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Abstract

A Comparison of Dynamic Compression Plates and Locking Compression Plates using Cantilever
Bending in a Canine Ilial Fracture Model.

Dr. Charles William Bruce

Advisor:

University of Guelph, 2014

Professor T.W.G. Gibson

Pelvic fractures account for approximately one quarter of all fractures in small animals of
which 18-46% are ilial fractures. The most common treatment of ilial fractures is lateral plating
with the most common complication being implant failure usually due to screw loosening from the
cranial ilial segment. The high incidence of screw loosening has been attributed to poor quality
bone in the cranial ilial segment. Ten pelves were harvested from healthy dogs euthanized for
reasons unrelated to this study and divided into two groups. A transverse osteotomy was
performed and stabilized with either a 6-hole Dynamic Compression Plate applied in compression
or a 6-hole Locking Compression Plate. Pelves were tested in cantilever bending to failure and
construct stiffness, yield load, ultimate load at failure, displacement at failure, and mode of failure
compared. The mean stiffness (N/mm) of tested DCP constructs was 192 (95% CI 121-264) and of
LCP constructs was 224 (95% CI 152 - 295) and mean yield load (N) of DCP constructs was 900
(95% CI 649-1151) and of LCP constructs was 984 (95% CI 733-1235). Observed locking plate
construct performance did appear superior to non-locking constructs, but no significant statistical
differences were found between the constructs with respect to mode of failure, stiffness,
displacement at failure, yield load or ultimate load at failure. Our study suggests that given the
limited number of samples there is no difference between DCP and LCP construct performance in
vitro acute failure testing.
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Chapter 1 - Literature Review
1.1 - Pelvic Fractures
Pelvic fractures account for between 16 and 34 percent of all fractures in small animals (1,2).
Multiple pelvic fractures are encountered a majority of the time (3,4) due to the high energy trauma and
"box-like structure" of the pelvis (Figure 1) (5). In a retrospective study of 556 pelvic fractures by
Messer and Montavon, 92.23% of pelvic fractures were found to have multiple fracture locations with
76% having three or more fracture locations (6). A single case in this study had a total of 11 different
fracture locations with 39% having bilateral involvement of the weight bearing axis and 24% having
bilateral fractures of the ilial body, acetabular with contralateral ilial or bilateral acetabular fractures (6).
Ilial fractures comprise 18-46% of pelvic fracture cases with the majority being long oblique fractures (7).

Figure 1 - Ventrodorsal and lateral radiographs of a a transverse ilial fracture with concurrent pubic
and ischial fractures following hit by car trauma.

The most common cause of pelvic fractures is vehicular trauma however other high energy traumas are
also implicated such as falling from a great height, blunt force trauma such as kicks, and penetrating
wounds such as bites and gunshots (2,4,5). One exception to this is stress fractures of the acetabulum
described in racing greyhounds(8).
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1.1.1 - Stress Fractures of the Acetabulum
Stress fractures arise when the intensity and duration of stress creates an imbalance between bone
resorption and bone formation. The result is excessive bone resorption at sites of maximum stress with
fractures occurring if there is inadequate time permitted for recovery and subsequent bone remodelling
and strengthening. The incidence of bilateral fractures in this group was 15%. The proposed mechanism
of stress fracture was excessive tensile stress created dorsally over the caudal third of the acetabulum.
The hamstring and external rotator muscles pulling on the ischium with the femoral head acting as a
fulcrum create this stress. The fractures were consistent in their configuration of an inverted "Y" with the
point of convergence in the acetabular fossa.(8)
1.1.2 - Concurrent Injuries
Due to the high level of trauma associated with pelvic fractures concurrent injuries are common.
In a recent study of 239 patients following vehicular trauma 71% had multiple injuries with pulmonary
trauma present in 29%, hemoabdomen in 15%, cardiac arrhythmia in 9% and urinary tract injury in 2%
(9). A study looking at radiographic findings and outcome in 100 consecutive cases of feline trauma
found a 53% incidence of thoracic trauma, pelvic fractures in 34% with 13% having ilial fractures and a
26% incidence of spinal injuries (2). Similar percentages of concurrent injuries (58.6%) have been
reported with common sites being the abdomen and thorax (23.2%), and neurological system (20.4%)
with 13.9% of cats with pelvic fractures suffering from damage to the lumbosacral plexus (10). Grey et
al. found 10.9% of cases of feline pelvic fractures to have concurrent lower urinary tract trauma with the
presence of concurrent urinary tract injury being a negative prognostic indicator (11). In a study of 100
dogs 39% of pelvic fracture patients sustained injury to the urinary tract with 16% requiring surgery (12).
1.1.3 - Diagnostic Work-Up
The high incidence of concurrent trauma and multiple injuries necessitates a complete work-up
upon presentation. Diagnostic tests should include a complete physical exam with special care given to
commonly involved organ systems such as the musculoskeletal, cardiovascular, pulmonary, and
neurological systems (3-5,10,13). Serial orthopedic and neurological exams should be performed prior to
any definitive treatment and good quality plain orthogonal radiographs of the pelvis (5,14,15).
Depending on the duration of injury and examination findings additional diagnostic tests should include
thoracic and abdominal radiographs with or without abdominal ultrasound, complete blood count, serum
chemistry profile, urinalysis, and electrocardiogram(5,10,13,16). Pelvic CT and contrast studies are
occasionally required (5,14,15).
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1.1.4 - Treatment of Pelvic Fractures
Both conservative and surgical treatment of pelvic fractures is described. Conservative treatment
has been associated with acceptable outcomes however recovery can be prolonged and complications
such as decreased pelvic canal diameter and suboptimal long term functional outcome can occur (3,4).
Due to the large amount of soft tissue surrounding the pelvis surgical intervention that is delayed more
than 7-10 days can be associated with more damage than benefit (5,17,18). The extensive soft tissue
brings a large extraosseous blood supply that makes callus deposition rapid and assists in immobilizing
fracture fragments (4,5,18). After this initial period the dissection associated with repair may do more
damage to the associated neurovascular structures and little benefit in terms of stability can be expected
(5,17,18).
1.1.4.1. - Conservative Management of Pelvic Fractures
Fractures that are most amenable to conservative management include those that do not involve
the weight bearing axis or acetabulum, pelvic canal narrowing less than 50%, unilateral fracture and an
absence of nerve involvement, refractory or severe pain (5,7,18). Conservative management involves
cage confinement for a period of 4-8 weeks with adjunctive analgesia and supportive care as required for
the individual patient. Pain may be slow to resolve in conservatively managed patients and analgesia may
be required for 3 weeks or more (18). Nursing care and adequate padded bedding is imperative during
recovery to prevent the development of decubital ulcers (4,5,17,18). Bladder management may be
required depending on the patients ability to ambulate and/or urinate voluntarily. Voluntary urination and
bladder function will usually return however this may take 4-6 weeks (18). Following the initial period of
strict confinement a period of increasing activity on leash for an additional 4-6 weeks has been advocated
(5,17). If the patient has not started standing within 7-10 days of injury, daily standing exercises with
support provided under the abdomen may be helpful (17). Physical therapy and rehabilitation can be
instituted starting 48 hours after the initial trauma and range from passive range of motion, cold and warm
compresses and massage, to hydrotherapy, low level laser and therapeutic ultrasound (19). It is important
to remember that fracture fragments can shift after the initial trauma causing additional collapse of the
pelvic canal and radiographs should be rechecked in 5-7 days to ensure conservative management is still
appropriate (5,17,18).
In a report of 123 cases of pelvic fracture Denny et al found 75% of conservatively managed
patients made a complete recovery with the other 25% having either occasional lameness or a slight
persistent limp (3). Conservative management of ilial fractures resulted in a longer duration of lameness
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(8weeks) compared to surgical management (3 weeks) with some patients in the conservative
management group requiring 6-9 months for recovery compared to an average of 6 weeks for surgical
treatment (3).
1.1.4.2 - Surgical Management of Pelvic Fractures
Indications for surgical repair include: fractures of the weight bearing axis, acetabular fracture,
pelvic canal narrowing greater than 50%, bilateral fracture or nerve involvement, and refractory or severe
pain (5,7,18). The most common repair technique for ilial fractures is lateral plating (Figure 2) (4,5,7) .
Alternate repair techniques include ventral lag screws, ventral plate, dorsal plate, combination of ventral
plate or screws and lateral plate, composite plate, external skeletal fixation and IM pin alone or in
combination with compression wire. The tension surface of the ilium is ventromedial and ventrally
applied implants have been recommended because of improved biomechanical stability (20,21).

Figure	
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  and	
  lateral	
  radiographs	
  of	
  lateral	
  plate	
  repair	
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  transverse	
  ilial	
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patient	
  in	
  Figure	
  1.	
  

1.1.4.3 - Lateral Plating of Ilial Fractures
A lateral plate is applied through a lateral approach to the ilium generally termed a "gluteal rollup" . This approach involves a combination of sharp and blunt dissection to separate the tensor fasciae
latae and sartorius from the middle gluteal and the middle and deep gluteals from the ventral border of the
ilium. The cranial gluteal neurovascular bundle is encountered and preserved if possible. Reduction is
facilitated by one of two methods: first, direct manipulation with traction and countertraction utilizing
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bone holding forceps, or, second, utilization of the plate to lever the fragments into reduction by first
applying the plate to the caudal fragment followed by sequential application of the cranial screws to
achieve reduction. The lumbosacral nerve trunk, obturator and sciatic nerves run medial and are often
intimately associated with the displaced fragments. Care must be taken when bone holding forceps are
placed and during fragment manipulation to avoid iatrogenic trauma to these structures. If additional
stabilization is required a lateral plate can be supplemented with ventral interfragmentary screws, cerclage
wire or a ventral plate (7).
Lateral plating alone has been shown to result in the lowest number of screws per fixation and the
smallest ratio of total screw purchase to ilial-acetabular length when compared to fixation utilizing some
type of ventral fixation (7). No difference was detected in the presence of oversized screws, loose screws,
or plate bending, however significant differences were found with respect to apposition (P=0.0094) and
alignment (P=0.0012) when comparing lateral plating alone to cases with primary or supplemental ventral
fixation (7). Despite these findings lateral plating remains the most commonly performed stabilization of
ilial fractures (4,5,7,17,18).
1.1.4.4 - Ventral Plating and Lag Screws for Ilial Fracture Repair
The tension surface of the canine ilium is dynamic throughout the gait cycle shifting from ventromedial to neutral (21). Ventral lag screw repair has been advocated for treatment of oblique ilial
fractures and ventral plate repair has been advocated for all ilial fractures and for adjunctive treatment of
ilial osteotomies (7,20,21). Vangundy et al. compared the biomechanics of ventral lag screw fixation
with three 4.0 mm cancellous screws and a single laterally applied 5 hole 3.5mm dynamic compression
plate (DCP) (21). They found that the ventral lag screws were superior to lateral plates in stiffness and
strength at failure in torsion and eccentric compression with no differences detected in axial compression
or cyclic testing (21). They suggested that the superiority was in bone-screw interface achieved with
ventral screws (21). The ventrally applied screws took advantage of the thick dorsal cortex of the ilium
and permits greater load sharing with the bone decreasing stress on the implants (21). The tension
surface of the ilium has been shown to be the ventral surface so repair with ventrally applied implants
offers the advantage of a tension band mechanism (21). Placement of a ventral plate has been shown to
have a lower incidence of screw loosening and implant complications as well as improved fracture
reduction (7). Ventral plate application can be more technically demanding than placement of a lateral
plate involving elevation of the iliacus muscle and placement of Steinman pins to maintain reduction (7).
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1.1.4.5 - Dorsal Plating for Ilial Fracture Repair
Dorsal plating has been described in a prospective case series of cats. The authors selected dorsal
plate application to enable use of longer plates over ventral or laterally applied plates. 2.0mm DCP plates
were used and resulted in significantly more screws used (P<0.1), significantly greater screw purchase
(P<0.1), less screw loosening, and significantly less pelvic canal narrowing on follow-up (P<0.1). Total
screw purchase increase 2.7 times on average for dorsally applied plates compared to lateral plates. The
authors note that the straighter conformation of the feline pelvis compared to the canine pelvis may
facilitate the application of dorsal plates however dorsal plate fixation was more technically difficult than
lateral plate fixation. (22)
1.1.4.6 - Composite Fixation for Ilial Fracture Repair
Composite fixation for the treatment of canine acetabular fractures and more recently for the
treatment of feline comminuted ilial fractures has been reported (23-25). Composite fixation involves the
use of pins, screws, wire and polymethylmethacrylate (PMMA). Biomechanical testing in dogs has
documented comparable rigidity and more accurate reconstruction than conventional plating in an
acetabular fracture model (25). The technique in cats was found to be adaptable and quick and easy to
apply (23). The authors found no cases with screw loosening, pelvic canal collapse or implant associated
infection in any of the treated cases (23). Due to the small number of cases reported it is difficult to
generalize on the utility of this treatment option however composite fixation appears to be a justifiable
treatment option in instances of comminuted ilial fractures (23).
1.1.4.7 - External Skeletal Fixation for Ilial Fracture Repair
Fitzpatrick et al reported on external skeletal fixation utilizing a biological approach for the
treatment of pelvic fractures in 113 cats and 46 dogs (26). Fixator pins were placed through a dorsal
approach and utilized to manipulate the fracture fragments into reduction (26). Triangulated or
quadrilateral frames were created with dorsal articulating connecting bars between bilaterally placed pins
in all cases (26). Clinical union and frame removal took place at an average of 4.8 weeks in cats and 5.9
weeks in dogs (26). Complications encountered included pin loosening, implant dislodgement,
obstipation, myiasis and discospondylitis (26). The incidence of complications was not reported (26).
The outcome as measured by owner-assessed visual analog scale was 87/100 (cats) and 84/100 (dogs) at
1-5 years post-operatively (26). Similar constructs have been biomechanically tested and found to have
statistically significantly higher yield load (P=0.04) and failure load (P=0.002), however, no significant
difference was found in stiffness between constructs (P=0.22) when compared to laterally applied 7 hole
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2.7mm DCP (27). External skeletal fixation is biomechanically comparable and has a favourable clinical
outcome compared to traditional fixation techniques for pelvic fractures (26,27).
1.1.5 - Complications Following Ilial Fractures
The most common complication associated with ilial fracture repair is implant failure occurring
in 0- 62% of patients (7,28-33). The majority of failures are attributed to screw loosening, which can lead
to loss of reduction and collapse of the pelvic canal (7,28-33). It has been suggested that one of the
reasons for the high incidence of screw loosening is the poor quality bone in the cranial ilium (5,7,17).
The size and shape of a bone are factors that affect bone quality (34-36). The shape of the cranial ilium is
such that the wing is narrow in the medial to lateral direction resulting in thin cortices and minimal screw
purchase. To the authors knowledge, no study has documented the quality of bone in the canine ilium. In
a study by Bogoni et al looking at rotational osteotomies of the canine ilium they found that all screw
loosening could be identified by the 10th day postoperative and that if the affected screws were tightened
no additional loosening was detected (29). A retrospective study of repaired canine ilial fractures by
Breshears et al. found that the overall implant failure rate was 24% (10 of 42 cases) with screw loosening
present in 90% of these (9 of 10 cases) (7). This study also found that oversized screws were used in 22%
of the cases suggesting intraoperative stripping of the screw threads (7). Of note was that all incidence of
screw loosening occurred in laterally plated repairs and nearly all incidents of screw stripping were
associated with screw placement in the cranial fragment (7).
Screw penetration within the sacrum has been suggested as a means of increasing purchase in the
cranial ilial fragment with laterally applied plates. In a retrospective evaluation of pelvic osteotomies
Hosgoode et al found no difference in screw loosening associated with screw depth within the sacrum or
the number of screws within the sacrum (p value not reported) (28). In the previously mentioned study by
Breshears et al they also found no benefit to screw purchase within the sacrum despite 67% of the
laterally repaired cases having sacral penetration (7). It has been suggested that the lack of benefit may
be due to the inherent movement within the sacroiliac joint. Of concern is possible dysfunction caused by
bridging of this joint creating a decreased range of motion that has been associated with pain and
dysfunction in humans (37,38).
The most common gastrointestinal (GI) complication associated with pelvic fracture in cats is
megacolon (10,39). Direct injury to the GI tract during trauma is rare however there are sporadic reports
of gastrointestinal complications following management of pelvic fractures (26,40-44). Four cases of
small intestinal entrapment have been reported with the majority being attributed to intestinal loops being

