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Foreword

Within months of arriving at the AO Research
Institute, Davos, Switzerland, in the spring of
1983, I learned how important the dynamic
compression plate (DCP) was for the systema-
tized teaching of internal fracture fixation, the
worldwide dissemination of concepts sup-
ported by years of research and clinical obser-
vation, and the impressive business growth of
AO-affiliated manufacturers. DCP was the
most visible symbol of the AO Group’s accom-
plishments throughout a historically unique
synergy of research, education and industrial
endeavors in the medical device field. Being
eager to move research ahead, I decided to stay
away from anything even closely related to
DCP. It seemed beyond challenge and immune
to change.

But, inevitably, changes were on the horizon.
The dominance of plating in internal fixation
was being challenged by the rapid acceptance
of interlocking nailing, invented by Gross and
Kamp and introduced by Howmedica. Perhaps
even more threatening, patent protection for
DCP was soon to expire. Copies were appear-
ing in minor markets, testing AO willingness to
protect its patent rights. The need for a next
generation plate was clear. A number of ideas
were put forward and were tested in the lab, in
animals, and in human patients.

That the disturbance of blood perfusion was
the dominant, unwanted side effect of plating
was teased out of several key experimental ani-
mal studies. This work was performed at the
AO Institute in the late 1970s and early 1980s
by Stephan Perren, Institute director, and his

collaborators Berton Rahn, Jacques Cordey,
Ulrich Pfister, Emanuel Gautier, Mauro Vattolo,
and Kaspar Joerger. Prior to that research pro-
ject, sometimes-dramatic loss of cortical bone
beneath the plates was fully attributed to stress
shielding. Yet it turned out to be mostly due to
a natural bone response to necrosis, the resorp-
tion of dead tissue.

These findings defined the major goal for the
development of the next-generation plate:
reduce the damage to periosteal bone perfu-
sion. Collaboration on an unrelated project
with Franz Sutter and Oscar Tchudin, two
resourceful engineers at Straumann Institute,
Waldenburg, Switzerland, got me started on
what soon became FIXIN, a pilot project at the
AO Institute aiming at complete avoidance of
periosteal blood perfusion disturbance by elim-
inating the contact between the plate and the
bone. Franz Sutter had also provided engineer-
ing talent to the THORP system of locking
plates and screws for mandibular reconstruc-
tion, primarily after tumor resections. However,
THORP lacked the strength and robustness
needed for treatment of long bone fractures.
The only other precedent known to us at the
time was the Polish ZESPOL system, which has
seen very limited acceptance due to practical
limitations.

The FIXIN project tested a plate application
on intact sheep tibia with bicortical screws
locked to the plate by means of expandable,
slotted inserts. These experiments provided
convincing evidence that keeping the plate a
millimeter or two above the periosteum can



x Foreword

practically eliminate disturbance of periosteal
perfusion. But, unexpectedly, the histology also
showed bicortical screw damage to the
endosteal perfusion. Replacing bicortical with
monocortical screws eliminated the need for
the troublesome, locking, slotted ball and, more
significantly, reduced damage to the endosteal
perfusion. When locked, monocortical screws
provided fully adequate load transfer from the
plate to the bone. The project took on a new
name, PC-Fix (for point-contact fixator), and
began its decade-long testing in the lab, in
experimental animals and in clinical veterinary
and human applications. With the privileged
support of Stephan Perren, I devoted a signifi-
cant percentage of my time to carrying the pro-
ject forward with a long list of collaborators
whose work was only partially acknowledged
because of my failure to encourage and help
them publish the results. They are, in alpha-
betic order: Stephan Arens, Stephen Bresina,
Henk Eijer, Christian Foglar, Edward van
Frank-Hasnoot, Mark Frankle, Robert Frigg,
Maximilian Lederer, Urban Lidgren, Kurt
Lippuner, Ted Micklau, Pierre Montavon, Keizo
Morikawa, Miljenko Plavljanic, Marco Predieri,
Andreas Remiger, and Alex Zehnder.

In spite of unusually positive outcomes of all
the studies, in every respect considered, includ-
ing a human clinical study with close to 2,000
forearm fractures, the ultimate decision by the
AO industrial partners was to ignore the
demands of the AO to make PC-Fix available.

In parallel with technical developments
aimed at solving the problem of iatrogenic dam-
age to the bone, there was a major revision, if
not a revolution, in the surgical approach to
internal fixation, which came to be known as
biological internal fixation. The leaders of this
movement, together with Stephan Perren, were
Reinhold Ganz, Jeffrey Mast and Roland Jacob,

the authors of the surgical manifesto for biolog-
ical fixation Planning and Reduction Technique in
Fracture Surgery published by Springer-Verlag
in 1989. Failure of the AO and its affiliated pro-
ducers to embrace and combine the emerging
technical and surgical approaches was a major
missed opportunity to provide better care for
millions of trauma patients.

If the mechanical function of fracture stabi-
lization is to be accomplished without plate-
to-bone contact, the screws have to be locked
to the plate. Locking the screws brings certain
mechanical advantages, but the real goal is to
preserve blood perfusion and thus reduce the
risks of bone necrosis; infection being the most
consequential. The goal of preserving bone
perfusion has been lost in the intervening
years as locking plates gained acceptance in
both human and veterinary surgery. The mes-
sage from more than a decade of experimental
work on hundreds of animals — “keep the
bone perfused” — has morphed into a much
weaker one — “lock the screws.” As a conse-
quence, most locking systems have not been
designed to prevent iatrogenic damage to
fractured bones.

As witnessed by the appearance of this book
dedicated to a variety of locking plates, the vet-
erinary scene has profited from being uncon-
strained by ever-tighter regulation imposed on
the human side and, perhaps, even more impor-
tantly, less affected by consolidation of the
industry. The editors and the authors of this
book are giving their veterinary colleagues a
wonderful opportunity to inform themselves of
the choices available, the appropriate indica-
tions, the techniques and the fairly extensive
clinical experience with locking plates.

Slobodan Tepic
Zurich, June 2018



Preface

The American College of Veterinary Surgeons
Foundation is excited to present Locking Plates in
Veterinary Orthopedics in the book series entitled
Advances in Veterinary Surgery. I know many of
us that have incorporated locking plate technol-
ogy into our clinical practice are still unsure as to
“best practices” when using locking implants in
a particular fracture or osteotomy scenario. As
one of the key missions of the ACVS Foundation
is to promote cutting-edge education for diplo-
mates, this topic is timely and very reflective of
the educational mission of the Foundation.

Locking Plates in Veterinary Orthopedics is
edited by Drs. Matt D. Barnhart and Karl C.
Maritato. They have chosen a group of strong
contributing authors to detail the areas of
Principles, Applications, and Clinical Case Examples
when using locking plates. We are sure you will
find this reference extremely valuable.

The ACVS Foundation is an independently
charted philanthropic organization devoted to

advancing the educational, scientific, and chari-
table goals of the American College of Veterinary
Surgeons. The mission of the ACVS Foundation
is to support the advancement of surgical care
of all animals through funding of educational
and research opportunities for veterinary surgi-
cal residents and board-certified veterinary
surgeons.

The ACVS Foundation’s collaboration with
Wiley-Blackwell benefits all those who are
interested in veterinary surgery by presenting
the latest evidence-based information on rele-
vant surgical topics. The ACVS Foundation is
proud to partner with Wiley-Blackwell in this
important series and is honored to present
this newest book in the Advances in Veterinary
Surgery series.

R. Randy Basinger, DVM, ACVS

Chair, Board of Trustees
ACVS Foundation
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A Brief History of Veterinary
Locking Plates Applications

Karl C. Maritato

As with all of medicine, orthopedics is an ever-
evolving science. While locking implants are a
relatively recent addition to veterinary ortho-
pedics, they have been used for humans for
some time. To better understand where we are,
and where we are going, with fracture repair
and locking implants, we first need to look back
on the history of fracture fixation — a fascinat-
ing journey through the brilliant minds of our
predecessors.

In the mid-1700s, John Hunter was the first
surgeon to define the four stages of callus for-
mation during fracture repair. Around the same
time, Albrecht von Haller noted that bone heal-
ing was dependent on the vascularity around
the fractured region of the bone, emphasizing
the role of blood supply in fracture healing.
Henri Duhamel disagreed, thinking that all
bone arose from the periosteum, and coined the
term cambium layer [1].

In 1736, John Belchier was the first to identify
the important role of osteoblasts in fracture
healing, and in the 1840s, John Goodsir con-
firmed that osteoblasts were the true bone-
forming cells [1]. This led some, including Sir
William Macewen, to focus strongly on the
osteoblast and ignore the role of the periosteum
[1]. In the late 1800s, Louis Ollier, like Duhamel,

felt more than osteoblasts were in play in frac-
ture repair. He believed that in addition to oste-
oblasts, the periosteum and the bone marrow
all contributed to bone repair; he recommended
the periosteum be protected during surgery [1].

In 1886, Carl Hansmann invented the first
bone plate and screws. Ironically, it was a
locking plate that protruded through the skin
[1]. By contrast, Halsted in 1893 and Lane in
1894, utilized the first completely implanted
plates [1].

In 1912, William Sherman, who was a sur-
geon for the Pittsburgh Steel Company,
designed plates with better metallurgy and
engineering due to this connection. Because of
his improved production knowledge, his plates
did not corrode or break and were the most
widely used plates until the Association for
Osteosynthesis (AO) plates were introduced
50years later [1].

Up until this point, the plates in use were not
designed with compression in mind; rather,
they served only to stabilize and align the bone
as a replacement for external splinting, similar
to current locking plates. In 1946, Eggers per-
formed experiments on animals with induced
fractures to show the effects of fracture site
compression on the rate of healing and, in 1949,

Locking Plates in Veterinary Orthopedics, First Edition.
Edited by Matthew D. Barnhart and Karl C. Maritato.

© 2019 ACVS Foundation. Published 2019 by John Wiley & Sons, Inc.



2 A Brief History of Veterinary Locking Plates Applications

Robert Danis was the first to apply compres-
sion plating to human patients [1].

A decade later, George Bagby was the first to
use a plate similar in design to the dynamic
compression plates (DCP) used today. His
plates had oval-shaped holes with beveled
edges that allowed the plate to slide into com-
pression as the screw was tightened [1].

On November 6, 1958, a critical moment in
orthopedics history occurred: Arbeitsgemein-
schaft fur Osteosynthesenfragen (Association
for Osteosynthesis) was formed by 13 surgeons
in Switzerland [1, 2]. This group’s unprece-
dented collective focus on the study of bio-
mechanics, osteogenesis, implants, and
instruments, as well as orthopedic techniques
and postoperative care, ushered in a new era.
Additionally, they focused on orthopedic con-
tinuing education through instructional courses
and labs and published the first AO manual in
1963 [2, 3] followed by Techniques of Internal
Fixation of Fractures, published in 1965 [2]. The
critical principles of primary focus in these
early editions were that of anatomic reduction
and rigid fixation [2]. It was thought that frac-
ture healing with no callus formation was most
desired, and that the presence of callus forma-
tion was considered a sign of instability and
inappropriate repair. Willeneger and Schenk’s
research on direct bone healing reinforced this
theory [2, 3].

On 31 August 1969, AOVET was founded in
Waldenburg, Switzerland (Figure 1.1a—d) [3]. In
the decade prior to its formation, a beautiful col-
laboration between veterinary and human sur-
geons and engineers had blossomed. Transfer of
knowledge between disciplines was initiated as
never before in veterinary surgery, most notably
by Dr. Guggenbuhl, one of the original 13 AO
founders, and Dr. von Salis, a large animal vet-
erinarian and first president of AOVET. This
relationship and collaboration with von Salis’s
colleagues led to the AOVET formation [3]. One
of the first documented fracture cases in a dog
repaired using AO principles and plates was a
femur fracture in a Spitz, performed on 3
February 1969 by Dr. Geri Kasa with a four-hole
4.5mm round hole plate (Figure 1.2) [3].

In 1970, Allgowar and Perren continued
research on the Bagby design and developed a
sophisticated plate called the dynamic com-
pression unit. Compression could be achieved

in any equally spaced hole on either side of the
fracture. Consistent fracture healing and early
return to function were noted in patients treated
with these plates, and the previously common
“fracture disease” problem was disappearing
[2]. It was also noted that complications such as
sepsis, sequestrum formation, union difficul-
ties, and re-fracture were occurring using these
rigid techniques. Focus was redirected toward
the effect of the plate on the bone surface and its
blood supply [2].

At this same time, Dr. Hohn began the first,
and soon to become annual, AOVET course
held in the United States at The Ohio State
University (Figure 1.3). Dr. Hohn had been the
first to perform a canine fracture repair using
AO principles in the United States at the Animal
Medical Center in New York, as a part of a fan-
tastic collaboration with Dr. Rosen, the first AO
principled human orthopedic surgeon in the
United States [3].

In 1982 and 1984, the first AO manuals on
internal fixation in the horse and small animals,
respectively, were published [3].

Stephen Perren built on the initial research of
Ollier and in 1988 focused on the periosteum
once again. He disagreed with the thought that
stress protection from the plate led to osteopo-
rosis of the bone under the plate, and, through
his research, was able to prove that periosteal
blood supply damage led to necrosis of the
bone under the plate. This led to the develop-
ment of the limited-contact dynamic compres-
sion plate (LC-DCP) in 1990 [1]. He also felt that
strong compression and complete stability led
to vascular damage, and instead he promoted
relative stability and favored callus formation.
He used longer plates with fewer screws, which
favored faster healing with a mechanically strong
callus [1].

Also in 1990, Reinhold Ganz developed the
model of biologic fixation, promoting the “open
but do not touch” approach and the use of long
plates with fewer screws as well. Less emphasis
was placed on complete reduction and absolute
fracture site stability, but rather on alignment
and relative stability with an expectation of cal-
lus formation. It was noted that fast and predict-
able bone healing occurred in this manner [2].

In 1997, this approach was taken even further
by Chistian Krettek and Harald Tscherne, who
developed the concepts of minimally invasive
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Figure 1.1
Courtesy of AO Foundation.)

plate osteosynthesis (MIPO), which produced
rapid bone healing with a larger amounts of
callus formation [1, 2].

One advantage that external skeletal fixator
application historically had over internal fixa-
tion was lesser operative injury — that injury
caused by the fracture approach, reduction
and fixation. This consideration was trans-
lated into the creation of internal fixators.
Perren and Tepic introduced the concept of

(a—d) Four of the primary founders of AOVEET. Geri Kasa, Feri Kasa, Ortun Pohler, Bjorn von Salis. (Source:

locking implants (i.e. internal fixators) in 1993
when they created the Point Contact Fixator
using monocortical locking screws and a plate
with similar shape and design to the LC-DCP
[1]. Next in line was the creation of the less-
invasive stabilization system (LISS), which
may be considered the first plate particularly
designed for MIPO [2].

Seven years later, Wagner and Frigg cre-
ated the combi-hole plate that allowed both
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compression screws and locking screws to be
used in the same plate. This allowed compres-
sion to be used in the portions of a fractured
bone where it was desired, such as articular, as
well as simultaneous use of the locking mech-
anism in the diaphyseal portions of the bone
fracture [1].

Figure 1.2 (a, b) One of the first documented fracture
cases in a dog repaired using AO principles and plates; a
femur fracture in a Spitz, performed on February 3, 1969,
by Dr. Geri Kasa with a four-hole 4.5 mm round hole
plate. (Source: Courtesy of AO Foundation.)

In 2004, Boudrieau published the first case
report of use of a locking plate in a dog, in
which a severe malocclusion from previous
hemimandibulectomy was reconstructed [4].
The following year, Keller described the use of
the compact unilock system in small animal
orthopedics [5] and Aguila et al. published the
first biomechanical study comparing LC-DCP
and locking compression plate (LCP) in cadaver
canine femurs [6].

The AO research center began testing the
concepts of bridging fixation in small animals
using 18 different plates commonly used in
small animals in 2008 [7]. This laid the ground-
work for future research of MIPO. That same
year, locking technology moved out of the
realm of trauma and was applied to tibial pla-
teau leveling osteotomy [8], and later reports
were published on vertebral applications, dou-
ble pelvic osteotomy and arthrodesis [9, 10, 11].
Since these early reports, research on and the
clinical use of locking implant technology has
grown exponentially in veterinary medicine.

The founders of orthopedics worked tire-
lessly to understand bone and biomechanics
and their effects on fracture pathology and
management, all to better the lives of their
patients, both human and animal alike. We
must continue to follow their examples and
strive for perfection as we pursue the most
ideal management of fractures and other ortho-
pedic conditions.

