incompatibility of implant materials has not been a
problem when using this technique for spinal fixa-
tion. Closure should include suturing of the lumbo-
dorsal fibrous tunic, fascia, and skin.

4.10.4.1 Pins and Methyl Methacrylate

Multiples vertebral body pins, which are anchored
in bone cement, provide a means of stabilizing frac-
tures and luxations at any level of the spinal
column. In the thoracic and lumbar regions, a dor-
sal approach is used to give bilateral exposure of the
articular facets and transverse processes. At least
two nonthreaded pins are inserted into the verte-
bral bodies on either side of the fracture or luxation
(Fig.4.122a,b). The pins should penetrate two cor-
tices, and the ends of the pins should be notched or
bent to give good fixation in the bone cement. The
fracture/luxation is reduced and a cylinder of bone
cement is prepared; this is molded to the articular
facets and the protruding ends of the pins. As a
considerable amount of heat is generated as the
bone cement sets, the cord and surrounding tissues
should be irrigated with lactated Ringer’s solution
to prevent thermal damage and necrosis. Implant
failure may result if an attempt is made to span too
large an area with bone cement.

4.10.4.2 Pins and Wire

Midlumbar and caudal lumbar fractures/luxations
can be stabilized using multiple pins wired to the
articular facets and/or dorsal spinous processes.
For optimal stability and prevention of pin migra-
tion, the caudal ends of the pins should be bent and
anchored in the wings of the ilia (Fig. 4.123c).

4,10.5 Lumbosacral Fractures and Luxations

In the lumbosacral region, the diameter of the neu-
ral canal is large relative to its content, the cauda
equina. Considerable displacement of fracture/
luxations of the caudal three lumbar vertebrae can
be tolerated, without necessarily causing perma-
nent neurological dysfunction. Laminectomy is
often unnecessary. The pin and wire method of fix-
ation (Fig.4.125a,b) is the most useful method of
treating fracture luxations in this region. Lag screw
fixation of the articular facets is also useful in ob-
lique fractures of the vertebral body of L6 or L7
associated with luxation of the caudal articular
facets of the vertebra. Reduction of the articular
facets gives simultaneous reduction of the vertebral
body fracture. Fixation is achieved by lag screw fix-
ation of the articular facets (Fig.4.125a). The area
should be protected by external splintage for
2-3 weeks following the operation. In fracture luxa-
tions of L7/S1, reduction of the articular facets of L7
can be maintained by a transilial pin (Fig.4.125b)
as an alternative to lag screw fixation.

4.10.6 Cervical Fractures and Luxations

The most common site of cervical fracture is C2.
Considerable displacement may be noted without
severe motor dysfunction, particularly if one of the
cranial cervical vertebrae is involved. On
admission, the main sign is cervical pain; the prog-
nosis for dogs in this category is good, and most go
on to recover with nonsurgical treatment. Animals
with nondisplaced fractures are either given cage
rest for 4-8 weeks or have their neck immobilized
in a reinforced splint or cast for the same amount of
time.

Displaced cervical fractures, particularly those
associated with motor dysfunction, tend to be
managed surgically. Fractures of C2 usually involve
the dens and may result in atlantoaxial subluxation.
The subluxation is stabilized by lag screw fixation of
the articular facets. In fractures which involve the
vertebral body, the ventral approach is the easiest.
The use of pins and bone cement is the most versa-
tile method of stabilizing the fracture. Ventral
application of a plate to the vertebral body can also
be used, but implant loosening is a frequent com-
plication.

4.10.7 Postoperative Management

Much of the care needed postoperatively depends
upon the neurological status of the patient. Ability
to ambulate, urinary and bowel continence, and
freedom from decubital ulceration are of primary
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concern. In general, postoperative care should take
into account the following considerations:

1. A body bandage should be worn around the
trunk for 14 days.

2. If the animal is not ambulatory, it should be bed-
ded on a soft, absorbent material. Frequent turn-
ing helps prevent decubital ulceration.

3. If the animal is ambulatory, it should be en-
couraged to walk, but activity should be restrict-
ed to a controlled environment for 8-12 weeks.

4. The urinary bladder should be emptied four
times a day if the patient is not continent. Pro-
phylactic antibiotic therapy helps prevent uri-
nary infection.

5. A program of physical therapy is essential to
rehabilitation. Outpatient care, when possible, is
preferred.

6. In general, plates and screws used for spinal fixa-
tion are not removed. Indications for removal
are loosening of screws, pain, infection, and
unfavorable patient reaction to the surgical
implant.

4.11 Immature Animals

Animals with open growth plates are defined as
immature. According to their breed they can be up
to 5-11 months of age (see Appendix). As the bones
are still growing their structure differs from the
bones of adult animals; they contain more collagen
fibers, less calcium apatite, and a more extensive
blood supply. Cartilaginous growth plates are also
evident in all long bones. These factors influence
the fracture type and the bone healing pattern.
Accordingly, this chapter refers to the special fea-
tures of growing bones, their clinical significance,
and their treatment. In most cases the healing pat-
terns differ from fractures of the same location in
adult animals. In young growing bones the follow-
ing special features are of clinical significance:

1. Young bones withstand greater deformation
without fracturing because they are more resil-
ient. Greenstick and fissure-type fractures are
relatively common.

2. The periosteum is vascular, thick, and loosely
attached; therefore, it easily strips when sub-
jected to trauma. A subperiosteal hematoma
develops and induces bone formation, gradually
disappearing during the healing stages of reor-
ganization and remodeling.

3. In displaced articular fractures, early anatomical
reduction and fixation are essential in order to
eliminate or minimize alterations in growth and
incongruencies of the joint surface.
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4. Fracture or trauma of the growth plate area may
arrest or alter growth in that area. The amount of
shortening, and/or deformity is proportional to
the trauma pattern and the growth potential
remaining at the time of injury.

5. Healing is rapid, and although the healing callus
may be abundant, remodeling is active and fail-
ure to unite is rare.

4.11.1 Diaphyseal Fractures with Minimal
Displacement

Fractures with minimal displacement respond very
satisfactorily to closed reduction and conservative
treatment. In young growing animals the thick
periosteal sleeve helps to prevent displacement of
fracture fragments. Thus, conservative treatment is
often acceptable. Where feasible, external immobi-
lization is the preferred method of treatment. How-
ever, fractures of the humerus and femur are not
readily immobilized by external methods, and
internal fixation affords earlier return of normal
function and provides greater stabilization. Shaft
fractures in growing animals heal quite rapidly in
most cases, with minimal shortening and angula-
tion. However, there is a danger of rotation, a factor
which needs to be considered in reduction and fixa-
tion. Small deviations of the axis will be corrected
by nature if the remaining growing period is long
enough. Also it must be understood that limb
splintage, during conservative treatment, should
not last longer than 8-10 days in very young ani-
mals and not longer than 3 weeks in animals in
which physeal closure will occur within the next
few months. Moreover, limb joints must be fixed in
the normal standing position and should never be
hyperextended; otherwise fracture disease will
occur.

4.11.2 Open Reduction and Internal Fixation
in the Young Dog

Primary indications for open reduction and inter-
nal fixation are: (a) rotational deformity or exces-
sive shortening, (b) fractures resulting in incon-
gruency of the articular surface, (c) fractures or
trauma affecting the growth plate, and (d) anatom-
ical reasons.

The principles to be observed in handling the deli-
cate young tissues are:

1. Tissues should be handled gently in approach
and reduction.

2. Early reduction should be carried out - each day
of procrastination adds to the difficulty of han-
dling tissues without using excess force. Callus is
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formed very early in the young animal, obscur-
ing neurovascular structures and making reduc-
tion difficult.

3. Fixation implants must be minimal in size. If the
physis is crossed the use of nonthreaded Kirsch-
ner wires or Steinmann pins at right angles has
little or no detrimental influence on future bone
growth.

4. Healing is rapid and the period of immobiliza-
tion is thus reduced correspondingly.

5. In most cases implants should be removed at
clinical union.

4.11.3 Diaphyseal Fractures Resulting in
Rotational Deformity or Excessive
Shortening

The suggested methods for fixation of shaft frac-
tures are: (a) plate, (b) external fixator, and (c)
intramedullary pins.

Fig. 4.126. a Doberman pinscher, 11 weeks of age; spiral frac-
ture with marked shortening and rotation. b Fixation with a
lag screw and 3.5-mm bone plate. ¢ Clinical union with sub-

4.11.3.1 Plates

If plates are used in the young growing animal, they
should be minimal in size and removed early (after
approximately 4 weeks for the animal 3 months of
age or under). Plates should never cross a physis
(Fig. 4.126).

The most common type of fracture in the femur
and the tibia is long and oblique. The humerus and
antebrachium transverse and short oblique frac-
tures are the most common type seen. Multifrag-
ment fractures are rare and should be treated
according to the rules of biological fracture treat-
ment. The basic rule in such treatment is to avoid
any disturbance of the fracture area during reduc-
tion and fixation in order to protect residual vascu-
larity. During fragment reduction it is necessary to
apply traction to reestablish the anatomical position
of both of the main fragments in order to regain nor-
mal bone length and to avoid rotational malalign-

periosteal callus at 4 weeks. The fracture line had totally dis-
appeared. The plate was removed at this time
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ment. The intervening fragments are not touched;
normally they are brought into nearly anatomic
position by traction on the soft tissues during
reduction of the main fragments.

Both of the main fragments are then fixed in
their anatomic position by a rigid bridging plate or
with an external fixator, and the animal is kept in
restricted motion for about 4 weeks.

In small and medium sized dogs and cats the use
of a VCP (Veterinary Cuttable Plate) is strongly rec-
ommended (see Appendix).

4.11.3.2 External Fixator

In most cases, skeletal fixation can be applied with-
out an open approach, but an open approach is not
contraindicated. The modified procedure using one
connecting bar is followed in the application of fix-
ation (Fig. 4.127).

4.11.3.3 Intramedullary Pins

In the-very young animal, cancellous bone is pres-
ent in a greater percentage of the marrow cavity
than in the adult, so that a smaller-diameter intra-
medullary pin can be used to gain an equivalent fix-
ation (Fig. 4.128) or two pins of a smaller diameter,
which give more rotational stability and allow pro-
truding ends to be bent. Lag screws may be used for
supplemental fixation, but cerclage wires are usu-
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ally avoided due to the ensuing growth in diameter
and their tendency to become loose and interfere
with healing. The use of an external fixator, for
additional support, is acceptable when indicated.

4.11.4 Pelvic Fractures

Pelvic fractures occasionally occur in young ani-
mals. In most cases the ileum or the physis of the
acetabulum is involved. Repair is carried out with a
plate as described in Section 4.4.

4.11.5 Growth Plate Separations or Fracture
Separations

From the standpoint of location and function,
associated growth plate injury may be classified as
follows:

1. Traction epiphysis is located at the site of origin
or insertion of major muscles or muscle groups
and, due to the anchor of strong fibrous tissue
distal to the physis, it is subjected to more pres-
sure than traction, e.g., tibial tuberosity, greater
trochanter. Injury to a traction epiphysis does
not significantly alter future growth (Fig. 4.129).

2. Pressure epiphysis is situated at the end of a long
bone and is subjected to pressure transmitted
through the joint into which it enters. Injury
usually results in abnormal future growth
(Fig. 4.130).