17	
  
	
  
entrapped within the callus. Clinical signs have been variable ranging from asymptomatic to acute
perforation. One of the above cases had a concurrent diverticulum in the bladder wall connecting to the
fracture callus at the pubic bone (44). The diverticulum and adhesions present were thought to be
contributing to urinary incontinence however the incontinence did not resolve following corrective
surgery and an underlying lower motor neuron neuropathy was suspected (44). Two proposed
mechanisms were given for the entrapment. First the abdominal organ is fully or partially entrapped
within the fracture gap and subsequently incorporated into the callus (44). Second the organ is forced
onto a bone spicule at the time of initial trauma or surgical repair with the callus forming around the
retained organ (44).
A large retrospective study evaluating 597 cases found rectal perforations to be a rare (less than
1%) injury associated with pelvic fractures and sacroiliac fracture-luxation. All perforations were
reported within 4 cm of the anus where tearing is more common in people due to the rectum being less
distensible and more fixed. Fresh blood was noted on rectal exam in 50% of the reported cases and was
suggested as a clinical sign for possible rectal perforation. Additional diagnostics recommended included
radiographs to detect evidence of gas in the perineal, intrapelvic, or caudal retroperitoneal or peritoneal
cavities. Treatment recommendations were not made due to the limited number of cases however there is
a risk of incisional dehiscence following primary closure (41).
Peripheral nerve injury is an infrequently reported complication associated with pelvic and sacral
trauma. The largest retrospective study looking at peripheral nerve injury documented 34 cases in dogs
and cats representing 11% of cases seen with pelvic fracture or fracture-dislocation. The location of the
nerves in the lumbosacral trunk in close proximity to the ilium and sacrum predispose them to injury
following fracture and/or fracture-dislocation of these structures. Diagnosis of peripheral nerve injury
was possible on clinical neurological examination with emphasis placed on the withdrawl and cranial
tibial reflexes. In 24% of the reported cases patellar tendon reflex was increased. This abnormality was
attributed to sciatic deficits leading to loss of muscle tone in the antagonistic muscles (ref). Treatment
outcomes were no different for cases treated surgically or conservatively. In patients with severe pain
and/or more severe peripheral nerve injury surgery is recommended to alleviate entrapment and prevent
further damage.(45)
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1.1.6 - Prognosis
In general ilial fractures carry a very good prognosis for return to normal function with the vast
majority of patients making a complete functional recovery regardless of the treatment selected.
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1.2 -Bone Quality
The term bone quality has been used for over 20 years with no accepted definition. Bone quality refers
to the ability of a bone to resist fracture and securely accept orthopedic implants in situations where
fixation is required. In one sense the term has been used to refer to a sum of all the characteristics that
contribute to a bones ability to resist fracture. In a second usage it refers to all those factors that are not
accounted for by bone mass or quantity (34). Factors that contribute to bone quality include collagen
structure, cross-linking and mineral interfaces, mineral type and crystal alignment, mineral and collagen
distribution and alignment, microdamage, microarchitecture, porosity, cortical shell thickness,
remodelling cavity number, size and distribution, size and shape of the entire bone and the bone density
and spatial distribution, and rate of bone turnover (34-36). These factors represent a complicated mix of
micro and macrostructural properties that cannot be entirely accounted for by dual energy x-ray
absorptimitry (DEXA), areal bone mineral density (BMD) or any test of bone mass. A fundamental
concept of bone quality is that clinically relevant changes in bone quality must change bones
biomechanical performance relative to bone mass (34).
1.2.1 - Composition of bone - Structure and Function
The outer surface of bone is lined by a dense layer of connective tissue called the periosteum except
where it is covered by articular cartilage. The inner surface of bone, including the haversion and
trabecular systems is lined by endosteum. The basic unit of bone is called the osteon. Each osteon is
composed of a central canal with surrounding layers of bone called lamellae. Osteocytes are trapped
within cavities in the bone matrix called lacunae that communicate with each other and the central canal
of the osteon through a network of canaliculae. Osteons are arranged in overlapping parallel rows to the
lines of tension of the bone thereby preventing the propagation of cracks. As a result of this arrangement
and the presence of cement lines delineating each osteon cracks are usually confined to older interstitial
bone between the osteons. Small confined cracks serve as a last resort to dissipate energy in an attempt to
prevent catastrophic failure or fracture (Figure 3). Three major cell types make up mature bone: the
osteocyte found within lacunae, the osteoblast which is involved in new bone formation, and the
osteoclast that is involved in bone resorption.
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Osteoblasts are derived from pluirpotent mesenchymal stem cells and are localized to the
endosteal surfaces, haversian canals and on periosteal surfaces (46,47). They act in a fibroblast-like
manner in the production of osteoid and are rich in rough endoplasmic reticulum and have abundant
expression of alkaline phosphatase (46,48). The lifespan of an osteoblast is variable ranging from several
up to 100 days (46). At the end of their lifespan they have one of three different destinies: differentiating
into an osteocyte by becoming encased in recently formed matrix; becoming a lining cell by remaining on
the surface of the newly formed bone; or undergoing apoptosis (46,49). It is estimated that 50-70% of
osteoblasts will undergo apoptosis and this percentage will increase with increasing age (46).
Osteoclasts are large multinucleated cells formed by the migration of hematopoietic
myelomonocytic precursors (49,50). Osteoclasts are macrophage-like in their resorption of bone by
secretion of proteolytic enzymes and hydrogen ions (46,49,50). The lifespan of an osteoclast is
approximately 12 days and as such they must be replaced by continued arrival of hematopoietic
mononuclear precursors (51,52).
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1.2.2 - Bone Modelling and Remodelling
Bone modelling is the process of bone changing shape in which osteoblast and osteoclast
activities are occurring at different locations (50). Remodelling is the co-ordinated action of osteoblasts,
osteoclasts, osteocytes and osteoblast-derived lining cells on the surface of bone (50). The co-ordination
of these actions is facilitated by the presence of a basic multicellular unit (BMU), as first described by
Frost (50,52,53). A BMU consists of a group of osteoclasts at the leading edge forming a cutting cone
termed a "hemicone" and a group of osteoblasts behind forming the closing cone or "hemicone", as well
as a blood supply and associated connective tissue (Figure 4,5) (47,50,52). The co-ordinated action of
these two cell types results in the amount of bone destruction by osteoclasts being equal to the amount of
bone formed by osteoblasts. This perfect balance is likely to only be present for a short period of
adulthood while bone mass is static. Through growth and development there is a net increase in bone
mass and throughout aging there is a net decrease in bone mass (46,50). It is unclear at this time if the
increase in bone mass throughout growth is due to remodelling or modelling (50).
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Remodelling as performed by the BMU is controlled primarily by mesenchymal stem cells through
secretion of cytokines and secondarily through systemic hormones. The primary effect of these mediators
is on the overall number of osteoblasts within the BMU which is determined by three factors: (1)
differentiation of precursor cells into mature osteoblasts; (2) proliferation and maturation into
metabolically active osteoblasts; (3) osteoblast death by apoptosis (46,47,50).
Each BMU is initiated by the action of lining cells on the mineralized matrix of the endosteal
membrane by release of enzymes (50,52). The lining cells will then form a dome over the area of bone to
be remodelled by separating from the underlying osteocytes thereby creating a bone remodelling
compartment (BRC). Mononuclear cells will be attracted to the area and form osteoclasts in sufficient
numbers to form the cutting cone of the BMU (50,52). The BMU will then digest bone through the action
of osteoclasts in a tunnel through cortical bone or as a trench across the surface of cancellous bone (52).
Osteoblasts follow to deposit osteoid in the resorptive pit left by the action of osteoclasts. The osteoblasts
are able to sense the size and shape of the pit whether it has been mechanically disrupted or resorbed by
osteoclasts (50,52). Two mechanisms have been proposed for the ability of osteoblasts to sense the
defect: (1) they can detect the change in physical dimension of the bone or (2) they detect a change in the
surface composition (50). Once the pit has been filled the osteoblasts will undergo one of the three
previously described fates becoming an osteocyte, a lining cell or undergoing apoptosis.
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1.2.3 - Testing of Bone Quality
1.2.3.1 - Dual-Energy X-Ray Absorptiometry
Dual-energy X-ray absorptiometry (DEXA) was developed approximately 30 years ago. This technique
measures bone mineral content (BMC, g) and areal bone mineral density (aBMD, gcm-2) are obtained by
measuring the attenuation of photons of two different sources during radiation transmission. DEXA
scanning has become the standard for the World Health Organization (WHO)'s guidelines for the
diagnosis of osteoporosis due to an ability to predict fracture risk precisely with high precision, low cost
and short measurement times (54,55,55). Short comings of this technology include measurements in
only two-dimension resulting in larger bones having higher aBMD and it does not distinguish cortical
from cancellous bone (55). Changes in BMD following targeted therapy can only explain a 4-30%
reduction in fracture risk (55).
DEXA scanning has been performed on the canine ilia, however, results have not been reported (56).
Bone mineral content (BMC) and bone mineral density (BMD) have been reported in the appendicular
skeleton of 62 dogs by Lorinson et al (57). Age, sex body weight and bone length were all found to affect
BMC and BMD (57). Bone mineral density calculations in veterinary medicine have limited value
because of the variety in size, conformation and bone geometry found in animals (58).
1.2.3.2 - Quantitative Computed tomography
Quantitative computed tomography (QCT) utilizes x-rays and computer algorithms to reconstruct
the attenuation data into three-dimensional images. QCT has the advantage of being able to differentiate
the cortical and trabecular compartments and there are numerous studies documenting a relationship
between QCT measured bone density and fracture risk (59-64). The advantages of QCT are it's ability to
provide a robust assessment of geometry and volumetric bone density on sites most prone to fracture.
Disadvantages include higher levels of radiation exposure that poses a concern to some and a paucity of
data to support clinical superiority. QCT has been used to predict patients at risk for canine hip dysplasia
by documenting early changes in bone mineral density in affected dogs (65).
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1.2.3.3 - Peripheral Computed Tomography and High-Resolution Peripheral Computed
Tomography
Peripheral computed tomography (pQCT) and high-resolution pQCT (HR-pQCT) have excellent
precision for bone density and structure (55,66). Utilizing pQCT, bone strength can be more accurately
predicted than DEXA scanning.
1.2.3.4 - Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) has been in clinical practice for over 30 years and utilizes
strong magnetic fields and radio frequency pulses to stimulate hydrogen ions and create threedimensional images. Bone inherently has little hydrogen due to its low water content so the structure of
bone is assessed indirectly by measuring the surrounding soft tissues including the marrow (55). Images
have been generated of the trabecular structure of bone that correlate well with architecture seen on
higher-resolution techniques (67,68). Solid state MRI using resonant signals from phosphorus (31P)
shows promise in being able to assess the organic and inorganic solid-phase bone density and solid bone
matrix density however this is still at a research level (55).
1.2.3.5 - Finite Element Analysis
Finite element analysis (FEA) has become the method of choice for evaluating how an object
with a complex geometrical shape and heterogenous distribution of properties behaves when subjected to
loads. It represents objects as a collection of blocks or elements and therefore relies on the quality of the
input data (55). Utilizing data from HR-pQCT and MRI FEA has predicted bone strength better than
BMD (69-72). Currently FEA is very promising but limited by the extensive computational resources
required to process the data.
1.2.3.6 - Biochemical Markers
It has been noted in numerous studies that fracture risk is reduced prior to an increase in bone
density resulting from treatment with antiresorptive therapy (73,74). This finding supports the notion that
bone strength is more complex than bone density alone and that therapeutic interventions were targeting
components of bone physiology outside of bone density (73,74). The process of bone remodelling,
discussed elsewhere in this chapter, highlights the function of osteoblasts and osteoclasts. Biochemical
assays have been developed that assess the levels of certain enzymes or fragments that are released by
osteoblasts and osteoclasts during remodelling (73,74). These assays have proven useful in the
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monitoring of response to therapy and progression of a number of diseases known to affect bone quality
such as osteoporosis, immobilization, bone metastasis and rickets (73,74). The use of biomarkers allows
clinicians and researches to sample patients in a noninvasive and straightforward manner and to evaluate
total bone metabolism instead of at a single biopsy site (75).
Markers of bone formation are measured from serum samples and represent enzymes and proteins
secreted by osteoblasts and by products of collagen deposition. Bone alkaline phosphatase was the first
bone specific enzyme and is still the most widely used biomarker of bone turnover. The function of this
enzyme is not specifically understood however it is thought to play a role in osteoid and mineral
formation (73,75). It's utility is hindered by up to 20% cross-reactivity between bone and liver enzymes
(73). Procollagen type I propeptides are the cleaved ends of procollagen that can be detected in the
circulation and the levels in the blood are thought to be related to the amount of newly synthesized
collagen (73,75). Osteocalcin is a large peptide synthesized by osteoblasts as well as odontoblasts and
some chondroblasts (73,75). It is deposited in bone matrix bound to hydroxyapatite and is believed to
reflect both bone formation and resorption (73,75).
The most direct markers of bone resorption are fragments of bone collagen produced by
osteoclastic activity that can be measured in the serum or urine. When using urinary assays, renal
clearance must be accounted for by correcting for urinary creatinine concentrations (75). The oldest test
of bone resorption is measurement of hydroxyproline in the urine (73).

