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ABSTRACT

The purpose of this study was to evaluate the eft~ct of non-invasive. low intensity. pulsed

uitrasound on hone growth into tantalum porous implants. Three transcortical cylindrical

implants were inserted into hoth femora of 12 dogs. One leg underwent daily ultrasound

stimulation for 40 consecutive minutes with the transducer positioned over the central. or

"target" implant. while the contralateral leg served as the control. Six dogs were each

lreated for periods of two and three weeks. A quantitative analysis Was performed to

determine the volume fraction of bone ingrowth. At two weeks. there was 12.4±5.4%

hone ingrowth in the stimulatcd femora compared with 12.7 ±6.5% in the controls (p=

0.74). At thrcc wccks. bone growth into the stimulated and control implants was

21.1 ±6.5% and 22.7±7.3%. respectively (p= 0.53). Although a prior slUdy showed that

20 minutes of ultrasound stimulation had a positive effect on bone ingrowth. the results

of this study suggest that a treatment of 40 consecutive minutes does not enhance the

amount of bone growth into porous metallic implants.
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ABRÉGÉ

Le but de cette étude était d'évaluer la croissance de l'os ,1 l'illlérieur ù'implallls fait de

tantalum, suite à la transmission d'ultrasons par pulsations non invasifs. Trois implallls

cyl indiques et trans-cortiquc ont été inséré dans les deux fémurs de 12 chiens. Une des

deux jambe reçut chaque jour pendant 40 minutes consécutives des ultrasons sur l' implalll

central alors que l'autre jambe servait de contrôle. Six des 12 chiens 0111 reçu ce

traitement pendant deux semaines alors que les six autres ont reçu pour une durée de trois

semaines. Nous avons procédé à l'analyse quantitative des données pour nous permettre

de déterminer l'augmentation de la croissance de l'os dans l'implant. A deux semaines,

le degré d'augmentation de la croissance de l'os a l'intérieur des implallls était 12.4±5.4')I,

dans les implants qui avaient reçu les ultrasons ct de 12.7±6.5% (p=O.74) dans les

contrôles. A trois semaines, le degré d'augmentation de la croiss,ml.:C de l'os dans les

implants qui ont reçu les ultrasons et les contrôles étaient respectivement 21.1 ±6.5% ct

22.7 ±7.3% (p= .53). Même si une étude antérieure avait démontré ljue l'exposition a des

ultrasons pendant 20 minutes consécutives avait un effet positif sur la croissance de l'os

à l'intériel'r des implants, les résultats de la présente étude suggèrent ljue l'cxposition à

des ultrasons pendant 40 minutes consécutives n'a pas le même effet positif sur la

croissance de l'os a l'intérieur des implants poreux métall iljues .
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I. INTRODlJCTION

Total joint arthroplasty is a surgieal proœdure wherehy the artiwlating surfaœs of

a natural diarthrodial joint are rcplaccd hy a eomhination of arlilicial implants. nSlially

made of metal and polyethylene. Osteoarthritis. rhcumatoid arthritis. avaselilar necmsis.

congenital dislocation. and trauma an: common orthopaedic prohlems that Icall 10

management by tot.;\ joint arthroplasty. As the eldcrly population in North America is

increasing. arthritis is becoming substantially more prevalent. Of the lIifferent Iypes of

arthritis, osteoarthritis is by far the most common.

Osteoarthritis is caused by degenerative changes in joints that have usually hcen

affected by developmental deformities, vascular insuflicieney, previolls disease. or injllry.

Because the lower extremity joints such as the hip and knee arc suhject to high in vivo

loads, they are more often affected with osteoarthritis than upper cxtremity joints. The

pathology involves slow but progressive degeneration of the articulating cartilage leading

to partial or near exposure of the underlying bones. Over time, as cartilage function is

lost, the progressive inl1ammatory changes that occur in the joint result in painful

articulation, eventually restricting movement. Patients suffering from this condition can

obtain substantia! relief by prosthetic joint replacements which substitute the diseased or

damaged surfaces of bones with plastic and/or metal, providing smooth articulating

surfaces. The goal of a joint replacement is ID obtain a painless, durable, and functional

joint.



• ln total hip arthroplasty, l'or examplc, the femoral hcad and the articulating surface

or the .u.:ctahulum are holh rcmovcd (Figures 1 and 2). The femorul component is

(;ompriscd of an intruosscous stem thilt is insertcd down the intramedullary canal of the

l'cmur and an cxtraosscous articulating head made of metul or ceramic. The acetabular

(;omponcnt, typically hcmispherical. consists of a metal socket with a plastic liner.

l'O' -- .... '-.

ACETABULAR
COMPONENT

FEMORAL
HEAD /'

\
\

'",

FEMORAL
COMPONENT

FEMUR

•

Figure 1. Schematic drawing of a total hip replacement. [replicated with permission of Chan,
F.W.: Evaluation of initial mechanical hip Implants urlder physiologicalloading., Master's Thesis,
McGiIl University. 1995.1

2
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Figure 2. Radiograph of a total hip arthroplasty showing the metallie stem of the implant wlthîn
the fcmûral shaft and the acetabular cup implanted in the pelvis.

3
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l'reoperatively, the surgeon has many choices in the selection of prosthesis type,

Implants arc typically fahricated l'rom either titanium or cobalt-chromium alloy. Femoral

prostheses arc availahle either with straight or curved stems, and both acetabular and

femoral implants can he one piece or modular designs. They can be further categorized

into two classes. cemented and cementless, depending on their mode of fixation in the host

hone.

Cemented hip implants have been in use since the late 1960'5 and utilize

polymethylmethacrylate (PMMA) as a tiller, or grouting agent, between the implant and

the host bone. The principal advantage of cement is that it achieves immediate stability

hetween the implant and surrounding bone. Clinically, the durability of cemented femoral

components has improved substantially in the last decade. Harris demonstrated in primary

total hip arthroplasty with good cementing technique that the revision frequency for aseptic

loosening al 15 to 18 years following the initial operation was only 2% to 3%, including

patients that were under 50 years of age (1). However, not ail reports of cemented hip

arthroplasty are as favourable, especially in younger patients, as a result of mechanical

deterioration of the implant-cement-bone interfaces (2).

ln the 1970'5 porous coated hip implants were developed as an alternative to those that

require cement (Figure 3). These implants have a porous coating on the femoral and

acetabular components that provide a surface for bone to grow directly into the implants

in order to obtain biological fixation. There are stringent requirements for bone ingrowth.

4
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These include appropriate malerial. porc size. and initial stability. as discnssed in Ihe

following chapter.

Figure 3. One type of femoral implant design used for non ccmclllcd total hip arlhroplasty .

5
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HislOlogical analyses of noncemented hip prostheses have revealed that sorne implants

failto hecome bone ingrown, instead becoming encapsulated in fibrous tissue. With bone

ingrown prostheses, often only a small fraction of the available porosity becomes ingrown

with bune (3-7). Although the minimum amount of bone ingrowth for long term implant

stability is not known, it is probable that more abundant ingrowth would lead to a more

durable implant.

A procedure that cuuld increase the rate and/or extent of bone ingrowth would

increase the reliability and success of noncemented total joint arthroplasty. This would

be of particular importance in revision surgery where compromised bone stock acts as a

deterrent to bone ingrowth. It has been weil demonstrated that bone-implant gaps, which

are created because of loosening or during implant removal, decrease the reliability of

bone ingrowth (8-10). It has also bcen shown that femoral hip components that do become

bone ingrown produce higher clinical scores (less pain and Iimp) than those with fibrous

tissue ingrowth (lI). Increasing the probability and/or extent of bone ingrowth in

suboptimal conditions would, therefore, increase the clinical success of noncemcnted joint

prostheses. This thesis investigates the possibility of influencing the extent of porous

implant fixation by bone ingrowth via the external application of a low intensity ultrasound

stimulus.

6
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Il. LlTERATURE REYIEW

Extensive research in the field of biological fixation has taken place over the past few

decades. Factors such as optimum pore size. rate of ingrowth. interface strength. suitahle

materials. initial stability. and the types of implant surfilces have heen investigated. in

addition to various techniques of enhancing the rate and extent of hone ingTllwth.