Fig. 4.127. a Comminuted open fracture of the tibia of a dog at 9 weeks of age. b Reduction and fixation using a lag screw and
external fixator. ¢ Clinical union after 2 weeks. Fixation was removed at this time
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Fig. 4.128. a An unstable oblique fracture in a dog 7 weeks of ~ avoid soft tissue trauma and then buried under the skin. Two
age. b An open approach was carried out to accomplish  weeks after treatment clinical union occurred and the pins
reduction and fixation using two intramedullary pins (small ~ were removed. ¢ Four months after the operation the fracture
diameter) for better rotational stability. The proximal ends of =~ area was remodeled

the pins may, if preferred, be bent over in order to

Fig. 4.129. a Type I avulsion separation of tibial tubercle.  lel Kirschner wires is sufficient. ¢ In heavyweight dogs, just
Since it is the insertion of the powerful group of quadriceps  before physeal closure a tension band wire fixation is neces-
muscles, reduction and fixation must be carried out immedi- sary, but it should be removed at the time of clinical union.
ately. b In the young growing animal, fixation with two paral-  An immobilization bandage is to be indicated for 2 weeks
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Fig. 4.130a-f. Examples of physeal injuries. a Type 1. b Type IL ¢ Type III. d Type IV. e Type V. f Growth alteration at 1 month
posttrauma. (Classified after Salter and Harris)
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Separations or fracture-separations of the physis
from the metaphysis are relatively common in the
immature animal. This can be accounted for by the
fact that the ligaments and joint capsule linking two
adjacent bones are several times stronger than the
growth plate attachment between the epiphysis and
metaphysis.

4.11.5.1 Classification of Separations or Fracture-
Separations Involving the Physis

The classification of these separations or fracture-
separations is based on their pathoanatomy and
prognosis (Table 4.2, Fig. 4.130).

4.11.5.2 Treatment of Separations or Fracture-
Separations Involving the Growth Plate

Open reduction and rigid internal fixation of frac-
tures involving the joints is mandatory in order to
obtain and maintain a congruent articular surface.
The severity of these manifestations is proportional
to: (a) the degree and pattern of injury, (b) the
growth potential remaining at the time of injury,
and (c) the particular growth plates affected. The
decision to operate on the various separations or
fracture-separations involving the articular sur-
faces must be made early, as growth and remodel-
ing changes take place very rapidly. The open
approach to expose the various areas is usually the
same as for the adult animal except that the expo-

sure should be kept to a minimum. Nonthreaded
Kirschner wire transfixation is an excellent means
of internal fixation and can be used safely, but these
wires should be removed at clinical union, which is
usually 2-4 weeks later.

Lag screw fixation can be used if more purchase
is indicated, but should not cross the growth plate).
Incomplete fracture between the two condyles must
also be repaired with a lag screw; otherwise the
fracture gap remains (Figs. 4.131-4.143).

Table 4.2. Classification of fractures involving the physis
according to Salter and Harris

Fig. 4.131. a Collie, 3 months old, 8-kg bodyweight, with a
short oblique tibial shaft fracture. b Fixation with two 2.0/2.7
VCP, fully sandwiched (1/1 sandwich), using 2.7-mm screws.
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Fig. 4.131.c At 8 weeks healing had occurred and the
plate was removed

Fig. 4.132. a Yorkshire terrier,

7'/2 months of age, comminuted femur
fracture. b Fixation with a 2.0/2.7 VCP
sandwiched with a 1.5/2.0 VCP at two
thirds of length (2/3 sandwich 2.0/
2.7-1.5/2.0 VCP) as a buttress plate fol-
lowing the rules of biclogical fracture
treatment. For plate fixation, 2.0-mm
screws are used. To compress fissures in
the proximal and distal fragment,
1.5mm lag-screws are used. ¢ Clinical
union after 6 months, when the implants
were removed
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Fig. 4.133a-d. Examples and suggested methods of internal
fixation for some of the commonly encountered fracture-
separations of the femur. a Type I separation of proximal
femoral epiphysis. b Fixation using multiple smooth Kirsch-
ner wires. ¢ Type I separation of greater trochanter with dis-
location of femoral head. d After reduction of the femoral

head, the greater trochanter is fixed in place using two
Kirschner wires. In heavy dogs an additional tension band
wire fixation may be necessary close to the physeal closure.
Postoperative excessive loading of the limb has to be avoided
by marked restriction of activity for 3-4 weeks

217



218

Fig. 4.134. a Type I separation of distal femoral epiphysis.
b Two Kirschner wires are inserted retrograde, entering the
distal end of the proximal segment, one near the caudomedial
border and one near the caudolateral border. ¢ Small-
diameter wires were used so that they could bend according

4 Internal Fixation of Fresh Fractures

the curvature of the bone when inserted retrogradely. d The
fracture is then reduced and the leg is held in marked exten-
sion of the stifle joint (this compresses the fracture gap and
maintains reduction during insertion of the pins).
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Fig. 4.134. e, f The pin chuck is fixed to the proximal end of
the wire at a distance from the skin (1') equal to the thickness
of the epiphysis (1") and the pins are inserted. Their points
should just touch the subchondral bone. Two pins will com-
bat rotation, and the combination of weight-bearing and
muscle traction will compress the fracture line

4.11.6 Trauma Affecting the Growth Plate

Developmental deformities following arrested or
altered bone growth are manifested by shortening,
incongruency of the articular surfaces when paired
bones are involved, angular deformity, or any com-
bination of these. Indications for treatment are as
follows:

1. Angular deformity of the lower extremity in the
nearly mature or mature animal. Corrective os-
teotomy is usually indicated (see Chap. 6).

2. Premature closure of the distal or proximal
radial physis (short radius syndrome). Osteo-
tomy of the radius and lengthening to restore
congruency of the elbow joint is required. It is
preferable to use a lengthening apparatus. In
animals over 5!/2 months of age, one lengthen-
ing procedure will usually be sufficient. Those
under this age may need a repeat procedure in
6-8 weeks to restore length and congruency
again.

3. Premature closure of the distal ulnar physis.
Growth cessation (short ulna syndrome) of the
ulna has a bowstring effect on the radius, result-
ing in valgus deformity and outward rotation of
the foot, and incongruency of the elbow joint.
Removal of a 2- to 4-cm section of the distal ulna
is necessary to remove the bowstring effect. To
prevent early union of the ostectomy, the perios-
teum is stripped from the ostectomy area and
either sutured over the bone segments or com-
pletely resected. Corrective osteotomy of the
radius is usually carried out at the same time. An
external fixator or a bone plate is used for the
fixation of the radius (see Chap. 6).

4. Partial or complete premature closure of the dis-
tal radial and ulnar physis. Corrective osteotomy
to restore congruency to the elbow joint and to
realign the foot are the objectives. Treatment
varies with individual cases. Since the trauma-
tized leg is already shorter than the opposite leg,
the surgical procedure should include lengthen-
ing or at least avoid further shortening.
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Fig. 4.135. a Type III fracture of the distal femoral epiphysis. ~ using two intramedullary pins. Supportive external immobi-
b Both condyles are first reduced and then fixed with a trans-  lization is indicated for the first 10-14 days in most cases
condylar lag screw. ¢, d The condyles are attached to the shaft

Fig. 4.136a,b. Examples and suggested methods of internal  Fig. 4.137. a Fracture-separation of distal tibial epiphysis and

fixation for some of the commonly encountered fracture-  fracture of fibula. b Fixation by two obliquely inserted
separations of the tibia. a Type I separation of proximal tibial = Kirschner wires. The leg is also immobilized for about 2
epiphysis. b Fixation with three Kirschner wires. Limb immo-  weeks

bilization by bandage is usually indicated for 1-2 weeks
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Fig. 4.138a,b. Examples and suggested
methods of internal fixation for some of
the commonly encountered fracture-
separations of the humerus. a Type I sep-
aration of the proximal humeral epiphy-
sis. b Fixation by inserting two pins into
the ridge of the greater tubercle

Fig. 4.139. a Type II fracture-separation of
proximal humeral epiphysis. b Fixation by
inserting two pins into the ridge of the
greater tubercle. Activity should be
restricted for 10-14 days

221



222

Fig. 4.140. a Type III (T type) fracture-separation of condyle
of the humerus. b Fixation with a transcondylar lag screw, an
intramedullary pin inserted into the medial portion of the
condyle, and with a diagonal pin through the lateral portion
of the condyle and shaft. A washer is fitted under the screw
head to prevent the head from sinking into the soft bone. The
screw size must be selected according to the size of the frag-
ments; an oversized screw must be avoided. The screw is
removed at the time of clinical union if the animal is under
4-5 months of age. The technique is the same as described
for the adult animal (see Sect. 4.2.3)

Fig. 4.141. a Type III (T type) fracture-separation of distal
humeral condyle. b Fixation using a transcondylar lag screw
and one or two Kirschner wires on both sides to fix the distal
fragments to the shaft. In larger animals and those approach-
ing maturity, the condyle is attached to the shaft by means of
a plate

4 Internal Fixation of Fresh Fractures

Fig. 4.142a,b. Examples and suggested methods of fixation
for some of the fracture-separations involving the radius and
ulna. a Type I separation of proximal radial epiphysis. b After
reduction, stabilization is accomplished by inserting two or
three Kirschner wires
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Fig. 4.143. a Type I separation of the distal radial epiphysis
and fractured ulna. b In most cases these are reduced closed.
They are stable and lend themselves to stabilization using a
coaptation splint or cast. Most cases heal in 3-4 weeks. If
unstable, they are pinned as in Fig.1.133
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5 Delayed Union and Nonunion

No surgeon embarks on an operation to repair a
fracture expecting it to fail. However, despite this
optimistic approach, fracture repairs may have
some form of complication, with the incidence of
delayed union and nonunion of fractures being
approximately 4 %.

5.1 Delayed Union

A delayed union is defined as a fracture which has
failed to heal within an anticipated period. The nor-
mal time it takes for a fracture to heal will naturally
vary for any given bone, type of fracture, fracture
location, age of the animal, and type of fixation. Shaft
fractures, where the bone is primarily cortical with a
minimal loss of bone substance and no complica-
tions, should heal in the times given in Table 5.1.
Fractures rigidly stabilized by a plate and screws
may take longer to reach clinical union than those
stabilized with less rigid methods. Direct cortical
union, commonly observed with plate stabilization,
is not supported by periosteal callus, but this does
not inhibit function. The time it takes to achieve
clinical union may be increased in the face of exten-
sive comminution and/or bone loss or other com-
plications such as infection. Metaphyseal and epi-
physeal fractures unite more rapidly than cortical
fractures because of the more abundant vascular
supply to the cancellous bone. Serial radiographs
are helpful in evaluating fracture union (Fig. 5.1).

5.1.1 Causes

The main causes of delayed union are:

1. Inadequate or inappropriate stabilization, usu-
ally as a result of a technical failure or inadequate
preoperative and/or operative evaluation

2. A gap between the fragments due to bone loss,
distraction, malpositioning, or soft tissue inter-
position

3. Vascular damage from the original trauma and/
or surgery

4. Infection

5. Systemic or local tissue disease

Table 5.1. Times taken to reach clinical union

5.1.2 Diagnosis

In many cases, the distinction between a delayed
union and a nonunion is a matter of judgement.
The time period since the fracture was repaired has
to be considered against the clinical evaluation of
the patient and the radiographic appearance of the
fracture. Typically, a radiograph of a delayed union
shows a persistent fracture line, evidence of non-
bridging and sometimes profuse periosteal callus,
an open marrow cavity, and no significant sclerosis.