This test is no longer widely

used due to a lack of specificity due to a variety of tissue sources of hydroxyproline, which is an amino
acid characteristic of all forms of collagen (73,75). Urinary pyridinoline and deoxypyridinoline are amino
acids involved in the strengthening of collagen through the formation of cross-links (73). Multiple assays
are being developed to detect peptide fragments that are most specific to osteoclastic activity such as the
c-terminal telopeptide (CTX) and n-terminal telopeptide (NTX) of collagen type I (73,75).
One important consideration in the measurement of biomarkers is normal variation in assay
results. In people variation of 20% - 30% have been documented throughout the day for some urinary
markers with serum markers having less variability (73). DeLaurier et al evaluated the effect of age and
feline osteoclastic resorptive lesions on several biomarkers (76). They found that assays for bone alkaline
phosphatase, deoxypyridinoline, and CTX decreased with skeletal maturity and did not show differences
in mature cats of different ages (76). This was an expected finding consistent with work in other
mammals and represents the stabilization of cellular activity at skeletal maturity when compared to the
rapid turnover present in growth (76). Multiple studies done in dogs have documented the validity of
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different assays and the variation in individuals with respect to age, diurnal variability, sex and possibly
breed (75,77-80). Due to this variation it is unlikely that biomarkers will serve as a diagnostic tool for
musculoskeletal diseases in an individual patient however they are very promising for use in monitoring
the response of bone to surgical and medical treatments (75).
1.2.4 - Bone Quality as it Relates to Surgical Decision Making
Osteoporosis is a known risk factor for causing fractures (81-83). What is still unknown is how
bone quality affects fracture fixation and the ability of a bone to accept implants (81,82). Numerous
biomechanical studies have been done in a variety of species demonstrating the decreased holding power
and fixation quality of implants in bone with low density (84-90). What is unclear from the literature is if
these laboratory findings transfer to clinical results and increased risk of complications.
One difficulty in evaluation of studies and attempts at establishing treatment protocols is the
heterogeneity of study criteria including inclusion criteria and definition of outcome (81,82). Studies
looking at spinal instrumentation have failed to consistently show clinical differences in outcome relating
to BMD. Overall there appears to be an increased risk of pseudoarthrosis and implant loosening with
decreased BMD and further studies have been done to establish techniques to minimize these risks (82).
Total joint replacements of the hip and knee joint are on the rise in people in part due to an aging
population. Bone quality as a risk factor in total joint replacement is inconsistent. There is variability in
the type of implant system used with cemented femoral stems having a higher rate of loosening with
decreased BMD and cementless stems having no difference in complications regardless of BMD (82).
Proximal tibial implants used in total knee replacement also have no difference in loosening related to
BMD however it is believed that density does affect the risk of periprosthetic fracture (82).
Biomechanical studies of rotator cuff repairs have found no relationship between DEXA based
measurements and anchor pullout or failure (82). Differences have been found using CT-based
measurements of bone density and quality and clinical complication rates have been higher in patients
with osteoporosis as measured by DEXA (82).
In human studies the effect of BMD on complication rate is dependent on the fracture location.
There has been no difference detected in complications following repair of femoral neck fractures though
it is generally accepted that bone quality affects stability of fixation (82). In proximal tibial fractures low
BMD has been associated with more comminution of fractures and higher fixation failure rates (82). The
distal radius is seen as a sentinel for osteoporosis related fractures (91). An American Academy of
Orthopedic Surgeons (AAOS) report in 2009 on the treatment of distal radius fractures failed to make any
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recommendations for use of locking versus non-locking implants in patients over 55 (92). There was also
no recommendation made for preoperative evaluation of bone quality except as it relates to future risk of
fractures not as a tool for treatment decisions (92). They cited a lack of evidence in the research as the
primary variable in the weakness of their recommendations (92).
The incidence of osteoporosis in people over 50 undergoing spinal surgery is approximately 50%
and this factor as previously mentioned is thought to affect the outcome of surgical interventions (93). A
recent study of human spine surgeons found that only 44% of surgeons ordered preoperative DEXA scans
prior to spinal fusion and only 20% during pseudoarthrosis workup (93). Of those that did order scans
74% used the information to alter their treatment or surgical plan (93). Despite the availability of scans
and biochemical tests only a minority of surgeons appear to be using these tests for preoperative planning.
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1.3 - Comparison of Locking and Non-Locking Implants
1.3.1 - Evolution of internal fixation
Plating of fractures began in 1886 with the first plating being performed by Hansmann (94). The
concept of lag screw fixation was introduced in the first part of the 20th century and Kuntsher pioneered
intramedullary nailing in the 1930's (94). In 1958, Maurice Muller, Robert Schneider, Hans
Willenegger and Martin Allgöwer founded the Arbeitsgemeinschaft für Osteosynthesefragen (AO) (95).
Their purpose was the study of bone healing with an emphasis on how the biomechanical environment of
the fracture affects healing (95). As the AO grew over the first few years, three arms were established;
first a laboratory for experimental surgery, second a strategic alliance with a precision engineering group
to develop implants, and third a documentation center to facilitate learning through the application of
novel technologies (95).
The AO group focused on functional repair with their motto being "Life is movement, and
movement is life” (96). They believed that immobilization should be avoided because of "plaster disease"
and that "functional rehabilitation" was a superior mode of repair (96). The concept of functional
rehabilitation was based on absolute stability of the fixation that permitted immediate mobilization of the
limb instead of waiting for bony union to start weight bearing and rehabilitation (96). Stability of repair
was achieved by compression and anatomic reconstruction of the bone with the lag screw as the building
block of repair (96).
Over the last 55 years the goal of the AO has remained unchanged, the improvement of fracture
care with an emphasis on return to function. There have however been significant changes in the
principles, techniques and implants used in repair. The primary shift has been from an emphasis on
mechanical aspects of repair to the biological aspects of healing, the so-called "carpenter" versus
"gardener" mentalities. Initial focus on the mechanical aspects and anatomic reconstruction of fractures
with a goal of primary bone healing was likely associated with excessive surgical trauma and
devascularization of fragments. The devascularization of tissue has been associated with complications
such as infection, delayed healing and non-union, and refracture. The biological approach to repair
focuses on optimal environmental conditions for natural healing with as little iatrogenic disturbance as
possible to maintain tissue viability (94). In diaphyseal and virtually all metaphyseal fractures the goal of
repair is the restoration of the relative position of the joints above and below the fracture (96,97). In short
the correction of axial and torsional alignment and maintenance of limb length. The requirement for
accurate reduction and absolute stability are reserved for articular fractures (96,97).
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Clinical and laboratory studies carried out through the 1970's and 1980's revealed a decrease in
cortical bone density under plates following repair (96). The initial explanation of this was termed
"stress protection" and utilized Wolfe's law of bone remodelling as justification. Briefly Wolf's law states
that bone responds and adapts to the loads under which it is placed. The initial belief was that when a
plate is applied to a bone, it protected the bone from normal loading forces resulting in resorption and
weakening of the bone, hence "stress protection" (96). Research initially targeted development of more
elastic plates that would prevent stress shielding. Fortunately others were investigating the effect of the
plate on the underlying bone. Studies utilizing vital stains revealed that plating a bone, and more
specifically the contact area between the plate and bone, resulted in interference to the cortical blood
supply under the plate (98,99) . The smaller the contact area between the plate and bone, regardless of the
stiffness of the plate, the smaller the effect on cortical blood supply leading to less osteoporosis (98,99) .
The porosis and resorption under plates is the result of accelerated remodelling due to the presence of
necrotic bone secondary to plate contact and not due to stress protection (96).
The shift in focus from mechanical reconstruction and elastic plates to biological repair with
minimal plate-bone contact has lead to the development of a variety of different implants. The limitedcontact dynamic compression plate (LC-DCP) was developed by the AO and decreased plate-bone
contact by 50% over traditional dynamic compression plates. The LC-DCP continued to utilize the same
principles of plate osteosynthesis with friction between the plate and bone providing stability of repair. In
order to eliminate the need for compressive forces acting between the plate and bone an angle-stable
construct needed to be developed.
1.3.2 - Principles of Conventional Plating
Conventional plates as previously stated have been in use since 1886. The dynamic compression
plate (DCP) was introduced in 1969 with a novel hole design that facilitated axial compression of fracture
fragments by eccentric screw insertion (100). Regardless of their specific design the fundamental
biomechanics of conventional plates relies on the conversion of axial loads applied in tension or
compression into shear stress at the plate-bone interface (101,102) . These shear forces are resisted by
friction between the plate and bone and the friction force is a product of the coefficient of friction
between the plate and bone and the normal force generated by screw torque (Figure 6).
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The tightest screw, or the screw with the greatest torque exerts the greatest normal force and
therefore bears the greatest load (101). In bone of poor quality such as osteoporotic bone a screw may
not be able to generate enough torque to prevent motion at the plate-bone interface during normal loading
(101). A study in human femora found that the maximum screw torque generated in osteoporotic bone to
be approximately 3Nm, which resulted in motion at the plate-bone interface with loads as small as 500N
(103,104). It is believed that the ideal screw torque is between 3-5Nm for 3.5mm screws (104,105).
Screw torque greater than this range risks exceeding the shear stress of the bone leading to stripping of the
screw (101). Due to the need for friction between the plate and bone there is a requirement for precise
contouring of the plate to match the anatomy of the bone and maximize contact area. With inexact
contouring, tightening of screws can result in distraction of fracture fragments and loss of reduction. The
compression between the plate and bone required for stability results in inhibition of periosteal perfusion
which can lead to bone necrosis and subsequent resorption with possible loosening of the implants (101).
The ability of conventional plates to resist bending is determined by a combination of the bending
stiffness of the plate and the pullout resistance of the screw (101). When the fracture gap is greater than
zero the primary determinant of bending stiffness is the stiffness of the plate (101). When the fracture
gap is eliminated and the plate is applied to the tension side of the bone the screws at the end of the plate
will sustain the highest shear stresses (101). When not applied on the tension side the screws nearest the
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gap will sustain the greatest stress (101). The axial pullout force of a screw is determined by the
resistance of the bone engaged within the screw threads to shear forces. Axial pullout resistance is
determined by the stress resistance of the bone multiplied by the contact area between the screw and bone
(101). Techniques and implants have been developed to increase the contact area between screw and
bone such as cancellous screws and placing screws in polymethylmethacrylate (PMMA) (56,101).
Despite these attempts the weak point of the construct remains the shear interface between screw and
bone (101).
1.3.3 - Development of the Locking Compression Plate
The Zespol was the first internal fixator system developed in the 1970's (Figure 7) (106). The
AO started research into internal fixators towards the end of the 1980's. The first system was the point
contact fixator (PC-fix), which utilized a Morse taper to achieve angular stability between the plate and
screw (Figure 8) (106,107).
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Figure	
  8	
  –	
  PC-‐fix	
  plate	
  showing	
  underside	
  of	
  
plate	
  and	
  tapered	
  screw	
  heads.	
  (108)	
  

This system still relied on contact between the plate and bone and clinical difficulties were seen with
"cold-forging" of the screw head and the screw hole making implant removal difficult. These limitations
lead to the development of a new highly stable connection between screw hole and screw head, a threaded
connection. The threaded connection changed the function of a screw from an anchor for plate
osteosynthesis, creating friction between the plate and bone, to a Schanz screw connecting the bone to the
plate (106). The PC-fix2 utilized a thread connection that ensured both angular and axial stability and
allowed for the plate to be secured off the surface of the bone (107). The less invasive stabilization
system (LISS) was the first system designed to utilize this new thread connection for the treatment of
distal femoral fractures and proximal tibial fractures (Figure 9) (106). The screws in these systems must
be inserted perpendicular to the plate as a result of the thread lock design that can make insertion of a lag
screw or fixation of distant fragments difficult or impossible (107).

Figure	
  9	
  –	
  LISS	
  femoral	
  plate	
  with	
  
aiming	
  arm	
  and	
  insertion	
  device.	
  
(108)	
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In 1998 Dr. Michael Wagner proposed merging the screw thread hole used in the LISS and the
PC-fix2 with the traditional DCP screw hole (Figure 10) (107). The limitations were that the existing
screws, both locking and conventional were to be used so modifications were limited to the plate hole
(107). During development a criteria was established for failure such that the plate would have
comparable ductility, rigidity and maximum stability to currently available LC-DCP and internal fixators
and that the angular and axial stability of the locking head screw (LHS) would not be the failure point
(107). The LHS-combination hole interaction was set so that when using two LHS per fracture fragment
the plate would be the limiting element and would plastically deform prior to any tilt or axial shift of the
LHS in the combination hole (combi hole) (107).