Figure 1.3  The first AOVET course held in the United States at The Ohio State University, 1970. (Source: Courtesy of
AO Foundation.)
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Pitfalls of Locking Plate

Applications

Matthew D. Barnhart

Locking plates (LP) gradually crept into use in
veterinary surgery with little discussion as to
the differences between them and the well-
established conventional dynamic compression
plating (DCP) techniques. The first published
clinical application of a LP in a canine fracture
case was in 2005 [1]. While thorough reviews on
LP theory and its applications existed in the
human medical literature, access to these publi-
cations required diligent investigation by the
interested veterinary surgeon. As such, many of
us simply switched an LP for a DCP system in a
given trauma application without developing a
better understanding of the fundamental differ-
ences between the two. This author’s own ini-
tial misconception, and that most commonly
encountered amongst colleagues, was that LP
constructs were “stronger” than DCP con-
structs. We were a bit surprised to learn that LP
technology was actually not designed to be
stronger or more stable than DCP. Rather, it was
created to enhance the principles of biological
osteosynthesis in order to promote healing and
minimize infection risks that were attributed in

part to the periosteal vascular injury caused by
the large frictional force generated between
DCPs and the bone surface.

Unfortunately, we often learn more from
our mistakes than our successes, so this chap-
ter’s purpose is to report some of the early pit-
falls encountered when using LP systems. It
will become clear how basic knowledge and
adherence to principles learned later in this
book could help minimize or outright avoid
complications. Clearly, it is an oversimplifica-
tion to blame a failure on lack of adherence to
a single application principle; however, in
some of these cases it is possible that problems
could have been avoided had they been
followed.

The following fracture repair cases illustrate
what can happen if an LP is applied like a DCP
without regard for important differences
between the two. Fortunately, our contributing
authors have done an excellent job reviewing
LP principles in detail so these clinical cases
will simply act as guides for much more
detailed discussions (Figures 2.1-2.5).

Locking Plates in Veterinary Orthopedics, First Edition.
Edited by Matthew D. Barnhart and Karl C. Maritato.

© 2019 ACVS Foundation. Published 2019 by John Wiley & Sons, Inc.
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Figure 2.1 The recommended screw density for locking plate (LP) is different than that for dynamic compression
plating (DCP). This fracture repair violated this principle, leading to major stress concentration within the implant at the
fracture site and its subsequent failure. See pages 34-36 to learn more.

Figure 2.2 Maximizing plate length is particularly important when applying LP. This humerus fracture is a challenging
one and may have been best served with bilateral plates. However, at the very least, the LP used was too short, based on
the recommended plate length to fracture segment length ratios. See page 43 to learn more.
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Figure 2.3 As previously stated, LP application provides a very different biological environment for healing compared
to the DCP. This means less reconstruction and more elastic plate osteosynthesis principles need be applied. This

tibia fracture may have been well reconstructed but was doomed to failure because of the way the LP was utilized.
Maximizing the number of screw holes that are filled when using DCPs is typically the norm. By contrast, screw number
and position is more critical when using LPs. See pages 34-36 and 130-132 to learn more.

Figure 2.4 One of the things that a surgeon needs to adjust to when using a LP is the difference in “feel” during screw
insertion. The physical nuances of the DCP bone-screw interaction that confirm appropriate cortical engagement cannot
be relied upon. This was well demonstrated by Voss in a 2009 publication, which warned of the potential dangers of
inadequate screw fixation because the surgeon cannot necessarily feel how well the screw engages the bone [2]. Note
that the three most distal screws did not engage bone yet; they would have had felt tight because of their locking within
the plate. Obviously this would never go unappreciated during a DCP application. See page 27 to learn more.
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Figure 2.5 The mechanics of the single-beam construct created by a LP are fundamentally different from that of DCP
application. Note the progressive bending of this LP without apparent failure at the screw level. Were a DCP to fail in
this case, it would likely experience obvious loss of bone-screw stability before any bending took place. Additionally,
LPs tend to be less stiff than their similarly sized DCP counterparts, again taking into consideration their different goals
relative to elastic bridging and biological osteosynthesis. See pages 31-32 to learn more.

References 2. Voss, K., Kull, M.A., Haessig, M. et al. (2009).
Repair of long-bone fractures in cats and small
1. Scwandt, C.S. and Montavon, PM. (2005). Locking dogs with the Unilock mandible locking plate sys-

compression plate fixation of radial and tibial tem. Vet. Comp. Orthop. Traumatol. 22 (5): 398-405.

fractures in a young dog. Vet. Comp. Orthop.
Traumatol. 18 (3): 194-198.



The Biology of Locking Plate

Applications

Noél M.M. Moens

Since its introduction in 1969 by AO, the
dynamic compression plate (DCP) has argua-
bly become one of the most iconic plates for
osteosynthesis and continues to be used suc-
cessfully around the world. Although the DCP
has been the standard bone plate for many dec-
ades, research has led to a better understanding
of bone biology and the process of bone heal-
ing, and has identified shortfalls with the use of
the DCP. Extensive zones of bone porosity have
been identified underneath the plate following
application. The porosis develops within a few
weeks but lasts for several months. Although the
porotic bone is progressively replaced by nor-
mal bone over time, it has been blamed for
refracture of long bones after implant removal
and may therefore have clinical significance
[1-3] (Figure 3.1).

Initially, the development of bone porosis
was almost exclusively attributed to stress pro-
tection caused by the plate, inducing remode-
ling of the protected bone according to Wolff’s
law [4-6]. Although no one can deny the long
term effect of the plate on the bone, the pattern
of early porosis observed within the first eight
weeks of fracture fixation did not appear to
match the expected region of stress protection
[7]. In an experimental model using dogs,

Carter attached plates of different composition
and stiffness to the femur of dogs. Despite hav-
ing a fraction of the rigidity of stainless steel
plates, the plastic plates produced a pattern of
bone resorption and remodeling similar to that
of more rigid steel plates. This suggests that
early porosity under the plate occurs even
under very low stress shielding, and the remod-
eling may not be not associated with a change
in bone strain but rather be the result of vascu-
lar and surgical trauma caused by the plate and
its application [8]. Carter also performed a the-
oretical biomechanical analysis of the bone-
plate constructs and suggested that the degree
of stress shielding caused by metal plates that
had been calculated by others based on theo-
retical composite beam models might have
been overestimated [8]. In dogs, bone resorp-
tion following plating of the radius is also fre-
quently observed in miniature breeds but does
not appear to be a clinical problem in larger
breeds. Stress protection has also often been
blamed for the resorption. The fact that the nor-
malized stiffness of the plated radius in minia-
ture breed is similar to that of the large-breed
dogs does not support the theory of stress pro-
tection and other factors such as damage to the
blood supply should be considered [9]. There is

Locking Plates in Veterinary Orthopedics, First Edition.
Edited by Matthew D. Barnhart and Karl C. Maritato.
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(a)

Figure 3.1

(a) Left: Section of a sheep tibia three months after plating with a traditional plate showing extensive

osteoporosis corresponding to the width of the plate. (b) Right: Similar section of the tibia, one year after plate
application showing the progressive replacement of the porotic bone with new living bone. (Source: Perren [58].)

abundant evidence that implants negatively
affect bone blood supply [2, 10-14] (Figure 3.2).

A histological and bone perfusion study in
sheep demonstrated a striking correlation
between the disturbance of the bone blood sup-
ply caused by the plate and the degree and
extent of bone necrosis and remodeling
observed at 4, 10, and 20weeks following
implantation. In this study, the amount of
necrosis observed underneath the plate could
be directly related to the amount of contact
between the plate and the bone [2]. The correla-
tion between plate contact area and extent of
the bone necrosis has also been found in the
dog [13]. At the level of the fracture, the bone
necrosis and resorption caused delayed healing
of the cortex immediately underneath the plate.
The focal bone necrosis and the resulting
delayed union underneath the plate was sug-
gested to be the cause of refracture of the bone
following plate removal [2]. This theory was
later supported by a case series of 28 refractures
after implant removal. In many, the refracture
originated from an area of the cortex under-
neath the plate that failed to unite despite ade-
quate stabilization [3]. In 1988, Perren made the
case that the early porosity observed under-
neath the plates was more likely the result of
bone devascularization and necrosis than the
result of stress shielding [10, 15]. The porosity
was therefore attributed to an intense bone
remodeling following bone necrosis induced by

cortical devascularization. The realization of
the importance of the bone blood supply and its
importance in fracture healing led surgeons to
progressively adopt a different approach to
bone fixation. Instead of focusing mainly on the
preservation of the soft tissue, surgeons real-
ized the importance of also preserving the
bone vascular supply and viability [16]. This
new approach to fracture fixation was coined
“biological plating.”

With this changing paradigm, attempts were
made to develop bone plates with smaller
physical and biological footprints, to decrease
the impact on bone biology. The AO group
developed the limited-contact DCP (LC-DCP).
This plate has a scalloped underside, which
reduces the contact surface by more than 50%
compared with conventional DCP and should
therefore reduce its impact on the bone beneath
[16-18] (Figure 3.3). The concept was further
developed with the introduction of the point-
contact fixator (PC-Fix), which further decreased
the contact surface area between the bone and
the plate until it became negligible [19-22].

Although the PC-Fix was briefly used in
clinical practice, the plate was discontinued for
undisclosed reasons and replaced by the lock-
ing compression plates (LCP) [23-27]. The rad-
ical design of the PC-Fix was abandoned and
the LCP reverted to the same overall design
and plate undercuts as the LC-DCP but with
the addition of the locking screws. Although
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Figure 3.2 Surface appearance of sheep tibia seven hours following plating and injected with disulfin blue
immediately prior to euthanasia. Each tibia was plated with either a traditional plate or an experimental plate with the
underside designed to lift the plate above the bone surface by T mm. (a) Blood flow impairment can be inferred from
the large defect in disulfin uptake in the cortex immediately underneath the plate following application of a plate with
a solid underside in contact with the bone. (b) Minimal blood flow impairment occurred following plating with the
experimental plate that minimize the contact area between the plate and the bone.(c) and (d) Cross section of the tibia
after plating with the conventional plate (c) and the limited contact plate (d). (Source: Lippuner et al. [13, p. 80, Figure

1a to 1d]. Springer Verlag.)

the locking screws allow the plate to be placed
completely away from the periosteal surface
[28, 29], the true extent of plate contact with the
bone is likely variable. In clinical cases, the
plate is frequently in contact with the bone
even if it is not compressed against it. Some
locking plates have the option of being used as
a hybrid fixation, using a combination of lock-
ing and regular screws [30-32]. When used in
this fashion, the plate must be properly con-
toured and the regular screws must be tight-
ened first before the locking screws are added,
potentially compressing the bone to the same
extent as the LC-DCP. The plate contact surface
area and the cortical necrosis induced by lock-
ing plates has not been fully investigated and
is mostly derived from experience with the LC-
DCP and PC-Fix. It is likely variable depend-
ing on how the plate is used, but we may

reasonably assume that they are less than for
nonlocking plates.

Despite the clear trend toward decreasing the
plate biological footprint, the causes of the early
porosis and the causes for the delayed healing
continue to generate debate. Uhthoff studied
the pattern of necrosis and bone remodeling
after plate fixation in dog and concluded that
the pattern of necrosis and the extremely slow
bone remodeling of the porotic bone could only
be explained by stress protection and not by the
compression of the plate onto the bone [4, 5].
Furthermore, in his experiment, the zone of
porosity and the zone of bone necrosis did not
fully correlate, raising the prospect that they
may not be related [4].

Clinically, a decrease in plate footprint and
better preservation of bone vascularity should
be associated with better healing and a smaller
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Figure 3.3 View of the underside of the DCP (Bottom), LC-DCP (middle) and LCP (Top). The area colored in red
represent the theoretical zones of contact between the plate and the bone. Although the LCP and the LC-DCP have a
similar underside, the locking screws in the LCP allow the plate to sit above the periosteum if desired.

risk of refracture following removal. The impor-
tance of blood supply to the bone and its effect
on bone healing has been well studied [12,
33-35]. Studies in multiple species have shown
that disruption of the blood supply, whether
from damage to the endosteum, periosteum,
cortex or soft tissue envelope, has the potential
to delay healing and to increase the risk of frac-
ture complication. Even the fracture hematoma
plays a significant role in fracture healing and
its removal from the fracture site results in sig-
nificant healing delays [35, 36]. Fixation meth-
ods that minimize damage to the vascular
supply to the bone should therefore result in
faster bone healing and a decreased rate of
delayed unions and nonunions. In a study in
sheep, oblique tibial fractures were created and
stabilized with a lag screw and neutralized
with either a titanium DCP or a PC-Fix plate.
Six sheep were euthanized at 12, 24, 48, or
96weeks and the tibia were subjected to bend-
ing until failure. At 12weeks, in the DCP group,
all bones refractured at the level of the original
fracture. Two bones refractured at the fracture
site at the 24- and 48-week mark and one bone
at the 96-week mark. In contrast, in the PC-Fix
group all bones (except for one at 96 weeks)
refractured in a different location than the

original fracture, suggesting that healing was
significantly advanced and more complete
than in the DCP group. Histology at 12 weeks
shows advanced healing and bridging of the
bone cortices in the PC-Fix group, while the
DCP group displayed extensive bone necrosis
and resorption with minimal callus formation
[37] (Figure 3.4).

In a radiographic study of tibial fractures in
sheep treated with a DCP, LC-DCP, and PC-Fix,
bone fusion, a more homogenous bone structure
was noted in the PC-Fix group, suggesting bet-
ter and more advanced bone healing in that
group compared to the other two groups [38].
Despite these very encouraging studies show-
ing a clear benefit of the PC-Fix, several others
studies failed to demonstrate any benefit of the
decreased footprint, under both clinical and
experimental conditions. In a comprehensive
study in sheep, three types of plates of decreas-
ing contact surface area (DCP, LC-DCP, and par-
tial contact plate) were evaluated for the repair
of experimental tibial fractures. Periosteal and
bone perfusion, bone density, and porosity, bone
remodeling and biomechanical properties of the
healing bone, were evaluated at different time
points. No significant difference was seen
between any of the plate tested for any of the
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Figure 3.4

criteria tested, leading the author to conclude
that neither of those plates provided any benefit
in fracture healing over another [14]. Similarly,
in a segmental fracture model in dogs, the DCP
and LC-DCP could not be differentiated based
on vascularization, remodeling, porosity, or bio-
mechanical properties at 10weeks postsurgery
[39]. It is evident from these contradictory
results that plates with smaller footprints may
have significant theoretical advantages, but
these advantages do not necessarily translate
into better and faster healing in all clinical situa-
tions. The reasons for the contradictory results
remain unclear. One possible explanation could
be that differences in design may not translate
into clear differences in contact area when
applied to the bone. The true difference in plate
contact area between the DCP and LC-DCP has
been questioned, despite a reported reduction
of 50% between the two plates [16]. Using pres-
sure sensitive films on cadaveric bones, Field
measured the plate contact area of the DCP and

(a) Histological section of a sheep tibia 12 weeks following plating with a DCP. Note the extensive area of
porosis under the plate. (b) Histological section of a sheep tibia 12 weeks following application of as PC-Fix showing
minimal porosis of the cortex underneath the plate. (c) Section of the cortex underneath the plate at the level of the
fracture of sheep tibia stabilized with a DCP. Note the lack of bridging at 12 weeks and the minimal callus production.
(d) Section of the cortex underneath the plate at the level of the fracture of sheep tibia stabilized with a PC-Fix. The
cortex is fully bridged with new callus. Note the presence of periosteal callus immediately underneath the plate (top of
the image). (Source: Tepic et al. [37].)

LC-DCP applied to different bones. Despite the
lower theoretical footprint of the LC-DCP, no
difference in contact area was detected between
the two plates when applied to human femora
or equine metacarpi. When applied to the cau-
dal surface of the human humerus, a decrease in
contact area was observed with the LC-DCP but
that difference disappeared when the plate was
applied to the medial surface [40]. This suggests
that the contact area of the plate is influenced
more by the complex surface of the bone and the
ability of the surgeon to contour the plate than
by the design of the plate itself. The lack of dif-
ference in the actual contact surface area could
explain the lack of difference in healing observed
clinically between the different implants. The
more obvious difference in contact area between
the traditional plates and the PC-Fix may
explain why some better results were obtained
with the PC-Fix under strict experimental con-
ditions. As mentioned earlier, the undersurface
of the LCP is similar to that of the LC-DCP but
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with the added benefit of the locking screws.
Its impact on bone vascularization has not
been fully investigated but can reasonably be
expected to be significantly less than traditional
plates. Although it has been claimed that lock-
ing plates do not induce early temporary poro-
sis [31], in depth and rigorous comparisons
between traditional and locking plates have not
yet been conducted and much of the informa-
tion is extrapolated from studies on the LC-DCP,
the PC-Fix and other, earlier, plates designs.

In addition to a preservation of the blood
biology, physical clearance under the plate at
the fracture site, has also been suggested as one
the reason for improved strength of the bone
following fixation with the PC-Fix [37]. In histo-
logical sections of the bone at 12weeks follow-
ing fixation with the PC-Fix, callus could be
seen immediately underneath the plate, form-
ing almost a 360° ring around the bone. The cal-
lus could form because the PC-Fix allowed
some clearance under the plate as opposed to
the DCP (Figure 3.4c and d). Even though the
callus under the plate was smaller than the cal-
lus on the opposite cortex, it may have contrib-
uted to a stronger healing and prevented the
bone from refracturing at the previous fracture
site [37]. Greater clearance is expected for lock-
ing plates as the plate does not require any con-
tact with the bone and can be placed up to 2mm
away from the periosteal surface without sig-
nificantly influencing the biomechanical prop-
erties of the construct [28, 29, 41]. Interestingly,
a lack of callus and delayed healing of the cis-
cortex have been observed following locked
bridge plating of fractures [42] (Figure 3.5).

