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CHAPTER |

INTRODUCTION

The tibia is the second most commonly fractured long bone in cats, with a reportedoecate
of 10-20% of all long bone fractures (1-4). Clinical observations stgugdibial fractures in
cats are prone to fracture healing complications, including developmenapédenion and
nonunion (1, 2, 5, 6). Delayed union is characterized by failure of a fractuealtwithin the
expected time; however, evidence of healing is observed. Alternately, nonuaioconidition
characterized by cessation of fracture healing. Nl identified a 61.1% nonunion rate
associated with tibial fractures in cats, most of which wereiftehis comminuted, diaphyseal
fractures (2). Factors that have been postulated to result iredalajon or nonunion include a
lack of adequate blood supply provided by extraosseous soft tissue, laaldlefixation, large
fracture gaps, and interposition of soft tissue between the endsfiEdtueed bone (1, 2, 7-9).
Thus, the surgeon’s goals in fracture repair should include rigid fixatiatpmic reduction, and

preservation of blood supply (7, 9, 10).

The tibia of all mammalian species is prone to complications assteidgth fracture healing
because of the limited soft tissue overlying the bone along its entiralreadiace. This lack of
soft tissue coverage makes these fractures more susceptible tiampere, stripping of the
periosteum, and delayed revascularization of the bone (2, 6, 11). Periosteaigstragpbeen
shown to reduce cortical blood flow initially by 20% in a sheep model (12), and &detaling,

in its early stage, is dependent on the periosteal blood supply. The latlaofedullary arterial



supply early in the healing process, combined with a paucity of extraosseodsbpply in the
form of soft tissue and periosteal vascularization, contributesag<el fracture healing (2, 6,

9).

The most common sites for nonunion fracture healing in dogs are the radius aneratmaahd
humerus (2, 7, 11, 13, 14). Although marginal vascular supply to the tibia has been anpEgat
a significant cause of delayed union and nonunion fracture healing complicattats,idogs
seemingly do not experience the same degree of delayed union and nonunion. Tiuerg$ore
can provide a model for comparison to determine if the intramedull@yadisupply of the

feline tibia is adequate for fracture healing or whether it should bédeoad as a potential factor

in delayed union and nonunion feline tibial fractures.

Although a poor arterial supply to the tibia has been anecdotally reporte@jagieasit risk
factor for delayed union and nonunion complications (2, 7-9), there exists no detaddgtibm
of the intramedullary arterial anatomy of the feline tibia. One obgdi this study was to
provide an accurate delineation of the intramedullary arterial suppifye aidult feline tibia.
Additionally, the study aimed to determine if the arterial supply isfignily different from
that of adult dogs, suggesting a causal link to delays in fracture h&iingull hypothesis was
that the intramedullary arterial density and the diameter of the mudwritery in the adult feline

tibia is the same when compared to an age and size matched dog.



CHAPTER Il

REVIEW OF LITERATURE

TIBIAL FRACTURES

Veterinary literature has provided incidence rates for felial tiractures; the tibia is the second
most commonly fractured long bone in cats. Harari summarizes some of thggiddcumented

in veterinary literature (1), which are provided below (Table 1).

Table 1. Percentage of Long Bone Fractures in Cats

Bone Hill (1977) | Knecht (1978) | Schrader (1994) | Smith (1994)
Humerus 5% 8% 5%
Radius/ulna | 3% 5% 7% 7%

Femur 38% 20% 30% 30%
Tibia/fibula | 10% 14% 8% 8%

Tibial fractures have been shown to frequently occur in the tibiphggs, where the
triangularly shaped bone is smallest in diameter (9). Bebaleidentified that in 195 fractures
associated with the tibia in cats and dogs, 39 (20%) involved the proximal dadR&i(64.6%)
involved the mid-diaphysis, and 30 (15.4%) involved the distal diaphysis (5yikie
Richardsoret al. identified the highest prevalence of tibial fractures in eatsetin the mid-
diaphyseal section of bone (n = 50/80), a rate of 62% (6). This data alonsoticesrelate with
an increased incidence of delayed union and nonunion fracture healitigertif#al fractures as

many reported incidence rates include canine populations as welimfiagtant to note that the



relative lack of extraosseous soft tissue primarily on the medifdce of the tibia renders
fractures having a high risk of comminution and/or becoming open fracturesdhessing the

susceptibility of fracture healing complications.

BLOOD SUPPLY — NORMAL LONG BONE

In order to determine whether or not a difference in the tibial intranaegwaltterial supply
between dogs and cats exists, it is important to understand the normal blood®adplyg
bone. Adequate blood supply is necessary for any physiologic process to ocoarrimh
functioning bone (10). Normal circulation to long bones consists of an afteneply from three
sources: the proper nutrient artery, proximal and distal metaphysesdsaréed periosteal

arteries (10, 15, 16).