5.1.3 Treatment

Appropriate treatment of a delayed union is deter-
mined by first identifying the underlying cause or
causes. In many cases, this consists of continued
and increased stabilization, combined with restric-
tion of the animal’s activity, until union occurs
(Fig.5.1a-e). Fractures initially immobilized by
limb splintage may need rigid internal stabilization.
Inadequate intramedullary fixation may require
additional skeletal support with an external fixator
or replacing a pin with plate and screws. Loose
cerclage wires will need removal and replacement
with tight loops or an alternative method, such as
lag screw fixation.

When a delayed union is evident in fractures sta-
bilized by a plate and screws, it is possible that the
implants may have loosened, permitting movement
at the fracture site. Loose screws may need to be
replaced either by a larger size or redirected for bet-
ter holding. The plate may have to be replaced by a
longer one to regain rigid stabilization. In addition,
cancellous bone grafts are indicated if there is an
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insufficient buttress of cortical bone opposite the
plate or necrosis of bone fragments. Delayed unions
of periarticular and intra-articular fractures usually
require additional internal fixation to achieve rigid
stability of the fracture. Joint motion may promote
loosening of the inadequately secured implants.

5.2 Nonunion

A nonunion fracture is defined as a fracture which
has failed to heal and the process fracture healing

5 Delayed Union and Nonunion

has ceased. The fracture gap is filled with fibrocar-
tilaginous tissue or a false joint (pseudarthrosis).
Operative intervention is necessary to promote
fracture union. Prevention of nonunion is often
possible if the surgeon recognizes, at an earlier
stage, that delay in union is taking place and thus
implements steps to assist healing of the fracture
(see Sect.5.2.5).

An expected timetable for bone-healing in small
animals is given in Table5.1. Differentiation of a
delayed union from a nonunion is based not only
on time, but more specifically on serial radio-



5.2 Nonunion

Fig. 5.2a-c. Biologically active non-
unions. a Hypertrophic callus.
b Minimal callus. ¢ No visible callus

graphs. Except in young, growing dogs, it is
unusual to diagnose a nonunion before 2 months
after fracture. Nonunions occur less frequently in
cats than in dogs.

5.2.1 Classification

A simple classification based on four factors is pre-
ferred:

1. Fracture site

2. Displacement of fragments

3. Presence or absence of infection
4. Biological activity

Fig. 5.3a—-d. Biologically
inactive nonuions.

a Dystrophic. b Necrotic.
¢ Defect. d Atrophic

Although the fracture site (whether diaphyseal,
metaphyseal, or epiphyseal) and the position of the
fragments (whether displaced or in alignment) is of
practical importance, the presence or absence of
infection and the biological activity of the fracture,
based on viability and osteogenic potential (which
relates directly to the vascularity), is of greater clin-
ical importance. _

Weber and Cech (1976) classified nonunions as
biologically active, with good vascularity and vary-
ing degrees of callus formation, or as nonviable and
inactive, with little or without callus formation and
inadequate vascularity. These two groups can be
further subdivided based on the radiographic find-
ings (Figs.5.2, 5.3).
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5.2.1.1 Biologically Active Nonunions

Viable nonunions are typified by an abundant, well-
vascularized callus, with fibrocartilage in the frac-
ture gap (Fig. 5.2). In most cases, the cause is failure
to achieve adequate reduction and stability of the
fracture, which results in excessive motion between
the fragments (Fig. 5.4). This form of nonunion has
a much better prognosis than the nonviable type
and usually responds well to stabilization of the
fracture, particularly if the fragments can be com-
pressed.
Three subtypes are described:

1. Hypertrophic callus. Hypertrophic callus non-
union is typified by an abundance of well-
vascularized wide callus with fibrocartilage in
the fracture gap. This response is usually associ-
ated with insufficient stabilization and is typic-
ally seen when an intramedullary pin is used as
the sole method of fixation of a rotationally
unstable fracture (Fig. 5.5).

2. Slightly hypertrophic callus. This type of non-
union is characterized by a “narrow” callus and
is a variation of the previous type. It is usually
associated with continued slight motion at the
fracture site following inadequate internal fixa-
tion with a plate and screws.

Fig. 5.4a,b. Biologically active nonunion. Three-year-old Aus-
tralian Kelpie with a nonunion of the midshaft of the radius
and ulna. The limb had been cast for 2 months and then the
dog confined for a further month. a Lateral and b craniocau-
dal views of the fracture. There is a false joint present and
evidence of periosteal callus formation
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3. Oligotrophic callus. These nonunions have no
evidence of callus and can easily be mistaken for
the biologically inactive nonunion. They may be
associated with gross displacement of the frac-
ture fragments. The ends of the fragments may
take on a rounded and demineralized appear-
ance (Fig.5.6). The viability can be verified
either by techniques designed to appraise the
regional blood supply or by the clinical response
to reduction and stabilization of the fracture.
This type of nonunion may be encountered with
untreated avulsion fractures.

5.2.1.2 Biologically Inactive Nonunions

Nonviable nonunions are typified by an absence of
callus, lack of blood supply, necrotic bone frag-
ments, and bone atrophy (Fig. 5.3). The bone ends
may have a rounded, osteoporotic appearance with
a sealed medullary canal. Four subgroups are
recognized, and they all have a poor potential for
healing. The incidence of nonviable nonunion is
much lower than that of the biologically active type.
Four subtypes have been described:

1. Dystrophic nonunion. This type is associated
with comminuted fractures in which an inter-
mediate fragment is poorly vascularized and

Fig. 5.5. Biologically active nonunion, hypertrophic callus.
Two-year-old Bull Terrier with nonunion of a short oblique
midshaft humeral fracture 3 months after treatment with an
intramedullary pin and cerclage wire. This combination of
implants is inadequate to neutralize the rotational forces
present at the fracture site
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necrotic. This interferes with callus formation 2. Necrotic nonunion. This type is associated with
and fracture repair (Fig.5.7). comminuted and/or infected fractures where
there is extensive loss of vascularity to the frag-
ments. Serial radiographs reveal that the frag-
ments are not taking part in the healing process.
3. Defect nonunion. In this type, bone loss due to
the injury, surgical intervention, or infection has
resulted in a large defect, which is filled with
inactive soft tissue (Fig.5.8).

Fig. 5.6. Biologically active nonunion, oligotrophic callus.

Two-year-old Poodle with a nonunion of the distal shaft of

the radius and ulna after the fracture was immobilized in a

cast for 12 months. This fracture appears radiographically to

be very similar to an atrophic nonunion, but in fact the frac-  Fig. 5.8. Biologically inactive nonunion, defect type. Ten-
ture healed 2months after internal reduction, cancellous  year-old Poodle with a 4-year history of nonunion of the olec-
bone grafting, and external fixation with a type-2 external  ranon. There is not any evidence of union despite bone grafts
fixator and repeated attempts at internal fixation

Fig. 5.7a,b. Biologically inactive non-
unions, dystrophic type. Two-year-old
male cat with a highly comminuted frac-
ture of the humeral shaft which was
treated by closed reduction and stabiliza-
tion with a type-1 external fixator. a Pre-
operative appearance. b Three months
later following loosening of the fixator.
The distal fragments have united, but
there is an inactive nonunion at the proxi-
mal end of the shaft fracture
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Fig. 5.9. Biologically inactive nonunion, atrophic type. Two-
year-old Poodle with a fracture of the distal radius and ulna
following a fall. Nonunion is present despite repeated
attempts at stabilization with pins and a cast. These fractures
are better treated by internal fixation with small plates and
screws from the outset

4. Atrophic nonunion. The bone ends are atrophied,
rounded, and sealed, and the surrounding bone
is osteoporotic. This type of nonunion occurs
most frequently in fractures of the extremities of
adult toy breeds of dog, particularly fractures of
the distal radius and ulna that have been treated
with a cast (Fig.5.9). These cases require both
stabilization and bone grafting to reactivate the
healing process.

5.2.2 Causes

There are many causes of nonunions, and some-
times more than one cause may exist in one patient,
e.g., technical failure and osteomyelitis:

1. Inadequate stabilization allowing motion at the
fracture site is the most frequent cause. It is usu-
ally the result of some form of technical failure,
which includes inadequate preoperative or oper-
ative evaluation of the fracture, choosing an
inappropriate method of fracture stabilization,
poor application of an appropriate method, and
premature removal of the implants (Figs.5.9,
5.10).

2. There may be a gap between the fragments
because of bone loss due to trauma, intraopera-
tive removal of one or more bone fragments, dis-

5 Delayed Union and Nonunion

Fig. 5.10. Technical failure as cause of nonunion. Four-year-
old Irish Setter with a midshaft transverse fracture of the
femur 3 months after treatment with a single large-diameter
intramedullary pin. The wrong method of fixation was
selected in this case; the pin does nothing to prevent rota-
tional forces at the fracture site

traction by muscular forces or implants, mal-
positioning, or soft tissue interposition. This gap
allows for fibrous and/or cartilaginous ingrowth
rather than bone formation (Fig. 5.8).

3. Loss of blood supply to bone may result from the
trauma of a high-velocity impact or from intra-
operative trauma. This includes excessive perios-
teal stripping, damage to the nutrient vessels,
and comminution or crushing of bone and soft
tissue (Fig.5.11).

4. Infection results in lowered local pH, which
alters the local calcium homeostasis. In addition,
infarction of the local blood supply leads to dead
and sclerotic bone at the fracture site. Devital-
ized and infected cortical fragments may
sequestrate. However, fractures will heal in the
presence of infection, provided the fixation
remains stable. Implants tend to loosen more
readily in infected bone. Motion appears to be
the common denominator in perpetuating both
nonunion and infection (Fig. 5.12).

5. Predisposing factors which may contribute to the
development of nonunions include old age, corti-
costeroid or anticoagulant therapy, radiation
treatment, burns, and cachexia.

Nonunions are best avoided by providing the opti-
mum conditions for fracture healing from the out-
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Fig. 5.11. Loss of blood supply as cause of nonunion. Three-
year-old Labrador that sustained a midshaft fracture of the
radius and ulna after being shot with a .22-caliber bullet. The
fracture has been stabilized with a bone plate and screws. The
fracture has failed to unite due to loss of blood supply, caused
by the combination of operative interference and damage to
the soft tissues by the impact of the bullet

set and taking early action if a delayed union is
apparent.

5.2.3 Clinical Diagnosis

The diagnosis of a nonunion is based on an evalu-
ation of the history, the clinical signs, and the radio-
graphs. Repeated examinations may be needed to
determine whether the process of fracture healing is
progressing normally. Enlargement of the fracture
area, pain on palpation of the fracture site, and
lameness are the main clinical findings. However, the
amount of pain and lameness varies considerably
between individuals and is not a reliable guideline.
Pronounced disuse of the limb will result in muscle
atrophy, joint stiffness, and osteoporosis. Deformity
of the limb is associated with hypertrophic callus
formation and/or malalignment of the fragments.
These changes are manifestations of fracture disease.

Instability at the fracture site is a clear indication
of nonunion, but the amount and type of instability
(e.g., angular or rotational) may be quite subtle and
difficult to detect, especially if the fracture is adja-
cent to a joint. Stressed radiographs can be helpful
in evaluating subtle degrees of instability.