A. THE NONCEMENTED PROSTHESIS-HISTORY

The self-Iocking. cobalt based alloy Moore endoprosthesis was the tirst metallic

implant to utilize the concept of biological fixation (\2). The implantwas made with large

fenestrations into which bone grafts were inserted so that fusion bctween the graft and

native bone would take place providing implant fixation within the host hone.

Among the first reports of porous metal fabrication for an implant matcrial was that

of Hirschorn and Reynolds in 1968 (13). Using powder metallurgy techniques. Ihey

described the production of porous cobalt-chromium alloy with an average porc size of ten

to 20 micrometers (/lm). They coated small cylinders with this porosily and surgically

implanted them into the muscle of dogs. Twenty-eight days following implantation. il was

found that tissue ingrowth into the porous coating had occurred. It was then concluded

that this porosity had the ability to provide a means of bonding the implant to Ihe

surrounding tissue. Hirschorn and Reynolds postulated that the minimum pore size for

7
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tissue ingrowth is approximatcly ten microns .

ln 1971 Hirschorn et al. described the fabrication of porous coated titanium implants,

also using powder metallurgy techniques (14). Titanium was chosen due to its increased

availability and its lower modulus of elasticity compared with cobalt-chromium based

alloy. Il was believed that the titanium wouId result in a substantial decrease in stress

within the prosthesis and at the tissue-implant interface. Implants with a pore size of

approximately 200 Itm were inserted into the femora of rabbits and dogs. After 49 days,

histological analysis demonstrated bone growth into the porous coating. However, when

implants with a pore size of less than 15 Itm were subsequently evaluated, only fibrous

tissue was observed to grow into the implants. This study provided a basis for the concept

of a minimum pore size that would permit bone ingrowth to occur.

ln 1970, Hahn and Palich described the fabrication of titanium implants that were

coated with a plasma spray of titanium hydride powder, resulting in pores ranging in size

from 50 to 75 Itm (15). Cylindrical implants were placed into the femora of sheep for

pcriods of 14 and 26 weeks. The heads of the implants undtrwent torque testing which

resulted in the heads being sheared from the implants prior to failure of the implant-bone

interfaces. Shearing occurred at an average interface shear stress of 13.8 MPa (at 14

weeks) indicating the development of bone ingrowth with very high implant attachment

strength.

8
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Subsequently. Galante et al. reported a porous eoating produeed hy Illoulding and

sintering shorttitaniulll fibres (16.17). Implants eoated with these sintered lihres were

implanted into the cancellous bone of rahhit and dog felllora. Upon histologieal

examination. deep bony penetration was observed into the implants al three weeks

postimplantation.

Simultaneous with the studies using titanium libre eoated implants. several studies

were conducted using powder-made porous coated cobalt-chromium implants. In 1971.

Welsh et al. designed two implants that differed with respectto porc size (\8). A smaller

powder yielded a pore size of 20 to 30 !Lm. and a larger powder yielded a porc size l'f 50

to 100 !Lm. The implants were inserted into the lateral aspect of canine fcmora.

Mechanical and histological analyses were conducted immediately following surgery and

at four months postimplantation. Histologically. both woven and lamellar new bone. with

osteoblasts and osteocytes within lacunae, was deposited in direct relation to the implant

with the larger pore size only. Uncalcified tissue was found within the porous eoating of

the implants with the smaller pore size.

ln summary, the late 1960's and early 1970's marked the beginning of the era of

noncemented, porous coated surgical implants. Bone ingrowth was conclusively proven

to he an effective method of implant fixation. At this time, titanium and cobalt-ehromium

alloys were the predominant metals used in the fabrication of porous coatings for

orthopaedic prostheses. Titanium was generally used as a fiber metal mesh, whilc the

9
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geolJlelry of cohalt-chromium was as sintered powder particles, or beads .

.ILJJ.o1ililN!ili.QWTII-Cl'LI.! fLA R ASPECTS

The cellular aspects of bone growth into metallic implants are often described with

rcl'erence to fracture healing (7). Therefore, similar to fracture healing, bone ingrowth

is a time dependent process that can be described by three time-dependent phases.

The initial phase, the inflammatory phase, lasts approximately one week. It involves

a nonspecific response and a haematoma, typically composed of red blood cel1s, fibrin,

and other marrow and cel1ular elements, permeating the porous surface of the implant.

This haematoma is replaced by osteoprogenitor mesenchymal cel1s which eventual1y

eontribute to the formation of either fibrous tissue or bone.

The second phase, or the reparative phase, involves the initiation of bone formation

in the porous coating. It usual1y begins within one or two weeks fol1owing implantation,

however, it has been shown to occur as early as four days postoperatively in rabbits (7,19­

21). In this phase, osteoblasts begin to mature from the osteoprogenitor cel1s to form

osteoid which eventual1y undergoes calcification to form woven bone. The

corticomedullary junction has been shown to be the most active site of calcification. The

trabeculae of the woven bone then coalesce within the porous surface of the prosthesis and

begin to form a biological and mechanical three-dimensional, interlocking structure.

10
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The final phase is the remodelling phase which involvcs a lransilion frolll

intramembranous to appositional ossitication. Conscqucl1lly, malurc lamcllar hOl1c is

formed. This transition lypically occurs four 10 six weeks lollowing surgcry. hOWl'VCr.

il has been noted 10 occur as early as two wecks poslllpcratively (7).

Figure 4. Microscopie view of bone growth into a metallic porous coating. The bune (gray) is
grown between the metallic beads (black circles) producing biological fixation .

Il
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c..J':ACTORS AFFECTING BONE INGROWIH

Motion

Cameron et al. devised a series of experiments in order to study the effects of

micromotion and macromOlion on bone ingrowth (22). In 1972 they implanted a porous

coated cobalt chromium staple ioto rabbit tibiae. The soleus tendon was attached tCl the

staple in order to create micromotion. Bone grew into the porous coating without any

adverse affects.

ln a second experiment. one year later. porous coated staples were inserted across an

osteotomy site which resulted in macromotion at the staple insertion (23). A dense fibrous

tissue was formed, surrounding, but not permeating the staple. It was therefore concluded

that bone ingrowth will occur with micromotion but not macromotion. No specifie

definition of these terms was provided.

Approximately ten years later, Pilliar et al. attempted to define micromotion and

macromotion (24). It was concluded that bone ingrowth will occur with motion up to 28

/lm, however, movement of 150 /lm, or more, results in connective tissue fixation only.

A recent slUdy by Burke et al. suggested that micromotion should he limited to as little as

40 to 50 /lm to ensure bone ingrowth (25) .

12
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Gaps

Cameron et al. conducted an experiment utilizing cohalt chromium porous coatcd

implants in order to address the issue of maximum gap allowed hetween bone and Ihe

porous surface of an implant for bone ingrowth to occur (8). They evaluated gaps of 0

mm, 0.5 mm, 1.0 mm, and 1.5 mm. The implants remained in the l'lones for two to 12

weeks. Histologieal evaluation demonstrated bone ingrowth in ail implants exeept those

with the largest gaps of 1.5 mm.

In 1981, Bobyn et al. studied bone ingrowth with non-Ioaded porous eoated

intramedullary implants (9). They used implants of diftèrent diameters, rcsulting in g:lps

up to four millimetres between the implant and endosteal cortex. Histologieal analysis

revealed thatlillie or no bone formation occurred with gaps of more than two millimetrcs.

Bone trabeculae were found to bridge gaps of less than two millimetres, with hone

ingrowth increasing as the implant surface approached the endosteal cortex.

The effect of initial bone apposition was also investigated by Sandborn et al. in 1983

(10). Implants were surgically inserted into the intramedullary canal of dogs producing

gaps in the range of zero millimetres to two millimetres in width. Analyses were

conducted at three, six, and 12 weeks postimplantation. Il was concluded that for bone

ingrowth to occur, initial apposition of the implant to bone is not necessary. New hone

was observed to grow into the implant when gaps of as much as two millimetres were

13
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present. However. the rate of maturity and mineralization was enhanced when the gap

measured 0.5 mm or less.