The proper nutrient artery arises from a principal artery (i.e. téibdd artery, a branch of the
popliteal artery) and courses through the extraosseous fascia petietrates the bony cortex
along a major fascial attachment within the proximal third of thialtdiaphysis. The nutrient
artery travels through the cortex to the medullary cavity, where it diwnde ascending and
descending branches. These branches further divide into arteriolels radiete from the
nutrient artery. The arterioles enter the cortex, thus supplying the imowhitds of cortical
bone. Approximately 30% of the blood flow is directed to the medullary cavitiy wie

remaining 70% supplies the cortices (16).

Metaphyseal arteries are branching arteries from neighboring sgstessiels. In healthy bone,
these vessels do not provide a substantial contribution to the affassntar system. Instead,
these vessels serve as an efferent supply from the metaphysiis gsrtieal branches
anastamose with arterioles of the proper nutrient artery at the erdsroétullary cavity (16).
With damage to the proper nutrient artery, the metaphyseal artaniafemately hypertrophy

and assume cortical blood supply until the intramedullary arterial sigopyestablished.



Periosteal arterial supply is well developed in the immature &nitha blood supply is oriented
longitudinally within the periosteum. The enhanced blood supply in the young patient
important in allowing growth of long bones. As the patient matures thespeal arterioles
atrophy and contact bony surfaces at ligamentous or fascial attashiéntt is at these
attachments that the periosteal arteries supply the outer one-thirdooinyeortices. Terminal

branches of the periosteal arterioles anastamose with the medutérgles within the cortices.

Hulseet al. state that under normal conditions, the direction of blood flow through the dimphys
is centrifugal, from the medullary canal to periosteum (10). Medullaryymeesseated by this
pattern of blood flow likely restricts periosteal blood flow from supplying aoserthan the

outer one-third of the cortex. Remedios adds that the drainage of blood eftetkat vascular
system occurs primarily in a centripetal direction (16). Likewisén@&ander and Trueta state
that blood flow following a fracture is altered from its normal centéfugientation to a

centripetal orientation (17, 18).

In both adult and immature animals, the cortex and medullary cavity are drepadisly.
Within the medullary cavity, the venous branches empty into sinusoids, whicifmaldentral
medullary sinus. Accompanying veins and the nutrient vein penetrate tee woreturn blood to
the venous circulation. Before proceeding into systemic circulatiood ffom the cortex flows

toward the periosteal surface and empties into venules that joistieativeins (16).

BLOOD SUPPLY — FRACTURED LONG BONE

With long bone fractures, medullary circulation is disrupted. Existingwatuire enhances to aid
in supplying the injured bone segment. Additionally, a transient extraossesagar supply
develops within soft tissues to nourish the early periosteal callus. Ashieating progresses,
medullary blood supply is re-established. Ultimately, the extraosseoukaton diminishes and

normal medullary centrifugal flow dominates.



FRACTURE HEALING

Healing is a process of restoring tissue function. Healing and regeactfred bone involves
multiple events that can be loosely divided into three main phases: nmdiéon, repair, and

remodeling (16). Events within a given phase often overlap with those of theseaiisphase.

The inflammatory phase of bone healing begins immediately after arframtcurs, involving
vascular and cellular responses to injury. Bone, vascular, anissaé tamage stimulate the
release of inflammatory (vasoactive) mediators, exudation of plasichanigration of
inflammatory cells. The result is swelling, erythema, pain, and imgptgsue function.
Vasoactive mediators, including serotonin, histamine, and thromboxaere Aesponsible for
vasodilation and the increased permeability of local vasculature (20edudrgly, blood leaks
into the injured tissue (i.e. fracture site), forming a hematoma. Thaipegehematoma contains
fibrin and platelets that bind to collagen to form a clot. The cloairesnwithin the surrounding
periosteum to occupy the injured site and form an early scaffold for niigattreparative cells.
Platelets release vasoactive mediators secondary to activatimafagulation cascade and
growth factors (eg. transforming growth facgyrfibroblast growth factor, platelet derived
growth factor). Blood vessel endothelial cells release plateletedegrowth factor, nerve tissue
produces fibroblast growth factor, macrophages produce interleukin-lipavtoldsts secrete
platelet derived growth factor and T@BEF-These growth factors collectively stimulate the

proliferation of repair tissue in the second phase of healing (21).