Figure	
  10	
  -‐	
  Combi	
  hole	
  as	
  initially	
  proposed	
  
by	
  Dr.	
  Wagner,	
  1998.	
  (107)	
  

Figure	
  11	
  –	
  Combi	
  hole;	
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  with	
  locking	
  head	
  screw	
  and	
  conventional	
  screw;	
  right	
  without	
  
screws.	
  (107)	
  

34	
  
	
  

The combination hole has greater than 200° of contact between the LHS and the threaded portion of the
hole (108). This degree of contact results in the weak point of the construct being the plate and not the
plate-screw interface (108). The hole design meant that the weak point of the plate remained as the
dynamic compression unit, consistent with LC-DCP plates (107). This design had the additional
advantage that during intraoperative contouring the plate will preferentially bend at the dynamic
compression unit of the hole and preserve the locking threads (107). The combination hole design
allowed surgeons to utilize a single plate as either a locked internal fixator, a conventional compression
plate, or as an internal fixator combining both techniques depending on the fracture configuration and
location (Figure 11) (106,107).
1.3.4 - Principles of Locking Compression Plates
Locking compression plates utilize LHS to achieve fixed-angle stability while permitting the use
of traditional screws through the development of a combination hole (107,109). By eliminating motion
between the plate, screw, and bone, locking plates act as a single beam construct (101). In optimal
circumstances, single beam constructs can increase strength by up to 4 times over healthy, unplated bone
(110). During loading LCP's convert shear stress to compressive stress at the screw-bone interface
(101,102). Cortical bone has a greater resistance to compressive forces than shear forces improving the
strength of fixation (101,102). The strength of fixation for a LCP construct is the total of all screw-bone
interfaces compared to the axial pullout resistance of a single screw in unlocked plates (101). By
definition a single beam construct distributes loads more evenly throughout all the screws thereby
avoiding stress concentration at a single screw-bone interface. Toggling of screws as can be seen with
conventional plates (windshield wiper effect) is not possible with fixed angle devices improving the
strength of repair (Figure 12) (97,101). This method of plating had been advocated in bone of poor
quality where it may not be possible to generate adequate screw torque to achieve enough plate-bone
friction to maintain stability of repair.
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Figure	
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By eliminating the need for compression of the plate to the bone LCP allow the preservation of
periosteal and extraosseous blood supply under the plate. By preserving the blood supply there is a
theoretical decrease in healing time with decreased incidence of infection and delayed union (101). A
second advantage of LCP design is elimination of stress shielding below the plate that can result in bone
necrosis and subsequent resorption (107,108). Accurate contouring of an LCP is not required because
stability is not reliant on compression between the plate and bone (107,108).
1.3.5 - Vascularity of Healing Bone
In health the afferent vascular system of bone has three major components; the principle nutrient
artery, the metaphyseal arteries, and the periosteal arterioles (Figure 13). The predominant blood supply
comes from the nutrient artery that penetrates through the cortex to the medullary cavity where
intravascular pressures are highest. The normal flow of blood is considered centrifugal with the
predominant efferent drainage occurring at the periosteal surface. Periosteal arterioles supply blood to the
outer third of the cortex and are considered a minor contributor to overall perfusion with their distribution
mainly at sites of muscle and fascial attachment.
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The link between afferent and efferent systems is through thin walled vessels in Haversian and Volkman
canals, called the intermediate vascular system. Following trauma there is usually a reversal to this
system with the majority of the afferent flow coming from the extraosseous supply with new vessels
penetrating though the periosteum. A prerequisite for the healing of necrotic bone is that it must first be
revascularized. (99,111)
The ability of the extraosseous supply to vascularize a site of trauma is related to the amount of
motion at the fracture site. The degree of stabilization will affect the type and rate of healing as eluded to
in previous sections. The basis for this novel extraosseous vasculature is the surrounding soft tissues and
not the periosteum itself. The vessels are generally oriented perpendicular to the surface of the bone and
are capable of supplying bone at any location. The recruitment of this afferent supply will start
immediately following trauma and is capable of revascularizing bone that cannot be reached by the
medullary vascular supply. (99)
The degree of vascular disruption is related to the extent of initial trauma and displacement of the
fracture fragments. In an undisplaced fracture, the afferent vascular supply will remain intact. There will
be a zone of devitalization that is avascular, and the size of this zone is related to the severity of trauma.
Within 5 days there will be production of periosteal callus supplied by extraosseous circulation. By 2
weeks there will be a dramatic increase in vascularity and the primary source of the new vessels is the
medullary circulation. As the healing progresses there will be a decrease in the total vascularity with
eventual regression of the extraosseous circulation. (99,111)
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With displacement of fracture fragments there is a complete disruption of medullary circulation.
It has been proposed that the hypoxia that immediately follows this disruption in circulation is in part
responsible for ingrowth of osteoprogenitor cells and capillary buds. As oxygen concentration rises
secondary to the neovascularization from extraosseous circulation there is a shift to macromolecule
synthesis and osteoid deposition under conditions of stability. If there is inadequate stability, the
capillaries supplying the fracture site will be constantly ruptured due to motion and healing will be
delayed and callus production more abundant. (99,111)
Callus formation is initiated at the time of fracture by the recruitment of pluripotent cells from the
endosteum and periosteum. The amount of cartilage formation is dependent on the speed of callus growth
relative to the rate of vascularization. Cartilage is only formed in an aerobic environment with maximal
chondrogenesis taking place between 15-21% O2. As the level of vascularity decreases and the local
environment becomes alkaline there will be deposition of mineral within the callus that was previously in
solution. Once calcium content has reached 40%, callus will be radiographically visible and as the
growing callus bridges the fracture gap, radiographic union is achieved. In time the callus will be
remodelled with a decrease in the volume and replacement with lamellar bone as well as reestablishment
of the medullary cavity and associated circulation.(99)
1.3.6 - Primary Versus Secondary Bone Healing
The distinction between primary and secondary bone healing is the presence of a callus associated
with secondary bone healing. The biological requirements for primary bone healing are an
interfragmentary strain of less than 2% and a fracture gap of less than 1mm for gap healing and less than
0.1mm for contact healing. Primary bone healing can be divided into contact healing and gap healing.
Contact healing occurs when there is less than 0.1mm of gap between the fragments and the
interfragmentary strain is less than 2%. Under these conditions Haversian remodelling will occur directly
across the fracture site. Cutting cones formed by osteons at the fracture site will initiate this process.
Osteoclasts will cover the leading edge of the cutting cone and osteoblasts will form the trailing edge.
The result is the direct formation of lamellar bone by osteonal reconstruction with resulting normally
oriented bone. When the fracture gap is between 0.1mm and 1mm and interfragmentary strain is less than
2% gap healing takes place. In gap healing the process of bony union and Haversian remodelling are
separate steps. The gap is initially filled with granulation tissue that will be replaced with lamellar bone
by the action of osteoblasts. The lamellar bone will originally be oriented transverse to the long axis of
the bone and will be poorly connected to the adjacent cortex providing little stability. Somewhere
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between 3 and 8 weeks Haversian remodelling will start and will replace the lamellar bone with new
lamellar bone that is longitudinally oriented to reestablish the integrity of the bone. (112,113)
Secondary bone healing progresses through the classical tissue healing phases of inflammation,
repair and remodelling. At the time of fracture there is inevitable rupture of blood vessels and the
formation of a hematoma representing the inflammatory phase of healing. The hematoma is rich in fibrin
and initiates the healing process by releasing growth factors that stimulate angiogenesis and bone growth.
Within hours of trauma the extraosseous blood supply will begin to establish from the surrounding soft
tissues.

Mesenchymal cells from the endosteum, periosteum and surrounding tissues will combine with