The asymmetrical callus formation, however,
has not been associated with a lack of blood
supply or interference with the plate, but has
been linked to the differential strain created by
asymmetrical gap closure as the plate flexes
during weight bearing [43—45]. Although, the
effect of asymmetrical healing has been suc-
cessfully mitigated by the addition of bone
graft to the cis cortex [46], some of the latest
developments in locking plate technology have
attempted to decrease the strain differential
across thefracture gap [45,47,48]. Biomechanical
reasons have also been suspected for the
delayed healing observed in simple transverse
fractures of the forearm and tibia treated with
locking plates. Simple forearms fractures

Figure 3.5 One-month postoperative radiographs of

a distal radial fracture treated with a locking plate in a
bridging fashion. Note the absence of callus at the level
of the cortex immediately underneath the plate compared
to the well developed callus on the opposite cortex.

treated in compression with a DCP healed on
average 11 weeks faster than those treated more
biologically with a bridging locking plate.
However, when the type of fixation was consid-
ered, the improvement could be attributed to
the compression of the fracture rather than to
the plate type [49]. A similar conclusion was
drawn from a study comparing open reduction
and minimally invasive plate osteosynthesis
(MIPO) for the treatment of tibial fractures.
Simple tibial fractures treated with a bridging
locking plate required twice the time to heal
than the fractures treated in compression,
regardless of the surgical approach and fixation
[50]. These reports highlight the fact that in
fracture treatment, biomechanical considera-
tions still play a significant role and may out-
weigh some of the biological advantages of the
implant. Some fractures, particularly the simple
ones, may still benefit from anatomical recon-
struction and rigid stabilization rather than
bridging and relative stability. Although lock-
ing plates have been principally designed to be
used as bridging implants, some locking plates
do allow regular bone screws to be used to cre-
ate interfragmentary compression if desired.
This feature allows the plate to be used as a
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locking bridging plate, a compression plate, or
a hybrid plate [51] (Figure 3.6).

Infection is a frequent but challenging prob-
lem following fracture fixation. Implant associ-
ated infections are particularly challenging as
the bacteria often colonize the implant or
necrotic bone and develop a biofilm on their
surfaces, rendering them resistant to antibiotics
and natural defenses [52]. Healthy bone is natu-
rally resistant to infection but rapidly becomes
vulnerable when it becomes devascularized,
ischemic, unstable, or in the presence of a
foreign body [53-55]. Traditional plates com-
pressed onto the bone surface significantly

Figure 3.6 Illustration of the “combination hole” of

the Synthes LCP™ allowing the plate to be used as a

compression plate, a locking bridging plate, or hybrid
plate.

interfere with cortical and periosteal vasculari-
zation. Not only has tissue pressure been shown
to increase soft tissues infection rates [56], but
the compression also promotes a degree of
ischemia in the bone and produces osteonecro-
sis that is proportional to the footprint of the
implant [2, 57]. Although the necrotic bone is
progressively remodeled and replaced with liv-
ing bone overtime, resorption starts at the junc-
tion of the healthy and necrotic bone and may
result in the formation of a large sequestrum
immediately underneath the implant. Necrotic
bone provides an ideal substrate for bacteria to
adhere and cause infection, and the extent of
the sequestrum may allow the infection to
propagate along a large, contiguous area under-
neath the implant [58] (Figure 3.7).

Locking plates have several biological and
biomechanical advantages over traditional
plates that would be beneficial when dealing
with contaminated or infected fractures.
Because of those characteristics, locking plates
have been frequently and successfully used for
the treatment of complicated and infected frac-
tures resulting from failed treatment with tradi-
tional plates. Despite those excellent results,
there is surprisingly a very limited body of
evidence demonstrating a decrease in infection
rates with locking plates and supporting
evidence must be gathered from research on
previous versions of the implant.Comparing
infections rates between different implants is
difficult because many aspects of the implants

Figure 3.7  Aggressive resorption of the bone at the junction between the live and necrotic bone may lead to the
formation of a large, contiguous sequestrum underneath the plate.
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can influence infection rates. Design, material
composition, biocompatibility, and even sur-
face topography all play a role in the implant
resistance to infection and therefore may skew
the results. Infections rates associated with the
use of the PC-Fix were recorded in a large
prospective multicenter study involving 1229
fractures over a six-year period. Of those 1229
fractures, 263 were open. Only 13 PC-Fix
became infected, for an overall infection rate of
1.1%. The infection rate was 1.6% when consid-
ering only the open fractures and 1% for the
closed fractures. Although no concurrent com-
parison with other implants was made, by com-
parison with historical data, the author
concluded that the infection rates associated
with the use of the PC-Fix were low [25]. The
infection rates for the LC-DCP were reported in
the same study to be around 1.1% [25], while
historical Infection rates for fixation of forearm
fractures with a DCP were reported to be as
high as 5.5% [59]. It is, however, difficult to
draw strong conclusions from those numbers,
as another contemporary study using DCP for
fixation of 134 forearm fractures reports an
infection rate of only 0.8% [60]. The authors of
this latter study credit their low infection rates
on their “biological” approach to fracture fixa-
tion by providing relative stability using longer
plates with less screws and minimizing distur-
bance to the periosteum and fracture site.
Although the plate design and the limited con-
tact of the implant were credited for the low
infection rates in the PC-Fix study, the differ-
ence in infection rates from 5.5% to 0.8%
between the two DCP studies highlight the fact
that surgical technique and biological approach
to fracture fixation may be as important as the
plate type in determining infection rates.

The material composition of the implants
represented another confounding factor in this
study because the PC-Fix and LC-DCP were
made of titanium, while the DCP were made of
stainless steel. Several studies comparing stain-
less steel and titanium implants have since con-
firmed the better biocompatibility of titanium
and the reduced risk of infection of titanium
implants compared to stainless steel [61, 62]. To
elucidate the role of all these variables on infec-
tion rates, the Association for Osteosynthesis
(AO) group conducted a series of experiments
isolating each of the variables. Two implants,

Table 3.1 Effect of implant material, implant type and
surgical approach on the infection rates and the relative
number of colony forming units required to achieve

a 50% infection rate in rabbits.

Stainless Steel 75% (15/20)  x1
(DCP)

Titanium (DCP) 35% (7/20) %10
Plate type

DCP (Titanium) 63% ] * (12/19)  x1
PC-Fix (Titanium)  26% (4/19)  x12
Surgical technique

Open approach ~ 38.5% (5/13)  x1

(steel DCP)

Minimally invasive 25%
(steel DCP)

] NS
(3/12)  x3.1

Source: Data compiled from Schlegel and Perren [63]
and Arens et al. [66].

* Denotes statistical difference and NS denotes lack of
statistical significance at 0.05%.

only differing by one characteristic, were
applied to the tibia of rabbits and infected with
increasing concentrations of Staphylococcus
aureus. Bacterial cultures of bones and soft tis-
sues were performed at 28 days [63]. By deter-
mining the infection rates for each bacterial
concentration, the bacterial load required to
produce 50% infection rates (DI50) was calcu-
lated and compared (Table 3.1). As expected,
the results confirmed the increased resistance to
infection of the titanium implants, which
required 10 times more bacteria to cause a 50%
infection rate. When the PC-Fix and the DCP,
both made of pure titanium, were compared,
infection developed in 26% of the PC-Fix, but in
63% of the DCPs. The DI50 was also 10 times
higher for the PC-Fix than for the DCP, confirm-
ing that even when they are made with the
same metal, the PC-Fix has a higher resistance
to infection than the DCP. Although the authors
could not prove the reason for the difference, it
was suggested that the reduced contact at the
bone-implant interface and the better preserva-
tion of bone biology were responsible for the
increased resistance [64]. In a comparison
between open reduction and internal fixation
(ORIF) and minimally invasive percutaneous
osteosynthesis (MIPO), ORIF resulted in a
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38.5% infection rate while MIPO resulted in a
25% infection rate. These numbers were, how-
ever, not statistically significant. Although this
result does not appear to support the benefit of
decreasing the biological impact, the plates in
the ORIF group were applied in a “biologically
friendly” manner with minimal disruption of
the soft tissues and periosteum. It is therefore
possible that the difference in the biological
footprintbetween these two surgical approaches
were not sufficient to influence infection rates.
The situation might be different in clinical situ-
ations when the tissue covering the fracture is
already traumatized. It is important to note that
the number of bacteria required to infect an
implant cannot be directly translated into risks
of infection in a clinical situation, but support
the idea that implants with smaller biological
footprints offer an increased resistant to bacte-
rial infection. Clearly, other aspects of the sur-
gery, such as minimizing bone and soft tissue
damage and preservation of the periosteum
also significantly affect infection rates to a
degree that may equal or exceed that of the
plate type. Massive contamination, on the other
hand, is likely to cause infection regardless of
the implant type and characteristics [64-66].
Although experimental data suggest an
increased resistance to infection for implants
with small biological footprints, the difference
has not been clearly demonstrated in the clini-
cal setting and infections with locking plates
are still observed [67, 68]. In addition to their
biological advantages, locking plates have
biomechanical advantages that makes them
attractive for use in contaminated or infected
situations. There are many reports of malunion
and multidrug resistant infections that resulted
in fracture union and resolution of infection fol-
lowing the replacement of the conventional
plates with locking plates suggesting that they
have a definite role to play in the treatment of
complicated and infected fractures [67, 69-71].
In veterinary medicine, only one retrospective
study specifically compared the infection rate
of locking and nonlocking tibial plateau leve-
ling osteotomy (TPLO) plates in dogs larger
than 50kg. Although the overall infection rate
was high, TPLO stabilized with a locking plate
were less likely to become infected than those
stabilized with a nonlocking plate (odd ratio:
0.34). Although the reasons for the decreased

infection rate remains speculative, the improved
stability of the osteotomy provided by the lock-
ing plate was the proposed reason for the
decreased susceptibility to infection rate [72].

Clinically, locking plates have been very suc-
cessful and have been widely accepted in both
human and animal surgery. Although there is
surprisingly little evidence supporting the bio-
logical advantages of the locking plate itself,
there is a good trail of evidence supporting
each step of the plate evolution, from the DCP
all the way to the locking plate. It is important
to recognize that at the same time as the bone
plate evolved, there has been a significant
change in the way surgeons approach fracture
treatment. From rigid stabilization and anatom-
ical reduction, surgeons have moved toward a
more biologically friendly approach by provid-
ing bridging fixation and relative stability,
while preserving as much of the bone blood
supply as possible. The evolution of biological
fixation and locking plates are intricately com-
bined, making it difficult to separate the benefit
of one versus the other. For this reason, accurate
comparison between implants is difficult. It is
abundantly evident that the surgical technique
and the biomechanical environment are at least
as important as the plate itself in guaranteeing
a successful outcome. In many cases, despite all
the potential biological advantages of the lock-
ing plates over traditional plates, a clear clinical
advantage is not always observed. Many
reports, both in humans and animals, demon-
strate good to excellent results with the use of
the locking plate. However, for the most part,
the results in terms of healing times, infection
rates, nonunion, and refracture rates are not dif-
ferent from other plate types or external fixa-
tion [68, 71, 73-79]. In some instances, locking
plates have been associated with an increased
rate of complications compared to traditional
plates, making it evident that not every fracture
should be treated with a locking plate [49, 51,
80, 81]. There are, however, situations in which
the fracture environment is suboptimal and, in
which the combined biological and biomechan-
ical advantages of the locking plates offer sub-
stantive advantage over traditional plates,
making them highly valuable and allowing
treatment of difficult fractures that would have
been very difficult to treat with other traditional
methods of fixation [67, 71, 82, 83].
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Dynamic Compression vs. Locking

Plating

— Is One “Better”?

A Review of Biomechanical
Principles and in vitro Testing

Adam H. Biedrzycki

4.1 Introduction
4.1.1 Background

Advances in fracture repair for both human
and veterinary surgery applications continues
to expand into areas evaluating shape memory
alloys (SMAs) [1], various thermoplastic com-
posites materials such as carbon fiber /polyethere-
therketone (CF/PEEK) [2], bone cements, and
biocompatible ceramics. These advances stand
on the backbone and extensive clinical experi-
ence gained using various plates for fracture
repair. The primary device used in orthopedic
fracture repair in veterinary surgery has been
the limited contact dynamic compression plate
(LC-DCP) or more recently, the locking compres-
sion plate (LCP). Each device has its advantages
and disadvantages. However, given the choice,
which plate is considered better? Many factors
can affect the ultimate clinical outcome, includ-
ing fracture configuration, patient size, surgical
technique with experience, and implant compo-
sition. The aim of this chapter is to eliminate all
extraneous variables and discuss, from a bio-
mechanical viewpoint of fracture healing, which
is better, the LC-DCP or the LCP?

4.1.2 Historical Perspective

The evolution of fracture repair has progressed
greatly since it was first reported in 1886 by
Carl Hansmann in conjunction with advances
in anesthesia, antisepsis, and radiography [3].
Hansmanns’ original device consisted of using
nickel coated sheet steel with part of the plate
and shanks of screws protruding through the
skin to allow for percutaneous removal four to
eight weeks later (Figure 4.1). Although revolu-
tionary at the time, the concept was limited as
it failed to fully appreciate the engineering
challenges associated with orthopedic repair
such laws of stress, strain, and leverage. The
plate functioned merely as a connector with-
out the ability to allow for approximation
or even compression of osseous fragments. The
progress of osteosynthesis was further advanced
in the 1960s by the Arbeitsgemeinschaft fur
Osteosynthesefragen (AO) group and the deve-
lopment of the dynamic compression plate
(DCP) in 1969 utilizing the laws of friction to
allow for fragmentary compression [4, 5].
However, the extensive underside of the DCP
interfered with the underlying periosteum and
the blood supply to the cortex, which led to the
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Figure 4.1
across a fracture. (Source: Modified from Hansmann [3].)

Figure 4.2 Comparison of the footprints of the DCP and
the limited contact dynamic compression plate (LC-DCP).
The LC-DCP reduces the DCP footprint by 50%. (Source:
Modified from Synthes.)

development of the LC-DCP in 1990 (Figure 4.2)
[6]. The LC-DCP has an approximately 50%
reduced footprint to minimize this interference
with biological healing, although the plate is
still restricted in that it must be compressed to
the bone and thus may cause a disturbance in
the vascular supply [4, 7].

The original plate developed by Hansmann [3], providing only basic, monocortical bridging connection

The successful use of the LC-DCP is depend-
ent on the frictional forces generated between
the remaining, reduced footprint of the plate
and the cortex of the bone. This frictional force is
essentially limited by the degree of screw torque
that can be placed. Using conventional screws, a
plate can be compressed to the bone with a force
of 2000-3000N [8]. However, the resulting fric-
tional force this generates in preventing plate
sliding is dependent on the coefficient of friction
between the two surfaces. To overcome these
challenges and increase the coefficient of fric-
tion, soft tissue stripping and bone cements
have been used. However, both of these have
limitations and tissue stripping can further
damage the periosteal blood supply. Early
attempts to create a device less dependent on
the bone-plate frictional force or “internal fixa-
tor” included the point-contact fixator (PC-Fix)
[9] and less invasive stabilization system (LISS
plate) [10] with the resultant development of the
LCP in 2001 [11].

4.1.2.1 What Do We Mean by Better?

The term better can have many connotations.
By “better,” we are implying we want to
achieve optimal fracture healing. This suggest



Dynamic Compression vs. Locking Plating 27

the restoration of the normal functional bio-
mechanics of the bone, i.e. a return to pre-
fracture stiffness and strength of the osseous
tissues [12]. From a clinical context, there are a
plethora of factors that go into determining an
optimal outcome. In a biomechanical context,
we will assume that the interpretation of
“better” is assigned to bone healing and bio-
mechanical superiority of one implant versus
the other in conjunction with what each tech-
nique may contribute to the overall biome-
chanical picture. In order to do this, one must
understand the biological concepts of bone
healing, and fracture repair. A variety of bio-
mechanical concepts, definitions of which are
provided in Table 4.1.

4.1.3 Fracture Stability

Stability is a crucial concept in orthopedics in
order to permit successful fracture healing.
As defined in Table 4.1, stability can be either
relative or absolute depending on the method
of repair [14]. Thus, the degree of implant and
fragment stability determines the amount of
strain at a fracture site; the level of stain present
will determine the type of bone healing that
occurs. Absolute stability occurs where fracture
gap strain is less than 2% and results in primary
bone healing via osteonal cutting cones if the
fracture gap is <200pm. Relative stability
occurs where fracture gap strain is 2-10% and
healing is via callus formation. At strains in
excess of 10%, fracture healing cannot occur,
and the site is destined to form a non-union or
mal-union.