In addition to hematoma formation, the inflammatory phase is initimiedidentally by the
stimulus to remove devitalized osteocytes within the adjacentfeacbone (19). The first cell to
migrate to the site of injury is the polymorphonuclear leukocyte. Soon @ibeocytes and T-
lymphocytes arrive at the site of injury (20). Mast cells and macroplidgeged from

monocytes) are also present within the local environment. Each of thesentory cells can



release cytokines to stimulate vascular invasion of tissue andtimigod mesenchymal cells,
which can become osteoprogenitor cells. Blood vessels surrounding theisjteyobproliferate
during the inflammatory phase to form new capillaries that extend iativatture site, restoring

the vascular supply to the injured tissue needed for the repair phase.

The repair phase involves replacement of necrotic and damaged tisswe ¢Blla@and matrix.
This phase occurs in the presence of undifferentiated mesenchyim#haemigrate to the
injured site with inflammation (20). The mesenchymal cells Haweapacity to form new bone,
cartilage, fibrous tissue, or blood vessels. After entering into finethtissue, the mesenchymal
cells proliferate and synthesize new matrix (callus). The matnw&ton is initially high in
collagen concentration; however, the biologic environment determimaisspecific function
(chondrocytes, osteoblasts, fibroblasts or other cell types) a givemohgsnal cell will assume
(20). Concentrations of growth factor, hormones, nutrients, local pH, and oxyg@mtaelp to
control matrix synthesis and differentiation. The callus functionsaage a scaffold within and
surrounding the fracture site. It can be divided into a soft, fibroussaahd hard (bony) callus.
The soft callus is primarily composed of cartilage and occupies tiakceegion where oxygen
tension is low. Hard callus is formed at the periphery where vascyplyss greater and
therefore oxygen tension is higher. The hard callus forms initially bynietrdoranous bone

formation.

The final phase is the remodeling phase. The remodeling process isragedodvent because it
involves reshaping and reorganizing reparative tissue by removalceemnt, and
reorganization of the callus. Repair tissue is highly disorgdnieenodeling allows the tissue to
develop into a more structurally sound and biologically more functionaéttbsin the original
tissue. As remodeling progresses, cell density and vascularity decheageotganized matrix
fibrils re-orient along the lines of stress, and new bone formation q@@)rsSimply, bone

replaces cartilage via endochondral ossification, increasing thenpege of the hard callus and



fracture stability. In the late stages of remodeling, woven bonelacespby lamellar bone and

callus resorption occurs in areas where it is no longer needed.

Although the preceding discussion represents the “classical” destrgbtoone healing,
variations exist depending on the type of fracture environment thagser, both mechanical
and biological. For example, repair of an unstable fracture, open fracture,wittone
intramedullary fixation may disrupt the early fracture hematoma and thasttle subsequent
phases of healing. In addition, the extent of fracture stability and defgireeture gap play a
large role in determining the extent of the need for callus formatiom.ddee formation can
occur via 1) a cartilage precursor (endochondral bone formation), 2) direchéaling (bone

formation without callus), or3) callus formation (intramembranous bomeation) (10, 20).

With direct bone healing, callus formation is not necessary as ther&atrfaces are in contact
with one another and rigid stability is present. As a result, ostetsldre capable of crossing the
gap at the fracture site. Conversely, indirect bone healing invdledstmation of a

cartilaginous callus at the fracture site because of the peeséaa unstable fracture and/or
significant gaps between the ends of the fractured bone. A third and, pdntepnediate

method of bone healing is intramembranous bone formation. Intramembranous bon@mhosnati
a type of direct bone healing that occurs when a small amount of stra@gsénpat the fracture
site. An example of this type of bone healing is bone being directly depositee lbone
fragments within a large fracture gap, such as the bone that can deweleprbeomminuted

segments of bone.

DELAYED AND NONUNION FRACTURE HEALING

In addition to identifying the normal blood supply and fracture healing of a long ib@me
important to understand factors that play a role in delayed union and nonuntareffzealing

complications. Across species, delayed union can be defined as afthatunas not healed



within a time expected. However, there is evidence of fracturenggaesent. Alternatively,
nonunion is a condition in which all healing has ceased (2). Human orthopedic surgeamst have
agreed on the length of time required for a tibial fracture to heahéudnited States Food and
Drug Administration has defined nonunion as a fracture that has no radiogzeiol@nce of
progression toward healing for three consecutive months (22). Nonunionstiaee dlassified by
their radiographic appearance as vascular (viable) or avageataiable). Vascular nonunions
have varying degrees of callus surrounding the bone, but a persistent radilhecat the

fracture site. There is an adequate biologic environment, but aflacificient fracture stability.
Avascular nonunions have little or no callus and are considered to be cawusenhagequate
biologic environment. A nonunion fracture will not heal without surgical vetation (i.e. bone

grafting, rigid fixation).