Porc Size

ln the 1970's significant progress was made in the field of noncemented implants

when the importance of porosity was recognized. Pore size and interconnectivity were

determined lU be critical factors in the success of an implant.

ln 1972, Lembert, Galante, and Rostoker studied the effect of pore size on bone

ingrowth utilizing sintered titanium fiber metal coated implants (26). The pore size of the

implants ranged from 190 to 390 Jtm. The implants were inserted into the femoral

medullary canals of dogs for a period of six weeks. Mechanical testing revealed no

statistically significant difference between pore sizes. Complete bone penetration into the

porous coating was observed upon histological analyses for most samples. The implants

with smaller pore sizes, however, revealed abundant thin trabeculae, while the larger pore

size implants revealed fewer but thicker trabeculae.

Subsequently, a study was conducted by Clemow et al. to determine the effect of pore

size on interfacial shear strength and bone ingrowth (27). Implants coated with titanium

beads were inserted into the femoral medullary canal of dogs. One implant occupied space

adjacent to cancellous bone, and the other cortical bone. The pore size of the implants

14
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ranged between 175 and 325 J!m. Th.:y eoncluded that shear strength and hune ingrowth

deereased with increasing pore size in hoth canccllous and cortical implants.

Bobyn et al. also investigated the effeet of pore size on hone ingrowth using silllcrcli

porous eoated eobalt-ehromium implants (28). Variation in partiele size rcsulted in porc

sizes of 20 to 50 J!m, 50 to 200 J!m, 200 to 400 J!m, and 400 to 800 J!m. They ohserved

that maximum shear strength oecurred with the two intermediate porc sizes tIl eight weeks

postimplantation. Histologieal evaluation revealed complete bone ingrowth throughlllll the

porous coating also at a period of eight weeks following implantation. The optimal porc

size for ingrowth was determined to be 50 to 400 J!m. They also concluded that the

process of bone ingrowth is complete at eight weeks postimplantation. Cook ct al. ItIler

confirmed these findings (29).

In summary, it can be concluded tha. bone ingrowth is a dynamic process with various

influeneing factors. First, to ensure adequate ingrowth, motion of the implant must he

kept to a minimum. Second, press fit is necessary since a gap of 1.5 mm, or more,

between the implant surface and bone, results in littte, if any, bone ingrowth. Finally, the

optimum pore size of the porous eoating on cementless implants is in the approximate

range of 50 to 400 J!m. Many commercially available cementless implants such as the

Multilock (Zimmer, Inc., Warsaw, IN) and the AML (Depuy Ine., Warsaw, IN) possess

pore sizes in this range.

15
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n, ",IMAN ANI! CANINE BONI:: INGROWTII

The faet thm bonc ingrowth in dogs oecurs at a faster rate and to a greater extent than

in humans is generally agreed upon (30,31). Bacchus et al. reported a study whereby

eanecllous bonc ingrowth was greater in dogs than in humans using cobalt-chromium

implants (32). Magee et al. studied the effect of age on canine bone ingrowth and

concluded that therc was an effect of age on the strength of fixation of porous coated

implants (33). Il was found that young dogs achieved a much higher strength of fixation

whcn compared with older dogs six weeks postimplantation.

Studies by Collier and Cook have shown that bone ingrowth is always less than 10%

and usually less than 5% at implant retrieval (3-6). In 1991, Cook et al. examined 45

retrieved femoral components (6). Thirty-five of the implants were primary stems and ten

were revision implants. Bone ingrowth was observed in 27 of the primary implants and

five of the revision implants. The amount of ingrowth was rated as none, minimal,

moderate, and extensive. Of the primary implants, eight had no ingrowth, 14 had minimal

ingrowth, six had moderate ingrowth, and seven had extensive ingrowth. Among the

revision implants, five had no ingrowth, three had m;;:~~dl ingrowth, and two had

moderate ingrowth. They reported that no stem had bone ingrowth into more than 10%

of the available porosity and that the mean was only 5 %. Bone ingrowth was also found

to be in distinct patches and inconsistent from one prosthesis to the next, even within a

given type of implant.
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Bone ingrowth into total knee replacements has also heen shown to he sparse. Coll ier

et al. found only 34% of 144 femoral eomponents and 24% of 209 retrieved tihial

components to have any bone ingrowth (3).

By contrast , studies involving implants retrieved at autopsy have shown hone

ingrowth to be reliable and abundant. Engh ct al. conducted a stlldy in 1993 of nine

porous coated acetabular components that were retrieved post morlem (34). The l11ean

implantation time was 50 months. Every component had bone growlh inlo the porous

coating and the mean ingrowth was 32%.

In 1994, Pidhorz et al. evaluated the amount of bone growth into 11 pllroliS coatcd

acetabular components retrieved at autopsy (35). The cups had a mean implantation period

of 41 months. Analysis was conducted at various kcations on the interface. l'en of the

cups were observed to he bone ingrown with a mean volume fraction of 12.1 ±8.2%. The

mean extent of bone ingrowth at the interface within the outer surfac.:: of the porous

coating and the host bone was 29.7 ±20.l %. More bone was found at that interface than

within the porous coating, which had a mean of20.9±16.6% bllne ingrowth. There was

also more tendency for bone to be ingl"own near the rim of the cups !han elsewhere.

A study by Engh et al., in 1995. investigated bone ingrowth in three proximally and

five extensively coated femoral components retrieved from seven cadavers at autopsy (36).

AU eight specimens were found to have sorne degree of bone ingrowth. A mean of 35%
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uf the surfaces were found to have bone ingrowth. In those areas where bone was present,

67% of the available porosity on the extensively coated stems was ingrown, whereas 74%

ingrowth was found on the proximally coated stems. In both types of implants, it was

determined that the most extensive compact bone ingrowth was at the transition regions

between tbe porous and smooth surfaces. The prostheses evaluated in this slUdy had long­

term clinical success and demonstrated significantly more bone ingrowth than previously

reported with similar prostheses removed due to malfunction.

ln symmary, the Iiterature indicates that the presence, or extent of bone ingrowth in

ccmentless prostheses is inconsistent. The slUdies by Collier and Cook revealed minimal

bone ingrowth, whereas the investigations of Engh and Pidhorz have revealed substantial

amounts. The minimum amount of bone ingrowth necessary to achieve implant stability

is yet to be determined.

E. METHOPS OF ENHANCING BONE INGROWTH

A procedure that increased the rate and extent of bone ingrowth would presumably

increase the reliability and success of noncemented total joint arthroplasty. As with

fracture hcaling, a large number ofstudies have been conducted to investigate the possibility

ofacccicrating the process ofbone ingrowth.
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New bone that is formed during the processes of fracture healing is equivalent to

healthy bone in every respect - clinically, radiographically. histochemically. histologically.

angiographically, and metabolically (37). It is also identicalto healthy hone in terms of

its minerai composition. The aim of fracture treatment and hone ingrowth stimulation is

to achieve the original structure, mineralization level. and strcngth as quickly and

effectively as possible.

A review of the Iiterature reveals that, to date, over 40 different approaches have heen

studied in an attempt to stimulate bone repair in fractures, inc1uding operative procedures.

chemical and biochemical agents, drug treatments, and physical methods (37). Among the

physical, external modalities, electrical and ultrasound stimulation have shown some

degree of effectiveness. The Iist of stimulation techniques for bone ingrowth includes

autogenous bone grafts, allografts, demineralized bone matrix, fibrin glue. calcium

phosphate granules, collagen, periosteal activation agent, tricalcium phosphate coating,

hydroxyapatite coating, transforming growth factor, and electrical stimulation (38-63).