Fig. 5.12. Infection as cause of nonunion. One-year-old
Poodle with a comminuted midshaft femoral fracture,
5months following treatment by repeated attempts at intra-
medullary pin fixation and cerclage wiring. The pin pene-
trated the cranial cortex of the femur and entered the stifle
joint. Pus was pouring from the wound and dead bone was
present at the fracture site. A resistant Escherichia coli was
cultured from the fracture. The nonunion is the result of
infection and technical failure

5.2.4 Radiographic Diagnosis

Signs vary according to the type of nonunion, as
noted above (see Sect.5.2.1). Sclerosis at the frac-
ture site with a gap between the fragments, a sealed
marrow cavity, and smooth fracture surfaces may
be evident, with demineralization and/or atrophy of
bone distal to the fracture. Osteomedullography
can be used to differentiate between a delayed
union and a nonunion. Under general anesthesia
and using an aseptic technique, a small amount
(3-5ml) of iodized contrast is injected into the
medullary canal of the distal fragment using a bone
marrow biopsy needle. Pressure is applied to the
surrounding soft tissues to prevent leakage. In nor-
mal fracture repair, the contrast will flow across the
fracture gap after about 3 weeks; failure of the con-
trast to flow indicates that a nonunion exists.

5.2.5 Treatment

If possible, it is important to identify the cause of
nonunion so that the correct treatment can be
implemented. In many cases, treatment involves
compression of the nonunion to achieve rigid stabi-
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lization. The fracture gap is reduced and the stabil-
ity of the fracture enables the patient to move the
limb and to bear weight with minimal discomfort,
thus preventing further muscle atrophy, fibrosis,
and joint stiffness, while at the same time stimulat-
ing the circulation.

Under the influence of compression and stability,
vascular pseudarthrotic fibrous tissue and cartilage
will be replaced by bone. In these circumstances, it
is not necessary to remove the interposed tissue,
unless it is interfering with realignment of the frac-
ture fragments. Nondisplaced nonunions should
therefore be compressed and fixed in situ with as
little bone exposure and disturbance to the blood
supply as possible. Normally, only the callus which
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interferes with the application of the plate is
removed; the rest is left, as it will heal and remodel
once effective stabilization is provided. Resected
callus can be retained and used as a bone graft
(Fig. 5.13).

In displaced nonunions, the pseudarthrotic tis-
sue is excised, partially or totally, to achieve reduc-
tion (Fig. 5.14). The medullary canal is opened and
the fragment ends are cut, if possible, in a stepwise
fashion to convert shear forces into axial compres-
sion. Stabilization will promote union even in the
presence of infection. Cancellous bone grafts are
always used when there is a defect and biologically
inactive and nonviable bone.

Fig. 5.13a-d. 1'/2-year-old Bri-
ard with a nonunion of a mid-
shaft femoral fracture. a Three
months after internal fixation
with an intramedullary pin
and a single cerclage wire. b
Immediately following implant
removal and stabilization with
compression using a 3.5-mm
broad dynamic compression
plate (DCP). Only the perios-
teal callus necessary to insert
the plate was removed. Despite
the fact that the fracture was
compressed, a large gap was
apparent on the radiograph. ¢
Three months later, the frac-
ture had healed and the peri-
osteal callus appeared less
active. d Four months after
surgery, the implants were
removed
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Fig. 5.14a-c. Two-year-old Rhodesian
Ridgeback with a displaced midshaft
nonunion of the radius and ulna. a Three
months after treatment with a cast.

b Immediately following open reduction,
partial resection of the pseudoarthrosis,
and stabilization with compression using
a 3.5-mm broad dynamic compression
plate (DCP). Callus has been used as a
bone graft in the radius. ¢ Six months
later, the fracture has united and remod-
eled. A synostosis is present between the
radius and ulna

5.2.5.1 Diaphyseal (Noninfected) Nonunions

Treatment of nondisplaced nonunions with a com-
pression plate is preferable to other methods
because of the greater stability achieved (Figs. 5.13,
5.14). Standard surgical approaches are utilized to
expose the nonunion. All previously placed
implants that are unstable are removed, and only
the bone surface where the plate is to be placed is
exposed. Compression, using the 3.5-mm or 4.5-
mm dynamic compression plate (DCP) principle, is
adequate provided the fracture gap is less than
4.0mm (3.2mm for the 2.7-mm plate). With wider
gaps, the tension device should be used to gain
maximum compression of the pseudarthrotic tissue
and to regain stability. The tension device can only
be used with the 4.5-mm plating system. Removal
of excess callus where the plate is to be applied may
be necessary to ensure that the plate is contoured
correctly for normal shaft and joint alignment. At
least a six-hole plate should be utilized, but a longer
one is preferred wherever bone length allows. In
nonunions with very osteoporotic bone, fully
threaded cancellous screws may be necessary for
secure fixation in cortical bone. Drill holes may also
be filled with bone cement for better screw anchor-
age. Interfragmentary compression may be used in
oblique nonunion fractures.

An alternative approach for nonunions with
large bone defects is to use a technique first
described by Ilizarov to move an osteotomized seg-
ment of the diaphysis from one side of a nonunion
to the other, using an external fixator with threaded

bars. Fine wires placed transcutaneously into the
fracture fragments are attached to clamps, which in
turn are attached to the threaded external bars. The
clamps can then be used to gradually transport a
segment of bone (about 1 mm per day) which has
been osteotomized from one end of the fracture gap
across to the other end. This technique relies on the
formation of new bone within the ever-lengthening
osteotomy site and is called distraction osteosyn-
thesis. When contact between the transported seg-
ment of bone and the site of the nonunion is estab-
lished, a cancellous bone graft is performed and the
external fixator is modified to provide sufficient
rigidity to prevent bone motion during weight
bearing (Figs.5.15-5.17). In displaced nonunions,
the procedure differs only in that greater exposure
is required. More soft tissue and callus is removed
at the nonunion site in order to achieve correct
axial alignment. All interposing pseudarthrotic tis-
sue should be removed and the marrow cavity
opened to allow for more rapid revascularization.
This compensates somewhat for the surrounding
vascular impairment caused by the realignment
process. The addition of a cancellous bone graft is
indicted in these cases.

The wound is closed in layers and a compressive
dressing applied for 2-3days postoperatively.
Drains are used if tissue pockets are present. They
should be removed as soon as drainage has ceased,
usually by 48h. Active but controlled (leash) exer-
cise is advocated. Eventual removal of the plates is
in accordance with the described technique.
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Fig. 5.15a-d. Distraction osteosynthesis
in a dog. (Courtesy of A. Lesser). a A
long oblique tibial fracture fixed with
two intramedullary pins failed after
9weeks. An infected, atrophic nonunion
with a 7-cm mid-diaphyseal sequestrum
was present. b The sequestrum was
excised, the bed grafted, and a free bone
segment created in the proximal tibia
via an osteotomy of the proximal frag-
ment. A bilateral external fixator was
constructed with two threaded bars to
allow the controlled distraction of the
free bone segment. ¢ At 3 weeks, calci-
fication of the distracted callus is visible
emanating from both edges and lining
up along the lines of distraction. A 4-
mm fibrous interzone (radiolucent area)
persists, denoting active distraction.

d At 15 weeks, the graft has hypertro-
phied to full cortical thickness along
with the area of distracted new callus,
and the apparatus was removed
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Fig. 5.16a-f. Distraction osteosyntheses in
a cat. (Courtesy of A. Lesser.) a A cat pre-
sented with an open, infected nonunion of
the right tibia. Dead bone is visible. b
Radiograph of the leg showing devitalized
bone at the ends of both fragments. ¢ A 2-
cm gap was created after the dead bone
had been excised, and a free bone seg-
ment was created in the proximal frag-
ment with an osteotomy. d The bone seg-
ment has been advanced toward the distal
fragment 1 cm in the first week. e Lateral
and f craniocaudal view at 11 months; the
gap is filled with mature bone
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Fig. 5.17a-e. Two-year-old Bull Terrier that was hit by a car
and sustained midshaft humeral and femoral fractures. a Pre-
operative view of the distal femoral fracture. b Immediately
following internal fixation with a 3.5-mm broad dynamic
compression plate (DCP). During reduction of the fracture,
some of the smaller fragments were removed. A suction drain
was inserted for the first 24 h. ¢ Two months later, the fracture
gap has widened, some of the implants are loosening, and the
dog is reluctant to bear weight on the limb. A nonunion was
diagnosed with the possibility of osteomyelitis. d Immedi-
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ately following a second operation in which the original
implants were replaced by a customized hook plate fashioned
from a 3.5-mm broad DCP used as a buttress plate. The hook
plate was selected to insure that the plate had adequate fixa-
tion in the short distal metaphyseal fragment. A cancellous
bone graft was inserted. A culture revealed Staphylococcus
intermedius infection. e Three months following the second
surgery, the fracture had united and the dog was walking nor-
mally



5.2 Nonunion

5.2.5.2 Metaphyseal and Epiphyseal (Noninfected)
Nonunions

Metaphyseal and epiphyseal nonunions are often
more difficult to treat because of concurrent joint
stiffness, loss of cancellous bone substance, and the
unequal length of the fracture fragments. Stiff
joints should be mobilized by open joint capsulo-
tomy or capsulectomy and resection of hyper-
trophic synovial membrane and adhesions. Free
bone fragments and restrictive hypertrophic bone
should be removed. If the articular surface is
involved, the fragments should be accurately
aligned and maintained temporarily with Kirschner
wires to facilitate interfragmentary compression
with one or more lag screws. Fixation of the recon-
structed metaphyseal-epiphyseal fragment to the
diaphysis with special compression plates, such as
the TY, or L plate, reconstruction plate, or hook
plate, is preferable (Fig.5.18). In some cases, the
size and shape of the bone fragments may dictate
the use of an external fixator or one or more
Kirschner wires instead.

Apart from the very effective use of the tech-
nique of tension band wiring in the treatment of
distracted nonunions, there is very little indication
for the use of intramedullary pins and cerclage
wires in the management of nonunions. Cancellous
bone grafts are rarely indicated except where there
are gaps. Early, active motion is essential in order
for normal joint motion to return.

Fig. 5.18a,b. Three-year-old Poodle with a
midshaft femoral fracture. a Four months fol-
lowing internal fixation with an intramedul-
lary pin, there was not any evidence of frac-
ture union and there was minimal periosteal
activity. The dog was non-weight bearing and
the fracture was palpably unstable. b Imme-
diately following internal fixation with com-
pression using a 2.7-mm dynamic compres-
sion plate (DCP). The fracture ends were
resected and a cancellous graft, taken from
the proximal tibia, inserted into the fracture
site

5.2.5.3 Atrophic Nonunions

Atrophic nonunions require not only stabilization,
usually with plates and screws, but also aggressive
débridement and bone grafting to stimulate osteo-
genesis. The medullary canal should be opened by
reaming, usually with a small drill or an intrame-
dullary pin, and the intervening callus resected.
Elevation of the surrounding periosteum with the
flakes of cortical bone attached (shingling or decor-
tication) is frequently practiced in human ortho-
pedic patients, but in very small animals it is diffi-
cult to perform and impractical. Autogenous can-
cellous bone grafts should be incorporated in the
treatment of all biologically inactive nonunions,
especially where there are necrotic fragments or
bone loss. Bone grafts act as a stimulus to reactivate
the dormant fracture-healing process in these bio-
logically inactive nonunions. In large defects, auto-
genous corticocancellous bone may be necessary in
addition to cancellous bone. A frozen allograft may
be substituted if autogenous bone is not available,
but this is not as effective.