Multiple factors contribute to delays in fracture healing, includirigyds union and nonunion.
One cause of delayed fracture healing can be a lack of extraosseoisssefteither due to
location of the fracture or severe soft tissue damage associsegingerlying trauma. A tibial
fracture model was created in a population of rats to determine ifsgofetdamage significantly
affected healing times (23). The study concluded that no detectablerdiffénefracture healing
existed between tibial fractures with and without soft tissue darbagend the first three days
of healing. In fact, hypervascularization was noticed in the soft tissueé group by days seven
and 14 (23). The findings of this study confirm that other associatsgs#or delayed fracture

healing in feline tibial fractures exist.

Other factors that can contribute to delayed union or nonunion fracture healumdgilack of
fracture stability, lack of adequate blood supply, large fracture gapgyadsition of soft tissue
between fracture gaps, comminuted fractures, poor nutrition, advanced agmlimeta
disturbances, infection, radiotherapy, corticosteroid use, and anticoagulamistdtion (7, 9,

10, 24, 25). With comminution, it is likely that periosteal stripping and disruptitmea$oft-



tissue envelope play a significant role in delayed fracture heatimgadlthy animals, the
periosteum is composed of two layers, an inner osteogenic layer anéilwoigs sleeve (16).
The inner layer provides osteogenic cells (precursors for oste)btastrowth of the immature
skeleton and fracture healing. The outer layer is supportive anelscidie vascular and nerve
supply to the surface of the cortical bone. Damage to the periosteum cetgfrd, result in

delayed revascularization of bone early in fracture healing.

MICROVASCULAR PERFUSION TECHNIQUES

Many techniques can be used to describe the microvascular circulatitiesefeasubstance. The
desired vasculature must be injected with a medium that can allow for sultsezgailar
visualization and analysis. India fkascular perfusion is commonly described in human and
veterinary literature as a valid infusion medium. The ink coats treekaded with a black
color, allowing for unobstructed visualization of otherwise indistingibhblood vessels.
Alternate injection media include silicone rubber compounds (Micrddix rubber,
Micropaque (Barium sulfate suspension in saline), and a gelatin cast. Ehetsobstances
listed must be injected under constant physiologic manual pressure. Miotginerizes after
injection to form a cast of the selected vascular bed (26). Thisdeewas successfully used in
a rabbit femur model as a framework for future microvascular injediimiies (26). Latex
rubber, when injected at ten pounds per square inch (psi) for 35 seconds (hGOmiyman
model, has been shown to result in adequate perfusion (27). Similarly, microgaqtesliat 6-7
psi for 5-10 minutes also resulted in adequate perfusion (27). Veinstdiltledavith
microvascular perfusion techniques because fluid run-off is too rapicefoherspecimens are

adequate representations of the afferent vascular system.

An alternate method to injection of the afferent vascular systémmisinohistochemistry.

Paraffin-embedded sections of tissue can be stained with a primary antibogglyclonal
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rabbit, anti-human vWf) against factor Vlll/'von Willebrand antigendciviare markers for
blood vessel endothelium. A secondary antibody (FITC-labeled, anti-murinésig@vided to
allow for fluorescent detection. Fluorescent intensity can be numerniealbyted as total pixel

intensity, thereby providing a density of the microvascular bed of tissng &ealuated.

SPALTEHOLZ TECHNIQUE

A bone clearing technique is combined with many of the vascular perfusion meda,dhos
allowing for a qualitative or quantitative analysis of the tissue beirtiesl. The Spalteholz bone
clearing technique was introduced by Spalteholz in 1911, to provide transgreornical
specimens for macroscopic evaluation. The final processed speciméaingedibhrough the
methods of fixation, bleaching, dehydration, and embedding. Original techniguedseising
10% hydrogen peroxide as a bleaching agent would damage formalin-fixed 28susurface
cell necrosis occurred, resulting in an amber colored specimen. Egwéhen the blood vessels
were first treated with a buffered solution, the specimen remdifgdcahd transparent for 10
years (unpublished observation) (28). Subsequently, modifications from girabtechnique
have been made by Piechocki (1986), Htel. (1986), and Seibold (1990). Steinke (1991)
introduced the use of a buffered solution of NaCl, KCl, Ga@¢Cl,, N&aCH;COONa (pH — 7.2)

to reduce the damage that was occurring in non-buffered specimens (28).

Methods for the modified Spalteholz technique for bone include decdicificansing,
bleaching, dehydration, clearing, and storage. Decalcification is perfdiyynesing a buffered
solution of hydrochloric acid. Decalcified specimens are then rinsed priongp lideached. The
bleaching process uses either a 10% or 15% dilution of hydrogen peroxide. Delnyoli ttie
specimens is performed by using ethyl alcohol at various dilutions. Durghgrifgess, the
specimens must be kept in an airtight container due to the evaporativdipsopfeethyl alcohol.