When fractures are loaded, and the fragments
return to their original configuration when
unloaded (i.e. elastic deformation), relative
stability is present. If after loading, the fracture
fragments do not return to their original con-
figuration, plastic deformation has occurred
and the fracture is considered unstable. The
ability of different tissues to heal in the pres-
ence of strain varies. Lamellar bone has the
lowest strain tolerance of 2% while granulation
tissue can form while undergoing 100% strain
[14, 15]. The advantage of callus and relative
stability is that the process occurs much more
rapidly than direct primary bone healing with
absolute stability [14].

Compressing a fracture using a DCP can
reduce gap lengths between unstable fragment
sections to near zero values. As a result, any
fracture site motion that occurs in this near zero
gap will result in very high gap strains if the
motion persists [16]. When presented with high
fracture gap strains preventing healing, reduc-
tion in strain can occur via (i) increasing gap
length, such as occurs with bone resorption at a
fracture site, fracture comminution or imperfect
reduction, or (ii) decreasing motion present at
the fracture gap. Placing the LC-DCP on the
tension surface of the bone, where the metallic
plate will be the strongest, gap motion and
therefore fracture strain, will be limited as long
as the LC-DCP can maintain this function.

4.2 The LC-DCP
4.2.1 Construct Basics

Plate-bone-screw constructs can function as
either load-sharing or load-bearing devices.
The goal of these conventional plating tech-
niques is to provide absolute stability.
Occurrences when absolute stability and pri-
mary bone healing are essential include articular
fractures where joint congruity is crucial; it has
been shown that it is important to limit any joint
step off to be less than a critical value of 2mm of
incongruity [17-19]. When compression plates
are axially loaded in either tension or compres-
sion, they serve to convert these forces to shear
stress (parallel to the surface) at the bone-plate
interface. This shear stress is countered by a
frictional force. The normal force, which acts
perpendicular to the plate/bone surface, is equal
to the axial force generated by the torque applied
to the screws fixing the plate to the bone, which
is approximately 3-5Nm for 3.5mm cortical
screws placed into human femora [20]. However,
not all screws are tightened with the same degree
of torque; therefore, the screw with the greatest
insertional torque bears the greatest amount of
load in this system. Currently, during screw inser-
tion, surgeons use subjective feel when inserting
these screws and stop tightening the screw (stop-
ping torque) when they feel it is “tight,” as further
torque will strip the threads (stripping torque).
It has been demonstrated in several studies that
human surgeons achieve a stopping/stripping
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Table 4.1 Definition of commonly used biomechanical terms.

Brittle Material Material with a low or absent capacity for plastic deformation prior to ultimate failure.

Ductile Material ~ Material with a high capacity for plastic deformation prior to ultimate failure.

Elasticity Reversible deformation of a material. When a material is unloaded after loading in the elastic
range, it returns to its original shape and dimensions.

Elastic Constant of proportionality between stress and strain, also termed Young’s modulus.,

Modulus (E) where E = 66 / se=tan ¢.

Friction The frictional force is directly proportional to the normal force (Amonton’s second law).

The frictional force F, is parallel to the surface and is in a directly opposite direction to the
net applied external force, F_the normal force F , is force exerted by each surface, directed
perpendicular to the surface. F, and F_are connection via a proportional constant,
(frictional coefficient), such that F.=u F .

Hysteresis For time-dependent elastic materials, during cyclic loading within the elastic region, hystere-
sis is the energy dissipated between loading and unloading cycles, usually in the form of heat
energy, governed by the coefficient of restitution.

Plasticity Plasticity describes the irreversible deformation of a material undergoing permanent morpho-
logical alterations in response to applied forces.

Stability Degree of relative movement between structures. Relative stability in orthopedics indicates
that motion exists between fracture gaps under loading, but return to the initial position during
unloading. Healing is via callus formation (endochondral ossification). Absolute stability
is where no motion occurs between fracture fragments during loading, and healing occurs
through osteonal cutting cones (endosteal healing).

Stiffness The resistance of a material to deform under load. Materials with high stiffness (rigid material)
deform less under a given load (c.f flexible). The product of the cross-sectional area (A) and the
elastic modulus (E) expresses axial stiffness, such that R_=A E. Bending stiffness is defined as
the product of the axial area moment of inertia and the elastic modulus, such thatR,_=I_E,

Strain, e Deformation of a material under a given load. It is expressed as elongation per unit of original
length (I) and is dimensionless, although often given as a percentage, where e=Al/l . For a material
undergoing deformation, the ratio of transverse strain to axial strain is termed Poisson’s ration, or v.

Strength Generally, strength indicates how much force a material can support before ultimate failure.

Stress, ¢ Force per unit cross-section area. Stress is directly proportional to strain with the elastic modulus
as a constant of proportionality. Unit is Newton per m? (Pascal, Pa). Can exist as normal stress,
acting perpendicular to a surface, or shear stress when the force acts parallel to a surface.

Toughness The energy absorbed by a structure during the loading process, determined by integrating the
stress—strain curve, such that:

€
energy _ J-G de
volume

where e is strain

ef is the strain upon failure

o is the stress

Generally, toughness indicates how much energy a material can absorb before ultimate failure.

Fatigue The relationship between stress magnitude and number of loading cycles, described by
Wohler’s curve. Fatigue stress is defined as an asymptotic line of Wohler curve.

Source: Modified from Gautier [13].

torque ratio of 66-92%, resulting in under- and  strip and there may be subsequent loss of fixa-
overtightening of screws on a regular basis  tion. Thus, when an external force, F, is applied
[21-24]. If screw insertion torque exceeds the which exceeds the frictional force, F, the plate
shear resistance of the bone, then screws will ~ will slip on the bone (Figure 4.3).
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Figure 4.3  The frictional force is directly proportional to
the normal force. The frictional force, F, is parallel to the
surface and is in a directly opposite d[rect[on to the net
applied external force, F, The normal force, F , is force
exerted by each surface, “directed perpendlcular to the
surface. F, and F_are related via a proportional constant,
u (frictional coefficient), such that F=u F .

4.2.2 Axial Loads

One of the major benefits of locking screws is
that they can be used in bone of poor quality,
such as osteoporotic bone. With conventional
plating, osteoporotic bone can only withstand
a maximum screw insertion torque of approxi-
mately 3Nm, with values often less than this
[14]. Experimentally, it has been shown that
3Nm of screw torque permits motion between
the plate and the bone at loads as low as 500N
[9, 20]. This screw torque is insufficient to gen-
erate a sufficient normal force, F_ to prevent
plate and fracture motion, which can lead to
excessive gap strains that exceed the 10% maxi-
mum for secondary bone healing. This 3Nm
value is important in veterinary medicine in
relation to neonatal surgeries. Although the
process of osteoporosis that occurs in humans
isless of a concern in animals, it has been shown
that a significant number of 4.5mm cortical
screws placed in neonatal calf femora will strip
prior to achieving 3Nm of torque [25].

The success of the LC-DCP is therefore highly
dependent on the level of frictional forces that
can be generated. As such, increasing the coef-
ficient of friction, u, or increasing the screw
torque to increase the normal force F_ will lead
to increases in the frictional force, F that the
plate can generate in order to resist an applied
load, F. Once the frictional force between the
plate and the bone is overcome, the resistance
to axial loading is transferred to the single
screw furthest from the fracture site in the
direction of loading. For a 3.5 mm cortical screw,
the maximum load that can be withstood once
motion has occurred at the plate-bone interface
is 1200 N [20]. As the screwhead is not locked in

conventional plating, the cis-cortex for that screw
experiences high stresses, which can result in
bone resorption and screw loosening if they
exceed the strength of the bone. Conventional
screws therefore fail by this form of toggling
within the bone and, as each screw effectively
functions in series, all stresses are concentrated
at a single individual screw at any given time
[14]. With the resultant screw loosening, there is
increased strain at the fracture sites and increased
motion, which prevents healing via callus for-
mation once it exceeds 10% strain. It should be
noted, therefore, that the LC-DCP construct is
strongest immediately after application; with the
progress of time, the axial screw forces exerted
by the screws is diminished due to remodeling
around the screw threads, which leads to a cor-
responding decrease in normal force F_and the
fictional force F, at the bone-plate interface.

4.2.3 Bending Loads

For conventional plating methods, resistance to
bending loads is equal to the bending stiffness of
the plate for gap lengths greater than zero. When
bone fragments are compressed and the gap
length is equal to zero, the resistance to bending is
determined by the resistance of the bone threads
of a single screw to shear stress. The location of
which screw experiences these stresses is depend-
ent on the biomechanics of the fracture and the
plate. When the plate is placed on the tension sur-
face of a bone during bending, the highest shear
stresses associated with the screw threads will
occur at the screws at the end of the plate. If the
plate is placed on the compression side of the frac-
ture, the threads and screws closest to the fracture
site will have the highest shear stresses. The most
critical screws placed are those in close proximity
to the fracture, thus favoring the placement of the
LC-DCP on the tension surface of the bone. High
screw shear stresses eventually culminate in
screw pullout (Figure 4.4c). The required pullout
force depends on bone quality, cortical thickness,
and outer diameters of the screw.

4.2 .4 The Bone-Screw Interface

The importance of the frictional forces gener-
ated in axial loading are therefore paramount in
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~ secondary to high shear stress
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Figure 4.4
bone constructs. (b) Locking angular stable screws
generate compressive forces in the bone resisting pullout.
(c) Conventional LC-DCP with nonlocked screws rotate
within the plate with the bone in each thread subjected
to shear stress. (Source: Modified from Egol et al. [14].)

(a) Bending load applied to plate-screw—

preventing plate sliding, as are the shear
stresses on the bone threads exerted during
bending. From both these loading modalities, it
can be seen that the weakest point in the
plate-bone-screw construct is the bone-screw
interface. Therefore, methods that have been
attempted to improve this bone-screw interface
include (i) increasing the contact area between
the screw and bone via bone cement or using
larger core diameter screws or cancellous
screws, (ii) changing the forces at the bone-
screw interface from shear stresses associated
with pullout to compressive stress that occurs
with the use of locking plates, (iii) increasing
the coefficient of friction between the plate and
the bone, or (iv) the use of Schuhli nuts, which
create angular stability of cortical screws [13].

Schuhli nuts are threaded washers placed
underneath the plate and are tapped to receive
cortical screws. As the screws are tightened, the
nut is pulled toward the plate, which creates an
angular stable screw with enhanced holding
power. However, the use of Schuhli nuts is tech-
nically cumbersome and therefore more elegant
forms of angle stable screw fixation are used,
such as the LCP.

4.3 The LCP
4.3.1 Construct Basics

The LCP is the successor of the PC-Fix system,
which utilized the theory of bridging plate
osteosynthesis [14]. In this application, fracture
healing occurs via secondary healing, in contrast
to the LC-DCP, where it occurs via primary
bone healing. The PC-Fix and the LCP systems
function much more like a conventional exter-
nal fixator, even though they are placed inter-
nally. Thus, the principles governing the
application of external fixators must be applied
to locked plates, in which the stiffness of the
construct is greatly increased as the connected
bars are moved closer to the bone; screw lengths
for locked plates being 10-15 times shorter than
the pins for external fixators, which greatly
enhances construct rigidity [14]. A further
benefit to the locking construct is that it is no
longer necessary for the plate to be placed on
the tension surface of a bone.

The development of the LCP led to angular
and axial stability, which eliminated the neces-
sity for exact plate contouring. Thus, when
using LCPs as an internal form of an external
skeletal fixator, healing will occur via secondary
mechanisms with callus formation, progressing
more rapidly than the primary healing and
absolute stability of an LC-DCP construct.

The need for absolute stability and primary
bone healing has been questioned, and the
goals of the newer biological fixation tech-
niques are to achieve relative stability and sec-
ondary bone healing [14]. The limitations of the
conventional plate system included (i) inade-
quate fixation in pathologic or osteopenic bone,
(ii) necrosis-induced bone loss, which can lead
to necrosis of bone segments, (iii) stress shielding
due to absolute stability, which can predispose
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to fracture after device removal, and conversely,
(iv) due to lack of stability during to motion at
the plate-bone-screw interface, can result in
increased gap strains resulting in delayed or
nonunions.

Biomechanically, the major benefit of the LCP
is that it results in a single beam construct, where
there is no motion between the plate-bone-
screw interfaces. It has been demonstrated that
single beam constructs are four times stronger
than load sharing beam constructs once motion
occurs between the individual components of
the beam construct [13, 26]. Thus, conventional
plates function as single beam constructs only in
ideal circumstances when good-quality bone
permits high screw insertion torque and no
motion occurs between the plate and the bone.
Deviation from the ideal in any one of these
three circumstances results in failure of the con-
ventional plate. The benefit of the locking plate
is that it will continue to function as a single
beam construct even when one or more of these
critical components are violated.

Conventional plate screw insertion is reliant
on the shear stresses placed at the bone-screw
interface, whereas locking plates convert this
shear stress into compressive stress. Biomecha-
nically, this is advantageous, as bone has much
higher resistance to compressive forces than
shear forces. Furthermore, as described in the

(@)

axial and bending loading models of the con-
ventional plate, the strength of the fixation
becomes dependent on an individual screws
axial stiffness or pullout strength, respectively.
By contrast, locking screws are not individually
and sequentially besieged by forces, but rather,
the strength of the construct is equal to the sum
of all the bone-screw interfaces. This also
results in angular stability of the screws, which,
in turn, results in a lower incidence of screw
loosening and secondary displacement of frac-
ture fragments. While in many instances this is
an advantage, it can also be a disadvantage. For
a straight LCP, all screws are inserted parallel to
each other; thus, all screw loading is identical,
as the screws face the same direction. In thin,
osteoporotic bone or in neonatal tissue, this can
be problematic, as failure in the one direction
will result in failure of all screws (Figure 4.5).
However, slight wave formation in the plate
will result in converging and diverging screws,
enhancing their pullout strength, which is also
one of the purported advantages of the variable
angle-LCP (VA-LCP) over the fixed-angle LCP.
Although there is some angulation possible
with the standard LCP, the angle is limited to
less than 5° [27]. The benefits of the VA-LCP
are that it is able to form a fixed-angle-type
construct at customizable screw angles. The
design of the VA locking hole permits screw

Figure 4.5

Bending the internal fixator to avoid parallel screw insertion. (a) In osteoporotic bone, parallel insertion

of all locked screw may be disadvantageous; (b) The pullout resistance of the construct can be improved when the
plate slightly is bent forth and back resulting in divergent and convergent locked screw directions. (Source: From

Gautier et al. [26].)
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Figure 4.6 Variable angle locking compression plate
(VA-LCP) plate combi hole. Four columns of threads in
locking hole provide four points of locking between the
VA LCP Plate and the specially designed variable angle
locking screw. (Source: Modified from Synthes.)

angulation within a 30° cone around the central
axis of the plate hole (Figure 4.6). However, VA
systems still provide the greatest resistance to
rotation when the screws are inserted perpen-
dicular to the plate. As the off-axis angle of
insertion increases, the resistance to rotation at
the screw-plate interfaces decreases in a near
linear fashion; it is unknown if this relationship
results in a clinically significant difference in
fracture healing [28].

4.3.2 LCP Technical Challenges

One technical challenge associated with the
placement of locking screws is that there is a
complete loss of the surgical sensation of screw
tightening in the bone; the LCP screws feel
secure as the threads on the head engage the
plate, but the shaft threads in the bone may be
stripped or may not even be engaging bone,
without the surgeon’s awareness. This may be
particularly true when placing monocortical
screws, especially in narrow bones, in which
the screw tip contacts the trans cortex while the
threads engage in the plate, leading to stripping
of the cis cortex (Figure 4.7).

As mentioned previously, another disad-
vantage associated with a fixed-angle locked

Figure 4.7 In a low diameter bone the tip of the

screw can contacts the opposite bone cortex before the
screwhead engages in the plate hole thread. This leads to
the destruction of the bone thread in the near cortex and
complete loss of anchorage of the screw. (Source: From
Gautier et al. [26].)

screwhead position is an inability to angle screws,
which, under some circumstances, can have
disastrous consequences when plates are placed
eccentrically [26, 29] (Figure 4.8). This is of par-
ticular concern in the distal aspect of the ulna
when repairing olecranon fractures in the equine
species, which can lead to catastrophic conse-
quences via radial fracture (Figure 4.9) [30].
Additionally, inappropriately inserted screws
can produce failure via cross threading, whereby
the head of the screw is offset in the threads of
the plate and may disengage from the plate.
Cold welding can also occur between the screw
and the plate, particularly in softer titanium
locking screws [31]. However, several reports
indicate that fusion is rarely found, in which case
the term jamming should be used [32]. The con-
cept of cold welding is a true phenomenon that
occurs when reactive metals come into close con-
tact and the rough asperities on their surfaces
form junctions under high pressures [33]. Lastly,
if locking screws are inserted with insufficient
torque, they may not engage adequately within
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(a)

=

Figure 4.8 Malalignment between bone axis and plate. (a) Malalignment between bone axis and plate leads to
an eccentric plate position; (b) At the far end of the plate, a monocortical screw will not anchor in bone in such

circumstances. (Source: From Gautier et al. [26].)