In some cases of atrophic nonunion, satisfactory
fracture union is never achieved; instead, the ani-
mals walk on the limb supported entirely by the
implant. It is also important to recognize that in
certain circumstances it may not be appropriate to
offer any treatment other than amputation. Ani-
mals with severe soft tissue contraction, peripheral
nerve injuries, severe osteoarthritis adjacent to the
nonunion, and severe osteoporosis may fall into
this category.
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5.2.6 Infected Nonunions

Osteomyelitis is defined as inflammation of a bone
and the accompanying soft tissue elements of the
marrow, endosteum, periosteum, Volkmann’s
canals, and haversian spaces. It is usually caused by
an aerobic and/or anaerobic bacterial infection. The
organisms most commonly cultured are Staphylo-
coccus (45 %-75 %), Escherichia coli, Pseudomonas,
Proteus, and various anaerobes, including Actino-
myces and Clostridium.

It is of great concern that about 60 % of osteomy-
elitis cases result from intraoperative, iatrogenic
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contamination of closed fractures that have under-
gone open reduction and internal fixation. Many of
these orthopedic disasters could be avoided by
applying the principles of aseptic and atraumatic
surgery. The presence of bacteria alone is not suffi-
cient to cause osteomyelitis. Other factors, includ-
ing instability of the fracture, vascular stasis, dead
bone, and foreign bodies such as surgical implants,
render the surrounding tissues susceptible to bacte-
rial infection.

For details on the treatment of acute and chronic
osteomyelitis, see Sect.3.12.
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Osteotomy is an elective surgical procedure in
which the bone is cut, realigned, and stabilized
until union occurs. The usual purpose of osteotomy
is correction of bone deformity, joint incongruity,
or a combination of both. These problems usually
result from trauma or disorders of growth and
development.

6.1 Indications

Specific indications for osteotomy include:

1. Asynchronous growth of paired bones, such as
radius and ulna, due to Salter type V injury

2. Asymmetric epiphysiodesis and angular defor-
mity that result from a growth plate injury

3. Malunited diaphyseal and pelvic fractures

4. Torsional or angular deformities

5. Shortening deformities of a bone or an entire
limb

6. Developmental joint diseases, such as hip dyspla-
sia

7. Surgical approach to a bone or joint by osteo-
tomy of a bone prominence, such as olecranon,
in order to facilitate exposure

6.2 Planning

While the basic principles of internal fixation are
the same as for fractures, considerable presurgical
planning for an osteotomy is a prerequisite for suc-
cess. It is essential to ensure that the bone is cut in
the correct place(s), that soft tissues will tolerate
repositioning of bone fragments, and that the fix-
ation is biomechanically appropriate to allow union
to occur. The aim of the operation should be total
restoration of the bone’s geometry by correction of
angular, rotational, and length deformities. In ex-
amining the patient and radiographs, attention is
paid to the entire limb, not just to the obviously
deformed bone. Developmental deformities may
affect several bones and may require multiple
osteotomies. Furthermore, long-standing angular
and rotational deformities alter joint loading and

may produce ligament laxity, subluxation, cartilage
erosion, and secondary osteoarthritis. These com-
plications can adversely effect the prognosis after
corrective osteotomy.

Currently, radiographs provide the most useful
information for planning an osteotomy in animals.
At least two views that include the proximal and
distal joints are needed. Radiographs of the contra-
lateral normal bone provide a valuable reference for
determination of normal length and curvature, the
latter being a feature of most canine long bones.
Angular deformity may be apparent in more than
one radiographic view. If there is a significant
degree of angular deformity in both the craniocau-
dal and mediolateral radiographic views, then the
deformity lies in an oblique plane. Additional ob-
lique views are needed to determine the actual
direction of the angular deformity. The degree of
angular deformity can also be calculated mathe-
matically, but the degree of rotational deformity is
best determined by computed tomography. How-
ever, some estimations can be made by clinical
examination and by evaluating the relative posi-
tions of proximal and distal joints on one or more
radiographs. A trigonometric calculation is used
for calculation of femoral anteversion.

Tracings of radiographs, made with felt-tip pens
on clear acetate sheets, are used to determine the
angle of deformity, the optimal position for the
osteotomy, and the type and placement of internal
fixation implants. Use of tracings obviate the need
to cut up the radiograph or to make paper cutouts,
and the tracing technique can be utilized in several
ways. One method is to make a tracing of the
deformed bone and then to draw in the normal axes
of the proximal and distal parts of the bone. Ideally,
the position of the osteotomy is marked at the point
of maximum curvature of the deformity. The ace-
tate sheet is then moved so that the distal fragment
on the radiograph is anatomically aligned with the
tracing of the proximal fragment. The distal frag-
ment is again drawn on the acetate sheet to give a
view of the corrected deformity. Adequacy of cor-
rection can be checked by superimposition of the
tracing over the corresponding radiograph of the
normal bone. In chronic deformities, local altera-
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tions in bone structure, such as cortical thickening
due to remodeling according to Wolfe’s law, will
render the correction less than perfect.

Internal fixation implants are then drawn on the
tracing. The number and position of screws are
determined by measurements made from bony pro-
minences or joint spaces that are palpable intra-
operatively. Some slight correction in implant size
is needed to account for radiographic magnification
of the bone, which is normally about 10 %-15 %. If
adequate stability cannot be achieved with the pro-
posed fixation, the osteotomy may have to be reloc-
ated. This method of planning from radiographs is
valuable as long as the limitations of the technique
are recognized. Each radiographic view and tracing
provides only two-dimensional information. In
addition, calculations of the degree of angular devi-
ation are rendered quite inaccurate if there is con-
current rotational deformity. However, alignment of
the limb, following correction, can be evaluated
during surgery if the field is draped so that the
entire limb is visible.
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In mature animals, autologous cancellous bone
graft, packed into the defect or around the osteo-
tomy, stimulates bone union. Preparation of graft
donor sites should form part of the surgical plan.

6.3 Operative Considerations

Having completed the planning, the proposed
osteotomy should be successful if the following basic
questions can all be answered in the affirmative:

1. Can the osteotomy be accomplished by a stand-
ard surgical exposure?

2. Can Kirschner wires be used as guides intraoper-
atively?

3. Will the osteotomy be performed through viable
bone that is free of disease, such as osteoporosis
or infection?

4. Can the bone be adequately stabilized with
implants?

5. Will the soft tissues withstand altered strain?
Consider a one-stage correction versus progres-
sive lengthening.

Fig. 6.1a,b. Cuneiform osteotomy, closing
wedge type. a A wedge of bone of predeter-
mined size is removed and the gap is closed.
b Compression fixation is applied
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Fig. 6.2a-e. Cuneiform closing wedge osteotomy for correc-
tion of valgus angular deformity of the distal tibia. a Preoper-
ative plan of the osteotomy wedge. b Stabilization of the oste-
otomy with a five-hole hook plate. ¢ Valgus angular deformity
of the distal tibia in an 11-month-old rottweiler dog. The
deformity was due to asymmetric premature growth plate
closure after trauma at 4 months of age. d Radiographs imme-
diately following a 30 ° closing wedge osteotomy of the distal
tibia, with stabilization with a five-hole hook plate. e Follow-
up radiograph taken 3 months after the operation
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6.4 Cutting the Bone

The periosteum is elevated and held with Hohmann
retractors to expose the bone for osteotomy. It is cut
with an oscillating blade under saline irrigation to
minimize thermal necrosis, a Gili wire saw, or (in
young animals) double-action bone cutting forceps.
For semiclosed or dome osteotomies, a line of drill
holes is made in the bone, and then the osteotomy
is completed with an osteotome.

6.5 Stabilization

Diaphyseal osteotomies can be stabilized with a
plate and screws. However, for osteotomies in the
metaphyseal region, T plates and hook plates per-
mit additional points of fixation to achieve the ne-
cessary stability. External fixator stabilization can
be used in the distal limb bones. An advantage of
this method is that some adjustment of bone align-
ment is possible following surgery. Progressive
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lengthening and stabilization after osteotomy is
accomplished with the small distractor or an exter-
nal fixator. Application of each method of stabiliza-
tion is illustrated in the following section on osteo-
tomy types.

6.6 Types of Osteotomies

6.6.1 Closing Wedge (Cuneiform) Osteotomy

The closing wedge technique is used primarily to
correct axial deformity, but may be used for coex-
istent rotational conditions. Closing wedge osteo-
tomy is accomplished by removing a predetermined
wedge of bone from the point of maximal defor-
mity. The base of the wedge is at the convex surface
of the deformity. After removal of the wedge, the
resulting gap is closed and a compression plate is
applied (Figs. 6.1, 6.2). This procedure shortens the
bone, but maximizes bone to bone contact, which
aids healing and stability.

Fig. 6.3a,b. Cuneiform osteotomy, combined open-
ing/closing wedge type. a The wedge size is prede-
termined and divided by two. The osteotomy is car-
ried out. b The removed wedge is rotated 180° and
reinserted, and a compression plate is applied
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Fig. 6.4a,b. Transverse osteotomy of the proximal femur to
accomplish rotational correction of the femoral head. a The
angle of derotation is predetermined and marked, and a
transverse osteotomy is performed. b The bone fragments are
rotated to correct the alignment and fixed with a compres-
sion plate

6.6.2 Reverse Wedge Osteotomy

Where angulation needs correction but limb length
should not be compromised, combination opening/

Fig. 6.5. Triple pelvic osteotomy for canine hip dysplasia. A
segment of the pubic ramus is removed, and the ischium is
osteotomized. A transverse osteotomy of the iliac shaft, just
caudal to the sacral wing, allows the acetabular segment to be
outwardly rotated to increase coverage of the femoral head
dorsally. The iliac osteotomy is stabilized with a six-hole, 2.7-
mm triple osteotomy plate

Fig. 6.6a,b. Transverse osteotomy and opening wedge with T
plate fixation. a A corrective osteotomy of a distal radial mal-
formation with the application of a T plate should be done
only in cases with very distal valgus or varus deformation
and minimal caudal angulation. Normally this malformation
results from asymmetric premature closure of the distal
radial physis. The opening wedge osteotomy is made from
lateral in valgus deformation and medial in varus deforma-
tion. The level of the osteotomy line is about at the vertex of
the proximal and bone axes and should be parallel to the
joint axis of the antebrachiocarpal joint to ensure that the
resulting distal segment is large enough to accept the bone
screws through the plate head. Otherwise the osteotomy line
has to be more proximal. A Kirschner wire is inserted parallel
to the joint axis as a guide. The radius is cut with an oscillat-
ing saw in the planned osteotomy line, leaving a few millime-
ters of the medial cortex intact. The first screw hole for the
head of the plate is drilled 5mm distal to the osteotomy. An
osteotome is inserted in the saw cut, and the distal segment is
aligned by careful levering. b The plate is applied without any
compression, and the gap filled with cancellous bone graft

closing wedge osteotomy is performed. Using this
technique, the predetermined correction angle is
bisected and the wedge of bone is removed from the
convex side and inserted in the concave side
(Fig. 6.3). The correction is thus completed, and
bone shortening does not result. Rigid stabilization
is necessary to maintain alignment and retain the
wedge graft.