In addition, placing tissues under vacuum pressure during this stage andiiglédages can help

11



encourage tissues to become transparent and reduces the chaissas shtinkage (28). The
final clearing stage historically involved the use of benzene and 2-hydroxybecabimethyl
ester (methyl salicylate). Because of the carcinogenic dangerngfuenzene, alternate
chemicals have been substituted. Toluene, a derivative of benzene, is muckidesmsd has
consequently largely replaced benzene as an aromatic solvent. The fthaitjman be stored in

methyl salicylate indefinitely.
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CHAPTER IlI

METHODOLOGY
SPECIMEN COLLECTION

Thirty (30) adult feline and 15 adult canine cadavers were obtainedefan thgs study. For
inclusion in the study, each animal was required to be 1-7 years ofaagd, dn body
morphology and dentition when a birthdate was not available. All animalsreggriged to be

free of orthopedic disease as evidenced by gross physical examination itaideaghnical
history. All animals were obtained from shelter programs after beittigueized for reasons other
than orthopedic disease or the purposes of this study. Dogs selectedqueesl i weigh less
than 11.5kg, limiting intramedullary arterial variability that may ekitiveen varying sizes. The
right and left pelvic limbs from each cadaver were randomly assigreettof two groups for
gross evaluation using a randomized numerical table. The group labeleztekoeld those
specimens that were processed first. The group labeled B referenceprtcessed second.

Sixty feline and 30 canine limbs were processed.
SPECIMEN PREPARATION

Each cadaver was placed in dorsal recumbency within a maximum of one howirfgl|
euthanasia. The femoral artery and vein in each limb was exposed andotpedpared as
previously described (29-32). The femoral artery and vein wereidin@iNy isolated and

cannulated with an intravenous catheter. The femoral artery wateihjeith heparinized salifie
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(approximately 35-50ml for cats, 70ml for dogs) until the venous effluent wadnisear. India
ink was injected under constant manual pressure into the femers @pproximately 15-20ml
for cats, 35-50ml for dogs) until the ink was visible in the nail beds armtitgdds (Figure 1).

Each pelvic limb was disarticulated at the coxofemoral joint and placdtmeutral buffered

formalin for five days to ensure fixation.

Figure 1. Photograph of a feline pes demonstrating accurate perfusion of the akudidt ink.
An incision has been made in the footpad; observe the presence of blacKtirkinfithe

footpad (arrow).

After fixation, each tibia was harvested by stripping all soft ti$sara the surface. The tibiae
were sectioned into serial 5.0mm sagittal sections from mediaktallatsing a bench top band
saw. Although each feline tibia contained approximately 2-3 sections andagach tbia 3-5
sections, only the central 1-2 sections spanned the entire length ohtharbtherefore of
adequate length for evaluation. The sectioned tibiae were placed baftkrimatin until a
modified Spalteholz bone clearing technique could be performed (29, 30, 32). Thigtec
produced clear macroscopic specimens, allowing for unobstructed visualizatienmjetted

intramedullary arterial supply (Table 2).
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Table 2. Spalteholz Bone Clearing Technique

Decalcification | Buffered solution of 12.5% 6 days
hydrochloric acid/0.26%
disodium
ethylenediaminetetraacetic acid
(EDTA) dehydrate/watér
Rinse Running tap water 24 hours
Bleaching 15% hydrogen peroxide 6 days
Dehydration Ethyl alcohol(EtOH) ,vacuum
50% EtOH 24 hours
70% EtOH 24 hours
95% EtOH 48 hours/1 change at 24 hours
100% EtOH 72hours/changes at 24 and 48
hrs
Initial Clearing | Toluené 48 hours/1 change at 24 hours
Final Clearing | Methyl salicylaté 48 hours/1 change at 24 hours
Storage Methyl salicylate Indefinitely

Both tibiae from each cadaver were compared for adequate iderdiicédtine intramedullary
uptake of India ink. Samples that could not be evaluated due to preparationtigiffiGLe.
substrate complications, poor infusion of ink) were discarded. A tof0 &line limbs and 19
canine limbs remained available for analysis; however, some limiasfieen the same animal.
In animals where both limbs were adequately perfused (two cats, eight dedshft with the
best perfusion was used for statistical evaluation. Using only one limbrpee duplication of
results, under our knowledge that there was no significant differeacteiial blood supply
between both hindlimbs from the same cadaver. Seventeen feline and 11 baaenedre

included in the study.
MORPHOMETRIC EVALUATION

Photographic documentation of the sagittal sections was made using drdjssémpscop®and
SpotSoftware image prograrEach bone was placed under 20X magnification, allowing only