In 1987, Lewis et al. conducted a study to evaluate the effect of grafting materials in

a cementless implant model (38). Porous coated cobalt chromium implants were inserted

into the femoral metaphyses of mongrel dogs and a bone graft material was packed around

the implants. Following sacrifice, the femora were extracted and evaluated using

radiography, biomechanical testing, and decalcified and undecalcified histology. The

conclusion of the study was that equivalent strength and bone ingrowth was achieved using
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autograft, frcsh-frozen allograft, and tricalcium phosphate granules. It was conc\uded that

when the prosthesis was in direct contact with the bone or the grafting material, a

significant increase in stability was achieved.

An assessment of autograft, freeze-dried allograft, and fibrin glue, as enhancements

of fixation of porous coated implants, was conducted by Kienapfel et al. in 1990 (39). The

humeri of 27 dogs were implanted with titanium implants. Polyethylene spacers were used

on the implants in order to maintain a gap of three millimetres between the porous surface

of the implants and the adjacent bone. Each animal had the implants placed bilaterally.

One humerus received the enhancement material in the gap, while the other was left

empty. It was found that the autograft treated implants had a six fold higher shear strength

than the paired controls and the allograft treated implants had twice the shear strength of

their paired controls (although not significant, p=0.12). No strength difference for the

fibrin glue treated implants was observed. Histological evaluation demonstrated that bone

ingrowth was consistently present in the autograft treated implants, occasionally in the

allograft treated implants, and never in the fibrin glue treated implants. There was a three­

to four-fold higher volume fraction of bone ingrowth in the autograft treated implants

compared with their paired controls. The conclusion of the study was that at four weeks

postimplantation, the autograft treated implants provided higher values for strength of

fixation and bone ingrowth than either the allograft treated or the fibrin glue treated

implants. It was also conc\uded that fibrin glue did not have an enhancing errect on bone

ingrowth or strength of fixation.
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Rivero et al. conducted a study in 1988 whereby porous titanium liber implants

treated with calcium phosphate coating were inserled into the humeri and olecranons of

dogs for periods of one, two, four, and six weeks (40). Biomeclmnical and hislo\ogica\

evaluations were conducted following sacrilice. At four weeks. the mean shear strength

of biological fixation WolS 24% greater for the implants that were coated with the calcium

phosphate than the paired controls. No difference WOlS observed Olt the other time periods.

Histologically, it WolS found that bone formed in direct contact with the coating on the

metal fibres of the implants. demonstrating ils osteoconductive behaviour. However. there

WolS no significant difference in bone ingrowth volume Olt any time period between the

treated implants and the controls.

Collier et al. conducted a study in 1988 on the effect of plasma sprayed tricalcium

phosphate (TCP) and hydroxyapatite (HA) coatings on orthopaedic implants (41). The

purpose of the study WOlS to investigate whether a change l'rom a\pha-TCP to HA oceurs

in vitro and in vivo and what effect this transformation has on the strength of the bond

between the implant and the material. Hydroxyapatite or TCP WOlS plasma sprayed onto

glass slides which were placed into test tubes containing either saline or blood plasma.

The samples were left in the solutions for six days. After being air-dried for 24 hours, x­

ray diffraction patterns were made and compared to those obtained l'rom HA and TCP

coated slides not subjected to the solutions. Diffraction patterns were also obtained l'rom

TCP and HA coated rods !hat were implanted into rabbit tibiae for a perioù of 12 weeks.

The results demonstrated !hat TCP coatings transformed into HA in as Iittle as six days

21



•

•

of suhmersion in saline and serum. Pull-out tests were conducted on the rods and revealed

that the TCP coated implants underwent failure at the interface which was associated with

a reduction in shear strength of nearly 75 %. Much of the TCP had been transformed to

HA as determined by x-ray diffraction. The conclusion of this study was that the strength

of the bond between metal or glass, and either TCP or HA, degrades in an aqueous

environment, raising concern about their long term efficacy as implant fixation systems.

ln 1980, 8alman and Park conducted a study whereby cylindrical implants fabricated

from Co-Cr-Mo alloy, with an average pore size of 190 Itm, were inserted into the femora

of dogs (42). Electrical stimulation of 1.35 V was directly attached to the implants. The

results demonstrated that tensile strength substantially increased in the stimulated femora

at periods of up to 12 weeks. It was postulated that the increase in strength was a result

of an increase in bone ingrowth in the stimulated femora.

Rivero et al. conducted a study in 1986 on the effel:t of pulsing electromagnetic fields

(PEMF) on bone growth into a porous material (43). Porous titanium composite implants

werc bilaterally inserted into the tibiae of eight mongrel dogs. Two days following

surgcry stimulation of one side of each animal began for ten hours per day, and continued

for 26 days. The contralateral side of each dog served as the control. PEMF was

delivered by external metallic coils and had a frequency of two Hz and an amplitude of 1.6

mV. Each animal was sacrificed four weeks postoperatively, at which time the tibiae were

retrieved. Each specimen underwent mechanical pull-out testing and histological analysis
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for the quantification of bone ingrowth volume fraction. The results ùemonstrateù no

significant difference in shear strength for those treateù with PEMF as compareù 10 the

controls. Histologically, bone ingrowth WolS observeù in ail relrieveù specimens, however,

no significant difference WolS observed between the treateù anù cuntrol implants.

In 1987, a study WolS conducted by Shimizu et al. in orùer to evaluate the clTccl of

PEMF on bone growth into porous calcium ceramics (44). Ceramic, cylinùrical implants,

fabricated from HA, were inserted into the tibial meùullary canal of aùult rahhits. The

implants were fabricated with totally interconnected pores. Posloperalively, the animais

were divided into two groups. One group received daily treatment of PEMF for cight

hours and the second group served as the control. The magnetic field WolS proùuccd hy

a transducer that provided a pulse burst of 1.8 gauss Olt a frequency of 1.5 Hz. The

animais were sacrificed Olt one, two, three, four, and six weeks postoperativcly. Using

scanning electron microscopy and computer digital analysis, histological evalumion was

conducted. At two weeks postimplantation the implants treated with PEMF demonstrated

Il.S±3.0% ingrowth as compared to the controls which had 5.1 ± 1.4% (p< 0.05). Al

six weeks postimplantation the stimulated HA implants had 3S.8±3.2% ingrowlh

compared to the controls which had 41.8±2.6% (but not significant). It WOlS postulatcd

that the decrease in the effect of PEMF Olt the later time period WOlS most Iikcly duc to bonc

remodelling.
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The effect of prostaglandin F2 alpha on bone growth into porous coated implants was

investigated in 1990 by Trancik and Vinson (45). The foundation for the study was that

medications that inhibit prostaglandin synthetase have demonstrated the ability to impair

fracture healing and inhibit bone ingrowth. For the study, porous coated cobalt chromium

implants were inserted into the distal femoral metaphyses of rabbits. Fifteen rabbits were

administered normal saline injections and 15 were administered prostaglandin F2 alpha

(250 mcg/kg/day). The rabbits were sacrificed at time periods of two, four, and eight

weeks postimplantation. The specimens were evaluated by undecalcified ground section

histology and histomorphometry in order to determine the degree of bone ingrowth. The

study revealed an increase of bone ingrowth in the PGF2-alpha treated groups at two and

four weeks postimplantation as compared to the control groups.

Of ail these methods of bone growth stimulation, autogenous bone grafting has been

the most effective for de;ect filling and bone incorporation (38-39). The calcium

phosphate coating has been most successful at causing osteoconduction and a slight

increase in bony apposition and ingrowth within the first few weeks following surgery

(40). PGF2-alpha has also shown to have an enhancing of bone ingrowth (45).

Experimental and clinical investigations of electrical stimulation and PEMF, as bone

growth stimulants, have provided variable results (42-44). The remaining methods have

shown either no effect or no conclusive evidence of accelerating or enhancing the extent

of bone ingrowth.

24



•

•

Another modality that is under investigation as an accelerator and enhancer of honc

growth into porous coated implants is non-invasive low intensity pulsed ultrasound

(NILIUS) (63). The work of Tanzer et al. was based on the tindings of several studies

demonstrating that NILIUS is capable of accelerating fracture healing hoth experimcntally

and clinically (37,64-68). A description of ultrasound technology and experimental data

follows. Additional details are found in Appendix I.