6.6.3 Transverse-Opening Wedge Osteotomy

A single transverse osteotomy may be used for rota-
tional, angular, and lengthening corrections
(Fig. 6.4). :

6.6.3.1 Rotational Correction

The osteotomy is performed in the region of major
rotation by cutting in a transverse plane through
the bone. Determination of the angle of derotation
correction can be monitored by the use of Kirsch-
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ner guide wires or by scoring the bone. Osteotomy
fixation is accomplished by using a compression
plate (Fig. 6.5). Using transverse osteotomy, the fix-
ation is very stable, as flat surfaces are being
opposed and no bone length is lost.

6.6.3.2 Axial Correction

For correction of axial deformity, the cortex is
opened on the concave surface after a single trans-
verse osteotomy. The resulting gap is filled with
cancellous bone graft following rigid internal stabi-
lization (Fig. 6.6). The bone length gained from an
isosceles triangle is one half of the length to the
base. The disadvantage of the method is that the
plate has buttress function.

6.6.3.3 Lengthening

Lengthening of the bone may be accomplished by
transverse osteotomy, distraction of the bone seg-
ments, and stabilization. In mature animals, the
bone deficit should be filled with cancellous bone
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graft. This technique is especially applicable to
paired bones, such as the radius and ulna, to cor-
rect shortening due to premature closure of the dis-
tal radial physis.

6.6.3.4 Shortening

Shortening of the bone may be accomplished by
making two parallel cuts, removing a segment of
bone, and then stabilizing with a compression plate.

6.6.4 Oblique Osteotomy

Oblique osteotomy can be used to correct multipla-
nar deformities. In its purest form, it allows twc
bones to be separated, lengthened, and still permit
point contact (Fig.6.7). In rotational and varus or
valgus deformity, it can be used to provide total
correction by placing the proximal obliquity into
the medullary cavity of the distal fragment, thus
providing a pivotal point for derotation and varus
or valgus realignment.

Fig. 6.7. a,b Oblique osteo-
tomy of the radius and
removal of a section of the
ulna for correction of a pre-
mature closure of the distal
ulnar physis resulting in
shortening of the ulna,
incongruency of the elbow
joint, and radius curvus. ¢ A
section of the ulna is
removed, the radius is osteo-
tomized obliquely, and the
fragments of the radius are
realigned and placed in pro-
per rotation. An external fix-
ator is applied to the radius
for stabilization. Invariably
the proximal segment of the
ulna moves proximally, and
congruency is reestablished
at the elbow joint



7 Arthrodesis

Arthrodesis is the surgical fusion of a joint for the
treatment of painful instability of severe joint dis-
ease unresponsive to medical therapy. Indications
for arthrodesis in small animals include severe
degenerative joint disease secondary to ligamentous
instability or trauma, intra-articular fractures,
immune-mediated joint diseases, septic arthritis,
joint luxations, and postural abnormalities caused
by neurological dysfunction.

Strict adherence to the principles of arthrodesis
is essential if joint fusion is to be successful. The
articular cartilage is removed to expose subchond-
ral bone. This is performed using currettes, ron-
geurs, or power-driven burrs. If the subchondral
bone is sclerotic, it must be removed to expose
bleeding cancellous bone. In many cases, the arti-
cular surfaces may be removed with a saw, provid-
ing exposure of subchondral bone and creating two
flat, opposing surfaces. The flat surfaces maximize
bony contact and eliminate shear stress when com-
pression is applied to the bone ends. Autogenous
cancellous bone graft is placed at the arthrodesis
site to promote bony union across the joint. Rigid
internal fixation is then applied to immobilize the
joint and allow bone healing. Where possible, com-
pression should be applied between the exposed
subchondral bone surfaces to enhance healing.

7.1 Shoulder Arthrodesis

Shoulder arthrodesis is indicated for traumatic
joint injuries, chronic subluxation unresponsive to
surgical repair, severe degenerative joint disease,
and congenital abnormalities. The angle of fusion
should allow advancement of the limb and weight
bearing without overextension of the elbow. A com-
mon angle for shoulder arthrodesis is 110° how-
ever, the angle should be individualized for each
patient. The correct angle is best determined by
evaluating the animal preoperatively in a normal
standing position. A spica bandage is applied to the
limb for 4-6weeks after surgery, and exercise
should be restricted until union has occurred
(Fig.7.1).

Fig. 7.1a,b. Surgical procedure for arthrodesis of the shoulder
joint. a The joint is exposed through a combined cranial and
craniolateral approach, including osteotomy of the acromion
and greater tubercle and tenotomy of the biceps brachii,
infraspinatus, and deltoideus. Injury to the suprascapular
nerve should be avoided. The articular surfaces of the hume-
ral head and glenoid are removed with an oscillating saw at
the correct angle. Lateral or medial angulation of the ostecto-
mies should be avoided. b The distal scapula and proximal
humerus are opposed and temporarily fixed with Kirschner
wires. A dynamic compression plate (eight to ten holes) is
contoured and applied to the cranial aspect of the proximal
humerus and the dorsocranial junction of the spine and body
of the scapula. One screw is placed in lag fashion through the
plate and across the joint. Cancellous bone collected from the
ostectomized humeral head and glenoid is placed around the
ostectomy site
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Fig. 7.2a-d. Surgical procedure for arthrodesis of the elbow
joint. @ The joint is exposed by a combined lateral approach
and caudal approach with osteotomy of the olecrenon pro-
cess. Transection of the ulnaris lateralis, lateral collateral liga-
ments, and the joint capsule allows removal of the articular
cartilage from the radial head, humeral condyles, and the
trochlear notch of the ulna using bone currettes. b A tempo-
rary pin is placed across the joint to maintain reduction at the
desired angle. An eight- to ten-hole plate is contoured to the
caudal surfaces of the humerus and ulna. The proximal ulna
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is shaped to allow the plate to seat smoothly. The plate should
be positioned to allow a minimum of four screws to be placed
in each bone. One screw is placed in lag fashion through the
plate and lateral epicondyle into the radial head. A second
screw is placed in lag fashion through the plate and ulna into
the medial epicondyle of the humerus. Autogenous cancel-
lous bone graft is packed around the joint. ¢,d The olecranon
process is reattached medial to the plate using a screw in lag
fashion



7.1 Shoulder Arthrodesis

Fig. 7.3a-e. Surgical procedures for arthrodesis of carpal
joints. a The distal radius, carpus, and proximal metacarpals
are exposed through a dorsal midline approach. The articular
cartilage is removed from the joints to be fused and the area
packed with autogenous cancellous bone graft. b,c Pancarpal
arthrodesis is achieved by placing a bone plate on the dorsal
or palmar surface of the carpus. Three to five screws should
be placed in the radius, one in the radial carpal bone and
three to four in metacarpal III. Several screws are loaded to
produce compression. d Partial arthrodesis may be per-

formed by application of a T plate to the dorsal surface. The
plate must be positioned distally on the radial carpal bone to
prevent contact with the distal radius. The distal portion of
the plate is affixed to metacarpal III. e Other plates, such as
the veterinary cuttable plate and the veterinary T plate, can be
used for this procedure. Partial carpal arthrodesis may also be
achieved by placing intramedullary pins from metacarpals III
and IV across the joint and into the radial carpal bone. The
pins are inserted with the carpus in full flexion to minimize
subluxation of the middle or carpometacarpal joints
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7.2 Elbow Arthrodesis

Arthrodesis of the elbow is indicated for irreparable
comminuted intra-articular fractures, chronic luxa-
tion unresponsive to surgical stabilization, and
severe degenerative joint disease from a variety of

Fig. 7.4a—f. Surgical procedure for stifle arthrodesis. A bilate-
ral parapatellar approach to the stifle joint is performed. The
lateral incision is extended to provide exposure of the distal
half of the femur and the proximal half of the tibia. Exposure
is improved by osteotomy of the tibial tuberosity. The fat pad,
cranial and caudal cruciate ligaments, medial and lateral
menisci, and intermeniscal ligaments are excised. The colla-
teral ligaments are preserved to facilitate manipulation of the
limb. a Kirschner wires are used as markers for the ostecto-
mies of the tibia and femur. The first wire is inserted in the
sagittal midline plane of the proximal tibia, perpendicular to
the long axis of the bone. A second wire is similarly placed in
the distal femur. A third wire marker is inserted into the
femur distal to the second. The angle between the second and
third wires is equal to the complementary angle (a, i.e., 180°
- arthrodesis angle). Ostectomy of the femur is then per-
formed parallel to the third marker wire; ostectomy of the
tibial is performed parallel to the first wire. b The femur and
tibia are apposed and held in reduction with one or two
Steinmann pins. Alignment of the wire markers is used to
prevent rotation. ¢, d A bone plate is applied to the cranial
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causes. The elbow is usually fused at 110°, but the
angle should be individualized for each patient
(Fig.7.2). Exercise must be restricted for 4-6 weeks
after surgery or until radiographic evidence of
fusion is observed. Arthrodesis of the elbow results
in a significant decrease in limb function.

surfaces of the femur and tibia. The femoral trochlear ridges
and tibial crest should be removed to accommodate the plate.
The plate should be of sufficient length to allow at least four
screws in each fragment and should ideally cover one half of
both femur and tibia. One or two of the plate screws should
be placed in lag fashion across the joint to increase interfrag-
mentary compression. Cancellous bone is removed from the
ostectomized portions of the femur and tibia and placed at
the site of arthrodesis prior to compression of the bone ends.
The tibial tuberosity is then reattached medial to plate with a
screw to restore normal quadriceps tension. e, f The con-
toured dynamic compression plate (DCP) is applied to the
cranial surface of the femur and tibia. Cancellous bone-
grafting is unnecessary if there is good apposition of the
osteotomized cancellous surfaces. The ends of the crossed
Kirschner wires are bent. The wires will increase the rota-
tional stability and are left in place. The osteotomized tibial
tuberosity is reattached to the tibia medial to the bone plate
to restore normal quadriceps tension and a more anatomic-
ally pleasing end result
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7.3 Carpal Arthrodesis

7.3.1 Pancarpal Arthrodesis

Pancarpal arthrodesis involves fusion of the ante-
brachiocarpal, middle carpal, and carpometacarpal
joints. Indications include luxation, hyperexten-
sion, or osteoarthritis of the antebrachiocarpal
joint, shearing injuries with significant loss of arti-
cular cartilage, and postural deformity resulting
from radial nerve paralysis. A bone plate may be
applied to the cranial or palmar surface to achieve
arthrodesis (Fig. 7.3). The palmar surface is the ten-
sion side of the carpus and may be the preferred
location for plate placement. The plate is contoured
to provide 10°-12° of carpal extension. A splint is
applied for 6 weeks after surgery, particularly if a

Fig. 7.5a-c. Surgical procedures for arthrodesis of the tibio-
tarsal joint. a The joint is exposed by a medial malleolar
osteotomy for screw fixation and either cranially or laterally
for plate fixation. The distal tibia is ostectomized at a 90°
angle to its long axis. The proximal talus is cut to achieve the
desired arthrodesis angle. Alternatively, the cartilage can be
removed with currettes or burrs. Autogenous cancellous bone
graft should be inserted at the site. b The joint is held in
reduction with Kirschner wires while two screws are placed
in lag fashion from the distal tibia into the talus and the base
of the calcaneus. A positional screw is inserted from the tuber
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cranial plate is used. Arthrodesis of the antebra-
chiocarpal joint alone results in the eventual break-
down of the remaining carpal joint and is not re-
commended.