newly formed capillaries to transform the hematoma into granulation tissue by approximately the third
day initiating the start of the repair phase. Granulation tissue is capable of elongating to twice its original
length making it an ideal tissue for this unstable stage of healing. Granulation tissue matures with the
addition of collagen fibres that increase the strength by at least 10 fold and can tolerate only 17%
elongation. The eventual bridging callus is can be broken down into external callus which is supplied by
the extraosseous blood supply and lies outside the cortex, and internal callus within the medullary canal
and receiving blood supply from the medullary circulation. Prior to mineralization in the initial weeks of
healing this can be considered soft callus and is capable of 10-13% elongation. As the volume of callus
increases so does the cross-sectional diameter significantly increasing the resistance to bending. Strength
is increased by the third power to the radius and rigidity is increased to the fourth power. Mineralization
takes place from the fracture ends progressing towards the center and constitutes the formation of hard
callus. Through endochondral ossification the callus will be replaced with woven bone when the local
strain is maintained below 2%. The final phase of remodelling can take up to 9 years in people and
accounts for 70% of the total healing time. During this phase the previously deposited woven bone is
replaced by lamellar bone and the medullary canal is reestablished through Haversian remodelling.
(112,113)
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1.4 - Clinical Studies of Conventional Versus Locking Implant Systems
1.4.1 - Studies in Canines
A variety of in vitro biomechanical studies have been performed to compare locking compression
plates to conventional fixation in small animals. Perhaps the most extensive comparisons and descriptions
have been performed between conventional and locking triple pelvic osteotomy (TPO) implants. Case et
al compared the biomechanical behaviour of locked and nonlocked fixation in a TPO model in addition to
comparing the behaviour of parallel locked screws and diverging locked screws. They performed both
cyclic and destructive loading with a total of 3000 cycles using a displacement limit of 2mm for cyclic
testing. Significant differences were found for screw loosening between locking and nonlocking
constructs (P=0.01) and between parallel and diverging locking screw, with parallel locking screws
having significantly less loosening (P=0.02). Yield load was significantly greater (p=0.04) and yield
displacement was significantly less (P = 0.002) for locking parallel constructs compared to nonlocking
constructs. No difference was detected in maximum load (P = 0.06) nor stiffness (P=0.48).(114)
Rose et al investigated the use of locking TPO plates in a prospective clinical trial on 9 dogs
treating 15 hips and a second retrospective study looking at 26 dogs and 38 hips (32,33). In their
prospective study they found 0% screw loosening (0 of 105) and only a single clinical complication (33).
A single patient developed en bloc pullout of the plate-screw construct from the caudal fragment
secondary to fracture of the cis-cortex (33). Retrospectively a screw loosening rate of 0.4% (1 of 266)
was found and when this value was compared to recently published reports of screw loosening in
conventional TPO's it was found to be significantly lower (P = 0.000) (32). An additional patient in the
retrospective study experienced en bloc pull out from the caudal segment (2.6% major complication rate)
(32). The complication was attributed to a technical error at the time of surgery resulting in the pubis
being left intact. The single incidence of screw loosening was documented 29 days postoperatively
involving a locking screw in the caudal segment. Based on these studies the authors recommended the
use of locking TPO plates with 3-5 locking screws.(32,33)
The use of locking plates has been studied in tibial plateau levelling osteotomy (TPLO) both in
vivo and in vitro. Leitner et al compared locking and conventional TPLO plates in an in vitro model
assessing maintenance of rotation and biomechanical stability. They found that there was significantly
less translation of the proximal fragment during plate application with LCP compared to conventional
plates (P = 0.006) however this difference was thought to be of little clinical consequence representing
only 1.6mm. There was no difference found in cycles to failure (P = 0.76) or construct stiffness (P =
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0.84) between the two groups. The difference in translation was expected due to the compression applied
by conventional screws despite plate contouring. They explained the lack of significance in cycles to
failure and stiffness to load sharing between the bone-implant construct achieved through
interfragmentary compression in their model.(115)
Conklin et al. compared tibial plateau angle (TPA) changes at follow-up between locking and
conventional TPLO plates. The mean change in TPA was significantly less with locking plates (P =
0.008) and they had significantly more complete healing at follow-up (P = 0.016). There was no
difference found in complication rates between the two groups. Of note was that the difference in TPA
was only 1.3 degrees between groups and all patients fell within previously reported acceptable angles (014 degrees (116)). Based on these papers the authors have recommended use of locking TPLO plates for
their comparable biomechanical characteristics, lower level of translation and faster healing with
perceived ease of intraoperative application due to the ability to apply precontoured locking plates
without additional contouring.(117)
The earliest comparison of locking and conventional fixation systems in canine bones was
performed by Aguila et al. 3.5mm LC-DCP and 3.5mm LCP were compared in a femoral osteotomy gap
model using seven different non-destructive loading modes in four-point bending and torsion and
destructive testing to failure in internal rotation (torsion). No differences were detected in structural
stiffness in four-point bending or torsion between the constructs and gap stiffness was only significantly
different in lateral-medial bending (P = 0.01) with the LCP being superior, no differences were detected
in medial-lateral, cranial-caudal, caudal-cranial, or torsion. Limited contact dynamic compression plates
(LC-DCP) were significantly stiffer in cyclical torsion at three of five measured times however they failed
at significantly lower angle when destructively tested (P = 0.002). The similarity in results was explained
by the comparable area moment of inertia (AMI) between the plates. The authors concluded that LCP
possessed comparable biomechanical characteristics to LC-DCP plates and that in vivo testing was
required to elucidate whether the LCP was more conducive to bone formation and secondary bone healing
than conventional osteosynthesis plates.(118)
DeTora and Kraus looked and mechanical testing of plates alone comparing 3.5mm broad LCDCP, 3.5mm narrow LC-DCP, 3.5mm LCP and 3.5mm string of pearl (SOP) plates. They tested the
plates and SOP in single cycle four-point bending and found that the 3.5 broad LC-DCP had significantly
greater bending stiffness, bending strength and bending structural stiffness than the other three plates (P
<0.001). The 3.5mm SOP was stronger and stiffer than the narrow LC-DCP and LCP (P < 0.001), which
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were not significantly different than each other (P = 0.63). The authors attributed their findings to
variation in AMI between the plates and commented that in vivo studies were required to define the
mechanical and biological characteristics of these implant systems.(119)
Filipowicz et al investigated LCP versus LC-DCP in a humeral metaphyseal gap model to address
distal humeral fractures that can be clinically challenging due to comminution, screw purchase and
contouring to complex distal humeral anatomy. They tested constructs in acute failure and cycling in
both axial compression and torsion. In acute failure testing LCP constructs were found to be superior in
stiffness (P < 0.001) with significantly lower yield load (P < 0.001) and no difference in ultimate strength
or yield strength. Under conditions of cyclic axial compression the LCP constructs were significantly less
stiff (P = 0.003) and underwent significantly more displacement with each loading cycle (P < 0.001). In
cyclic torsion LCP were also significantly less resistant to applied loads (P < 0.001). The authors
explained the increased stiffness in static testing by the screw-plate interface and fixed-angle design.
They also commented that during failure testing the LCP constructs maintained their stiffness with 66%
failing by screw cut out compared to 90% of LC-DCP constructs failing by gradual plate subsistence or
"windshield wiper" effect. All yield loads represented loads at least 37 times the force that the humerus
would bear during standing and 11 times greater than the average body weight of dogs in the study. The
finding that the LCP was less stiff in cyclic testing was explained by inexact contouring most notably at
the distal fracture fragment. This value was not quantified however it was estimated to be greater than
5mm in some specimens. The stability of LCP constructs has been shown to decrease as the distance
from the bone increases and to decrease significantly at offsets of 5mm or more. The authors concluded
that with improved contouring LCP may perform biomechanically similar to LC-DCP, and with the
biological benefits anticipated during fracture healing might justify the added expense and justify their
clinical application.(120)
A femoral gap model was used to compare plate rod constructs with semicontoured LCP to
anatomically contoured LC-DCP . LCP constructs were prepared to maintain a 3mm gap between plate
and bone. Specimens were tested in cyclic axial loading with increasing load applied up to 60% of live
body weight over a total of between 18000 to 63000 cycles to mimic the postoperative period. No
significant differences were detected in stiffness at any time point, gap subsistence, load at failure or
displacement at failure. The authors commented that there was a consistent trend toward the LCP group
being less stiff and having more gap subsistence. They argue that this may translate into earlier callus
formation in LCP treated patients. They did not detect an effect of the plate being elevated off the bone
and attributed the lack of difference to the increased stiffness of the LCP or the presence of an
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intramedullary rod. The conclusions were that LCP-rod constructs were biomechanically similar to
conventional plate-rod constructs and offered inherent biological advantages warranting further clinical
investigation.(121)
In order to compare the available locking and conventional implant systems Blake et al. and
Cabassu et al. tested DCP, stainless steel LC-DCP, titanium LC-DCP, LCP, SOP, Advanced Locking
Plate Systems (ALPS) and Fixin in single cycle to failure in four-point bending as implants alone and in a
bridging osteosynthesis model in both four-point bending and torsion. A previously validated synthetic
bone model was used to simulate bone segments. The authors hypothesis based on the material and
structural properties of the plates was that the titanium implants would have the lowest stiffness and
strength in bending and the highest elastic deformation in torsion. They also hypothesized that the SOP
would exhibit the greatest stiffness and strength in bending and torsion. Results confirmed that the SOP
plates had the highest bending stiffness, bending structural stiffness and mean bending strength when
testing plates alone. As plate-bone constructs the SOP and 11mm ALPS had the highest bending
stiffness, structural stiffness and bending strength with statistical significance only achieved in relation to
the titanium LC-DCP, 10mm ALPS and the Fixin systems. The 10mm ALPS had the lowest bending
stiffness and bending structural stiffness and the Fixin had the lowest bending strength. The 10mm ALPS
constructs also had the lowest bending stiffness and strength that was only statistically significant
compared to the SOP and 11mm ALPS. When compared in torsion the 10mm ALPS had the lowest
strength with significance achieved between the stainless steel LC-DCP, DCP, LCP and SOP. The 10mm
ALPS also had significantly lower stiffness than all other constructs. The stainless steel LC-DCP, DCP,
LCP and SOP had the highest stiffness and were all significantly greater than the remaining constructs.
The 11mm ALPS had the greatest elastic deformation that was significant when compared to all
constructs except the 10mm ALPS. Based on these two studies the authors confirmed their assumptions
based on the material and structural properties of the plates and recommended that treatment decisions be
made based on the differing biomechanical properties of the tested implant systems and not generalized
across the various implants.(122,123)
1.4.2 - Studies in Equines
Due to reported biomechanical advantages of LCP compared to conventional osteosynthesis
plates, equine surgeons have been quick to adopt this new plating technology for a variety of fractures and
arthrodeses (RW.ERROR - Unable to find reference:504). Sod et al. performed in vitro biomechanical
testing of a 4.5mm modified LCP with two supplemental 5.5mm transarticular lag screws compared to
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traditional 4.5mm DCP with identical lag screws for treatment of equine proximal interphalangeal (PIP)
joint arthrodesis (127). They tested constructs in single cycle to failure under axial compression and
torsion and under cyclic axial compression (127). The DCP had significantly greater yield load (P <
0.004), stiffness (P < 0.0005), and failure load (P < 0.002) under single cycle axial compression and the
LCP had greater yield load (P <0.04), stiffness (P < 0.02) and failure load (P < 0.04) under single cycle
torsional loading (127). No differences were detected in cycles to failure under axial compression (127).
The authors commented that they felt there was no overall difference between the two implant systems for
PIP arthrodesis and recommended that the undercuts between the 2nd and 3rd screw holes in the LCP be
eliminated to increase the AMI in that region to attempt to increase bending stiffness (127).
Ahern et al. followed this study by comparing the PIP-LCP plate with a 4.5mm LC-DCP for PIP
arthrodesis under 4-point bending. They found LCP constructs had less displacement over 3600 cycles
(P = 0.016) and greater stiffness (P = 0.011) under single cycle to failure testing with no difference
detected in bending moments between the constructs (P = 0.553). They concluded that these findings
might result in less micro-motion at the arthrodesis site with more rapid healing and less callus formation
resulting in improved clinical outcome that supported their clinical impression of improved stability
following surgery. (128)
1.4.3 - Studies in Bovines
Femoral fractures are a common fracture in calves and are most frequently caused by iatrogenic
trauma during traction for delivery. The most common location of these fractures is the proximal
epiphysis and the distal metaphysis where the softness of the bone is a major concern for fixation. The
most successful treatment of these fractures is with a plate or intramedullary interlocking nail.
Hoerdemann et al. investigated the biomechanical characteristics of LC-DCP and LCP in an osteotomy
gap model of femoral fractures in neonatal calves. A screw torque of 3Nm for cortical screws and 4Nm
for locking screws was selected based on pilot testing. During experimental fixation stripping of the
screw holes before 3Nm was found in 26% of cortical screws. In studies on human osteoporotic bone it
has been previously established that the highest screw torque achievable was 3Nm (ref in paper or use
paper). The constructs were tested in cyclic loading with increasing loads applied every 100 cycles.
After the first stage of testing representing 100 cycles at 500N significantly more of the remaining LCDCP screws had loosened (44%) compared to screws in LCP constructs (14%, P = 0.001). The LCP
constructs were significantly stiffer (P < 0.001) and had significantly smaller change in osteotomy gap (P
< 0.001). Though not statistically significant (P = 0.108) almost twice as many cortical screws
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experienced plastic deformation (31.3%) compared to locking screws (17.5%). The authors concluded
that calf femoral bone is at least as weak as human osteoporotic bone and that in future studies cancellous
screws should be used. Despite this limitation LCP constructs were significantly stiffer and had
significantly less change in osteotomy gap. (129)
1.4.4 - Studies in Humans
A variety of studies have been performed in humans and human bone models to study locking
constructs with an emphasis on their use in osteoporotic or low quality bone. Korner et al evaluated LCP
versus conventional reconstruction plates in a distal humeral fracture model. This study also evaluated
plate configuration comparing dorsally applied plates to plates applied in 90-degree configuration.
Humeral fractures in people represent a fracture with a high risk of postoperative complications (35%)
with 15% experiencing unsatisfactory results with frequent implant failure and nonunion. In this study
constructs were tested in anterior/posterior bending, torsion and axial compression under cyclic and acute
failure testing. The authors found that plate configuration was more important than plate design. The
highest stiffness was seen in LCP constructs in a 90-degree configuration with no significant difference
detected between LCP and conventional plates of the same configuration. Cyclic testing up to 4000
cycles revealed no significant differences between constructs. One difference noted between plate
designs was in mode of failure with LCP failure being predominantly through plastic deformation of the
plate and with conventional plates failing by implant loosening or bone fracture. The authors concluded
that plate technique is more important that plate design. Two disadvantages of LCP systems were
highlighted; the inability to change the direction of the screw and the increased cost. Clinical
recommendations were for the use of conventional plates in fractures of adequate bone quality and blood
supply. However, if bone quality is low or if level of comminution is high then LCP may be
favourable.(130)
Gardner et al followed the previous study by looking at hybrid locking constructs in a sawbone
(model 3304; Pacific Research Laboratories, Vashon, Washington) humerus model of osteoporotic
fractures. They found that hybrid and locked constructs were significantly stiffer and sustained less
decline in stiffness over 1000 cycles of torsion testing (P < 0.001). No differences were detected between
locked and hybrid constructs. Over the first 100 cycles of testing conventional construct stiffness
decreased 23% compared to only 7% in the locked and hybrid constructs. Recommendations from this
study were for additional biomechanical and clinical testing to validate conceptual advantages.(131)
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Two retrospective clinical studies have evaluated the success of internal fixators for management
of delayed or nonunions of the humeral diaphysis . Ring et al looked at 24 patients treated with a 4.5mm
narrow LCP (132). All patients went on to bony union with no loose or broken implants and 22/24 found
to have good or excellent outcome (132). Wenzl et al compared outcomes associated with management
with LCDCP or TiFix® internal fixator (133). Despite patients in the fixator group being significantly
older, suffering more severe initial injuries and having psuedoarthrosis present for longer time frame, no
implant failures or complications with healing were reported (133). In the LCDCP group one patient
suffered early and complete implant failure attributed to severe osteoporosis (133). Wenzl et al concluded
that the preferential method of management for delayed or nonunion humeral fractures was internal plate
fixators with autologous bone graft (133).
Due to the previously mentioned differences in biomechanical performance and force
transmission between locking and conventional plating systems, research has been directed at elucidating
the specific application guidelines for locking plates. Several studies have investigated the effect of the
distance between the plate and bone on the biomechanical performance of locking plates. Kowalski et al
compared the biomechanical performance of a locking noncontact plate (NCP) manufactured by Osteo
AG, Selzach, Switzerland to a traditional DCP and a type I external skeletal fixator (ESF) using synthetic
tibial bone models (134). They found that when placed 5mm or less from the surface of the bone the
NCP performed comparably to the DCP plate (134). When placed at 20mm from the bone it performed
as a type I ESF however it did not provide adequate strength or stiffness to support weight bearing loads
on lower limbs (134). Of note is that the locking plate used in this study was of a different design than
newer LCP plates. The NCP utilized a locknut to secure the screw to the plate like the Zespol system.
Ahmad et al. followed the work of Kowalski with biomechanical testing of the LCP using
composite humerus models to test a 10mm gap model with the LCP in contact and elevated 2mm and
5mm from the bone compared to a conventional DCP. Static and dynamic testing in axial compression
and torsion were performed. Static testing was to failure in 100N incremental increases and cyclic testing
was performed to failure or 1000 cycles. Their results supported the findings of Kowalski et al. that
increasing the distance from the plate to the bone results in decreasing construct strength and stiffness.
Specifically, when applied within 2mm of the bone, the LCP behaved as a DCP with no statistically
significant differences in testing parameters. When applied at 5mm from the bone, the LCP demonstrated
significantly decreased axial stiffness and torsional rigidity (P < 0.05). As the plate is secured further
from the bone the resulting increase in lever arm and therefore bending moment leads to a weaker
construct. The authors concluded that if LCP fixation is to be selected for the biological benefits to
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periosteal blood supply, that the plate be applied at or less than 2mm from the bone to maintain a
mechanically stable environment.(135)
Initial guidelines for clinical application of LCP plates recommended use of diverging or
converging screws to increase the pullout strength of the screws (136). In order to test this
recommendation Wähnert et al. evaluated the stability of parallel and diverging screw angles in locked
plate constructs (137). They evaluated parallel, 10° and 20° divergent configurations under pull-out,
cyclic pull-out, bending tests using foam models, bovine cancellous blocks in static pullout testing and
finite element analysis (FEA) (137). Results of pull-out testing revealed significantly higher pull-out
force for the parallel screw alignment in foam blocks (P < 0.001) and significantly higher pull-out for
parallel and 10° compared to 20° in bovine bone blocks (P = 0.006) (137). The highest stiffness in foam
block testing was in the parallel group (P < 0.001) and in bovine bone blocks there was no difference
between parallel and diverging configurations (137). The parallel group also sustained the highest
number of cycles to failure (P < 0.01) (137). Finite element analysis demonstrated stress concentration on
the divergent side of the screw during loading and the opposite side during unloading (137). In the
parallel configuration there was more even distribution of stress demonstrating a biomechanically
superior environment (Figure 14) (137).
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Based on the initial body of in vitro research and clinical experience guidelines were formulated
for the use of locking plate technology. With conventional plating techniques the length of the plate was
associated with the extent of soft tissue trauma and dissection. With the advent of minimally invasive
plate osteosynthesis (MIPO) techniques the length of the plate can be decided based on the mechanical
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demands of the fracture to be stabilized.

The goal of plate selection is to minimize plate and screw

loading to avoid fatigue failure from cyclic loading (136,138,139). The two determinants of plate length
are plate span and screw density (136,138). Plate span is the quotient of plate length to fracture length
and should be higher than 2 to 3 in comminuted fractures and higher than 8 to 10 in simple fractures
(136). The screw density is the number of screws divided by the number of plate holes. The general
recommendation for screw density is below 0.5 to 0.4 representing less than half of the plate holes filled
with screws (Figure 15) (136,138).
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Stoffel et al evaluated screw distribution and concluded that the most important factor affecting axial
stiffness and torsional rigidity was working length; defined as the distance between the first two screws
on each side of the fracture site (139). By eliminating one screw nearest the fracture site on either side,
the axial stiffness decreased by 64% and the torsional rigidity by 36% (139). Greater than three to four
screws per fragment did little to increase axial stiffness or torsional rigidity (139). The distance between
the plate and bone should be minimized to less than 5mm and ideally plates would be placed 2mm or less
from the bone (135,138). What is relatively consistent and clear across the numerous reports is that LCP's
outperform conventional fixation in osteoporotic or poor quality bone (97,109,136,138,140,141) .
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Chapter 2 - Phase 1: Initial Concept and Comparison of Screw Pullout
Resistance of Dynamic Compression Plates and Locking Compression Plates
in a Canine Radius Model.	
  	