Figure 4.9 Example of an ulnar fracture repair with a
locking screw placed entirely within the lateral cortex of
the radius, resulting in catastrophic radial fracture. Note
also that the inserted screw is shorter than the predrilled
screw hole. (Source: Modified from Jackson et al. [30].)

the plate, and ultimately back out. This is espe-
cially true when using these systems in large
animals; however, this can be avoided with the
aid of a torque-limiting driver.

Since locking constructs are not dependent
on friction generated between the plate and the
bone, the blood supply underneath the perios-
teum to the cortical bone is preserved [34, 35].
Improved blood supply may accelerate healing,
reducing risk of infection and bone resorption.
To take full advantage of this principle, spe-
cially designed LCP spacers are available that
create a 2mm buffer zone between the plate
and the bone when locked screws are placed
(Figure 4.10). However, while distance off the
bone may have biologic advantages, increasing
the distance from 2 to 6mm decreases torsional

Figure 4.10 Specially designed LCP spaces can be
placed in the locking holes to ensure the plate remains at
an optimal distance of 2mm or less away from the bone.
Once other locking screws are placed to hold the plate in
position, the spacers can be removed and replaced with
locking screws. (Source: Modified from Synthes.)

and axial stability of the construct by 10-15%
[36, 37]. The current recommendation is there-
fore that the LCP is to be placed no more than
2mm off the osseous surface.

4.3.3 Composite Locked
and Compression Plating

Thorough knowledge of the biomechanics of
conventional plates and locking plates is critical
in order for a surgeon to be able to successfully
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blend the two techniques since a number of lock-
ing plate systems are specifically designed to
accept both locking and nonlocking screws.
Failure to understand the principles governing
LC-DCP and LCP models can result in a lack of
absolute or relative stability of the fracture repair
creating an environment with high fracture gap
strains which prevent callus formation and heal-
ing. If both sides of a fracture are already locked
and fixed in position, the use of cortical screws
will be suboptimal, as the bone-plate contact is
already fixed and the friction required to produce
stability will not be generated. Additionally, if a
fragment is first compressed with cortical screws,
creating a smaller fracture gap and subsequently
locked in this position but, however, the elasticity
of the locked plate fails to minimize motion, the
result is that high gap strains will occur with
subsequent failure of osseous union [14]. The rec-
ommendation is therefore that when combining
techniques, the principles of the more stringent
LC-DCP application be followed. Accordingly,
while a pure LCP construct can be placed on any
surface of a bone, a composite construct should
be placed on the tension surface of the bone to
follow the more restrictive LC-DCP principles. If
using compression screws, these screws should
be all be completed first, compressing the LCP
plate to the bone to establish plate-bone contact
and set up frictional forces in the system, prior to
locking screw application. An example of the use
of pure LCP constructs is application for mini-
mally invasive surgery for medial condylar frac-
tures in horses. Cortical screws are placed distally
to allow for fragment compression and joint con-
gruity, with proximal application of an LCP with
locked screws occupying every available plate
hole. A hybrid construct, blending locking and
cortical technology on the same plate, is often used
for the repair of olecranon fractures in horses,
where cortical screws can be used to provide frag-
mentary compression on the tension surface of
the bone applied as a tension band principle, or
for screw angulation purposes, followed by
subsequent locking of the construct through the
remaining holes in position using locking screws.

4.3.4 Monocortical vs Bicortical Screws

Consider a simple transverse fracture from a
basic biomechanical perspective when two

monocortical screws are placed on either side of
the fracture. Failure of this construct will occur
due to either screw breakage or due to failure of
the screw bone interface. Since the bending
stiffness of screw (i.e. rod) is proportional to its
radius to the fourth power, using a bicortical
screw will not change the screw failure load,
but it will improve the screw bone interface
[13, 26]. The bone-screw interface is therefore
an important foundation principle governing
the use of monocortical or bicortical screws.
Monocortical screw fixation has several
advantages over bicortical fixation: (i) ease of
measuring screw lengths percutaneously when
performing minimally invasive procedures, (ii)
ease of insertion and decreased instrument
complexity as there are less stringent require-
ment for depth measurements, (iii) axial control
of the screw is provided by the plate-screw
interface, (iv) decreased damage to the
endosteal blood supply, (v) no need to generate
high axial loads to compress the plate to the
bone, and (vi) avoidance of intramedullary
implants when using plate/rod combinations.
However, two principles regarding the screw’s
working length need to be adhered to when
using monocortical screws (Figure 4.11). The
use of monocortical screws should be limited to
bone segments loaded in bending or axial load
only. Bones loaded in torque create high stresses
at the bone-screw interface. Therefore, a longer
working length is needed in these cases and a
bicortical screw is preferable to resist rotational
screw displacement. For a similar reason, the
use of monocortical screws is not recommended
in bones with a thin bone cortex, which also
serves to decrease the working length of the
screw. Additionally, the axial pullout of screws
is determined by the outer diameter of the
screw, a monocortical 5.0 locking screw pro-
vides between 60-70% of the holding force of a
conventional 4.5 mm bicortical screw [38].

4.3.5 Number of Screws

The optimum screw ratio (number of screw
holes filled: number of holes in the plate) has
not been sufficiently researched, particularly in
large animal models where there’s an impetus
to fill every available hole to provide a more
rigid construct. In respect to the human and
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Importance of cortical thickness on the working length of monocortical screws. The working length

of monocortical screws depends on the thickness of the bone cortex. (a) In normal bone, this working length is
sufficient; (b) In osteoporotic bone, the cortex is very thin and thus, the working length of a monocortical screw is
insufficient. This difference of the working length is important when osteoporotic bones mainly loaded in torque
have to be stabilized. (c) In normal bone, the length of anchorage of the screw thread is sufficient to withstand
rotational displacement. (d) In case of osteoporosis, this working length is very short due to the thin cortex, and
under torque the bone thread soon will wear out and secondary displacement and instability will occur (d).

(Source: From Gautier et al. [26].)

small-animal applications of LCPs, a screw
ratio of 0.4-0.5 for bridging fixation with three
or four screws either side of the fracture gap is
recommended [26, 39]. In these applications,
increasing the number of screws in the construct
does not necessarily equate to an increased
construct stability [26, 36]. As fewer screws
are inserted, the leverage on the plate increases,
which results in decreasing the load on each
screw (Figure 4.12) [26].

The difference between filling every hole
with a screw and leaving some holes open also
has an impact on the construct stability. By
omitting a single hole on either side of a fracture,
constructs become more flexible in compression
and torsion by 60 and 30% respectively [36].
Noteworthy is that the distance from nearest
screw to the fracture site is of most importance,
as it has the greatest influence on axial stiffness
and torsional rigidity [36]. However, in terms of

axial stiffness, more than three screws on either
side of the fracture offers little advantage, and
no benefit to torsional stiffness occurs after
four screws are placed each side of a fracture
fragment.

The nearest screw-fracture distance is also
critical, as the bending forces exerted on a
plate that spans a short distance increase the
local strains in the implant; the same bending
forces over a longer segment decrease local
strain by spreading the strain load throughout
an increased span length, thereby improving
implant fatigue resistance (Figure 4.12). In
human orthopedics, some locking constructs
were determined so stiff that they prevented
callus formation, which led to the development
of the principles of far cortical locking (FCL),
whereby screws were locked in the plate and in
the far cortex only (no thread purchase in the
near cortex) [40]. By contrast, in the horse, this
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Figure 4.12  Plate strain in three-point bending.

When the segment to be bent is short (a, b) the

relative deformation (strain) is high and the implant is
increasingly likely to undergo fatigue failure. When

the plate spans a longer comminuted fracture area

(c, d) the same three-point bending leads to an equal
absolute deformation (angulation) of the plate. But, the
deformation is distributed over a longer distance leading
to low implant strain and higher resistance against
fatigue. (Source: From Gautier et al. [26].)

degree of overall stiffness preventing fracture
healing is unachievable with current implants.
In such large animals, the majority of implant
failures occur due to loosening (as result of
screw—bone interface failure) and bent or broken
screws (due to screw failure) [41] and less often
due to catastrophic plate failure (Figure 4.12).
Therefore, since it is important to decrease the
cycling on each screw and maintain the screw—
bone interface as much as possible in large ani-
mals, the recommendation is to utilize every
available hole in a given plate (Figure 4.13).

4.4 DCP vs. LCP

From an economic standpoint, both LCPs and
locking screws are more expensive than their
nonlocking counterparts and while the cost
difference may be small when using a single
plate with a few screws, the larger, double-
plated constructs sometimes used in equine
surgery with a majority of locking screws can
rapidly escalate the costs of the hardware
involved. Biomechanically, testing of LCPs has
been performed in vitro on cadaver models
[42-45], animal models [46-49], and artificial
models [36, 42, 50]. In general, all the tests
involve static loading, cyclic loading, or both, in
either compression or torsion.

There are a variety of studies where the
LCP has been shown to have superior biome-
chanical properties compared to the LC-DCP,
particularly in bone of poor quality [43, 51].
However, there are also several publications
that have demonstrated that for specific situ-
ations (e.g. pastern arthrodesis in horses), no
mechanical advantage is offered by the LCP
over the DCP [52, 53].

Where clinically applicable, differences are
not only reported for axial, torsion, or bending
properties but also for fatigue resistance to
cyclic loading [42]. It is important to stress,
however, that to the author’s knowledge, no
studies have revealed any biomechanical dis-
advantage of the LCP system compared to con-
ventional plating. However, some conventional
plating combinations (e.g. the LC-DCP com-
bined with an intramedullary rod system) have
been shown to have superior biomechanical
properties over an LCP alone [54]. Particularly
for the equid species, the use of the LCP in frac-
ture repair has been shown to have superior
biomechanical properties in comparison to the
LC-DCP, and the use of LCP for the repair of
ulnar fractures in horses has been shown to
have a high success rate [55, 56].

4.5 Conclusion

Historically, the appearance of callus at an
operated fracture site was determined to be a
failure of appropriate osteosynthesis, as it
implied a lack of stability. As time has pro-
gressed, this indirect method of healing is no
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(a) Plate failure during repair of a right ilial fracture in a canine; (b) screw fatigue resulting in breakage at

the screwhead post TPLO in a canine; (c) screw breakage in a mandibular fracture in an equine; and (d) catastrophic
plate failure following a two-plate repair of a pastern fracture necessitating arthrodesis in an equine (red arrow).

longer considered a disadvantage but is now
rather a clinical goal. It is clear that the biome-
chanical principles and function of LC-DCPs
and LCP are inherently different and each system
can have its advantages and disadvantages.
Therefore, clinical judgment must be used
when deciding on which is the better method
to use. Despite the extensive biomechanical
and clinical studies concerning the LC-DCP
and LCP implants, the use and most appropri-
ate application of the LCP remains in question.
Many parameters (e.g. screw placement, screw
size, plate length, bone quality, location, plate
placement, anatomy, etc.) complicate the bio-
mechanical behavior of these implants, and
differences in testing modalities make direct
comparison between biomechanical studies
challenging.

It is imperative that the surgeon fully appre-
ciates the concepts and laws of leverage, strain,
and stress. The compression plates favor an
environment for primary bone healing through
absolute stability by reducing fracture gap
strains to under 2%. The function of a locking
plate is as an internally placed external fixator,
favoring an environment for secondary bone
healing via callus formation through relative
stability by maintaining fracture gap strains
under 10%. Compression plates are therefore
well-suited and may be advantageous to use

for periarticular fractures and situations that
demand absolutely stability. Locking plates
tend to be more forgiving as a fracture repair
technique and may be preferable in applica-
tions of indirect fracture reduction with mini-
mally invasive procedures, when bone is of
poor quality is present, for bridging commi-
nuted fractures and, where due to fracture con-
figuration or anatomy, a plate cannot be placed
on the tension surface of the bone. While there
are no absolute contraindications for the use of
the LCP, there are clinical situations where their
use may be unnecessary.
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Minimally Invasive Plate

Osteosynthesis

Philipp Schmierer and Antonio Pozzi

5.1 Introduction

Minimally invasive plate osteosynthesis
(MIPO) is defined as reduction and fixation of a
fracture with a bone plate without direct surgi-
cal exposure of the fracture site. Small skin
incisions are used to prepare an epiperiosteal,
subcutaneous, or submuscular tunnel that
allows one to insert and apply the plate to the
fracture fragments [1]. The first descriptions of
MIPO in human patients dates back to the early
1990s [2], although the most significant pro-
gression has occurred in the last decade, largely
thanks to the introduction of new implants
such as the locking plate. In the last decade,
MIPO was also introduced in veterinary medi-
cine and is nowadays an accepted technique in
dogs, cats, and horses [3-5]. Reported benefits
of MIPO include reduction in operative time,
reduced risk for bacterial infection, decreased
soft tissue trauma, and preservation of the
fracture hematoma [6]. Furthermore several
studies in human, as well as in veterinary, med-
icine showed that MIPO preserves periosteal
blood supply compared to open plating, which
may accelerate bone healing [7, 8]. Reported
disadvantages of MIPO include the technical

difficulty and the inability of direct observation
of the fracture fragments leading to an increased
risk of malalignment [9, 10].

Clinical results after MIPO in dogs have been
promising [11-13]. The initial reports of MIPO
for tibial fractures in dogs and cats showed
early radiographic union and return to full limb
function. These positive results were confirmed
in a larger study where the average healing
time was 45days and no major complications
were reported [12]. The effect of MIPO on frac-
ture healing was evaluated in a cohort of dogs
with radius-ulna fracture using ultrasonogra-
phy, power Doppler ultrasonography and radio-
graphs. The results of this study showed
significantly shorter healing times for dogs that
underwent MIPO compared to dogs treated
with open reduction and internal fixation
(ORIF). [11] However, the effect of MIPO on
fracture healing time remains a controversial
issue. Baroncelli et al. found no difference in
time to clinical union evaluated by radiographs
in a retrospective study comparing MIPO and
ORIF in 22 dogs with tibial fractures [14]. Other
studies concluded that MIPO allowed rapid
healing, but the lack of a control make the inter-
pretation of the results difficult [11, 12].
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The evolution of MIPO in human orthopedics
was accelerated by the development of locking
plates. These angular stable implants serve as
ideal implants to implement the principles of
biological osteosynthesis for several reasons
(Figure 5.1). Locking plates act as internal fixa-
tors, which eliminate the need for exact contour-
ing. Additionally, the limited contact between
bone and implant further helps to preserve the
vascular supply to the bone [15]. This chapter
aims to give an overview of MIPO principles and
techniques, with special focus on the use of lock-
ing implants for fracture reduction and fixation.

5.2 Biology and Biomechanics
in MIPO

MIPO preserves an optimal environment for
fracture healing by limiting surgical dissection
and avoiding disruption of the fracture hema-
toma. It is clearly understood that careful soft-
tissue handling is very important in preserving
blood supply to the injured bone. However, it
is the combination of not exposing the fracture
site and indirectly reducing the fracture that
makes MIPO an excellent model for biological
osteosynthesis. The fracture hematoma that
forms following rupture of endosteal and
extraosseal vessels plays an important role in
initiating fracture healing [16]. For progres-
sive fracture healing, however, adequate
blood supply and oxygen tension at the frac-
tured site is mandatory. The soft tissues sur-
rounding the bone and the periosteum play a
critical role in establishing the early blood
supply after a fracture [17]. Thus, soft tissue
and periosteum preservation using a mini-
mally invasive technique may allow more
rapid healing.

The effect of MIPO and ORIF on periosteum
preservation and early bone healing was stud-
ied in two separate experiments. In a cadaveric
study of the canine antebrachium, MIPO caused
less disruption of periosteal blood supply of the
radius when compared to ORIF [8]. In a sepa-
rate clinical study, earlier vascularization of the
fracture callus compared to open plating was
demonstrated using ultrasound, confirming the
benefit of MIPO in the initial phase of bone
healing [11].

Locking plates are ideal implants for pre-
serving periosteal vessels. The periosteal blood

supply beneath locking plates is not compro-
mised because compression between the plate
and the bone does not occur (Figure 5.1b); this
may improve healing and decrease the risk of
cortical bone necrosis and infection [18]. Alarge
multicenter clinical study in people reported
an infection rate of 1.1% after using the point-
contact fixator (PC-Fix), one of the earliest
locking plate designs [19]. Other studies have
shown decreased damage to the periosteum
and underlying bone and improvements in
bone healing with maintenance of a sound
bone structure [20]. It is clear that locking
plates should be considered as an excellent
implant choice for MIPO.

The process of bone healing is dependent
on numerous interactions between biologic
and mechanical factors. If the local circulation
is adequate to support fracture healing, the
pattern of bone healing is then dependent on
the surrounding biomechanical environment.
Most fractures repaired with MIPO tech-
niques heal in conditions of relative stability.
Relative stability involves placement of
implants that provide somewhat flexible fixa-
tion, allowing an acceptable degree of fracture
segments displacement. Fixation modalities
that are commonly employed in MIPO are
plates or plate-rod constructs applied in
bridging fashion to span a bone defect,
resulting in a relatively stable environment.
Understanding the difference between lock-
ing and nonlocking plates and the effect of
plate type, size, length, position, screw type,
and screw placement is important because
successful fracture healing depends on appro-
priate fixation stability.