8mm of bone to be photographed at one time. The 8mm sections were photographed from dista
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to proximal and grouped further into distal, -diaphyseal, and proximal sections of bone, \
the rumber of images in each bone section varying depgrah bone length. The mean num
of images obtained for each bone was 10 (rar-12), for cats and dogs. The images w
uploaded into the Imagedorphometric program for further analysis. Eachge was converted
to gray scale and the window/level was set to aatmally adjust to the image. The ime
threshold was also adjusted, converting the imadiatck and white. The black pixels we
representative of the blood vessels within the r@gucanal. The image threshold adjustm
was performed manually to appropriately match fbedbvessel distribution in the gray sc
image. The perimeter of the medullary canal in eactge was isolat¢ by drawing a box th¢
extended from each medullar esteal interfac€Figure 2). ImageJ was then utilized to calcu
the mean percentage of black pixels within theaisal area, which represented the percer
area occupied by arterial vessels. Three sepanatgsas of each 8mm image of bone w
perfamed to account for variation in subjective maradjustment of the threshold for e¢

image.

A. B ah

Figure 2. A) Grayscale image representation of an 8mmaedi feline tibia at 20>
magnification and B) the corresponding adjustedshold image frm which data wa

subsequently collected. Observe the box that @mstlthe perimeter of the medullary ca
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Each individual 8mm image was evaluated for the presence of a nutteggit &he imageJ
morphometric program was used to calculate the diameter of the nattenytin every image
where it was available. Three measurements were obtained imesgdh if the nutrient artery
was present along the entire length of the image. Two measurementsbtedned if the nutrient
artery was included in half of the image. A measurement was not obtaordy gmall
branching vessels were present. The nutrient artery measuremensaihisection (distal,
mid-diaphyseal, and proximal) were averaged and evaluated for differeetvecen the feline

and canine specimens.

STATISTICAL ANALYSIS

All statistical analyses were conducted with PS SAS Version 9.2 (S&isitesCary, NC).
Analysis of variances procedures were used to compare specias YEisus canine tibiae) at
given bone locations (distal, mid-diaphyseal, and proximal) for signiftifatences in response
variables (intramedullary arterial density and diameter of théentiartery). Means with
corresponding standard errors are reported. A p-value of less than 0.05 wasrednsi

statistically significant for any comparison.
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CHAPTER IV

FINDINGS

COLLECTION DATA

Seventeen feline and 11 canine tibiae were analyzed. The right legedas ssven cats and
seven dogs and the left leg used in ten cats and four dogs. The estimatedjenfeaicats was
2.6 years (1-6years). The estimated mean age for dogs was 2.5 yedrgddrS). The mean
body weight for cats was 3.87kg (2.87-4.89kg). The mean body weight for dogs was 8.67kg
(2.63-9.4kg). Nine male and eight female cats were used. Six male and fate tigs were
used. The most common breed of cat included in the study was the domestic sdar#tdine-
14). All others were domestic longhaired cats (n = 3). The Chihuahua was the enatgnirdog
(n = 3); other breeds included a Chihuahua mix (n = 2), Wire-haired FoxrTerse?), Rat

Terrier (n = 1), mixed breed (n = 2), and Miniature Pinscher (n = 1).

INTRAMEDULLARY ARTERIAL DENSITY

The percentage values obtained for each threshold adjustment perfornaeth &men image

were within a mean of 2.8% of one another (range: 0-5%) for both cats and dogxalles

and their associated standard error for the intramedullary adenrialty in the feline (n = 17) and
canine (n = 11) tibiae were 18.282:255% and 21.170 4.630% (p = 0.384) in the distal
section, 22.365 2.516% and 22.852 4.286% (p = 0.656) in the mid-diaphyseal section, and
17.132 +1.940% and 20.202 4.079% (p = 0.366) in the proximal section. Significance was not

reached between canine and feline tibiae for each section.
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NUTRIENT ARTERY DIAMETER AND SECONDARY ARBORIZATION

Mean values and their associated standard error for nutrient adergtdr in the feline (distal (n
= 13), mid-diaphyseal (n = 16), proximal (n = 13)) and canine (distal (n = 10), aptydieal (n
=11), and proximal (n = 3)) tibiae were 0.5498.86552mm and 0.29766:0423mm (p =

0.0172) in the distal section, 0.5469-6610mm and 0.34833:0420mm (p = 0.0759) in the
mid-diaphyseal section, and 0.6998.6868mm and 0.59823:1064mm (p = 0.5301) in the
proximal section. Significance was reached for nutrient artergatizr between feline and canine
tibiae in the distal section. Significance was not reached fonitka&iaphyseal or proximal

sections.

Subjective evaluation of the specimens revealed a notable diffeiretite pattern of arterial
supply between the canine and feline tibiae. Feline tibiae exhibitedidaeutrient artery with
little secondary branching, even as the nutrient artery approachedttphysis (Figure 3).
Alternatively, the canine tibiae exhibited more complex and abundantlaabcanching, with a

thinner nutrient artery (Figure 4).