  	
  
2.1 - Introduction and Objectives
The initial aim of this study was to compare the screw pullout resistance of locking compression
plates (LCP) and dynamic compression plates (DCP) with and without polymethylmethacrylate using
cantilever bending. The initial model was a canine radial model to approximate the situation encountered
in limb sparing surgeries. During inital pilot testing of canine radial constructs it was determined that it
was prohibitively difficult to test the desired failure mode, screw pullout, in the canine radius. In order to
stay with the initial objective of testing the screw pullout resistance of LCP and DCP a different bone
model was investigated. After consideration the ilium was settled upon for its frequent occurrence of
screw pullout as method of clinical fixation failure.
Angle stable internal fixation offers advantages to conventional plating techniques. Locking
plates such as the Depuy/Synthes LCP 1(add company info) system serve to take advantage of improved
understanding of fracture healing and bone-implant interaction. Through minimization of plate-to-bone
contact the blood supply to healing bone is preserved preventing so called "stress-protection" (1,2).
Locking implants provide stability of repair acting like a single beam construct eliminating motion
between the plate, screw and bone (3,4). The LCP converts axial loads into compressive stress at the
screw bone interface taking advantage of the increased resistance of cortical bone to compressive
loads(3,5). Locking plates also facilitate minimally invasive plate osteosynthesis (MIPO) allowing for a
biological approach to fracture repair and healing through callus formation that can result in quicker
clinical union than conventional osteosythesis (3,6,7).
Implant failure with screw and plate pullout is a major problem in orthopaedic surgery,
particularly for small fracture fragments with minimal screw purchase, in areas of poor bone quality and
following limb-sparing surgery. In human surgery, LCPs are recommended when an increased risk of
implant loosening and secondary fracture fragment displacement are expected(3,8,9). Biomechanical
data supporting this recommendation is lacking. However, the use of LCPs has been reported with good
results in fractures of the distal or proximal long bones where there is limited bone available for insertion
of the recommended three screws either side of the fracture line (3,8-14).
Limb-sparing surgery is becoming a more commonly performed procedure as an alternative to
limb amputation for dogs with primary bone tumors of the distal radius(15). Limb-sparing surgery
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involves resection of the bone tumor, with a minimum of 3 cm margins of normal bone distant to the bone
tumor, and then reconstruction of the bone defect. A large cortical allograft has traditionally been used to
reconstruct this defect (16,17). However, complications are common, occurring in over 50% of cases,
and include infection, local recurrence of the tumor, and implant or allograft failure(15). The reported
incidence of implant failure varies from 11% to 60%(15). In one study, the implant failure rate was
significantly reduced by filling the intramedullary canal of the cortical allograft with
polymethylmethacrylate (PMMA)(18). Intramedullary PMMA improved the stability of the construct by
increasing maximal cortical screw pullout force and holding strength and reducing screw loosening. The
major complication, however, of using intramedullary PMMA is bone healing and allograft incorporation,
a notoriously slow process which can take greater than 2 years to complete, is further slowed because
revascularization of the intramedullary component of the host bone and allograft is decreased or
prevented. Furthermore, the presence of PMMA at the interface between the host bone and allograft
significantly increases the risk of nonunion of this interface(19).
As a result of the complications associated with cortical allografts in limb-sparing surgery, a
number of alternatives have been investigated to reconstruct the bone defect following tumor resection.
These include bone transport using distraction osteogenesis, endoprosthesis, and vascularized, irradiated,
or pasteurized autografts(20-24). In a prospective clinical trial comparing the orthopedic and oncologic
outcome in client-owned dogs treated with either cemented cortical allograft or surgical steel
endoprosthesis, there was a 40% (4 of 10 dogs) and 20% (2 of 10 dogs) implant failure rate because of
screw loosening in dogs reconstructed with a cortical graft and endoprosthesis, respectively (unpublished
data, JM Liptak). This mode of failure was supported in a biomechanical study comparing cemented
cortical allografts and surgical steel endoprostheses in which 10% (1 of 10) of the endoprosthesisreconstructed constructs and 30% (3 of 10) of the cortical allograft-reconstructed constructs failed
because of pullout from the proximal radius (unpublished data, JM Liptak).
The initial objective of this research project was to compare the screw pullout resistance of LCP’s
and DCP’s, with and without intramedullary PMMA, using cantilever bending in canine radii to replicate
the clinical situation encountered in limb sparing surgery. Cantilever bending was selected to more
specifically test for screw holding power and to minimize the effect of confounding factors acting on the
constructs. The focus of testing was to clarify the clinical recommendation that LCP’s are superior to
DCP’s in situations where there is a high risk of implant failure. Our hypothesis was that LCP would be
superior to DCP in all biomechanical properties tested.
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2.2 - Material and Methods
Bones were harvested from healthy dogs weighing between 20 and 30kg euthanized for reasons
unrelated to this study. Initially 40 radii were harvested within 12 hours of euthanasia and stripped of all
soft tissues. Visual inspection of all radii, carpi and elbows was performed to ensure they were free of
pre-existing orthopaedic disease. The radii were measured for length, width, proximal, mid-shaft and
distal thickness and wrapped in saline soaked towels, double bagged, labelled and stored at -20°C in a
conventional freezer until testing.
Prior to testing the radii were allowed to thaw to room temperature overnight in a water bath
(while still in the bags). The paired radii were randomly selected for pilot testing and a mid-diaphyseal
osteotomy performed with a hand saw. A 6 hole DCP was applied to the dorsal surface of the proximal
fracture fragment with 3 bicortical screws using standard AO technique. The proximal aspect of the
radius was mounted in a section of square steel tubing and secured with polyester resin (Bondo, Atlanta,
Georgia) (Figure 1). A calibration was performed before every materials testing machine session utilizing
a 50kN load cell. Briefly this was done by loading and unloading 5kg weights on the load cell of the
materials testing machine and recording outputs. This voltage data was graphed and the data converted to
Newtons. The average output was calculated and compared to the corresponding applied loads (0, 5, 10,
15kg) (Figure 2). This data was represented graphically and linear regression analysis used to calculate a
formula for the resulting line. The formula was used to convert the output in volts (V) into force
(N)(Figure 3).

Figure	
  1	
  -‐	
  Initial	
  cantilever	
  bending	
  set	
  up	
  with	
  plated	
  canine	
  radius.	
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Figure	
  2	
  -‐	
  Representative	
  calibration	
  curve.	
  	
  Each	
  step	
  on	
  the	
  graph	
  corresponds	
  to	
  a	
  5kg	
  increase	
  in	
  
load.	
  

Figure	
  3	
  -‐	
  Representative	
  Output	
  vs.	
  Force	
  calibration	
  table	
  with	
  displayed	
  formula.	
  
Initial radii were tested with dorsally applied force applied at 20 mm/min and data was sampled at
a rate of 100 Hz. Data was stored electronically using 'Labview'2 data acquisition software. The initial
pilot testing of canine radii in cantilever bending resulted in radial fracture between the most proximal
screw hole and the potting (Figure 4). Constructs were tested with dorsally and ventrally applied bending
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force with no difference in results and no constructs failing at the implants. For all additional testing
force was applied at 20 mm/min and data was sampled at a rate of 100Hz.

Figure	
  4	
  -‐	
  Initial	
  cantilever	
  bending	
  set	
  up	
  with	
  plated	
  canine	
  radius	
  
attached	
  to	
  materials	
  testing	
  machine.	
  
In an attempt to focus the bending force on the plate and specifically the bone-screw interface a
fulcrum was utilized and initially placed at the most distal screw hole (Figure 5). Testing of these
constructs initially resulted in crushing of the radius against the fulcrum (Figure 6). The distance the of
exposed radius was shortened to minimize the stress concentration at the distal radius and failure occurred
through fracture at the proximal screw hole (Figure 7, 8). The fulcrum was shifted to the second screw to
distribute load better and failure occurred at the same location and in the same manner (Figure 9, 10).
After discussions with Dr. Runciman and the rest of the advisory committee it was decided that if the
desire was to test implant failure specifically through screw pullout that cantilever bending in the canine
radius was not going to be possible.

Figure	
  5	
  -‐	
  Second	
  attempt	
  at	
  cantilever	
  bending	
  demonstrating	
  location	
  of	
  fulcrum.	
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Figure	
  6-‐	
  Failure	
  of	
  second	
  attempt	
  showing	
  crushing	
  of	
  bone	
  on	
  fulcrum.	
  

Figure	
  7	
  -‐	
  Third	
  set	
  up	
  with	
  decreased	
  lever	
  arm	
  and	
  greater	
  amount	
  of	
  radius	
  potted.	
  

Figure	
  8	
  -‐	
  Failure	
  of	
  third	
  set	
  up	
  with	
  fracture	
  at	
  proximal	
  screw	
  hole.	
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Figure	
  9	
  -‐	
  Fourth	
  combination	
  with	
  fulcrum	
  shifted	
  one	
  screw	
  
proximal	
  and	
  full	
  potting	
  of	
  radius.	
  

Figure	
  10	
  -‐	
  Failure	
  of	
  fourth	
  combination	
  with	
  fracture	
  through	
  
proximal	
  screw	
  hole.	
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Discussions amongst the advisory committee established screw pullout as the focus of testing.
Screw pullout is a common mode of failure in orthopedic fracture repair as well as limb sparing surgery
and was believed to best highlight the fundamental differences between conventional plate fixation and
locking plate fixation. During the initial pilot testing it was established that it was going to be
prohibitively difficult to use cantilever bending to test screw pullout in the canine radius. In a final
attempt to test screw pullout in the radius a tension test was performed (Figure 11, left). In tension testing
the initial mode of failure was plate bending at the jig. Following this initial plastic deformation screw
pullout was achieved with fracture of the bone in the area of the screws (Figure 11, right, 12). At the
conclusion of pilot testing under tension the clinical relevance of the model was questioned and the
decision made to abandon the radius as the bone to be tested.

Figure	
  11	
  -‐	
  Fifth	
  set	
  up	
  with	
  tension	
  applied	
  (left)	
  showing	
  initial	
  failure	
  through	
  plastic	
  
deformation	
  of	
  the	
  plate	
  (right).	
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Figure	
  12-‐	
  Left,	
  Secondary	
  failure	
  due	
  to	
  screw	
  pullout	
  under	
  tension.	
  Right,	
  close	
  up	
  of	
  bone	
  following	
  
screw	
  pullout	
  under	
  tension.	
  
To stay with primary testing focus of pullout, different fracture types in different bones that fail
commonly by screw pullout were considered. After consideration of a variety of bones and fracture types
the ilium was settled on as a bone with perceptibly and reportedly poor bone quality and relatively
frequent implant failure by screw pullout, most noted in the cranial ilium (25-31). The ilium was felt to
be the most appropriate choice for testing the perceived benefit of LCP constructs in areas of poor screw
purchase compared to conventional DCP constructs.
Pelves were harvested from healthy dogs weighing between 20 and 30kg euthanized for reasons
unrelated to this study. The pelves were harvested within 12 hours of euthanasia and stripped of all soft
tissues. Visual inspection of all pelves was performed to ensure they were free of pre-existing
orthopaedic disease. The sacrum was removed by disarticulation at the sacroiliac joint and the pelves
wrapped in saline soaked towels, double bagged, labelled and stored at -20°C in a conventional freezer
until testing.
Prior to testing the pelves were allowed to thaw to room temperature overnight in water bath
(while still in the bags) and split. Osteotomy location was standardized at 40% of the distance from the
cranial aspect of the acetabulum to the most cranial aspect of the ilium, and the osteotomy performed with
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a handsaw. 6 hole DCPa or LCPa were accurately contoured to the lateral aspect of the ilia such that 3
screws were caudal and 3 screws cranial to the osteotomy prior to osteotomy. The initial phase of testing
consisted of force applied to the caudal plate segment and the ilium secured to the testing platform with
clamps (Figure 13). This set up resulted in slippage of the cranial ilium through the clamps (Figure 14).

Figure	
  13	
  -‐	
  Initlal	
  clamp	
  set	
  up	
  for	
  cantilever	
  bending	
  in	
  ilial	
  wing.	
  

Figure	
  14	
  -‐	
  Failure	
  by	
  slippage	
  of	
  the	
  ilial	
  wing	
  in	
  the	
  clamp.	
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The cranial aspect of the ilium was mounted in a rectangular pot epoxy resin such that the ischial
wing was parallel to the platform and the pubic symphysis was at 45° to the platform. The plates and
protruding ends of the screws were covered by modelling clay such that the epoxy did not adhere to the
implants however contact with the ilium was maximized. The modelling clay was removed prior to
testing as was the ischium caudal to the acetabulum and pubis medial to the acetabulum to facilitate
fitment within the materials testing machine. The osteotomies were reduced and plates applied using
standard AO3 technique. All DCP holes were drilled at slow speed using a 2.5mm drill bit (Synthes part
number 310.25), DCP drill guide (Synthes part number 322.32), and a hand-held, variable speed, power
drill (Black and Decker Model CD1200). Predrilled holes were hand tapped with 3.5mm tap (Synthes part
number 311.32) and screws were tightened by hand to “three-finger-tight” as would be the case in clinical
cases (Figure 15, 16, 17). Force was applied to the repaired ilium by placement of a steel sphere within
the acetabulum after cutting off the ischial wing to permit contact with the anvil of the materials testing
machine (Figure 18). The site of failiure was through the epoxy in the block. The epoxy was switched to
PMMA and no additional failures were noted through the potting however the acetabulum fractured with
pressure on the sphere. The acetabulum was filled with PMMA to increase contact between the sphere
and acetabulum and no additional failures were noted through the acetabulum and all failures were
through screw pullout or plate bending.
Once failure through screw pullout or plate bending was consistently established 10 additional
pelves were harvested for paired testing. Dynamic compression plates were applied as previously stated.
For all LHS a 2.8mm drill bit (Synthes part number 310.288) and a threaded drill guide (Synthes part
number 312.648) were used and screws were placed using a torque limiter with a limit of 1.5 Nm
(Synthes part number 511.773).
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Figure	
  15	
  -‐	
  Final	
  constructs	
  for	
  testing	
  with	
  osteotomy	
  performed,	
  
reduced	
  and	
  stabilized	
  with	
  3.5mm	
  LCP	
  top	
  and	
  3.5mm	
  DCP	
  bottom.	
  

Figure	
  16	
  -‐	
  Final	
  potting	
  showing	
  parallel	
  ishium	
  to	
  table	
  top	
  and	
  
modelling	
  clay	
  overlying	
  plate	
  and	
  screws.	
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Figure	
  17	
  -‐	
  Final	
  potting	
  showing	
  location	
  of	
  modelling	
  clay	
  guarding	
  plate	
  and	
  screws	
  from	
  PMMA.	
  

Figure	
  18	
  -‐	
  Final	
  construct	
  set	
  up	
  showing	
  application	
  of	
  force	
  through	
  
materials	
  testing	
  machine	
  anvil,	
  acetabular	
  PMMA	
  and	
  metal	
  sphere.	
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All constructs were tested to acute failure following preloading to ensure no play was present and
load was applied until failure was detected. Failure was defined as an acute drop in load with concurrent
visual or audible evidence of construct failure. A load/displacement curve was created for each data set
and construct stiffness, yield load, ultimate load at failure, and displacement at failure calculated. The
stiffness was defined as the slope of the best -fit line to the elastic portion of the load versus displacement
curve. Due to variability in the form of the various load versus displacement curves (Figure 19) an offset
was utilized to estimate clinical failure. A 0.2% offset as described by the American Society for Testing
Materials (ASTM) was attempted however it did not represent what was felt to be a clinically relevant
value therefore yield load was determined using a 1mm offset method from each load/displacement curve
and load and displacement at failure determined (Figure 19) (32) . The ultimate load at failure was
recorded as the maximum load reached during testing on the load/displacement curve. Mode of failure
was recorded by observations made during testing and inspection of the constructs following testing.

Figure	
  19	
  -‐	
  Representative	
  load	
  versus	
  displacement	
  curve	
  demonstrating	
  best	
  fit	
  line	
  of	
  elastic	
  
portion	
  of	
  curve	
  used	
  to	
  calculate	
  stiffness	
  (dashed	
  line),	
  1mm	
  offset	
  used	
  to	
  calculate	
  yield	
  load	
  
and	
  displacement	
  (dotted	
  line).	
  