7.3.2 Partial Carpal Arthrodesis

Partial carpal arthrodesis involves fusion of the
middle and carpometacarpal joints. Indications
include trauma, osteoarthritis, and luxation or
hyperextension of the middle or carpometacarpal
joints. If the antebrachiocarpal joint is normal, par-
tial carpal arthrodesis is preferred (Fig. 7.3d,e). The
carpus is immobilized in a splint for approximately
6 weeks after surgery or until radiographic evidence
of fusion is present.

calcaneus into the tibia, and the medial malleolus is reat-
tached with a tension band wire. Alternatively, the joint sur-
faces are prepared and a bone plate is placed cranially on the
tibia and talus. One screw should not interfere with the proxi-
mal intertarsal joint. ¢ In the lateral plating technique, the
distal third of the fibula is resected and the joint surfaces are
prepared. One or more veterinary cuttable plates are applied
to the lateral surface of the joint. The plates may be stacked to
increase their stiffness. An additional screw is placed in lag
fashion from the base of the calcaneus, through the talus, and
into the distal tibia



7.5 Tarsal Arthrodesis

7.4 Stifle Arthrodesis

Indications for stifle arthrodesis include severe
degenerative joint disease, comminuted intra-
articular fractures, fracture disease, and irreparable
joint luxation. The angle at which the stifle is fused
is 135°-140° for dogs and 120°-125° for cats. The
appropriate angle should be determined in the
standing patient prior to induction of anesthesia. In
order to compensate for bone shortening caused by
osteotomy of the femur and tibia, it is advisable to
add 10° to the stifle measurement in large dogs and
5°in small dogs and cats. Results of stifle arthrode-
sis are best if the stifle is fused at an angle that
allows the foot to contact the ground without caus-
ing excessive flexion or extension of the opposite
limb. The animal’s activity must be restricted until
radiographic union is achieved (typically
8-10weeks). Supplementary external coaptation is
usually unnecessary after plate fixation (Fig.7.4).

7.5 Tarsal Arthrodesis

7.5.1 Tibiotarsal Arthrodesis

Indications for arthrodesis of the tibiotarsal joint
include severe shearing injury, comminuted intra-
articular fractures, joint laxity or hyperextension,
irreparable damage to the calcanean tendon, and
degenerative joint disease. The joint may also be
fused along with transposition of the long digital

Fig. 7.6a,b. Surgical procedure for arthrodesis of
the intertarsal and tarsometatarsal joints. The
joints are exposed through a lateral approach.
The articular cartilage is removed from the
joints to be fused and cancellous bone graft is
packed around the site. A bone plate is applied
to the lateral surface of the joints. The base of
metatarsal V and the calcaneus may be
smoothed to improve seating of the plate. Three
screws are placed into the calcaneus, the third
engaging the talus. One or two screws span the
tarsus, and three screws are placed into the
metatarsal bones

extensor tendon for injury to the sciatic nerve. The
angle of tibiotarsal arthrodesis is 135°-145° for
dogs and 115°-125° for cats. Lag screws or bone
plates can be used for arthrodesis of the tibiotarsal
joint (Fig.7.5). The joint should be immobilized in
a splint or cast for 6 weeks after surgery or until
radiographic evidence of fusion is noted. Degener-
ative disease may develop in the more distal tarsal
joints after tibiotarsal arthrodesis.

7.5.2 Intertarsal and Tarsometatarsal
Arthrodesis

Arthrodesis of the proximal intertarsal, distal inter-
tarsal, or tarsometatarsal joints is indicated for
hyperextension injuries, comminuted intra-
articular fractures, shearing wounds, and osteo-
arthritis. Lateral plate fixation with autogenous
cancellous bone grafting provides stability
(Fig.7.6). External coaptation is recommended for
approximately 6 weeks after surgery.

7.5.3 Pantarsal Arthrodesis

Pantarsal arthrodesis involves fusion of the tibiotar-
sal, proximal and distal intertarsal, and tarsometa-
tarsal joints. Indications include shearing injuries,
osteoarthritis, and painful unstable conditions
unresponsive to reconstruction. Because of the
degenerative joint disease that often develops in the
more distal tarsal joints, pantarsal arthrodesis may
be preferred over tibiotarsal arthrodesis alone for
diseases of the talocrural joint (Fig.7.7).
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Fig. 7.7a,b. Surgical procedure for
pantarsal arthrodesis. The joint is
exposed through a lateral incision
from the distal third of the tibia to the
metatarsus. The joints are prepared as
described for tibiotarsal, intertarsal,
and tarsometatarsal arthrodesis, and
cancellous bone graft is placed. A
bone plate is applied to the caudolate-
rial surface of the distal tibia, tarsus,
and metatarsals. The plate is con-
toured to provide the desired angle of
arthrodesis. The lateral surfaces of the
bones may be smoothed to improved
seating of the plate



! 8 Bone Transplantation

Bone transplantation (bone grafting) is frequently
used in association with internal fixation of fractu-
res and nonunions. Transplanted bone functions to
enhance fracture healing in three ways. The trans-
planted bone is a source of osteoprogenitor cells.
Surface cells on transplanted autogenous cancellous
bone will survive under optimal conditions and
participate in the total early osteogenic response
around the graft. The transplanted bone stimulates
the formation of new bones of host origin by
recruitment and differentiation of the host mesen-
chymal cells. This process of osteoinduction is
modulated by bone-inducing factors present in the
matrix. The transplanted bone also serves as a trel-
lis for the ingrowth of capillaries, perivascular tis-
sue, and osteoprogenitor cells, a process called
osteoconduction. In addition, transplanted cortical
bone serves as a mechanical support for the frac-
ture and internal fixation.

A bone graft is defined by the type of bone trans-
planted and the relationship of the donor to the
host. Cancellous bone, cortical bone, and cortico-
cancellous combinations such as ribs are used as
bone graft material. Autografts are transplanted
from donor site to recipient site within the same
animal. Allografts are transplanted from a donor
site in one animal to a recipient site in a different
animal of the same species. An alloimplant is an

Fig. 8.1a,b. Greater tubercle of the
humerus. a A 2- to 3-cm craniolateral
skin incision will expose the perios-
teum, and a 1- to 2-cm incision ex-
poses enough bone to allow perfora-
tion of the cortex with a Steinmann
pin, drill, or trephine of sufficient size.
b With a sharp curette of proper size,
the cancellous bone can be removed
and collected in a stainless steel cup
or kept between sponges moistened
with blood or Ringer’s solution.
Undermining of the joint cartilage
should be avoided. In growing dogs,
care must be taken to avoid the
physis in the harvesting procedure

allograft which has been treated or preserved in a
manner which destroys the cells. The most com-
monly used transplanted bone is the autogenous
cancellous graft. This graft material is easy to har-
vest and extremely effective in promoting healing
of bone defects in fractures which are openly
reduced and rigidly fixed with internal fixation.
Cortical allografts or alloimplants are used to sup-
port the fixation in fractures with a large amount of
cortical bone loss.

8.1 Cancellous Bone Autograft

8.1.1 Indications

Any fracture treated with open reduction and inter-
nal fixation is a candidate for cancellous bone auto-
graft. In particular, the graft should be used to fill
cortical defects remaining after fracture recon-
struction or corrective osteotomy. The cancellous
bone autograft promotes rapid healing of the
defect, thus eliminating instability, which could
otherwise cause failure of the metal implants. In
addition, cancellous bone autograft laid along ana-
tomically reconstructed fracture lines promotes
rapid bone bridging of the fracture, increasing the
strength of the healing bone.
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Cancellous bone autograft is used to stimulate
healing in nonunions which are reduced and stabil-
ized with internal fixation. Grafting with cancellous
bone is especially indicated for biologically inactive
nonunion sites. A graft can also be effectively used
in infected nonunions and chronic osteomyelitis.
Cancellous bone autograft is packed into bone
defects caused by curettage of bone cysts or benign
tumors. Finally, cancellous bone autograft is essen-
tial for rapid bone union of arthrodeses.

8.1.2 Sources

Prerequisites for a donor site include easy accessi-
bility and the presence of large amounts of cancel-
lous bone. The most common donor sites for can-
cellous bone autograft are the proximal humeral
metaphysis, the proximal tibial metaphysis, and the
wing of the ilium (Figs. 8.1, 8.2). Donor sites are
preselected and prepared for aseptic surgery when
the fracture site is prepared. If large amounts of
cancellous bone are required, multiple donor sites
may be harvested.

8.1.3 Technique

A craniolateral incision through skin and subcu-
taneous tissue and caudal retraction of the acromial
portion of the deltoid muscle is used to expose the
lateral surface of the greater tubercle of the hume-
rus. A large Steinmann pin or drill bit is used to
create a round hole penetrating the cortex. A bone
curette is used to scoop the cancellous bone from
the metaphysis (Fig 8.1). The size of the curette is
directly proportional to the size of the animal and
should be large enough to easily harvest the bone.
Caution is necessary to avoid penetrating the
opposite cortex or the articular surface with the
curette. Bone is harvested from the proximal tibia
in a similar manner after a medial incision through
the skin and subcutaneous tissue has been made to

8 Bone Transplantation

Fig. 8.2a,b. Proximal tibia. a A 2- to 3-
cm longitudinal incision through skin
and subcutaneous tissues on the
medial surface of the proximal end of
the tibia and 2-4 cm below the joint
space, at a point between the middle
and caudal third of the width of the
tibia, will give easy access to the can-
cellous bone. b Here, too, harvesting
is done by curetting. Closure in layers
is routine. In small breeds, wide holes
and accidental perforation of the
opposite cortex should be avoided,
since this may result in an iatrogenic
fracture

expose the medial surface of the proximal meta-
physis (Fig. 8.2).

A dorsal incision through skin and subcutaneous
tissue over the wing of the ilium is followed by
elevation of the gluteal musculature to expose the
cranial dorsal iliac spine. An osteotome is used to
remove a wedge of the ilium. The wedge of cortico-
cancellous bone is crushed into small particles with
a rongeur. A bone curette is used to harvest addi-
tional cancellous bone from within the body of the
ilium (Fig. 8.3). Closure of all donor sites is accom-
plished by apposition of the subcutaneous tissue
and skin.

To ensure optimum survival of the donor cells,
the bone should be transplanted directly from
donor to hose site. In most cases, the cancellous
bone is harvested after fracture reduction and fixa-
tion is complete and the recipient site has been
lavaged. It is advantageous to mix the cancellous
bone with autologous blood. The blood clots and
forms a moldable composite, with the graft sim-
plifying handling and placement in the recipient
bed. When transplanting bone to tumor sites or
infected fracture sites, all the bone graft should be
harvested prior to approaching the primary site or
by a separate surgical team using uncontaminated
gloves and instruments. The bone is stored in a
blood-soaked sponge or in a stainless steel con-
tainer with autologous blood until placed in the
recipient bed. Cancellous graft should not be
allowed to dry, should not be immersed in saline,
and should not be treated with antibiotics, as these
procedures are toxic to the cells. The cancellous
bone is loosely packed into the bone defects and
around fracture lines and is held in place by the
pressure of the surrounding soft tissues (Fig. 8.4).