1 U1trasound- Definition

U1trasound is a term that is applied to sound frequencies that are beyond the range of

human hearing, that is 20 kHz or higher. There are commonly two types of Iransducers

used in practice, the magnetostrictive and the piezoelectric (37). The wavelcnglhs of

ultrasound are very short, allowing easy emission of waves in the form of directional,

collimated beams. This characteristic also allows ultrasound to exert tissue effecls at Ihe

cellular and molecular levels (37).

There are currently three different types of ultrasound that are recognized based on

intensity and frequency. The intensity is expressed in WIcm2 and represents the energy

transferred by an ultrasound wave over a given area. The frequency is a function of cycles

that the wave makes between its most positive and negative amplitude values per second.

The tirst type of ultrasound, high frequency ultrasound, is used in physical therapy. It has

a frequency range of 800-1500 kHz and intensities between 0.05 and 3.0 W/cm2• Low
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frcqucncy ultrasound is used in stomatology for dental calculus removal, c1eaning of

prccision parts, trcatment of ulcers, circulatory problems, local infections, as weil as the

stimulation of fracturc healing. Il has a frequency of approximately 40 kHz and intensities

bctwccn 40 and 80 W/cm2• Finally, high intensity ultrasound is used in operative

mcdicinc for the division and uniting of tissues. Its frequency range is between 20 and 40

kHz and its intensities are between 100 and 200 W/cm2•

Therapeutic ultrasound has been in use in physical therapy for several decades. A

survey was conducted in 1992 by Lambrechtsen et al. on the use of ultrasound by

physiotherapists (69). The survey included treatment of osteoarthritis, rheumatoid

arthritis, cervical slipped disc, lumbar slipped disc, generalized lumbar/back pain,

generalized bursitis, generalized tendinitis, and sprains. Nine different forms of therapy

were examined including hot packs, infrared Iight, ice packs, short wave microwaves,

diadynamic currents, laser, transcutaneous electric nerve stimulation, and ultrasound. In

1979, a study revealed that ultrasound accounted for only 24% of the treatments, whereas

in 1992, Lembrechtsen et al. found that its use doubled to 48 %.

2. Ultrasound- Characteristics and Mechanism

The mechanism of action of ultrasound is quite complex. The effects are both local

and general, immediate and delayed, and extremely variable, owing to the great difficulty

in determining a dose-response relationship. It is presumed that a number of effects
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contribute to the mechanism. one of which is ultrasound inlensity. Experimental and

clinical studies have revealed that therapeutic ullrasound varies signilicantly depending on

the sound intensity. the exposure time in minutes. the sound frequency. lhe rudiating area

of the transducer. the application technique. the transmission mode. tissue dmracleristics.

reflections at interfaces. the formation of standing waves. and temperulure (37.68).

In 1963, Wiedau and Rôher made a distinction between the primary and secondary

effects of ultrasound (70). They determined that the primary eflccls an: the immediate

physical and chemical changes in the sound field, as opposed to the secondary eftccls

which are the general responses of the organism, based on ilS vascular and neuroanatomic

mechanisms.

Sound waves (and ultrasound), unlike Iight and electromagnetic waves. propagate in

the form of longitudinal vibrations. As the wave propagates, each particle in the medium

vibrates about the center of its resting position, resulting in a lransfer of energy through

the medium. This is accomplished by the alternating of pressure states. Experiments by

Knoch and Klug have proven that the fracture sile docs not always have to be slimulaled

directly (37). :he ultrasound can be applicd at a distance, howcver, a grealer inlensily is

required.
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The pressure gradient created between the moving particles of matter can be directly

measured. It is found to be dependent on particle acceleration and tissue density. With

each vibration, the pressure value alternates between a positive value, known as

condensation, and a negative value, referred to as rarefaction. This process of alternating

positive and negative values is termed "internaI tissue massage".

During transmission of an ultrasound wave, energy is transferred due to the

attenuation of the intensity as it travels. Some of this energy is absorbed and converted

to heat. One speculation as to the mechanism of ultrasound treatment on fracture healing

is that the heat that is created results in increased cell metabolism. It should be noted that

while ultrasound is being used as a means of heating, nonthermal changes may be

occurring simultaneously. The amount of energy absorbed depends on the frequency of

the ultrasound wave and the conducting medium. The heat causes the local temperature

of the tissues to rise at a rate of 0.7 OC/min. However, as time passes this rate decreases.

After a long period of time the temperature approaches, but never exceeds a Iimiting "final

temperature" (37). The composition of the tissues in the path of the beam results in a

variation of absorption. Tissues with a high protein content absorb ultrasound more

readily than those with higher fat content. Therefore, ilighly collagenous tissues, such as

bone. are heated more than the skin and adipose tissue covering them.

The main advantage of using ultrasound as a source of heat. rather than a nonacoustic

method. is that ultrasound allows collagen-rich tissues to be heated preferentially without
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producing damage to the skin or subcutaneous adipose Iying beneath. The periosteulll and

superficial cortical bones are among the tissues which can be preferentially heatcd (68).

White the above information provides evidence that heat is one possible Illcchanislll

of action for ultrasound therapy, there are numerous situations wherc heal plays \iulc or

no raIe. Therapeutic effects of ultrasound, of nonthermal origin, as dcscribed bclow,

appear to be significant in tissue regeneration, soft tissuc repair, inducing rcpair of

ununited bone fractures, and re\ieving prosthetic pain. The nonthermal clTcCls arc

allainable using lower intensities than those needed to ensure physiological hcating (68).

The physical mechanism commonly involved in nonthermally induced ullrasound

therapy includes cavitation, or bubble formation, which causes acoustic slreaming.

Acoustic streaming is defined as the unidirectional movement of fluid in an ultrasonic

pressure field. Connective tissue fibres and plasma membranes form boundarics wilhin

the field producing high velocity gradients. Effects similar to this occur al the surface of

any gas bubble in the field. In the case where a boundary is the surface of a ccli.

characteristics of the cell's behaviour. such as ils permeability, may he altered and in turn

produce therapeutic effects. When acoustic streaming is sufficiently small it is referred 10

as microstreaming (68).

There have also been observations of change in membrane permeabilities. active

transport processes. and metabolic rates. Melting, and ather phase changes may occur,
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as weil, altering the function and integrity of cellular and subcellular structures (68).

ln 1989, Dinno et al. demonstrated thatthe cellular changes that occur as a result of

ultrasound stimulation are not a result of thermal changes (71). It was determined thatthe

a1terations in motility and the stimulation and synthesis of cell secretions are associated

with a change in the permeability of the plasma membrane and in the transport of ions and

molecules across il.

Most recently, Yang et al. demonstrated the effect of low intensity pulsed ultrasound

on the healing of soft tissue and bone (72). Biomechanical, biochemica1 and gene

expression analyses were conducted in order to determine the possible mechanism of

action of ultrasound. In their study, hilateral closed femoral fractures were produced in

rats. The rats were then divided into three groups. Ali groups received daily ultrasound

stimulation of one femur for 15 minutes, ten times within the first 14 days postoperatively.

A zirconate titanate transducer with 0.5 MHz frequency, a 15 mm diameter, an intensity

of 30 mW/cml , and a 200 jtsec burst ~:ne wave was used. The study showed that the

ultrasound treatment resulted in a larger, stiffer, and stronger callus thdn the control.

There were no significant differences in DNA or collagen contents, however, the larger

callus on the treated femora suggested an eHect on noncollagenous protein synthesis, or

expression of collagen isotypes. Analysis of gene expression supported an effect of

ultrasound on cartilage formation and the expression of noncollagenous genes within the

callus.
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Duarte conducted a study in 1983 whereby rabbils received bilateral tibular

osteotomies (67). One leg was treated with low intensity ultrasound for 15 minutes pel'

day. The intensity was low enough to hold the temperature conslilnt (within o.olne). This

study, which resulted in accelerated fracture healing in the stimulated tibula. contirmed

that the appearance of electrical potentials is of non-thermal origin, such as that caused by

the piezoelectric effect of ultrasounù.