2.3 - Summary of Materials and Methods
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2.3 - Summary of Materials and Methods
One of the main purposes of the DVSc degree as stated in the graduate student calender is "to
develop investigative skills". As much as the easy acquisition of meaningful data that supports ones
hypothesis is the aim of every research project, the aim of a degree like a DVSc is the development of a
scientist and a reseacher. I was unfortunate to encounter numerous failures in initial testing models.
Those same failures allowed the investigation of different testing methods and the gradual evolution of a
workable testing model. Biomechanical principles were utilized in an early attempt to focus applied force
on the area of the construct that we desired to fail based on clinical case failure. Following the evolution
of numerous models and an eventual success in the mode of failure the model had drifted so far from the
clinical picture that it was no longer relevant.
The failure to replicate the clinical picture in the first series of tests resulted in re-evaluating the
main focus of the initial hypothesis and the formulation of a new hypothesis. In order to test locking
compression plates (LCP) compared to conventional plates in cantilever bending a new clinical situation
would need to be tested. Investigation into the proposed benefits of LCP's and how those benefits would
translate into clinical difficulties seen in small animal surgical practice resulted in the identification of the
ilium as an area with reported poor bone quality where a high number of clinical failures of fixation are
seen through screw pullout. The evolution of this project required, out of necessity, the development of
investigative skills to reach the final hypothesis and experimental design that permitted the acquisition of
useful and meaningful data.
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Chapter 3 - A comparison of Dynamic Compression Plates and Locking
Compression Plates using Cantilever Bending in a Canine Ilial Fracture
Model.
3.1 - Introduction and Objectives
Pelvic fractures account for between 16 and 34 percent of all fractures in small animals (1,2).
Multiple pelvic fractures are encountered a majority of the time due to the high-energy trauma and "boxlike structure" of the pelvis (3-5). Ilial fractures comprise 18-46% of pelvic fracture cases with the
majority being long oblique fractures (6). The most common cause of pelvic fractures is vehicular trauma
however other high-energy traumas are also implicated such as falling from a great height. One exception
to this is stress fractures of the acetabulum described in racing greyhounds (7).
Both conservative and surgical treatment of pelvic fractures is described. Conservative treatment
has been associated with acceptable outcomes however recovery can be prolonged and complications
such as decreased pelvic canal diameter and suboptimal long term functional outcome can occur (3,4).
Indications for surgical repair include: fractures of the weight bearing axis, acetabular fractures, pelvic
narrowing greater than 50%, bilateral fractures or nerve involvement (5,6). The most common repair
technique for ilial fractures is lateral plating (4-6). Alternate repair techniques include ventral lag screws,
ventral plate, dorsal plate, combination of ventral plate or screws and lateral plate, composite plate,
external skeletal fixation and intramedullary (IM) pin alone or in combination with compression wire(36,8-15) . The tension surface of the ilium is ventromedial (16). As a result, ventrally applied implants
have been recommended because of improved biomechanical stability (9,10).
The most common complication associated with ilial fracture repair is implant failure occurring
in up to 62% of patients (6,17-22). The majority of failures are attributed to screw loosening and/or
pullout which can lead to loss of reduction and collapse of the pelvic canal (6,17-22). It has been
suggested that one of the reasons for the high incidence of screw loosening is the poor quality bone found
in the cranial ilium (5,6,8). Bone quality is a term that is widely used but that has not been precisely
defined (23,24). It relates to the ability of a bone to resist fracture as well as the ability to securely accept
orthopaedic implants in situations where internal fixation is required (23-27). The reference to poor bone
quality appears to be made in relation to the frequency of screw loosening and the poor feel of bone when
placing screws in the cranial ilium encountered clinically (5,6,8).
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Locking implant systems such as the Point-Contact Fixator4 (PC-Fix), Less Invasive Skeletal
Stabilization systema (LISS), Advanced Locking Plate System5 and Locking Compression Platea (LCP)
have been developed to provide stable fracture repair while minimizing the impact on local vascularity
during fracture healing.(28). Locking compression plates utilize locking head screws (LHS) to achieve
fixed-angle stability while permitting the use of traditional screws through the development of a
combination hole (29,30). Conventional plating techniques rely on friction between the plate and bone to
provide a stable repair construct that counteracts the forces that the healing fracture is subjected to. The
weakest point in these traditional systems is the shear interface between the screw and the bone (31).
Placing plate and screw implants in poor quality bone may result in an inability to generate adequate
screw torque to prevent implant and fracture motion (31). In contrast, locking plates do not rely on the
generation of plate to bone friction to provide stability, thereby eliminating the need for high shear loads
at the screw to bone interface (31). Instead, these systems mechanically lock the screws to the plate, so
that in use the system acts as single-beam construct with the host bone. In optimal circumstances, this can
increase construct strength by up to 4 times over healthy, unplated bone (32). Internal fixators such as the
LCP have been advocated for osteoporotic or poor quality bone (28,29,33-35).
The purpose of this study was to compare the stiffness, yield load, ultimate load at failure,
displacement at failure, and mode of failure in cantilever bending of LCP and Dynamic Compression
Plate (DCP)a in an acute failure ilial fracture model. Our hypothesis was that the LCP would be superior
to the DCP for all of these biomechanical properties.
3.2 - Material and Methods
Pelves were harvested from 10 healthy dogs weighing between 20 and 30kg euthanized for
reasons unrelated to this study. The pelves were harvested within 12 hours of euthanasia and stripped of
all soft tissues. Visual inspection of all pelves was performed to ensure they were free of pre-existing
orthopaedic disease. The sacrum was removed by disarticulation at the sacroiliac joint and the pelves
wrapped in saline soaked towels, double bagged, labelled and stored at -20°C in a conventional freezer
until testing.
Prior to testing the pelves were allowed to thaw to room temperature overnight in water bath
(while still in the bags) and split. The paired ilia were randomly assigned to treatment groups such that
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each treatment group had 10 right and 10 left ilia. Osteotomy location was standardized at 40% of the
distance from the cranial aspect of the acetabulum to the most cranial aspect of the ilium, and the
osteotomy performed with a handsaw. 6 hole DCPa or LCPa were accurately contoured to the lateral
aspect of the ilia such that 3 screws were caudal and 3 screws cranial to the osteotomy prior to osteotomy
(Figure 1). The osteotomies were reduced and plates applied using standard AO6 technique. All DCP
holes were drilled at slow speed using a 2.5mm drill bit (Synthes part number 310.25), DCP drill guide
(Synthes part number 322.32), and a hand-held, variable speed, power drill (Black and Decker Model
CD1200). Predrilled holes were hand tapped with 3.5mm tap (Synthes part number 311.32) and screws
were tightened by hand to “three-finger-tight” by the primary investigator. For all LHS a 2.8mm drill bit
(Synthes part number 310.288) and a threaded drill guide (Synthes part number 312.648) were used and
screws were placed using a torque limiter with a limit of 1.5 Nm (Synthes part number 511.773).

Figure	
  1	
  -‐	
  Lateral	
  DCP	
  application	
  demonstrating	
  location	
  of	
  osteotomy	
  and	
  plate	
  contouring	
  with	
  
anatomic	
  reduction	
  and	
  interfragmentary	
  compression.	
  
	
  

The cranial aspect of the ilium was mounted in a rectangular pot using polymethylmethacrylate

(PMMA) such that the ischial wing was parallel to the platform and the pubic symphysis was at 45° to the
platform. The plates and protruding ends of the screws were covered by plasticine (PLASTICINE® & ©
Flair Leisure Products Plc.) such that the acrylic did not adhere to the implants however contact with the
ilium was maximized. The plasticine was removed prior to testing as was the ischium caudal to the
acetabulum and pubis medial to the acetabulum to facilitate fitment within the materials testing machine.
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The acetabulum was filled with PMMA and a stainless steel sphere of appropriate size (Figure 2).
Incidently, pilot testing with the sphere alone interacting with the acetabulum resulted in failure by
fracture of the acetabulum. PMMA was added to sphere/acetabulum interface to increase the surface area
of contact between the sphere and the acetabulum. The sphere was free to move within the PMMA and
there was no constraint between the sphere and the compression anvil allowing complete freedom of
movement (Figure 2). No additional fractures were experienced. The potted specimens were clamped to
the platform of the materials testing machine.

Figure	
  2	
  -‐	
  Prepared	
  Ilium	
  demonstrating	
  potting	
  and	
  sphere	
  placement.	
  
All constructs were tested to failure on a servohydraulic materials testing machine with a 50kN
load cell7. All ilia were preloaded to ensure no play was present and load was applied at 20mm/min until
failure was detected. Failure was defined as an acute drop in load with concurrent visual or audible
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evidence of construct failure. Data was sampled at a rate of 100Hz and stored electronically using
Labview data acquisition software8. A load/displacement curve was created for each data set and
construct stiffness, yield load, ultimate load at failure, and displacement at failure calculated. The
stiffness was defined as the slope of the best -fit line to the elastic portion of the load versus displacement
curve. Due to variability in the form of the various load versus displacement curves (Figure 3) an offset
was utilized to estimate clinical failure. A 0.2% offset as described by the American Society for Testing
Materials (ASTM) was attempted however it did not represent what was felt to be a clinically relevant
value therefore yield load was determined using a 1mm offset method from each load/displacement curve
and load and displacement at failure determined (Figure 3) (36). The ultimate load at failure was
recorded as the maximum load reached during testing on the load/displacement curve. Mode of failure
was recorded by observations made during testing and inspection of the constructs following testing.

Figure	
  3	
  -‐	
  Representative	
  load	
  versus	
  displacement	
  curve	
  demonstrating	
  best	
  fit	
  line	
  of	
  elastic	
  portion	
  
of	
  curve	
  used	
  to	
  calculate	
  stiffness	
  (dashed	
  line),	
  1mm	
  offset	
  used	
  to	
  calculate	
  yield	
  load	
  and	
  
displacement	
  (dotted	
  line).	
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3.3 - Statistics
All data were tested for normality using a Shapiro-Wilk test for normality. Anova with post hoc
t-tests were used to detect differences between groups for stiffness, ultimate load at failure, yield load,
and displacement at failure. A McNemar test was used to test for differences in mode of failure between
the two groups. Significance was set at P ≤ 0.05 for all tests. All statistical testing was performed using a
standard statistical software package9.
3.4 - Results
All tested constructs failed by screw pullout from the cranial fragment or plate bending. Mode of
failure was recorded by observations made during testing and inspection of the constructs following
testing. Failure occurred in two modes; screw pullout and plate bending. Failure was classified as screw
pullout when construct failure occurred with no observed bending of the plate and with sequential pullout
of screws starting at the most cranial screw. For all cases classified as screw pullout a “windshield wiper”
effect was observed in conventional plates. For LCP constructs screw pullout failure occurred with
greatest plate excursion at the cranial aspect and apparent fracture of the cranial ilium surrounding the
screws. In cases of plate bending there was no apparent implant loosening with screw purchase
maintained and bending of the plate occurring at the fracture site in all tested constructs. Load application
was stopped prior to catastrophic construct destruction following acute drop in load and observable screw
pullout and construct failure. One ilia in each group was eliminated from statistical calculations due to an
abrupt increase in the slope of the curve mid-testing. No problems were noted during testing in these two
ilia and our assumption is that there was undetectable failure of the potting in the initial phase of testing.
In the DCP group there were 5 ilia that failed through screw pullout in the cranial segment and 4 ilia that
failed through plate bending. In the LCP group there were 6 ilia that failed through screw pullout in the
cranial segment and 3 that failed through plate bending. No significant difference was detected in mode
of failure between the two groups (p = 0.5).
The mean stiffness of DCP constructs was 193 N/mm (range 102 - 277 N/mm, 95% confidence
interval 121 - 264 N/mm) and of LCP constructs was 224 N/mm (range 42 - 413 N/mm, 95% confidence
interval 152 - 295 N/mm). The mean ultimate load at failure of DCP constructs was 936 N (range 645 1397 N, 95% confidence interval 699 - 1253 N) and of LCP constructs was 1022 N (range 499 - 1989 N,
95% confidence interval 763 - 1367 N). The mean yield load achieved in DCP constructs was 900 N
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(range 622 - 1280 N, 95% confidence interval 649 - 1151 N) and in LCP constructs was 984 N (range 465
- 1486 N, 95% confidence interval 733 - 1235 N). The mean displacement at failure was 8.1 mm in DCP
constructs (range 6.3 - 11.2 mm, 95% confidence interval 6.6 - 9.7 mm) and in LCP constructs was
8.4mm (range 6.2 - 12.7 mm, 95% confidence interval 6.8 - 9.9 mm). There was no significant
difference in mean stiffness (p = 0.43), ultimate load at failure (p = 0.30), yield load (p = 0.29) or
displacement at failure (p = 0.82) between DCP and LCP constructs.
Table 1 - Results of acute failure testing using cantilever bending of DCP and LCP in an ilial fracture
model.

Weight

Stiffness

Ultimate Load

(N/mm)

(N)

Displacement at

Side

Plate

Yield Load (N)

Failure (mm)

20

L

LCP

42

499

465

12.7

27.5

L

LCP

413

1989

1486

6.3

20.2

R

LCP

155

596

498

6.2

25

R

LCP

166

989

877

8.0

30

R

LCP

278

1168

1151

7.1

21

L

LCP

254

1503

1436

13.2

25

R

LCP

284

1451

1436

8.2

26

R

LCP

248

1143

947

6.2

20

L

LCP

198

968

782

7.1

27.5

R

DCP

151

1226

1163

11.2

20.2

L

DCP

110

714

658

9.1

20

R

DCP

102

645

622

8.0

25

L

DCP

123

991

847

9.4

30

L

DCP

273

1160

1032

6.3

21

R

DCP

255

1025

1010

7.1

25

L

DCP

220

1397

1280

8.2

26

L

DCP

277

1151

1027

6.9

20

R

DCP

274

933

874

6.9
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Table 2: Summary results of acute failure testing using cantilever bending of DCP and LCP in an ilial
fracture model.
Plate

Stiffness (N/mm)

Ultimate Load (N)

Yield Load (N)

Displacement at Yield (mm)

Mean

95% Confidence Interval
Lower

Upper

DCP

193

121

264

LCP

224

152

295

DCP

936

699

1253

LCP

1022

763

1367

DCP

900

649

1151

LCP

984

733

1235

DCP

8.1

6.6

9.7

LCP

8.4

6.8

9.9

Figure 4 - Stiffness of LCP and DCP constucts.