The principal biomechanical differences
between conventional and locking plates is the
mode of load transfer through a fractured bone.
In conventional compression plate constructs
or nonlocking bridging plate constructs, fixa-
tion stability is limited by the frictional force
generated between the plate and the bone.
These frictional forces are the result of axial
screw force and the friction coefficient between
the bone and the plate [21]. If the force exerted
on the bone while the dog is ambulating exceeds
the frictional limit, relative shear displacement
will occur between the plate and the bone, caus-
ing a loss of reduction between the bone frag-
ments, or loosening of the screws, or both.
Locking plates differ from nonlocking plates
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Figure 5.1 Cranio-caudal radiograph of a three
year-old Domestic Short-Haired Cat presenting with

a comminuted distal diaphyseal tibial fracture. The
fracture was reduced manually and a precontoured
veterinary cuttable plate (DePuySynthes VET, Oberdorf,
BL, Switzerland) was applied to the medial aspect (a).
Cranio-caudal radiograph of a five-year-old Domestic
Short-Haired Cat presenting with a mildly comminuted
distal diaphyseal tibial fracture. Multiple fissures extend
from the fracture site into the proximal fragment. The
fracture was reduced manually and Advanced Locking
Plate System (KYON, Zurich, ZH, Switzerland) was
applied (b). Note that exact contouring is necessary
with the nonlocking implant (a) while only approximate
contouring is adequate in the locking implant because
plate standoff is tolerated (b).

because stability is not dependent on the fric-
tional forces generated at the bone—plate inter-
face. These implants consist of a plate and
locking head screws, which together act as an
internal fixator. Locking the head screw into the
plate hole confers axial and angular stability of
the screw relative to the plate. Because the sta-
bility of the construct does not depend on fric-
tional forces generated between plate and bone,
the bone-screw threads are unlikely to strip
during insertion. With the screwhead locked in
the plate, screw orientation is fixed to the plate

resulting in a single beam construct functioning
as an internal fixator. With the fixed-angle and
the screw locked in the plate, no movement at
the plate screw interface is allowed, resulting in
a decreased risk of screw pullout and screw
loosening [22-25].

When performing bridging osteosynthesis,
the selection of an implant of appropriate
length is a crucial step. With longer plates,
screw-working leverage is improved and bend-
ing forces are well distributed along the plate,
thereby lowering pullout forces on screws [26].
To determine the adequate length of the plate in
the preoperative plan for bridging osteosynthe-
sis in MIPO, two values have been used to
determine the plate length to be used. The plate
span ratio is the quotient of plate length and
segmental length of fractured/comminuted
bone. The plate screw density is the quotient of
number of screws inserted and number of
screw holes. Plate span ratio in comminuted
fractures, in which MIPO with bridging osteo-
synthesis is most commonly performed, should
be more than two to three. Values for simple
fractures range between eight to ten [26]. Plate
screw density should be smaller than 0.5 to 0.4
in comminuted fractures. A value of 0.4 to 0.3 is
recommended for simple fractures [26].

Besides plate span ratio and plate screw den-
sity, the location of the screws along the plate
and in relation to the fracture should be consid-
ered. The plate working length is defined as the
distance between the distal and the proximal
screw nearest to the fracture. Its influence on
plate strain, construct stiffness, and cyclic
fatigue of the plate construct has been evalu-
ated in human and veterinary studies.
Recommendations aim toward increased plate
working length in order to reduce axial stiffness
of the construct and to allow interfragmentary
movements [26, 27]; however, conflicting
results have been found in several mechanical
studies [28-30]. The plate working length in
comminuted fractures might not be equal to the
distance between the screws closest to the frac-
ture, but rather to the unsupported area of the
plate, which correspond to the length of the
fracture gap. Also of interest is the location and
number of monocortical and bicortical screws
in the construct as they are influential on its bio-
mechanical properties. Less torsional stiffness
is reached with monocortical screws compared
to bicortical screws. Torsional stiffness of the
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fixation construct is especially relevant in
bones undergoing combined axial and torsional
loading such as the tibia [31, 32]. A minimum of
one screw placed bicortically in each major
bone fragment has been shown to signifi-
cantly increase torsional stability in a biome-
chanical study using bone models. Interestingly,
when the bicortical screw was placed at the
innermost position, closest to the fracture,
greatest improvement in torsional stability was
observed [34].

5.3 Surgical Technique
5.3.1 Approach and Dissection

Before performing MIPO the surgeon should be
familiar with the regional and topographic
anatomy to avoid harm to neurovascular struc-
tures and to minimize postoperative morbidity
[34, 35]. The position of the animal on the table
is important for access, but also for the use of
fluoroscopy without interference with the table
or the other limbs. The skin incisions are cen-
tered over the expected proximal and distal
ends of the plate and an epiperiosteal soft tissue
tunnel connecting the two incisions is created
with blunt dissection. Long blunt scissors or
periosteal elevators are best suited for tunnel
creation (Figure 5.2).

5.3.2 Fracture Reduction

Fracture reduction for MIPO is performed
using indirect techniques, consisting of reposi-
tioning the bone fragments using specific dis-
traction and translation techniques without
direct exposure of the fracture site [36-38].
Fracture fragments are manipulated applying
forces distant to the fracture [37, 38]. Indirect
fracture reduction adapts perfectly to the con-
cept of biological osteosynthesis because the
fracture hematoma and the soft tissue envelope
around the fracture is preserved [38, 39].
However, it can be challenging to accomplish
and maintain reduction compared to conven-
tional direct reduction techniques. In addition,
intraoperative imaging is mandatory to assess
alignment, reduction, and implant positioning,
especially in cases in which the anatomical
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Figure 5.2 Minimally invasive plate osteosynthesis in a

tibial fracture of a cat. Metzenbaum scissors are used for
creation of the epiperiosteal soft tissue.
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landmarks are harder to palpate due to a larger
soft tissue envelope [40].

Described techniques for indirect reduction
include the hanging limb technique, bone-hold-
ing forceps, IM pinning, skeletal traction tables,
linear and circular external fixation, fracture
distractors, and reduction through plate appli-
cation [6, 36]. In the hanging limb technique the
animal’s weight is used to assist in distraction
of the affected, vertically suspended limb [6,
36]. This technique may offer adequate distrac-
tion, especially in fractures of the distal extrem-
ity. Final alignment can be achieved by
manipulation of the fragments either manually
or with bone reduction forceps placed through
stab incisions in the distal and proximal seg-
ments (Figure 5.3) [6]. In the author’s opinion,
extreme care must be taken with this technique
applied to the radius of cats and small dogs as
fissuring can occur.

Intramedullary pinning is an effective way to
achieve distraction and in aiding restoration of
the original limb length. As some force can be
necessary to achieve distraction, the pin should
be blunted before it is introduced in the segment
to be distracted [6, 36]. To achieve this, the pin is
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Figure 5.3 Orthogonal radiographs of a two-year-old Domestic Short-Haired Cat presenting with (a) a distal oblique
radius and (b) ulna fracture. The hanging limb technique (c) was used for fracture reduction. Intraoperative fluoroscopy
was used to assess reduction and implant position (d, e). Double plating in minimally invasive fashion was selected due

to the small metaphyseal fragment (f, g).

inserted through the cortex of the proximal frag-
ment in order to open the medullary canal, and
is then withdrawn and blunted and consecu-
tively reinserted. Reduction using traction tables
is a technique frequently used in people, espe-
cially in femur fractures [41—43]. To the authors’
knowledge, there is currently only one skeletal
traction table available for small animals [5, 43].
Reported benefits are the controlled manage-
ment of muscle contractions, eventually reach-
ing original limb length and maintenance of
reduction throughout the procedure [5, 44].
However their use is not without risk. As
described in human medicine, patient position-
ing and adequate use of traction is crucial to
avoid complications such as neurologic injury,
malalignment, soft tissue injury, well-leg com-
partment syndrome, and crush syndrome [44].
External skeletal fixators, either linear or ring
constructs, can be used for indirect fracture
reduction during MIPO. Fixation wires are
introduced in the proximal and distal fragment.
One wire per fragment of adequate size is usu-
ally sufficient. For the circular construct, two
rings or arches/half rings can be used. For linear
constructs, full pin frames should be used [5].
Both circular and linear constructs are most
commonly used in the antebrachium and tibia.

External fixators are less commonly applied to
the femur and humerus due to the large muscle
mass and the interference with the thoracic and
abdominal walls [5]. Fracture distractors consist
of two pin housing arms, one of which is fixed
at one end. The other end slides along a linear
threaded or serrated rod, depending on the
device. Large distraction forces can be applied,
requiring a cautious use in small animals. They
are mostly reserved for femur fractures in large
dogs or old, contracted fractures [5].

Indirect fracture reduction is also possible
using a precontoured plate. Orthogonal radio-
graphs of the contralateral, unaffected side are
obtained. Correct length is determined, and
adequate contouring can be achieved using
the normal contralateral bone [12]. The cranio-
caudal view is usually most valuable for plate
contouring [4]. The authors prefer to contour
the plate preoperatively only on one plane,
while the torque is generally applied intra-
operatively. Distraction is performed using one
of the previously described techniques (i.e. IM
pinning). Consecutively, the plate is inserted in
the epiperiosteal tunnel and the contour evalu-
ated using fluoroscopy. Care is taken that
the plate is centered over the bone. Usually, the
proximal end of the plate is fixed first, as it is
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easier to manipulate the distal part of the limb
for axial alignment.

It is important to note that with both conven-
tional and locking plates, cortical screws are
inserted first to “pull” the bone fragments to
the plate. In locking plates, the first cortical
screw is inserted perpendicularly in the proxi-
mal end of the plate and is not completely tight-
ened [37]. This allows some movement of
the plate distally. The distal end of the plate is
centered over the bone and bone forceps are
applied to ensure bone-plate contact. The
authors prefer point-to-point or lobster claw-
type (or clamshell-type) reduction forceps for
this step. A second cortical screw is placed per-
pendicularly and both screws are tightened.
Fluoroscopy is used to assess plate positioning
and reduction before additional locking screws
are inserted. Finally, the cortical screws can be
replaced with locking screws. Alternatively,
instead of using cortical screws, temporary
plate reduction devices such as the push-pull
device (De-Puy Synthes) or the pin stopper
(Fixin, Intrauma, Rivoli, TO, Italy) can be used
(Figure 5.4).

Another way to use locking plates for indi-
rect fracture reduction is to use them as a navi-
gation device. In the preoperative planning,
the implant is approximately contoured to
allow bone contact at the level of the most
proximal and distal holes. In surgery, the
implant is inserted with the most distal or
proximal hole centered over the bone at the
level of the anatomical landmark determined
in the preoperative planning. With this tech-
nique, the most distal or proximal locking
screw is inserted first, while maintaining
proper alignment of the plate relative to the
bone. The fragment can then be manipulated
with the plate used as joystick. In case of fixa-
tion to the distal fragment first, the plate is
pushed distally until the most proximal hole is
leveled with the predetermined proximal land-
mark and centered over the bone. In case of
fixation to the proximal fragment first, the dis-
tal fragment is pulled distally until the most
distal hole is leveled with the predetermined
distal landmark. A bone-holding forceps is
placed for temporary stabilization of the
implant. Fluoroscopy is used to assess implant
position and fracture reduction before the most
proximal locking screw is placed. Additional

Figure 5.4 Temporary reduction devices. The pin
stopper (A) (Fixin, Intrauma, Rivoli, TO, ltaly) can be
used to secure the plate by using a pin inserted in

a sleeve locked with a clamp. The push-pull device
(DePuySynthes VET, Oberdorf, BL, Switzerland) allows
securing the plate by applying compression to the
implant.

screws can be inserted as needed. This tech-
nique is especially useful in minimally to
moderately displaced fractures of the distal
extremities insmall dogs and cats. Alternatively,
plates offering the option of temporary fixation
with pins can be secured before screws are
inserted (Figure 5.5).

5.4 MIPO Technique
with Locking Plates

5.4.1 Humerus

Comminu ted diaphyseal and metaphyseal
fractures that are considered nonreducible are
best-suited cases for MIPO in the humerus
[45]. A lateral approach for MIPO in the
humerus is described in the dog and a lateral
and medial approaches have been described in
the cat [34, 35]. Locking plates are well-suited
for the humerus as precise contouring can be
difficult on its cranio-lateral side with the
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(e) (f)

Figure 5.5
comminuted distal tibial fracture. (a) The implant is approximately contoured to allow bone contact at the level of the
most proximal and distal holes in the preoperative planning. In surgery, the implant is inserted with the most proximal
hole centered over the bone at the level of the anatomical landmark determined in the preoperative planning; (b) Point-
to-point reduction forceps are used to pull the distal fragment distally until the determined distal anatomical landmark
is level with the most distal hole; (c, d, e) Point-to-point reduction forceps are used to reduce the distal fragment to the

Intraoperative images and fluoroscopy of a three-year-old Domestic Long-Haired Cat presenting with a

plate and a pin is inserted to secure the bone to the plate; (f) Screws are then inserted for final fixation.

prominent lateral supracondylar crest and the
deep brachial groove. In addition, monocorti-
cal screw placement, only recommended with
locking implants, is valuable to avoid the
supratrochlear foramen and intraarticular
screw placement. Furthermore, the supracon-
dylar foramen, representing a unique feature
to the distal feline humerus should be consid-
ered when plating the feline humerus.
Bicortical screws placed from the lateral to the
medial side of the distal humerus can be asso-
ciated with the risk of iatrogenic damage to the
brachial artery and median nerve as they pass
through the foramen [36]. With the available
polyaxial locking systems, this risk might be
reduced as they offer multidirectional inser-
tion of the screw of up to 10° without cross
threading or influence on locking strength
[25].

In the proximal humerus of the dog and the
cat, the bone cranial and proximal to the tri-
cipital line is usually of cancellous nature with
the cortex being relatively thin [46]. In this
area, locking implants offer the advantage of
decreased risk of screw pullout and screw loos-
ening [22]. In the humerus, intramedullary

pinning is a convenient way of indirect fracture
reduction. However, when using locking
implants, interference between the IM pin and
the screws should be considered. This might
influence the number of screws placed in bicor-
tical fashion [47]. Use of polyaxial systems can
help reduce this difficulty.

5.4.2 Radius and Ulna

Locking implants are an ideal choice for radius
and ulna fractures in cats, while in dogs the
nonlocking plates adapts well to the flat dor-
sal surface [48]. The radius of the cat shows a
significant change in the orientation of the cra-
nial surface. The cranio-medial orientation in
the distal aspect changes to a cranio-lateral
orientation in the proximal radius [36]. This
change in orientation can make adequate con-
touring difficult and renders plating with
locking implants helpful in cats. Especially in
cats and small dogs, the locking implant can
be used for fracture reduction without con-
touring, as described in the fracture reduction
section.
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5.4.3 Femur

Among the different fixation techniques for
MIPO in femoral fractures [49], locking
implants are especially valuable in proximal
and distal metaphyseal fractures because of
limited bone available for screw purchase
and the risk for joint violation. In proximal
comminuted fractures, as they frequently
occur in cats, monocortical screws can be
used with limited bone stock. When screws
are placed close to the joint, monocortical
screws can be useful to avoid joint penetra-
tion (Figure 5.6). As in the humerus, IM pin-
ning is a convenient way of indirect fracture
reduction in the femur. Interference with the
pin when placing locking screws can also
occur in the femur. Interference between pin
and screws can make pin withdrawing impos-
sible when cutting it to final length [50]. As
stated above, polyaxial implants can reduce
this difficulty.

Figure 5.6  Cranio-caudal radiograph of a two-year-old
Domestic Short-Haired Cat presenting with a proximal
comminuted femoral fracture. The proximal fissures, the
deficiency of the medial cortex, and the proximity to the
joint obviates the benefits of monocortical screws.

5.4.4 Tibia

Several advantages have to be considered in
MIPO with locking implants in tibia and fibula
fractures, especially when affecting the meta-
phiseal regions. In some large and giant breed
dogs, the bone of the proximal metaphysis can
be of poor density. This, in turn, may increase the
risk of screw pullout. With locking implants, this
risk can be reduced [22, 50]. Proximal and distal
metaphyseal fractures of the tibia often present a
challenge to the surgeon, as only limited space
for implant positioning can be available. The
superior resistance of locking screws to pullout
compared to cortical screws is beneficial when
only monocortical or a limited number of screws
can be placed in a small metaphyseal frag-
ment [22, 50]. However, the reduced torsional
stability of monocortical screws should be con-
sidered especially in the tibia due to the torsional
forces occurring in this specific bone [31-33, 51].