In 1973. Pospisilova illustrated the effects of ultrasound stimulation on connective

tissue metabolism (73). He found an acceleration in the formation of specitic cells, an

influence on polysaccharide metabolism, homeostatic action to balance collagen synthesis,

and an effect on collagen lysis.

Aside from the mechanical and electrical effects of ultrasound, it is also postulated

that there are physiochemical, ehemieal, and biologieal meehanisms that DCcur in insorulled

tissues. The biologieal response is a result of neurohormonal interactions, particularly

with respect to activity at the neural end plates (37). These effeets play a crucial l'Ole in

the meehanism of therapeutie ultrasound. A change in any of the physical paramcters,

for example, the frequeney, intensity, or exposure time, will Icad to changes in the

meehanical, thermal, and c:hemieal effeets, which in turn result in an altercd biological

response.
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3. U1lrasQund- Fraclure Healinl: ApplicatiQns

Knoch and Klug cQnducled a slUdy whereby radial fraclUres in humans were Irealed

wilh UllrasQund beginning Qn the sixth day fQIIQwing fraclUre reductiQn (37). The

radiating area Qfthe ultrasQund was measured tQ be 6.4 cm2, the intensity was 0.5 W/cm2,

the treatment time was five minutes, and the number Qf treatments was ten (applied daily

except fQr Qn weekends). They cQnc1uded that fraclUres treated with ultraSQund were

cQnsQlidated much earlier than thQse that did nQt receive stimulatiQn. Alkaline

phQsphatase levels were measured and fQund tQ be significantly higher Qn ultrasQund

treated patients, as was tQtal minerai CQntent.

Subsequently, KnQch and Klug slUdied the effects Qf ultrasQund Qn rabbits in which

Qne tibia was QsteQtomized and immobilized by internaI fixatiQn (37). U1trasQund

treatment began Qne week PQstQperatively, allQwing sufficient time fQr fraclUre haematQma

Qrganization and the fibrQus phase of the hcaling process. A second grQup Qf rabbits

underwent the same surgical procedure but did nQt receive stimulation. The experimental

grQup was treated fQr tWQ minutes, on alteroate days, up to a total Qf fQur treatments. ln

the secQnd week PQstoperatively, the animaIs were examined radiQgraphically and

clinically. At the end of the third week, the animaIs \Vere sacrificed and prepared for

histQlogical examination. At this time the control fraclUres lacked the radiographic and

clinical stability of the stimulated fraclUres .
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A study was also conducted by Knoch and Klug whereby fractures were produced in

the tibiae of mature rabbits that were then stimulated with uitrasound (37). They

conducted an evaluation of radiographic data. strengtn tests. histology using scanning

electron microscopy, bone scintigraphy. angiography. biochemistry, total mineraI content.

sequential polychrome labelling, and temperature. They found greater and more rapid

caHus formation in animais treated with uitrasound than in the controls. Upon histologieal

evaluation it was found that caHus tissue of the insonated group was more mature than in

the nonstimulated group. LameHar bone formation occurred live weeks earlier in the

stimulated group than in the control group. Mechanieal testing showed that by day 70.

animais treated with ultrasound had attained fracture load and bending strengths equivalent

to healthy unfractured tibia. It took 126 days for the control animaIs to reach this

strength. In general, Knoch and Klug concluded that the process of healing occurred to

a greater extent and at a quicker rate for animaIs that were treated with ultrasound as

compared to those that were not stimulated.

Duarte demonstrated that NILIUS was effective at stimulating fracture healing of

osteotomized libulae and femoral cortical defects of rabbits within 18 days of trealmenl

(67). Twenty-three rabbits underwent bilateral libular osteotomies and 22 received

bilateral drill holes in their femoral cortices. The wounds were treated with ultrasound

for 15 minutes per day. The ultrasound was pulsed and in the form of short bursts, at low

intensities (below threshold for cavitation) so that the temperature variation at the injured

sites was less than O.o!°C.
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Pilla et al. recently demonstrated that NILIUS is capable of accelerating bone healing

of osteotomized fibulae in mature female New Zealand white rabbits by a factor of

approximately 1.7 (64). For their study, an ultrasound signal of 200 ILsec bursts of 1.5

MHz sign waves, repeating at 1 kHz, and delivering a 30±5 mW/cm2 incident intensity

was used. The fibulae received daily treatments of 20 minutes. There was a statistically

significant increase in fibula strength noted on day 14.

Subsequent to t!le slUdy conduclc.: by Pilla, Heckman undertook a prospective,

randomized, placebo conlrolled, double-blind slUdy on the effectiveness of NILIUS upon

the rate of fraclUre healing (65). Twenty-eight human adults with acute closed or grade

1 open tibial shaft fraclUres were enroled in this slUdy. Thirteen of the patients underwent

20 minutes of ultrasound stimulation daily, while the remaining 15 patients served as

controis. The patients that received ultrasound stimulation had a statistically significant

increase in both endosteal and cortical healing of their fraclUres. No complications or

adverse affects were noted as a result of the ultrasound stimulation.

Most recently, Heckman et al. conducted a slUdy of 67 c10sed or grade 1 open tibial

shaft fractures (66). Thirty-three fraclUres were treated with ultrasound and 34 with a

placebo apparalUs. At the end of the treatment they found that there was a significant

decrease in healing time (96±4.9 days vs. 154±13.7 days, p=O.OOOl).
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4. U!trasQund- BQne Inl:rowth ApplicatiQn

Only recently has NILIUS been evaluated fQr the enhancement QI' bune growth illlo

metallic porous surfaces. Tanzer et al. have condllcted the Qnly stlldy in this field (63).

In their study, 22 pairs of fully porous transcortical titanium implants were implanled

bilaterally into the femora of 12 dQgs. In each dQg one femur served as the cQntrol while

the Qther underwent daily ultrasound stimulatiQn fQr a periQd QI' 20 minutes. Three dogs

were treated for periods of two, three, and four weeks each. Overall, the ultrasQund

stimulated implants demQnstrated an 18 % increase in bQne ingrowth as compared 10 lhe

contralateralfemur. The ultrasQund stimulation was found to have its greatest effeet in the

first two ta tbree weeks of trealment. At two and three weeks, implants in the stimulaled

femora demonstrated 21 % and 16% greater ingrQwth, respectively, than implants in the

control femora.
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Figure 5. Porous lÎlanium implanls used in the study by Tanzer et al. (Duplicated wilh pemlission
of Tallzer cl al.).

ln summary. il is cvidcnl that non-invasive low intensity pulsed ultrasound has an

cl1ecl on bone healing. There is much speculalion as 10 ils mechanism of action.

Howevel'. Ihere does seem 10 be more evidencc Ihallhc mcchanism is of nonthcrmal origin

and lhal a change in Ihe ccII membrane's permcabilily is of grcal significance to Ihe

mechanism of aClion .
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III. PURPOSE

Effective enhancement of the rate and extent of hone growth inlo porous eoated

prostheses would improve their reliability and clinical function. Dased on review of the

Iiterature, ultrasound stimulation could potentially represent a very convenient, cost

effective, and simple modality for enhancing hone growlh into porous coated joint

replacement prostheses. An ultrasound transducer is easily portahle and rclalively

inexpensive. Application simply consists of applying ultrasound gel 10 the skin ami

leaving the transducer in place for the required treatment period. Patients eould initiate

treatment immediately following surgery and could conveniently continue treatment in

their own homes.

There is sufficient preliminary evidence, from the study by Tanzer ct al., of a positive

effect of ultrasound stimulation on bone ingrowth to warrant additional investigations (63).

Given the potential of NILIUS in the field of noncemented total joint replacement, the

purpose of this study was to further evaluate its effect on the rate and extent of hone

growth into porous tantalum implants.
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III. MATERIALS AND METHODS

MATERIALS

A. IMI'I.ANTS

l, Introduction ln Porous Tanlalum

The IWO melals mosl commonly used in the fabrication of cemenlless implants are

!Ïtanium based alloy (Ti-6Al-4V) and coball-chromium (Co-Cr-Mo) alloy. As weil, a

variely of porous surfaces have been used for bone ingrowlh fixation of 10lal joint

replacements. These include sinlered cobalt-chromium beads, diffusion bonded titanium

libre melal. and tilanium plasma spray surfaces.