P Value

0.43

0.30

0.29

0.82
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Figure 5 - Yield Load of LCP and DCP constructs.
3.5 - Discussion
Failure of fixation in ilial fracture repair is often a result of screw loosening and/or pullout in the
cranial fragment and has been attributed to poor quality bone in the cranial ilium (6,17-22). Our
hypothesis was that an LCP would outperform a traditional DCP in cantilever bending in an ilial fracture
model. Observed LCP construct performance did appear superior to DCP constructs, but no statistically
significant differences were found between the constructs with respect to mode of failure, stiffness,
displacement at failure, yield load or ultimate load at failure. Our study suggests that given the limited
number of samples there is no difference between DCP and LCP construct performance in in vitro acute
failure testing and we therefore reject our hypothesis.
Previous studies evaluating the use of LCP versus traditional plates in various models have
returned conflicting results. Leitner et al found no difference between locking and traditional TPLO
plates in stiffness (P = .84) or cycles to failure (P = 0.76) (37). They attributed the lack of difference to
load sharing between the bone-implant construct achieved through interfragmentary compression in their
model. In an osteotomy gap model using four-point bending Aguila et al. found that LCP constructs had
greater gap stiffness in lateral-medial bending (P=0.0099) however no significant difference was detected
in gap stiffness for medial-lateral, cranial-caudal, caudal-cranial or structural stiffness (38). The
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similarity in results were explained by the comparable dimensions and area moment of inertia of the two
implant systems. In contrast, Case et al. found significant differences between locking and non-locking
constructs in screw loosening (P = 0.01), yield load (P = 0.03) and yield displacement (P = 0.002) with no
differences found in stiffness (P = 0.48, P = 0.18) or maximum load (P = 0.06) in rotational osteotomies
of canine ilia (39). A clinical case series evaluating locking plate fixation of triple pelvic osteotomies
documented significantly lower incidence of screw loosening when compared to previous studies of nonlocking plates (21).
Our constructs were anatomically reduced and as such would have permitted load sharing
between the implants and constructs. The implants also shared comparable dimensions and area moments
of inertia (Table 1). The main difference between contructs was in screw design and screw-plate
interaction. Locking head screws have a larger core diameter and smaller thread depth (diameter 3.5mm,
pitch 0.8mm, core 2.9mm) when compared with traditional cortical screws ( diameter 3.5mm, pitch
1.25mm, core 2.4mm). By design LHS convert weight bearing forces into compressive forces and
therefore have been developed with a larger core diameter (40). Locking plate systems act as a single
beam construct converting shear forces into compressive forces at the screw bone interface, emphasizing
the increased strength of bone in compression (34).
It was our expectation that due to the thin cortices encountered in the cranial fragment the torque
and therefore friction generated in the traditional constructs would be inferior to the LCP constructs. In
an acute failure model it is possible that conventional screws were able to generate enough torque
between the screw and the bone to achieve comparable stiffness and yield strength to a locking system.
Bone density and outer screw diameter are two of the biggest factors affecting screw pullout
strength (41-43). The outer diameter of the two screws used here is identical and by using matched pairs
the thickness of the ilia was controlled for. By achieving anatomic reduction and interfragmentary
compression the loads are shared by the bone-implant construct which may in part explain the lack of
difference found in the present study. A clinical advantage of the LCP is that contouring is less important
to implant stability (44-46). An LCP must only be contoured to less than 2-5mm from the bone to
maintain comparable stability to a DCP construct (44-46). This facilitates a shorter operative time and
more minimally invasive approaches to fracture repair as well as the preservation of periosteal blood
supply under the plate.
Poor bone quality has been cited as a cause of screw loosening in the cranial ilium on multiple
occasions (5,6,8). There is currently not a widely accepted definition of bone quality despite the terms

87	
  
	
  
frequent use. Bone quality refers to the ability of a bone to resist fracture and securely accept orthopaedic
implants in situations where fixation is required (23-27). Numerous properties including density,
geometry, microarchitecture, accumulated microscopic damage, composition and quality of collagen,
mineral crystal size and rate of bone turnover have all been indicated as factors that affect bone quality
(23-27). Dual-energy x-ray absorptiometry (spell out abbreviation at start of a sentence) scanning has
been performed on the canine ilia however results have not been reported (47). Bone mineral content
(BMC) and bone mineral density (BMD) have been reported in the appendicular skeleton of 62 dogs by
Lorinson et al (48). Age, sex body weight and bone length were all found to affect BMC and BMD (48).
Bone mineral density calculations in veterinary medicine have limited value because of the variety in size,
conformation and bone geometry found in animals (49). The reference to poor quality bone in the cranial
ilium in multiple sources appears to be made in relation to the high frequency of screw loosening and
poor feel encountered clinically (5,6,8).
In the human literature a number of novel imaging techniques have been described and utilized
for assessment of bone quality including quantitative computed tomography (QCT), high-resolution
peripheral computed tomography (hr-pQCT), microcomputed tomography (µCT), magnetic resonance
imaging (MRI), high-resolution magnetic resonance (hrMR), micromagnetic resonance (µMR), and finite
element analysis (FEA) based on QCT or hr-pQCT (23-27). Despite the availability of the above listed
modalities for evaluation of bone quality the results of fracture stabilization based on data acquired
following testing has been inconsistent and clinical studies are not definitive in establishing bone quality
as a critical factor in fracture healing (23,24).
Cyclic testing of constructs was not included in the current study. It has been estimated that a
dog walked 4 times a day for 5 to 10 minutes will weight bear between 1500-3000 times/day on a given
limb (50). The majority of screw loosening in ilial osteotomies happens in the first 10 days comprising a
minimum of 15000 cycles (17). A previous report of locking versus non-locking repair of rotational ilial
osteotomies tested constructs for 3000 cycles and found significant differences between constructs with
respect to screw loosening (P = 0.01), however no differences were found in postcyclical stiffness (P =
0.18) or maximum load (P = 0.06) (39). We were unable to test constructs under cyclic loading due to
logistical limitations of our testing facility.
One difficulty in cyclic testing is the inability in accurately reproducing the in vivo environment.
Following drilling of bone thermal necrosis may develop despite sharp instruments and appropriate speed
and feed (51). A 0.8-1.5mm zone of necrosis has been documented 3 weeks after radial osteotomies
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(52). Trauma from the drilling of holes specifically has been studied with similar results (53). Daum et
al. found that the alteration in blood flow under plates was primarily the result of the trauma associated
with drilling holes (53). This alteration in blood flow continues for up to 8 weeks and results in cortical
thinning and increased cortical porosity (54). Alteration to the cortical bone microenvironment can result
in vascular ingrowth and bone resorption (51). The process of necrosis and subsequent osteoclast and
osteoblast remodelling is not reproduced in cyclic loading studies in vitro and may play a significant role
in the performance of locking versus nonlocking implants in vivo.
To the authors knowledge it is unknown how the effects of bone remodelling following implant
application will affect LCP versus DCP constructs. Locking implant systems have been designed to take
advantage of the higher compressive strength of bone not relying on shear forces to maintain reduction
(28,31,55). By acting as a single-beam-construct LCPs transfer weight bearing forces directly from bone,
through the screw-plate-screw system and back to the bone (28,31,55,56). Forces are converted from
shear to compressive at the screw-bone interface. In traditional implant systems reduction is maintained
by friction between the plate and bone. Friction is generated by screw torque and the weak point is shear
force between the screw and bone (57). Bone remodelling subsequent to application of implants,
specifically screws, may decrease the holding power of traditional screws by decreasing the screw torque
leading to increased screw loosening and loss of reduction. An increase in screw loosening of traditional
implants versus locking systems has been documented experimentally and clinically in canine ilium
(22,39).
Another limitation in our study is the use of a transverse osteotomy instead of the more common
configuration of an oblique osteotomy (3-6,8). In order to allow relative standardization of the model
and to ensure 3 screws could be placed in the caudal segment a transverse osteotomy was selected. Due
to the range of sizes of specimens procured it would not have been possible to get the desired number of
screws without acetabular involvement as has been noted elsewhere (13).
Lastly we did not test constructs with ventral fixation. The tension surface of the ilium is
ventromedial and ventral fixation in the form of plates and screws offers mechanical advantages to
laterally applied plates and screws (10). Our approach was to investigate the lateral application of a bone
plate as this remains the most common method of internal fixation of pelvic fractures in dogs.
The development of locking implant systems has followed the improved understanding of the
impact of local vascularity and strain on fracture healing and surgeons development of a healthy respect
for biological fracture fixation (28). With the development of any new technology comes a learning
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curve. There is a growing amount of literature on LCP both in vitro and in vivo that stresses the need for
familiarity with the different biomechanical properties of this new implant system and it's appropriate use
(28,29,33,35,46,55,58). In the study presented here LCP constructs appeared to be superior to DCP
constructs however no significant statistical differences were detected in yield load, ultimate load at
failure, displacement at failure, stiffness, or mode of failure given a limited sample size. Further studies
are needed to document a true clinical benefit to the theoretical advantages of LCP compared to standard
modes of osteosynthesis. It is our belief that well designed prospective clinical trials are required to
compare outcomes of LCP with traditional osteosynthesis in our patient populations.
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Chapter 4 - Final Summary
Pelvic fractures are a common finding in small animals representing approximately one quarter of
all fractures. The majority of the time multiple pelvic fractures are present due to the “box-like structure”
of the pelvis. Ilial fractures represent 18-46% of pelvic fracture cases with the most common
configuration being a long oblique fracture. Multiple repair strategies have been described for treatment
of pelvic fractures including conservative management, lateral, ventral or dorsal plate repair, ventral lag
screws, composite fixation, and external skeletal fixation. The most commonly performed repair is a
lateral plate. The most common complication following repair is implant failure occurring in up to 62%
of patients. The high incidence of screw loosening, most noted in the cranial ilial wing, has been
attributed to the clinical perception of poor bone quality in this area. In general the prognosis following
pelvic fractures is very good for return to normal function with the vast majority of patients making a
complete recovery.
Bone quality is a term that has been used for over 20 years with no widely accepted definition.
Bone quality refers to the ability of a bone to resist fracture and securely accept orthopedic implants in
situations where fixation is required. Factors that contribute to bone quality include collagen structure,
cross-linking and mineral interfaces, mineral and collagen distribution and alignment, microdamage,
microarchitecture, porosity, cortical shell thickness, size and shape of the entire bone, bone density and
rate of bone turnover. A fundamental concept in bone quality is that clinically relevant changes in quality
much change a bones biomechanical performance relative to mass.
A variety of tests have been described to evaluate bone quality. Dual-energy X-ray
absorptiometry (DEXA) determines bone mineral content and areal bone mineral density by measuring
the attenuation of photons of two different sources during radiation transmission. DEXA scanning is the
standard set by the World Health Organization for the diagnosis of osteoporosis because of the ability to
predict fracture risk with high precision and low cost. Quantitative computed tomography, peripheral
computed tomography, high-resolution peripheral computed tomography and magnetic resonance
imaging are emerging technologies in the assessment of bone quality. Limitations to these newer imaging
techniques include availability and cost. Finite element analysis uses data from imaging studies to model
bone and test how bone will respond to a variety of loads. Finite element analysis is limited by the
extensive computational resources required to process data.
Biochemical markers of bone remodeling and turnover can be measured through specific assays
developed to assess enzymes or fragments released by the action of osteoblasts and osteoclasts. These
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assays have proven to be useful in the monitoring of response to treatment and disease progression in
individuals afflicted with such diseases as osteoporosis. The advantage of biomarkers is the ability of
clinicians to monitor patients in a noninvasive and straightforward manner. One significant limitation to
biomarkers is their variability both between patients and within the same patient at different times.
Despite the high incidence of osteoporosis and the belief that risk of complications following
repair of osteoporotic fracture is higher the literature on this topic is varied. A report by the American
Academy of Orthopedic Surgeons in 2009 on treatment of distal radial fractures failed to make any
recommendations regarding the use of locking implants and there was no mention of preoperative
evaluation of bone quality to aid in clinical decision making.
Internal fracture fixation using plates and screws began in the late 19th century. The AO was
founded in 1958 and focused on the study of bone healing emphasizing how the biomechanical
environment influenced fracture healing. Conventional osteosynthesis relies on friction between the plate
and the bone to resist axial loads which are converted into shear force at the plate-bone interface. Friction
is created by the normal force generated by screw torque and the coefficient of friction between the plate
and the bone. The screw with the greatest insertional torque will bear the greatest load and implant
failure is sequential resulting in the so-called “windshield wiper effect”.
Angle stable implants originated in the 1970’s with the development of the Zespol system. Dr.
Michael Wagner evolved the concept of the combi hole which allowed the use of conventional cortical
screws and locking, angle stable screws within the same hole. This hole design permited a plate to be
developed with comparable biomechanical characteristics to a LC-DCP plate with the advantage of
flexibility in screw selection and mode of application. Locking compression plates utilize locking head
screws to achieve fixed-angle stability eliminating motion between the plate, screw and bone. This
creates a single-beam construct than can increase strength up to 4 times over healthy unplated bone.
Under axial loads locking constructs convert shear stress to compressive loads at the screw-bone
interface. Cortical bone has greater resistance to compressive loads than shear loads improving the
strength of fixation. The strength of a locking construct is the total of all screw-bone interfaces compared
to the axial pull-out resistance of a single screw in a conventional plate. An additional advantage of
locking plates is that by eliminating the need for friction between the plate and bone the need for plate to
bone contact was eliminated. This permits the preservation of periosteal and extraosseous blood supply
under the plate. The preservation of blood supply theoretically minimizes complications and decreased
healing times.
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Locking compression plates allow for secondary bone healing with the formation of a callus.
Secondary bone healing progresses through the normal phases of healing with inflammatory, repair and
remodeling phases. A callus will progress through various stages from initial granulation tissue to mature
mineralized bone. During the final stages of remodeling woven bone will be replaced by mature lamellar
bone and a medullary canal will be reestablished through Haversian remodeling.
Clinical studies in a variety of species including canine, equine and humans have failed to
establish locking plates as biomechanically superior. What seems to be clear is that locking plates have
comparable biomechanical performance in in vitro testing. This finding combined with the theoretical
advantages of minimally invasive application and preservation of blood supply make locking implants an
attractive option. Further prospective clinical studies are required to elucidate if there are actual clinical
benefits and the cases that are best treated with this emerging technology.
The study presented here attempted to evaluate the pullout resistance of locking and conventional
plates using cantilever bending in a canine radial model. It proved prohibitively difficult to assess screw
pullout in canine radii. The bone model was changed to the canine ilium because of the reported poor
bone quality encountered in this location and the recommendation for use of locking implants in areas of
poor bone quality. We observed that locking plate construct performance did appear superior to nonlocking constructs, but no significant statistical differences were found between the constructs with
respect to mode of failure, stiffness, displacement at failure, yield load or ultimate load at failure.
Our study suggests that given the limited number of samples there is no difference between DCP
and LCP construct performance in vitro acute failure testing.