8.1.4 Biology

Revascularization of the graft is complete within
2weeks. New bone is deposited on the trabecular



8.1 Cancellous Bone Autograft

Fig. 8.3a-c. Ilial wing. A dorsal incision through skin and
subcutaneous tissue over the wing of the ilium is followed by
elevation of the gluteal musculature to expose the cranial dor-
sal iliac spine. a An oscillating saw or b an oscillating osteo-
tome is used to remove a wedge of the ilium. b A bone curette

is used to harvest cancellous bone from within the body of
the ilium. ¢ The wedge of cortico-cancellous bone is crushed
into small particles with a rongeur. Closure of the site is
accomplished in layers by apposition of musculature, subcu-
taneous tissue, and skin
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Fig. 8.4. Cortical defects. After reduction, the fracture is sta-
bilized with a buttress plate and the cortical defect packed
with cancellous bone

cores of the graft and at the fracture surfaces by
surviving osteoblasts and differentiated host
mesenchymal cells. Resorption of the necrotic
transplanted bone occurs. Radiographically, the
grafted site will initially become more radiopaque
and then lose density as the necrotic bone is
resorbed. The graft is completely resorbed and the
newly formed bone remodelled into cortical bone
in response to the mechanical environment within
3-6 months after implantation.

8.1.5 Complications

Complications associated with harvesting cancel-
lous bone are rare. Donor site complications include
seroma, wound disruption, fracture through the
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cortical entry site, and seeding of the donor site
with bacteria or malignant cells. Complications at
the recipient site include failure of the graft to stim-
ulate bone formation and resorption of the graft.

8.2 Cortical Bone Allograft
or Alloimplant

8.2.1 Indications

Cortical bone allografts or alloimplants are used for
mechanical support in fixation of large cortical
defects. The allograft or alloimplant is a large piece
of bone which is foreign to the host and requires
rigid immobilization for a long period to allow vas-
cularization, resorption of the graft or implant, and
replacement with host bone, which is essential for
successful incorporation into the healed fracture.
Therefore, fixation must be done using proper
dynamic compression plate (DCP) application for a
two-level fracture. In addition, the technique, graft
or implant, and recipient bed must be aseptic. Spe-
cific indications include mid-diaphyseal segmental
bone replacement after severely comminuted frac-
ture, tumor resection, or lengthening osteotomy.

8.2.2 Harvest and Storage

Cortical bone can be harvested and implanted
immediately or stored until needed. If the cortical
bone is not to be sterilized, strict adherence to gui-
delines to achieve an aseptic technique during har-
vest is essential. The donor is anesthetized and the
donor sites prepared for aseptic collection; the long
bones are disarticulated and the soft tissues
removed. The donor is euthanatized. The metaphy-
ses are resected and the marrow removed, and the
bone is sealed in presterilized impermeable pack-
ages and stored in a freezer (-20°) for 6-12
months. Bacterial culture of representative bone is
done to monitor the technique. Alternatively, clean
harvest is performed and the bones are sterilized
with ethylene oxide before storage (Johnson 1988).
Cortical bone can be implanted directly into the
recipient site; however, freezing or freeze-drying
improves incorporation of the implant.

8.2.3 Technique

Radiographs of the corresponding contralateral
bone are made to identify the size of the graft or
implant required and to serve as a template for cor-
rect contouring of the plate.

An aseptic technique is essential for successful
fracture treatment with a cortical allograft or



8.2 Cortical Bone Allograft or Alloimplant

Fig. 8.5a—c. Cortical bone graft. a,bTubular bone graft. In a
badly comminuted midfemoral fracture, the fracture ends are
trimmed with an oscillating saw. A frozen alloimplant is used
to bridge the defect, applying compression according to the
principles of a technique for fractures at two levels. The
screws are placed in sequence and in a loaded or neutral

implant. The appropriate graft is allowed to thaw in
warm saline during the preparation of the recipient
site. The fracture is approached and the commin-
uted fragments removed. The fractured ends of the
proximal and distal bone segments are resected
perpendicularly to the long axis of the bone and
shaped to allow 360° contact with the graft. The
graft is cut to the appropriate length and attached
with screws to the precontoured plate using the
neutral drill guide to position the screw holes. The
plate graft composite is reduced to the proximal
segment of the bone, and the load drill guide used
through the first plate hole proximal to the host-

position. An autogenous cancellous graft may be added at the
host-graft interfaces. ¢ Onlay graft as an alternative to the
tubular graft. A longitudinally split rib is placed on the side
opposite the plate, and the plate screws are anchored in the
rib. Unvascularized small fragments may be removed and
replaced with cancellous bone graft

graft interface. The hole is drilled, measured, and
tapped and the screw is inserted, causing compres-
sion of the proximal host-graft interface. The distal
bone fragment is reduced and the procedure re-
peated to create compression at the distal host-graft
interface. The remaining plate holes are filled with
screws placed in the neutral position. There must
be adequate space for screws to be placed through
three plate holes above and below the graft, and two
plate holes in the graft (Fig.8.5a,b). The recipient
site is lavaged and cancellous bone autograft placed
around the host-graft interfaces to encourage early

bone bridging.
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8.2.4 Biology

The cortical allograft or alloimplant is incorporated
into the host bone by a slow process of revascular-
ization, resorption, and remodeling which begins at
the host-graft interfaces after bone bridging has
occurred and proceeds toward the center of the
graft. The radiographic appearance reflects the cel-
lular events. Consolidation of the host-graft inter-

8 Bone Transplantation

face is observed by 3-4months after surgery.
Revascularization and resorption causes radiolu-
cency of the cortex, which appears at the proximal
and distal interfaces and progresses toward the cen-
ter of the graft. Eventually, the cortex regains nor-
mal density as the host bone is formed and remod-
eled. This process takes months to years and may
never completely remodel the graft. Plate removal is
currently not recommended until after 2-3 years,

Fig. 8.6a—d. Rib. a With the patient in lateral
recumbency and after routine surgical prepara-
tion and draping, a skin incision is made paral-
lel to the sixth or seventh rib. Ligation of small
vessels and simple dissection will expose the rib.
b A midline incision is made in the periosteum.
¢ The rib is then carefully and entirely freed
from the periosteum and d cut proximally and
distally. Perforation of the inner periosteum and
pleura should be avoided. The periosteum is
closed with absorbable suture, and the wound is
closed routinely in layers. In nonsurviving
donors, several of all of the ribs can be removed
and stored in a bone bank for future use. The
diaphyseal shaft of the femur or tibia may be
collected in a similar manner and stored for
future use as a full-cylinder cortical alloimplant



8.3 Cortico-cancellous Bone Grafts

and in most cases it may be preferable to leave the
plate in place indefinitely.

8.2.5 Complications

Infection and instability cause most of the com-
plications associated with cortical allografts or
alloimplants. The sequela is osteomyelitis with
sequestration of the graft. Treatment involves
removal of the graft, treatment with appropriate
antibiotics, and buttress plate stabilization of the
fracture with massive cancellous bone autografting

of the cortical defect. Host rejection of the graft is
evidenced by either sequestration of the donor tis-
sue or resorption of the graft without replacement.
Fracture of the unremodeled graft can occur with
premature plate removal or plate failure.

8.3 Cortico-cancellous Bone Grafts

Either autogenous or allogenic cortico-cancellous
bone grafts such as ribs (Fig.8.6) or whole iliac
crest can be used as chips for structural support.
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' 9 Guidelines for Selecting Plate and Screw Size

The most important factors to be considered in
choosing the size of implant include size of bone,
weight of animal, type and location of fracture,
activity, and condition of soft tissue. Some of the
more common causes of failure include use of a
plate which was too short or undersized, an insuffi-
cient number of screws, vascular impairment,
induced infection, and failure to graft large archi-
tectural defects. If the basic principles of implanta-
tion are observed, the most consistent factor in
choosing the size of the implant is the weight of the
patient. However, the surgeon must evaluate each
case on its individual merits.

Data has been compiled on more than several
thousand clinical plate and screw fixation cases
(AO/ASIF equipment) in which these techniques
were used as the primary method of fixation. The
summation of data collected is presented in the
figures in the Appendix (Figs. A1-A5). As expected,
there is some overlapping of appliance sizes for a
given weight. This takes into account the other fac-
tors given above for choosing plate or screw size.

Application of the veterinary cuttable plate
(VCP) is shown in Appendix A5.



10 Removal of Implants

Prior to removal of an implant used for fixation of
a fracture, the following factors should be consid-
ered in arriving at the decision that clinical union is
present:

1. Age of patient (see Table 10.1)

2. Location and type of fracture

3. History of fracture treatment: single or multiple
operations, interrupted or inadequate fixation,
impaired circulation, inadequate reduction and
infection

4. Lapse of time since reduction and fixation: has
there been sufficient time for healing to occur?

5. Type of fixation: optimal or less than optimal
stabilization?

6. Radiographic examination (at least two views):
clinical union

10.1 Indications for Removal
of Bone Plates

The indications for removal of bone plates are as
follows:

1. Nonfunction. Loose, bent, or broken plates, ne
longer serving a useful purpose and possibly
causing discomfort or lameness or impeding
healing.

2. Thermal conduction. Some owners have
observed animals limping after being out in the
cold. When they came back into a warm room,
normal function returned. Removal of the plate
after clinical union corrected the temporary
intermittent lameness. This phenomenon is most
frequently observed with fractures of radius and
tibia.

3. Irritation. Infrequently, lesions characteristic of
lick granulomas develop near the end of the plate
closely adjacent to a joint, when the plates are
covered only by subcutaneous tissue and skin.
Plate removal is necessary in order to resolve the
problem. This is usually carried out after clinical
union.

4. Infection. The presence of low-grade infection is
usually only resolved by removal of the implant,

after the fracture has united. Fistulous tracks, if
present, promptly resolve after plate removal. In
some cases, sequestra which were not observed
on the radiograph may be found under the plate.
These are removed.

5. Stress protection. Plates are more rigid than
bone. When applied for fixation of fractures,
they may prevent the bone from responding to
normal physiological stimuli, bringing about
alterations in architecture and density which can
be observed histologically and radiographically.
The number which give rise to clinical problems
is small and can usually be traced to the use of
too large an implant or one left in place for a
prolonged period. There is considerable evi-
dence that this phenomenon is due to interfer-
ence with the local vasculature.

6. Accomplishment of objective. After the fractured
bone reaches the stage of clinical union, the
implant does not serve any further purpose and
may impede full functional performance, espe-
cially in field and racing animals. Many of the
screws loosen after the fracture has healed. If a
relatively long lever arm of bone extends beyond
the last screw in the plate, a fracture may occur
at this point, due to a.difference in elasticity
between the bone and plate, even though the ori-
ginal fracture has healed.

10.2 Suggested Time for Removal
of Plates

Data on the age and plate removal time were col-
lected from over 500 cases. From this, a schedule for
approximate removal time was constructed (Tab-
le10.1).

10.3 Surgical Removal of Implants

The skin incision and muscle separation used to
remove the plate is usually the same as used for its
insertion. In most cases, the cicatrix needs to be
incised over the entire length of the plate. A portion
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Table 10.1. Suggested time for removal of bone plates

Age (months) Time (months)

=<3

3-6
6-10
>10 :

LRV o

Al
5 ¥

The removal period may need to be lengthened in more com-
plicated and problematic cases.

of the plate may be covered with bone layer, which
requires the use of an osteotome for removal. Build-
up of bone along the edges of the plate is not
removed. Following plate removal, hemorrhage is
controlled and the wound closed by layers. It is
always advisable to take a radiograph of the bone
after implant removal; this allows a more accurate
assessment of bone healing. The animal is usually
released from hospital on the following day with
instructions to the owner to restrict activity for at
least 4 weeks. This may vary according to the radio-
graphic appearance and activity of the patient.

In general, where bone screws are used as the
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