Figure 3. 8mm section of bone representative of the mid-diaphysis from cat 12B.v@liker

large diameter of the main nutrient artery and small amount of brangseglarization present.

19



Figure 4. 8mm section of bone representative of the distal diaphysis from canine \43&rnv@
the increased amount of vascular branching from the nutrient arteryeasichéitier nutrient

artery size (as compared to that of the cat).
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CHAPTER V

DISCUSSION AND CONCLUSIONS

It is well documented that feline tibial fractures have a high rate aje@lunion and nonunion
complications associated with healing (1, 2, 5, 6). Furthermore, the litesatggests that a lack
of adequate arterial supply may account for a large majority of deldayealing (2, 7-9). Despite
reports of a high complication rate of delayed union and nonunion feline tilutlrig, a
guantitative analysis of the arterial supply of the feline tibianeadeen documented. Using
previously described methods (29-32), this study determined if eithienabgr species-related
lack of arterial supply is indeed a risk factor for delays in tibial beading. Although there was
no significant difference found in the intramedullary arterial dgtstween dogs and cats, it
should be noted that dogs do have a smaller nutrient artery than cats. f€hésdé in vascular
pattern could account for an overall similar intramedullary attéeiasity while greatly
impacting the distribution of blood flow to the cortex. Perhaps, it is thesigly observed
increased arborization within the distal and mid-diaphysis of the cabiae that accounts for

fewer problems observed in canine tibial fracture healing (Figure 5 and 6).
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Figure 5. 8mm sections of bone at 20X magnification grouped together to allow for zesiti
of a representative cat bone (I12B) along its entire length. A) distabs€8 slices), B) mid-
diaphysis (3 slices), and C) proximal section (4 slices). Observatifamee of the nutrient artery

in the mid-diaphyseal section of bone.
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Figure 6. 8mm sections of bone at 20X magnification placed together to allow fotizatien
of a representative dog bone (V1A). A) distal section (4 slices), B) mudvglés (3 slices), and
C) proximal section (4 slices). Observe the entrance of the nutrient ar the mid-diaphyseal

section of bone.

Irrespective of species, mammalian long bones have three sourcesialf sufgly: proximal
and distal metaphyseal arteries, proper nutrient arteries, and penessak (10, 15, 16). In a
healthy cat, the caudal tibial artery, a branch of the popliteal artgpliss the proper nutrient
artery. Upon reaching the medullary canal, the nutrient artery brapiahesially and distally,
with terminal branches reaching the epiphyseal plate of cartilagi@drtices. Thirty percent
of nutrient artery blood flow is responsible for vascularization of teduttary canal; the
remaining 70% supplies blood flow to the inner two-thirds of the cortid®s Periosteal arteries

supply the outer one-third of the cortices.

With a disruption of the long bone medullary blood supply following fracture, thespesal
blood supply, via the associated extraosseous soft tissue, providesahélowd supply to the
healing bone and callus formation until the endosteal supply is re-dstah(ig 10, 23, 33). The
intact periosteum seals the fracture gap and the periosteal vesgatcularize the distal fracture
segment. Thus integrity of the periosteum is vital in determiningatieeof early healing of a
fractured tibia. Damage to overlying soft tissues and periostethrsulbsequent loss of
periosteal vasculature can result in fracture healing delays in bony uhenefdre, it can be
postulated that comminuted fractures will result in greater danmageriosteal vasculature,
resulting in an increased incidence of delayed union and nonunion. While s, iit is also
possible that the increase in intramedullary branching observedsmtiedogs of this study
might result in a faster revascularization of the cortex once tdellasy blood supply is re-
established. In addition, metaphyseal arteries in healthy animals do not supiptyeansal

contribution to the afferent vascular system (15), but when the nutrient B8 damaged by
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fracture, the metaphyseal arteries hypertrophy and provide a temporary upphdte
metaphyseal cortices. More branching at the metaphysis in dogs, &s geestudy, may
therefore offer another explanation for lower rates of nonunion and delaysdinitibial

fractures in dogs.

There are obvious limitations of this study. Despite adequate vatiah of black ink within the
medullary canal, feline and small canine tibiae are very smalsbtmemechanics of processing
such small specimens can easily result in disruption of the assocatasalsy Sagittal sectioning
of the bone allowed for only one or two sections of bone to be adequate mé&girese of the
entire bone length. This is because sagittal sections cannot beninatthareated to follow the
longitudinal path of the nutrient artery. Because the bone is nglgtemd is triangularly shaped
at its proximal end, medullary blood vessels follow the bone contour and dyecaasr
destroyed with pure linear sectioning, thereby spuriously reducing thevethgmrcentage of
arterial supply within the section of medullary canal. Despite this, allsb@maee processed with

the same technique, thereby standardizing this potential error withreds, feline and canine.