The previous sludy conducled by Tanzer et al. on the effect of NILIUS on bone

ingrowlh ulilized cylinders of commercially pure tilanium beads in a transcortical model

(63). In Ihe present study, the same transcortical model was used, however, the implants

were fabricated from a new porous tantalum material.

Porous tantalum consisls of regular, interconnecting, sphere-like pores, formed by a

lattice work of continuous struts. arranged in a regular three-dimensional pattern (Figure

6). The porous lanlalum material is fabricated by the deposition of commercially pure

tanlalum onlo a vilreous carbon skeleton possessing an interconnecting dodecahedron array
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of porcs. The skeleton is produccd by the pyrolysis of a therl110sening polYlll'elhane foal11

substrate. Chcmical vapour infiltnltion (CVI) tcchnology is used lill" the dcposition of

tantalum onto the carbon skclelon. Thc lantalul11 is dcposited with a depth of tcn to 100

/Lm. A detailed description of the CVI process is found in Appcndix B.

Figure 6. Scanning clectron microscopie vicw of the porous tantalum implant material (150x) .

39



• 2. Tantalym as a Bjocompatible Material

The term "biocompatibility" is used to describe the biological response associated with

the use of a natural or manmade material in a biological system (74). As a biocompatible

material, tantalum is chemically stable and is only attacked by strong acids and alkalis (75-

77). The combination of excellent mechanical properties and resistance to chemical attack

lead to the consideration of tantalum as a material for use in human implants.

The physical properties of pure, commercially available tantalum are given in Table 1

(78):

Physical Properties of Tantalum

Elastic Modulus:
Yield of Strength:
Elongation to Failure:
Tensile Strength:
Density:
Melting Point:
Hardness (Hv):

185 GPa
165 MPa
40%
205 MPa
16.9 g/cm3

3000 ·C
110

•

Tantalum was first implanted in 1940 by Burke who reported that the material had

high resistance to various strong acids (75). In 1987, Zitter and Plenk reported lower

corrosion current density and higher corrosion resistance for tantalum than for titanium

and l'i6Al4V under similar study conditions (76).
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There have been very few reports indicating tantalum degradation in vivo. Johnson

et al. conducted a study whereby they concluded that when passivated l<lIllalum is

deliberately used as an anode electrode. tissue discoloration does not occur (77).

However. when there is slight motion between the implant and the tissue. slight

discoloration is occasional1y observed. as revealed by von Holst et al. and Plluger et al.

(79.80). They hypothesized that the discoloration WOlS probab1y secondary \() oxide

particulate removal.

Comparative studies have shown that tantalum does not inhibit bone growth or cause

bone resorption. as gold and cobalt based alloys do. Rather, it becomes tightly enveloped

by new osseous tissue shortly after implantation (81,82). Osseous ingrowlh has heen

demonstrated up to and within tantalum implants. It has been shown to result in complete,

strong, long term osseointegration in both dental and orthopaedic applications undcr

unloaded and heavily loaded conditions for periods as long as eight to 12 years (83-85).

A preliminary study with porous tantalum implants, of the type used in the present

study, has shown that the material is suitable for bone ingrowth. In 1995, Stackpool et

al. inserted transcortical porous tantalum implants bilateral1y into the femora of 12 dogs

(86). Scanning electron microscopy and computer image analysis were conducted to

evaluate the volume fraction of bone growth into the implants Olt periods of four, 16 ami

52 weeks postimplantation. The extent of bone ingrowth was approximately 49% in the

four week implants and 71 % in both the 16 week and 52 week implants (Figure 7).
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Figure 7. Seanning cleclron mierograph dcmonslraling 70% bone ingrowlh (reproduced Wilh
permission of Slackpool Cl al.. 1995).

Given ils properties and potentia! advantages. porous tantalum was selected as the

implant material for the purposcs of this study. This provided the opportunity to

chanlcterize the tissue response to a new orthopaedic biomaterial with and without

ultl'asound stimulation.
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3. Ratjonale for Usine Porous Tantalum

Porous tantalum is an interesting candidate mnterial for a varicty of orthopaedic uses.

As described earlier. tantalum is a very biocompatible material with a long history of

implant applications. The porous tantalum uscd in this sludy posscsses a high strength 111

porosity ratio and hence could be used for structural as weil as nonstructural (space-Iilling)

functions. It can be manufaclUred as a bulk material or as an implant coaling for joint

replacement prostheses. Il is easily machinable and can be conveniently lilhricatel1 in a

variety of implant shapes and configurations. In addition, the material is highly porous

(80% porosity), more so than conventional porous coatings (30%-35 % for sintcred heads

and 35 %-40% for fibre metal [28D, and thus can allow a large amount of bonc ingrowth

and the development of a strong implant-bone interface.

If used as a coating, porous tantalum can be applied to the substrate with much lowcr

heat than conventional porous coatings. During fabrication of conventional porous

coatings, for example sintered beads, the heat that is created has a deleterious effcct on

machining tolerances, implant substrate metallurgy, and the fatigue strength of the implant

(87-90). CVI, on the other hand, preserves the properties of the implant, including its

strength.
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4...J211:!llD. Tantalum 1Il]D1HIll

Thc lalllaluni implants lISCU in this stuuy measureu nine millimctres in length hy live

lIIillilllctres in uialllcicr (Figure !I). The porous nelwork eonsisteu of regular.

illlcrconneeling. sphere Iike J,orcs tormeu hy ;~ lallice of continuous struts organizeu in a

rC).'lIlar Ihn:c uinlellsiolla! uouccaheurou array (Figure 5). The manufacturer (Implex.

COIl'" i\lIcJ1(lale. NJ) has uelcnnineu the volume porosity to he "ppn1ximalcly 80% anu

the lIlean pore size tn he ahoul 700 {lm.

Figure S. The trallscorueallalllalull1 implant. Note the bevelled edge for ease of insertion into the
Cllrlieal hoIle drill hole .
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B. UIJRASQUND TRANSDI!CER

The: ullrasound signal used in this slUdy was produced by a 2.5 cm zirconate-titmmte

(ceramic lead composite) transducer supplied by Exogen lnc. (West Caldwell, NJ) (Figure

9). Exogen has obtained Food and Drug Administration approval anl.! is currently

marketing the transducers for the stimulation of fracture healing. The zireonale-litanale

transducer was eut in the shape of a disk. The ultrasound was pulsed at 200 mil'rnsecond

bursts of 1.5 megahertz sine waves, repeating at a 1 kHz frequency. The averHg:; mtensity

of the beam was 30 mW/cm2
• The parameters of the signal were identical to those in the

slUdies conducted by Pilla et al. (64), Heckman et al. (65,66), and Tanzer cl al. (63). By

beam profiling, Exogen determined that the ultrasound had an affect over an area of 5.4

cm2 and a depth of approximately 12 cm.
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Figure 9. The ullrasound transducer .
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METHons

A. IMPLANT MOnEL

In order to meet the objectives of this study. a tmnscortical implant .. Iodel was

chosen. The transcorticalmodel allows for control over the reproducihility of the implant

fit, immediate stability of the implant, reproducibility of implant loading, stress shiclding.

implant retrievability, and histological evaluation. It has been used in seveml previous

studies and has proven to be extremely useful for examining tissue response to implants

in bone. The mndel is uncomplicated and offers many advanl'lges over other implant

models:

1) With reliable instrumentation, holes can be drilled with accuracy and in pcrpcndicular

alignment with the long axis of the femur.

2) The bone type forming the interface with the implant is consistent and thus allows

equitable comparison of histological data.

3) Cortical bone is appropriate to study since retrieval analyses have shown It,at the

most consistent and abundant source of bone ingrowth in femoral hip prosthcscs is

from the cortical region (9,91) .
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4) Il also allows for data comparison with previous studies which have used a similar

mode!.