5.4.5 Percutaneous Carpal and Tarsal
Arthrodesis

Locking plates have been successfully used to
perform minimally invasive percutaneous plate
arthrodesis in dogs. The features of locking
plates such as lower rate of screw pull-out and
the limited need for contouring are also benefi-
cial in percutaneous arthrodesis. However, the
fixed angle of screw insertion was reported to
be difficult for fixation of the plate to the meta-
tarsal bones [52]. Polyaxial locking systems
may help to improve these problems [25].
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Principles of Locking Plate
Applications in Large Animals

Janik C. Gasiorowski

6.1 Principles

The basic principles of application of locking
plates are the same in large animals as they are
in the other species covered in this text. The
benefits of locking implants include elimination
of the need for plate/bone compression, greater
construct stiffness, and biomechanical stability
as compared to nonlocking implants, resistance
to cyclic fatigue, and the general versatility
offered by plate design [1]. These principles
have been discussed in previous chapters but
some bear repeating, as they are particularly
relevant to internal fixation in large animals.

6.1.1 Comfort

Immediate restoration of limb function and
return to weight bearing is of critical impor-
tance in large-animal patients. Prolonged over-
bearing on the contralateral (support) limb
leads to laminitis in the horse, laminitis or inter-
digital ligament breakdown in the cow, and
angular limb deformity in the skeletally imma-
ture (developing) animal. The greater construct
stiffness and stability achieved with the use of

locking plates helps enable earlier return to
function.

Excessive rigidity of fixation has been impli-
cated in delayed or nonunion complications
with fracture healing [2]. This is rarely a prob-
lem in large-animal patients because of the
large cyclic loading imposed by their high
body weights. It can be an issue in very young
animals, but the superior healing characteris-
tics of young bone usually overcome this
disadvantage.

6.1.2 Implant Geometry

Very few implants are designed specifically
for use in large animals. As such, large animal
surgeons often operate at the limits of the tol-
erances of the plates and screws available.
Locking implants offer increased strength
through advances in construct strength but
also, in some cases, simply by offering more
metal. The 5.5 locking compression plate
(LCP) is thicker (6.0mm) than Dynamic Hip
Screw and Dynamic Condular Screw system
(DHS/DCS) by Synthes (5.8 mm), and the finer
threads of the locking head screws (LHS) offer a
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substantial increase in proportional core diam-
eter as compared to cortex screws. More metal
translates to an increase in area moment inertia
and thus increases in implant rigidity and ulti-
mate strength.

The head of a locking screw cannot rotate or
toggle in the plate, virtually eliminating pullout
failure [1]. With conventional plating, the non-
threaded head of the cortex screw can toggle in
the smooth plate hole, allowing a crowbar effect
under bending load (i.e. the plate acts like a
crowbar and the screw is like a nail being pried
straight out of the substrate). Application of
force in this manner potentiates pullout failure.
In this scenario, only the bone that is between
the threads of the cortex screw needs to fail
for the screw to pull out. In a fixed-angle con-
struct, the threaded head cannot toggle in the
threaded plate hole so there is no crowbar
effect. An entire swath of bone would need to
fail in compression, or the bone would have to
fracture for failure of the plate/screw/bone
construct to occur. This allows for use of much
smaller threads on a locking screw. Smaller
threads yield a bigger core shaft diameter and
thus a stronger screw. For example: the core
diameter of a 5.5mm cortex screw is 4.0mm,
whereas the core diameter of a 5.0mm locking
screw is 4.4mm (DePuy Synthes catalog 2017).
The area moment inertia of the larger core diam-
eter is 1.6 times greater, increasing substantially
the bending and shear strength of the implant.

The LCP has “cut-outs” along its underside,
which homogenizes its cross-sectional area,
normalizing the area moment of inertia for the
length of the plate. This eliminates internal
stress risers and allows smooth bending when
contouring the plate. One end is rounded,
allowing for juxta-articular applications, while
the other end is tapered, facilitating minimally
invasive application.

Another significant improvement increasing
LCP versatility is the combi-hole. The threaded
potion of the hole is the root of its fixed-angle
advantages, but without the dynamic compres-
sion unit (DCU) portion of the hole, the plate
would function only as a pure internal fixator.
The DCU portion of the combi-hole allows
application in dynamic compression fashion,
increasing exponentially the versatility and sur-
gical value of the LCP. The DCU portion also
allows angulation of cortex screws toward free

fragments or away from neurovascular struc-
tures, joints, fracture gaps, and other implants.
The combi-hole of the 4.5 and 5.5 LCP can
accommodate 4.5 and 5.5 mm cortex screws and
6.5mm cancellous screws. The DCU portion of
the hole allows 40° of longitudinal angulation
and 7° of transverse angulation of a 4.5mm
cortex screw. It allows 25° of longitudinal angu-
lation with a 5.5mm cortex screw. Another
improvement is the coaxial, or “stacked,”
combi-hole. This perfectly round hole is smooth
at the top and threaded at the bottom, allowing
use of a cortex or locking head screw. This hole
configuration takes up less space within the
plate than a regular combi- or DCU hole, which
allows it to be located closer to the end of the
plate, thus permitting closer approximation of
the end screw to a joint.

6.2 Clinical Applications

The increased rigidity and fixed-angle stabil-
ity of locking plates and screws make them
a clearly superior choice over nonlocking
implants for arthrodesis and fracture repair in
large animals.

6.2.1 Arthrodesis

Arthrodesis requires rigid fixation for bone
fusion and for patient comfort. Construct rigid-
ity results in less callus formation, decreasing
the risk of impingement on the periarticular
tissues and improving the cosmetic result.

6.2.1.1 Proximal Interphalangeal Joint

An LCP designed specifically for arthrodesis of
the equine proximal interphalangeal joint is
available (DePuy Synthes Vet, Paoli, PA). In this
application, two abaxial (nonplate) transarticu-
lar screws engage the palmar/plantar processes
of the middle phalanx and the plate is applied
dorsally (Figure 6.1).

The specifics of plate application in this sce-
nario warrant discussion because the technique
differs from the original compression plating
technique. The two transarticular screws are
inserted and tightened compressing the pal-
mar/plantar aspect of the joint. Countersinking
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Figure 6.1

Locking compression plate (LCP) geometry. The underside of the LCP has undercuts that limit the surface

area of bone contact. These cutouts occur at the points in between holes, helping to homogenize cross-sectional area for

the length of the plate. (Source: Image credit: AO Foundation.)

is performed, taking care to remove bone proxi-
mally but not distally to prevent screw bending
with asymmetrical contact between the screw
head and bone when tightened. The plate is ori-
ented with the stacked hole distally. The distal
end is held firmly against the bone because the
locking screw will not compress the plate to the
bone surface in lag fashion. It can be held man-
ually or with a push-pull device in the middle
hole. A locking screw is inserted and tightened.
A cortex bone screw is placed in the central hole
in the load position and tightened, compressing
the dorsal aspect of the joint. A locking screw is
placed in the proximal hole.

The stacked hole and rounded end of the plate
help prevent contact of the extensor process of
the distal phalanx with the distal aspect of the
plate at full extension of the distal interphalan-
geal joint. The LCP has been evaluated in vitro
and demonstrated to be stiffer than an limited-
contact dynamic compression plate (LC-DCP)
construct [3]. The fact that less displacement
was seen with the LCP construct during cyclic
loading should translate to less callus formation
in vivo. This is of particular importance in this
location since horses are often expected to return
to athletic performance after pastern arthrode-
sis. Excessive callus results in impingement on
the soft tissues, most notably restriction of the
long or common digital extensor tendon.

In the author’s experience, a minimally
invasive approach is preferable (when feasi-
ble) in cases of severe PIP] arthritis. Preexisting
cartilage destruction obviates arthrotomy and
luxation. The PIP plate is introduced via sub-
tendinous tunnel and all screws are inserted
through stab incisions.

6.2.1.2 Metacarpo- / Metatarsophalangeal
Joint

Fetlock arthrodesis in the horse is a challenging
endeavor. The most common reasons for failure
are not directly related to the implants or surgi-
cal procedure. They include subluxation of the
proximal interphalangeal joint, vascular trauma
at the time of injury, infection, and contralateral
limb laminitis [4]. Locked plating increases con-
struct rigidity and reduces surgical time [5].
The LCP is applied in the same general manner
as nonlocking plates. Since the plate is applied
dorsally, on the bending surface of the con-
struct, a tension band must be placed at the pal-
mar/plantar aspect of the joint (Figure 6.2). A
cortex screw is used near the joint space and is
angled proximally into the dense bone of the
condyles.

6.2.1.3 Carpus

The specific advantage of the LCP in arthrode-
sis of the carpal joint(s) is engagement of the
small carpal bones with a stronger screw at a
fixed angle. It can be difficult or impossible to
get more than one plate screw into the radial
and ulnar carpal bones. The large core of the
locking screw reduces the chances of implant
failure. Additionally, the locking head elimi-
nates the rotation and toggling that is possible
with the smooth head of a cortex screws, reduc-
ing chances of implant loosening and increasing
rigidity.

Locked plating for pancarpal arthrodesis is
initiated with a standard technique. The
fracture(s) are reduced and the articular carti-
lage is removed. The craniomedial plate is
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Figure 6.2  Plate/screw PIP] arthrodesis. A three-hole 4.5 mm narrow (PIPJ-specific) LCP was applied dorsally for
arthrodesis of the proximal interphalangeal joint. Abaxial transarticular screws were placed in lag fashion to compress

the palmar aspect of the joint.

positioned with the locking units of the central
two combi-holes directly over the radial and
third carpal bones. A cortex screw is inserted
through the plate in load position into the prox-
imal aspect of the third metacarpal bone but not
tightened. A second cortex screw is inserted in
the load position into the distal aspect of the
radius. These two screws are tightened to com-
press the carpal joints. The craniolateral plate is
applied at this point with the same pattern of
screw insertion. The craniolateral plate can be
applied through the same incision. Some frac-
ture configurations necessitate more lateral
positioning of the craniolateral plate. Significant
contouring is needed for adequate plate/bone
contact in a nonlocking construct and a second
incision is often required. Herein lies another
advantage of the LCP, as perfect contouring is
not required for stability and the second plate
can be applied in a minimally invasive fashion.
However, some contouring is still required —
otherwise, skin closure will be very difficult. An
additional cortex screw can be placed in load
position on each side of the carpus in each plate.
Locking screws are inserted into the remaining
holes of both plates.

Partial carpal arthrodesis is performed most
commonly for comminuted fracture of small
carpal bone(s) or collapse secondary to advanced
osteoarthritis. As such, plates are applied to but-
tress the joints(s), preventing collapse. Locking
plates are applied to the dorsomedial and dor-
solateral aspects of the carpus (Figure 6.3). The

Figure 6.3 Tension band wire used in
metacarpophalangeal arthrodesis. Due to anatomical
constraints the LCP must be applied dorsally, on the
bending surface of the joint. Here, a palmar tension band
wire was used to mitigate cyclic bending forces on the
plate.

dorsolateral plate is applied through the same
incision or via minimally invasive approach.
Locking screws are used when the small bones
are intact or severely comminuted. If the small
carpal bones have repairable damage (i.e. two-
piece fracture), cortex screws placed (through
the plate) in lag fashion are used to stabilize the
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fracture. The advantages gained from stabiliza-
tion of the fracture outweigh the advantages of
a locking screw in this position. If the small bone
fracture can be compressed with a screw outside
of the plate, then a locking screw is used in this
plate hole.

Figure 6.4 Partial carpal arthrodesis. 4.5 mm narrow
locking compression plates (LCPs) were applied
dorsomedially and dorsolaterally.

6.2.1.4 Tarsus
Arthrodesis of the tarsometatarsal and distal
intertarsal joints is performed for treatment of
fracture, luxation, or osteoarthritis. A T-plate
(4.5mm locking T-plate, DePuy Synthes Vet,
Paoli, PA) is available and well-suited for this
purpose [6]. The plate is applied dorsomedially
(Figure 6.4) and three locking screws are
inserted into the central tarsal bone through the
“T” portion of the plate. These three screws
tend to converge, so care must be taken when
selecting screw length. A cortex screw is placed
in the third tarsal bone in the load position and
tightened. A cortex screw is placed into the
proximal metatarsus in the load position and
tightened. Locking screws are placed in the
remaining plate holes. In the case of commi-
nuted fracture of the small tarsal bones, the
plate serves to buttress the joint and dynamic
compression is not applied. In this case, cortex
screws are used only to stabilize large frag-
ments amenable to repair in lag fashion.
Axially unstable tarsal fracture and luxation
of the proximal intertarsal joint are treated with
a locking plate applied to the plantar lateral
aspect of the tarsus. A 4.5mm broad LCP is
positioned to span the tarsus, extending from
the calcaneus to the proximal third of the meta-
tarsus, engaging the fourth metatarsal bone
(Figure 6.5). Screw selection and placement

Figure 6.5 Distal tarsal arthrodesis. Locking head screws were placed through the horizontal portion of the locking T-
plate into the central tarsal bone. A cortex screw was placed in the third hole in the load position to compress the DIT)
and TMT] before inserting another locking screw in the third tarsal bone.
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(a) (b)

Figure 6.6 Luxation of the distal tarsal joints. (a, b) A 12-hole 4.5 mm narrow LCP was applied to the plantarolateral
aspect of the tarsus to stabilize the distal tarsal joints after luxation. (Source: Image credit: McCormick [7].)

varies and is predicated on the injuries being
addressed. Horses treated with this method of
fixation have returned to athletic capacity [7].

6.2.1.5 Cervical Vertebrae

Fusion of cervical vertebrae for treatment of
cervical spinal cord compression is performed
most commonly with a kerf cut cylinder (KCC)
[8] (Figure 6.6). Fusion has also been achieved
with use of the LCP [9, 10] (Figure 6.7). In vitro
comparison of KCC and LCP ventral fusion of
the fourth and fifth cervical vertebrae demon-
strated similar stiffness and moment to failure
of the two constructs in four-point bending
to failure. [8] The sixth and seventh cervical
vertebrae were successfully fused with a broad
seven-hole LCP in a three-month foal with cer-
vical stenotic myelopathy [9]. The main advan-
tage of the LCP construct is greater immediate
stability, allowing definitive repair of cervical
vertebral fractures and potentially decreasing
the incidence of construct failure during recov-
ery from general anesthesia. The disadvantages
of locked plating in this application are the

Figure 6.7 Cervical vertebral instability/malformation.
The kerf cut cylinder (KCC), a partially threaded
modification of the original Bagby Basket, was used for
fusion of sixth and seventh cervical vertebrae.
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need for greater exposure, the inability to
expose adequately the caudal cervical verte-
brae, and greatly increased need for intraopera-
tive imaging. The KCC may be preferable in
cases of spinal cord compression secondary to
cervical vertebral compressive myelopathy or
cervical facet arthritis. Locked plating may be
preferable for treatment of instability second-
ary to cervical spinal fracture. As demonstrated
by the model used by Reardon et al., locked
plating does not increase significantly the sta-
bility of the construct when the vertebrae are
intact. The cervical spinal column stabilizes
itself. In the case of cervical vertebral fracture, it
stands to reason that inherent stability of an
internal fixator would be a specific advantage.
This hypothesis has not yet been examined.

6.2.2 Fracture Repair
6.2.2.1 Middle Phalanx

Repair of comminuted fracture of the middle
phalanx often combines anatomic reconstruc-
tion with arthrodesis of the proximal inter-
phalangeal joint (Figure 6.8). Implants are
subject to immense static and cyclic loading in
bending, shear, and torsion. The stability of a
fixed-angle construct and the versatility of the
combi-hole make the LCP an ideal implant for
this type of repair. Repair is initiated with luxa-
tion of the joint and removal of the articular
cartilage. After preliminary reconstruction of
the fragments, two four- or five-hole 4.5mm
narrow locking plates are applied. The plates
are positioned abaxially and oriented with the
round end and stacked hole distally. The distal
aspect of the plates is contoured to be slightly
convex, so the screws will engage rigidly the
medial and lateral palmar/plantar eminences
of the middle phalanx. This is critical for the
stability of the repair and for compression
across the palmar/plantar aspect of the joint. It
is important that the distal aspect of the plates
not impinge on the extensor process of the dis-
tal phalanx during extension of the distal inter-
phalangeal joint. The joint is compressed by
insertion of cortex screws in the load position
into proximal plate holes. The most proximal
plate hole and the hole just proximal to the joint
space should be reserved for locking screws.
A cast is applied for recovery from general

(b)

(a) Fourth cervical vertebra fracture and

LCP fixation. Fracture of the caudal body of the fourth
cervical vertebra. (b) A 10-hole 4.5 mm narrow LCP was
applied ventrally for fusion of the fourth and fifth cervical
vertebrae. (Source: Courtesy of Dr. Dean Richardson [4].)

Figure 6.8

anesthesia and maintained at least until the
incision(s) are healed. In highly comminuted
fractures and all fractures with complete loss of
axial integrity, an external skeletal fixator or
transfixation pin cast should be applied to
transfer the forces of weight bearing proximal
to the site of injury.