Many samples were lost to technical error in the beginning of the studg duagdse in time
between euthanasia and injection of India ink. We found that if specine¥asnjected later than
one hour post-euthanasia, perfusion was inadequate, presumably due tocatambosis.
Ideally, animals injected immediately before euthanasia would yielbest perfusion; however,
this option was not available to us. It is also important to inject theihizeal saline and India
ink under constant manual pressure to yield the best perfusion. This wadtdiffido because of
the very small catheters (24 gauge) required for feline femoray ane vein catheterization.
The small vessel size may be a limitation to obtaining optimal perfusibimhe intramedullary
canal. This may be evidenced by some bones exhibiting a blushing effectthétinmedullary
canal, suggestive of a disruption of small arterioles secondary toesmupred infusion of India

ink (Figure 7).
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Figure 7. 8mm slice of tibia. Note the blushing effect at el of the vascular branching frc

the nutrient artery.

Another limitation of the study lies in recognizitige difficulty in providing objective data. Tl
ImageJ morphometriprogram provides an excellent way of identifyargl calculating th
percentage of black in a given area; however,fages contained varying degrees of b
pixels within the medullary canal that were predssdause of individual specimen variatand
not representative of blood vessels. Despite stdberence to a standardized methoc
performing the Spalteholz technique, all processedples did not have the same degre
transparency. For example, a more ar-colored bone after processihgd darker shades
gray associated with it, which were translatedlié@bwhen the threshold was adjusted.
assumption was that all bone images were manudjlysted to the same degree in the Imé
program, but we attempted to limit any error irent in the subjective nature of a man
adjustment by evaluating each specimen three caotigedimes. An error of 2.8% (range-5%)
between consecutive data for each bone image sgpghercontention that, within the limitatio
of the software progm, the specimens were consistently and uniformjysaed to the sarr

degree.

Although limitations exist with this method in @ility to delineate the fine detail of branch
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arterioles within the bone, the ImageJ method is far more objective tmantlisihuman eye to
visually compare the obtained images, as has been used in previous morph@sedtar v
studies (30-34). Although our ability to quantify the intramedullaryriattsupply in cats and
small dogs was somewhat limited by the technical aspects of thel®pakad ImageJ approach
we used, other possible avenues such as corrosion casting/scanning eliecascopy or
immunohistochemistry methods (35) seemed no more capable of accurateqtiteyi the
anatomy of the small branching vessels we observed in feline tibiae. Aatigraative would
have been to perform microangiography; this method was not availabig foruse, but may

provide an even better way to evaluate fine arterial supply.

This prospective study provided a quantitative description of theshidapply of the adult feline
tibia, thereby providing some insight to the question of why feline titaatures are anecdotally
prone to delays in fracture healing. Although it appears the intraragdalterial density
between dogs and cats does not differ in total, thus validating our null hypothesistable
difference in the degree of arborization of small arteries andadetefrom the nutrient artery in
dogs and cats suggests that the intramedullary arterial supplyeassis ithe nutrient artery and

enters the cortex, may be more tenuous in the cat.
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APPPENDIX

FOOTNOTES

a. India ink, waterproof. ltem number 44204. Chartpak, Inc., Leeds, MA 01053. USA.

b. Heparinized saline. 3mL of 1:1,000 heparin added to 1L of 0.9% sodium chloride.

c. RDF 12.5% (v/v) hydrochloric acid, 0.26% (w/v) disodium EDTA dehydrate, wagen. It
number D1210-1. StatLab. McKinney, TX, 75071. USA.

d. Hydrogen peroxide solution, 30% (w/w) water. ltem number H1009. Sigma-Aldrich, St
Louis, MO, 63103. USA. Diluted in distilled water.

e. Ethyl alcohol 200 proof, absolute, anhydrous ACS. Item number 111000200. Pharmco
Products, Inc. Shelbyville, KY, 40065. USA.

f. Toluene >99.5%, ACS reagent. Item number 179418. Sigma-Aldrich. St. Louis, MO,
63103. USA.

g. 2-hydroxybenzoic acid methyl ester (methyl salicylate). Item number M&igtha-
Aldrich. St. Louis, MO, 63103. USA.

h. Olympus SZX7 dissecting microscope. Model number SZX-1LLD2-100. Hayagaya,
Shibuya-ku, Tokyo, Japan.

i. SpotSoftware. v. 4.5 Diagnostic Instruments, Inc. Sterling Heights, MI, 48314. USA.

j-  Imaged Image Processing and Analysis in Java. v. 1.43. http://rsb.info.njh.gov/i
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