6.2.2.2 Proximal Phalanx

Much like the middle phalanx, locked plating is
ideal for repair of multifragment fractures of
the proximal phalanx, for similar reasons.
Anatomic reduction and accurate reconstruc-
tion of the joint surfaces (especially proximal)
are critical. Incongruity in the articular surface
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Figure 6.9 Comminuted fracture of the middle phalanx. The fractures were reduced and stabilized with cortex screws
in lag fashion, then plated with two 4.5 mm narrow locking compression plates (LCPs) applied dorsally. Arthrodesis of
the PIP) was performed due to the high likelihood of development of arthritis but also to make use of the distal aspect of
the proximal phalanx for plate application and construct stability. (Source: Courtesy of Dr. Dean Richardson [4].)

results in large bending moments applied to the
screws and precipitates implant failure. Even if
the construct holds, articular imperfections will
lead to early onset of osteoarthritis.

The proximal joint surface is reconstructed
with cortex screws placed in lag fashion. The
surgeon must consider future plate applica-
tion when selecting cortex screw position.
Dorsomedial and dorsolateral plates are
applied. Locked screws are used proximally
across fractures that have already been com-
pressed with independent cortex screws. Cortex
screws are placed in distal plate holes in the
load position to generate compression across
the transverse fracture component. The rest of
the holes are filled with locking screws. A cast is
applied for recovery from general anesthesia
and maintained at least until the incisions are
healed.

Most multifragment transverse fractures
without an intact vertical strut of bone are not
amenable to plate fixation. These fractures are
reconstructed as accurately as possible with
cortex screws before external skeletal fixation is
applied. A cast is insufficient coaptation, even
with excellent anatomic reduction. A transfixa-
tion pin cast (Figure 6.9) or purpose-built exter-
nal skeletal fixation device [11] (Figure 6.10) is

Figure 6.10 Distal diaphyseal MCIII fracture in a foal:
4.5 mm narrow LCPs were applied dorsally and laterally.
The stacked combi-hole at the distal aspect of nine-hole
plate allowed for close approximation of the plate to the
distal physis.
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required. In some cases with large proximal
bone fragments, double-plate fixation (similar
to that described for complex fractures of the
middle phalanx) is possible. The proximal
interphalangeal joint is fused and the middle
phalanx is used for distal plate/screw pur-
chase. With severe destruction of the distal
aspect of the proximal phalanx, the plates but-
tress a large span and will fail under cyclic
loading. Long-term protection of the construct
with external skeletal fixation is required.

6.2.2.3 Mc/MT3

In vitro testing has shown the LCP to be supe-
rior to the LC-DCP in resisting overload in
static bending and torsion and in resisting
cyclic fatigue under four-point bending in oste-
otomized equine third metacarpal bones [12].
The lack of significant contour of the equine
third metacarpal/metatarsal bone facilitates
minimally invasive plating. An internal fixator
(locking plate) is the most appropriate type of
implant for this application: it does not rely on
plate bone compression for stability and does
not crush the periosteum beneath it.

Fractures of the medial condyle propagate
proximally and are prone to catastrophic exac-
erbation in the absence of internal fixation.
Repair with the LCP has been successful but
has not been compared directly to repair with
the LC-DCP or to internal fixation with screws
alone. Repair with cortex screws applied in lag
fashion alone is possible, but postoperative
vertical propagation of the fracture beyond the
level of internal fixation is a risk. It is hypothe-
sized that plate augmentation of the repair
may decrease the incidence of postoperative
catastrophic exacerbation of the fracture.

Locked plating is the standard of care for dia-
physeal fractures of the cannon bone. In small
foals a single broad LCP may be sufficient
(Figure 6.11). In most cases, double plating is
required. The LCPs are applied using standard
internal fixation technique. Cortex screws are
placed across oblique fractures in lag fashion
and are used for dynamic compression of trans-
verse fractures. All cortex screws are placed
and tightened fully before locking screws are
inserted. Locking screws are also superior to
cortex screws for stabilization of large, isolated
cortical fragments in comminuted fractures.

T
e’ e

Figure 6.11 Comminuted fracture of the olecranon.
An 11-hole 4.5 mm narrow locking compression plate
(LCP) was applied caudally. The plate is loaded in
almost pure tension.

Locked plates have distinct advantages for
repairing Salter-Harris fractures. The epiphysis
offers very little bone for screw / plate purchase.
The superior stability and resistance to cyclic
fatigue offered by the fixed-angle construct and
larger core diameter of the locking screw is of
tremendous value. Locked plating may also aid
in the preservation of physeal viability.

6.2.2.4 Ulna
Ulna fracture repair in the horse is predicated
on the tension band principle and has been
described using tension band wiring, hook
plating, and both DCP and LCP fixation tech-
niques. A recent retrospective analysis of repair-
ing 18 ulnar fractures with the LCP found 83%
of horses sound for their intended purpose [13].
Several unique anatomic characteristics of
the ulna warrant specific mention. The caudal
spine of the ulna is straight, but profound
medial concavity is present at the proximal
aspect of the body. The caudal aspect of the
medial humeral epicondyle enters this concav-
ity during extension of the elbow. The LCP
must be aligned so that fixed-angle screws
avoid the medial concavity. This position centers
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the plate over the ulna but places it in a consid-
erably lateral location relative to the proximal
radius. The fixed angle of the distal plate holes
aims the drill bit toward the lateral cortex of the
radius. Catastrophic postoperative fracture of
the radius has been reported in cases of pene-
tration of the lateral radial cortex in this manner
[14, 15]. This complication is avoided by correct
positioning or the use of a cortex screw in this
hole, angled medially. The surgeon should drill
with keen awareness for the sudden advance of
the drill bit that is associated with penetration
of the near cortex and entry into the medullary
cavity. If that sudden penetration does not hap-
pen, drilling should cease and the direction
should be evaluated with craniocaudal fluoro-
scopic imaging.

Ulnar plates are loaded predominantly in
tension, so a single narrow LCP is often ade-
quate (Figure 6.12). Broad plates are recom-
mended in horse over 500kg. Augmentation of
the construct with a lateral LCP is recommended
for comminuted fractures. The caudal plate is
applied first.

In foals less than seven months of age, trans-
fixation of the ulna and radius with the distal

plate screws must be avoided. Continued
skeletal growth at the proximal radial physis
will result in distal subluxation of the humer-
oulnar joint.

6.2.2.5 Radius

Repair of radius fractures is limited to those in
which anatomical reconstruction is feasible.
Inadequate reconstruction of the cortices guar-
antees failure; therefore, perfect reconstruction
of the caudal cortex is imperative. Double-
locked plate fixation is the treatment of choice
and use of 5.5 mm LCPs, 5.0 mm locking screws,
and 5.5mm cortex screws is recommended
(Figure 6.13).

Proximal physeal fractures happen concomi-
tant with diaphyseal fracture of the ulna. This
combination results in cranial or craniomedial
displacement of the proximal metaphysis of the
radius. Such displacement can cause irreversi-
ble damage to the radial nerve and paresis of
the limb. Due to the typical “dropped elbow”
presentation, radial nerve damage can be diffi-
cult to recognize preoperatively. This fracture is
repaired with two LCPs, one positioned over
the caudal aspect of the ulna and a second over

Figure 6.12 Comminuted mid-diaphyseal radial
fracture: 5.5 mm broad LCPs were applied dorsally and
laterally.

Figure 6.13 Mid-diaphyseal humeral fracture. An
intramedullary interlocking nail was combined with
cranial application of a 5.5 mm LCP. (Source: Image
credit Dr. Jeffrey Watkins.)
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the lateral aspect of the radius. Reduction is dif-
ficult and can be aided by the lag effect of a long
cortex screw placed through the caudal plate at
the level of the radial metaphysis. Maintenance
of reduction can also be aided by lateral appli-
cation of a transphyseal screw and tension band
wire. The lateral plate is applied after initial sta-
bilization of the fracture with four screws in the
caudal plate, and the plate is oriented with the
stacked hole proximal. Cortex screws are placed
across the metaphyseal fracture component in
lag fashion. Locking screws are inserted after
the cortex screws are tightened fully. Screws are
then inserted into the rest of the ulnar plate.
The distal screws in the caudal plate engage the
radius between the screws of the lateral plate as
transfixation of ulna to the radius helps stabi-
lize the construct. Unlike ulnar fracture repair,
transfixation is not contraindicated in young
foals since the proximal radial physis is dam-
aged and bridged by the lateral plate.

Diaphyseal fractures of the radius are
repaired with two broad LCPs. One plate is
always applied cranially and the other is
applied medially or laterally, depending on
fracture configuration and status of the soft tis-
sue envelope. The plates should span the entire
length of the diaphysis. Screws can be inserted
into the proximal and distal plate holes via stab
incisions to minimize incision length. No coap-
tation should be applied for recovery from gen-
eral anesthesia or in the postoperative period.
With cast coaptation, the caudal cortex becomes
the tension surface, precipitating construct fail-
ure. Repair in foals carries a good prognosis
[16]. Adult horses should be supported in a
sling in the postoperative period. The survival
rate of adult horses after displaced fracture of
the radius requiring open reduction and inter-
nal fixation is low [16, 17].

6.2.2.6 Humerus

Limited data exists on locking plate fixation of
humeral fractures in the horse. Repair typically
involves cranial and lateral dynamic compres-
sion plates. Locking implants are larger (5.5
broad plate and 5.0mm LHS), and locked plat-
ing should increase construct stiffness and
resistance to cyclic fatigue. A locking intramed-
ullary nail combined with a cranial LCP has
also been used successfully (Figure 6.14).

6.2.2.7 Scapula

Supraglenoid tubercle fractures have been
repaired with bone screws placed in lag fashion
in combination with tension band wires. Use of
the LCP with successful outcome was recently
described for repair of this fracture [18]. The
fixed-angle construct allowed transverse posi-
tioning (Figure 6.15) of the implant(s) and
engagement of the tubercle without biceps bra-
chii tenotomy. The technique was simple, and
three of the four horses returned to athletic
function. The human distal femoral locking
plate can also be used; the main advantage
being the option to insert multiple screws into
the distal fragment [19].

Scapular neck fractures have been repaired
with two locking compression plates [20] and
with the distal femoral locking plate (per-
sonal communication; J. Watkins and A. Watts)
(Figure 6.16). The broad distal end of the femo-
ral locking plate allows for robust engagement
of the distal fragment with multiple screws.
The plate is positioned craniolaterally in the
groove between the spine and the flat portion
of the bone. It is contoured by twisting it along
its long axis to orient the locking screws caudo-
medially through the spine and into the caudal
aspect of the flat portion of the scapula. This
positioning affords maximum screw-bone pur-
chase, and the narrower proximal aspect can be
placed underneath the suprascapular nerve or
contoured to pass over it. The prognosis for a
return to athletic function is good [21].

6.2.2.8 Tibia

Salter Harris type-II fracture of the proximal
tibia typically has a lateral metaphyseal spike.
Reduction is critical for future limb function.
Adequate engagement of the proximal epiphy-
sis is the crux of the repair. Based on the direc-
tion of displacement, the medial aspect is the
tension surface. The 4.5mm locking T-plate
(DePuy Synthes) was designed specifically for
repair of this fracture in the horse. Reduction is
maintained with bone forceps or an independ-
ent medial tension band. Three stacked holes in
the horizontal portion of the plate allow solid
engagement of the proximal epiphysis with
5.0mm locking head screws. Compression is
achieved with insertion of a 55mm cortex
screw in the load position of the second to last
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Figure 6.14  Supraglenoid tubercle fracture case series. One (a, ¢, and d) or two (b) 4.5 mm narrow LCPs were applied
in transverse orientation with (a and c) or without (b and d) a tension band wire. (Source: Image credit Ahern et al. [18]).

combi-hole. One or two 5.5mm cortex screws
are inserted in the neutral position through the
hole(s) just distal to the physis. These screws
can be placed in lag fashion to secure the lateral
metaphyseal spike. Locking head screws
(5.0mm) are then inserted into the remaining
plate holes and tightened.

Diaphyseal fracture repair is difficult and
usually successful only in foals weighing less
than 200kg. The tibia is subject to bending and
torsional stress during normal loading and
experiences enormous strain during recovery
from anesthesia [22]. Double plating is required
and currently the LCP is the best choice
(Figure 6.17). One plate must be applied to
the craniolateral tension surface of the bone.
The position of the second plate is dictated
by the fracture configuration or condition of the

overlying soft tissues. In oblique fractures one
plate should be applied over the distal aspect
of the proximal fragment. In multifragment
fractures at least one plate should buttress the
isolated fragment or the region of comminu-
tion. Plates should span as much of the diaphy-
sis as possible and are staggered to avoid stress
concentration at the plate ends and to allow
bicortical purchase of all locking head screws.
All screws crossing the fracture should be
placed in lag fashion.

6.2.2.9 Femur

Salter-Harris type-II fracture of the distal femur
can occur in foals. The most challenging aspect
of this repair is the relative paucity of bone in
the distal fragment and the proximity of the
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Figure 6.15 Distal femoral locking plate for scapular neck
fracture repair. The broad head of the DFLP implant allows
for engagement of the distal fragment with more screws.
(Source: Image credit Drs. Jeffrey Watkins and Ashley Watts.)

Figure 6.16  Comminuted mid-diaphyseal tibial
fracture in a weanling. A 14-hole 5.5 mm broad LCP
was contoured and applied from the dorsolateral cortex
proximally to the dorsal cortex distally and a 10-hole 4.5
mm broad LCP was applied medially.

Figure 6.17 Mid-diaphyseal femoral fracture in a foal.
This fracture was double plated with a 4.5 mm broad LCP
laterally and a 4.5 mm narrow LCP cranially.

femoropatellar articulation. Double-plate fixa-
tion using the dynamic condylar screw plate
(lateral) and the dynamic hip screw plate (cra-
nial) has been the standard of care, however,
standard locking compression plates can be
used as well. More recently, successful repair of
a distal femoral fracture in a donkey using a
human distal femoral locking plate was
described [23]. The advantages of the distal
femoral locking plate include the option for
insertion of up to seven locking screws into the
distal fragment and ease of use as compared to
DCS and DHS plates.

Mid-diaphyseal femoral fractures in foals
have been successfully repaired with double
plate fixation (lateral and cranial) (Figure 6.17).
The increased stiffness of the LCP and locking
screws, and the increased yield strength of the
locking plate-screw-bone construct should
increase the success rate of the procedure, espe-
cially in larger/older foals. That said, seroma for-
mation and postoperative infection are the main
reasons for failure [24] and are unlikely to be
affected by the use of locking instrumentation.

6.3 Conclusion

Large animals, especially horses, must return
immediately to weight bearing on all four limbs
after fracture repair. Considering the inability
to protect the biomechanical construct from
cyclical loading, locked plating has arguably
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had a more significant influence on fracture
repair in large animals than it has on the small
animal field. The LCP offers increased construct
rigidity, resistance to cyclical fatigue, and ulti-
mate load to failure. Improvements in geome-
try make it the most versatile bone plate suitable
for use in large animal orthopedics. Increased
cost remains the only disadvantage.
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The Advanced Locking Plate System

(ALPS)

Tomas Guerrero

The Advanced Locking Plate System (ALPS)
(Kyon AG® Zurich, Switzerland) is a locking
plate system developed for veterinary use [1-3].
ALPS was developed based on research
performed on the point-contact fixator (PC-Fix)
at the AO Research Institute, in Davos,
Switzerland, aiming mainly to preserve blood
supply [3-5]. This was accomplished by shap-
ing the underside of the plate for minimal
contact with the bone (Figures 7.1 and 7.2),
and using only monocortical screws to protect
the endosteal blood supply. Stoppers in the drill
bits are used to reduce damage to endosteal
vasculature.

The Sherman-shape of the plate is meant to
provide uniform bending strength along the
plate length and allows for contouring in all
planes (Figure 7.3). The screw holes allow for
insertion of locking and nonlocking screws.
Locking screws must be inserted at a right angle
to the plate while nonlocking screws can be
angulated 30° in the longitudinal plane and 5°
in the transverse plane. Additionally, nonlocking
screws can be used to position the plate in
compression or neutral functions. If needed,
nonlocking screws can be replaced, once fixation
isachieved, by the diameter larger locking screws
using the same plate holes. The screwheads

lock into the plate-holes by a combination of
two mechanisms: (i) partial threads in the
plate-hole that lock with the most proximal
thread of the screw (Figure 7.1), and (ii) conical
shape of both the screwhead and the plate hole.
The plates are made of grade 4 titanium and
the screws are made of a titanium-aluminum-
vanadium alloy (Ti-6A1-4V). Four size-systems,
named based in the width of the plates, are
available. Each system has two different sizes
of plates fitting the same-size screws: mini
(3.5/4mm), small (5/6.5mm), medium (8 /9 mm),
and large (10/11mm). Details of plate size,
locking and cortical screw sizes, and common
applications of each system are provided in
Table 7.1. A dedicated implant chart is used to
evaluate proper implant size (Figure 7.4).
ALPS-specific instrumentation includes
drilling guides for locking and nonlocking
screws (Figure 7.5). Different from other lock-
ing systems, the guides for locking screws
cannot be fixed to the plate and must be held in
position by hand. Dedicated drill stoppers can
be used to prevent damage to endosteal blood
supply when using monocortical screws. Two
different guides for nonlocking screws can be
used: a compr