These characteristics of the transcortical model for studying bone ingrowth make it

rcliable as a preliminary study and a foundation for future studies.

Q, OYERYIEW OF TIIE STlIDY PROTQCOI.

Three transcortical implants were surgically inserted bilaterally into the femoral

diaphysis of each experimental dog. One femur served as the control side while the

contralateral femur underwent daily 40 consecutive minutes of ultrasound stimulation.

Stimulation began on the first day postoperatively. Six dogs underwent treatment for two

weeks and six dogs underwent treatment for three weeks. The harvested femora were

processed for undecalcified thin section histology to enable quantification of bone ingrowth

by scanning electron microscopy.

C, DETAIl.S OF THE STllPY PROTOÇQI.

Animal Selection

Mature. mongrel dogs. of both sexes. ranging in weight from 25 kg to 30 kg were

used for ail studies. Ali the dogs evaluated in the study were skeletally mature as verified
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radiographically by the presence of a closed growth plate prior to surgery .

Anaesthesia

Prior to surgery, the animais were anaesthetized with Sodium Pellloharhiioi

(Somnotol- 65 mg/ml. MTC Pharmaceuticals, Camhridge. On!. ). The dose was 33 mg/kg

injected intravenously into the cephalic vcin. The animais were then intuhaled, plaeed 011

a respirator (Penlon, Nuffield Anaesthesia Ventilator Series 200. Ahillgdlln, OXOII, lIK),

and remained anaesthetized using Halothane (0.5-1.5%, MTC Pharmaeeuticals,

Cambridge, On!.).

Preparation for Surgery

The hind legs of the dogs were completely shaved prior to surgery. They were then

prepared with an antiseptic solution of 1% providone-iodine (Proviodine. Rougier, Ine.,

Chambly, Que.) and draped using standard aseptic surgical technique. Afler eomplelion

of the tirst surgery the animais were turned ov.:r, re-prepared, re-draped, and the surgeons

were re-gloved.
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Surgical Technique

An incision was made from approximately 20 mm below the greater trochanter to

within 20 mm of the lateral condyle of the knee in preparation for a lateral approach to the

femoral diaphysis. The underlying fascia lata was incised exposing the underlying muscle.

The vasus laIera lis was retracted anteriorly and the femur was exposed. Care was taken

10 minimize removal of the periosteum while accessing the surface of the femur.

Specialized instrumentation was designed to ensure aligned fit of the implants and

accurale reproducibility (Figure 10). The instruments included an adjustable femoral jig

that provided a stable base for reproducible implant introduction into the femora and a drill

guide. or bushing. that ensured that the drill holes were made perpendicular to the long

axis of the femur.
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Figure 10. Femoral clamp and drill guide .
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• Drill sites were chosen approximately 15 mm apart and were designated as IP, 2P•

and 3P. corresponding 10 proximal. middle, and distal, respectively. Placement of the

implants 15 mm apart was necessary to avoid stress concentrations that could induce a

fracture. It also provided the opportunity to assess the effect of ultrasound over a distance.

Since the radiating area of the transducer's signal was 5.4 cm:!. the amount ofbone growth

inta the central target implants could be compared with that of the implants a distance of

15 mm away (Figure Il). A radiating area of 5.4 cm:! has a diameter of 26 mm and a

radius of 13 mm. Therefore, the implants that were placed 15 mm away from the central

implant were not directly in the ultrasound field but may have been affected by the

tendency for ultrasound energy to be propagated within bone.

,, ~

" - - --~R.dl.'lng Area

(Dlameter =26 mm)

16mm

Cortical
Bone

Ultrasound[Field
I~~,-----

....
1 ....

.... ""

Ultrasound
Transducer

•

Figure 11. Schematic diagram il1ustrating the radiating area of the uhrasound signal with reference
to implant placement.
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The C-shaped drill jig was clamped around the shan of the femur and tightened

(Figure 12). The first bushing. corresponding to a 2.5 mm drill. was inserled inlo the

bushing guide and a pilot hole was made with a battery driven drill (Mikita cordless driver

drill, Mikita Electric Works. Lld .• Japan). Very slow drill speeds (0-250 RPM) were

applied along with copious water irrigation to minimize meclmnical and thermal trauma

of bone at the drill site (Figure 13). Once the hale was made lhrough the lateral cortex.

the first bushing was removed and the second bushing. corresponding to a 4.95 mm drill.

was inserted into the jig. The size of the drill was chosen in order to obtain a slight press

fit between the implant and the bone. The diameter of the hole was enlargcd to 4.95.

again with adequate irrigation. Once the holes were made. care was taken to rcmovc as

little periosteum as possible while removing any debris that obstructed acccss of the

implant to the hGle .

53



•

• Figure 12. The femoral clamp and drill guide placed in the wound.
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Figure 13. A drill hole being made through the lateral cortex of the Femur with application of
constant water irrigation.
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The implanL~ were then inserted into the holes with the bevelled end tirst. They were

gently tapped further into the holes using a rod and a mallet and were left approximately

two millimetres proud of the lateral surface of the femur (Figure 14 and 15). Once ail

three implants were inserted, the wounds were irrigated and closed with absorbable

sutures. Prior to c1osing, the skin was marked with an absorbable suture over the central

implant, labclled as the "target" implant. The procedure was then repeated on the opposite

Icmur with implants placed in the same portion of the femoral diaphysis. The femur that

was operated on tirst was randomly chosen and served as the one to receive NILIUS

treatment.

At the end of surgery the animaIs were given analgesics (Levodromoran 0.75-1.00 cc,

2 mg/mL, Hoffmann Laroche, Mississauga, Ont.) for the tirst 24 hours postoperatively,

every eight hours. Following surgery the dogs were placed into one of two groups. One

group underwent daily ultrasound treatment for two weeks and the other for three weeks.

No aetivity restraints were imposed and the animais walked normally within two or three

days postoperatively .
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l

Figure 14. The implants were gently tapped into the drill holes with a rod and malle!.
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• Figure 15. The implants were left approximately 2 mm proud of the surface.
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Ultrasound Stimulation

Ultrasound stimulation began on the tirst ùay postopcrativcly. l,aeh lIay prior III

treatmenl, the dogs were anaeslhelizeù with thiopental tn ensure inlillohililalioli ùurin~

stimulation. They were ph.ced in the laIerai deeuhilus position \Vith Ihe ln:almelll sille

facing up. Copious ultrasound gel \Vas applied tll lhe skin al lhe marker representin~ the

target implant and the tra .•sdueer \Vas taped 10 the skin over lhe alllerinr aspect nI' Ihe

femur (Figure 16). The treatment lasted for 40 minutes eaeh ùay. The transduccr \Vas

equipped with a timer which automatically terminaled the signal afler 40 minules.

Figure 16. Uhrasound transducer (a) in placc over the anterior aspecl of the fcmur wilh copious
ultrasound gel (b) applied ta the skin.
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The study ny Tanzer et al. utilized 20 minutes of stimulation and indicated a modest

positive elTect of NIIJUS on none ingrowln. Il was reasoned that the transcortical model

should ne studied in the context of additional stimulation time, to ascertain if increased

energy input might further enhance the effect described by Tanzer et al. Doubling the

time 10 40 minutes was based on discussion with the transducer manufacturer (Exogen

Ine.).

l'eriods of Implantation

The periods of implantation were chosen based on previous studies which

demonstrated that short time periods, such as two and three weeks, are most useful in

dislinguishing the acceleration effects of bone ingrowth, or fracture healing, from a control

(63,64). An additional consideration was that bone ingrowth is so rapid under the ideal

healing conditions of the nonfunctional transcortical implant that maximum ingrowth is

aehieved by six ID eight weeks following implantation. Therefore, slight differences in the

rate or extenl of bone ingrowth due to a particular treatment can be overlooked at longer

periods of implantation (9) .
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D. SPECIMEN PREPARATION FOR HISTOJ.OGY

Embedding

At the end of the protocol periods of stimulation. tIlt: dogs were adminislered a lethal

injection of barbiturates. The femora were extracted and stripped of soft tissue. The

proximal and distal ends of each femur were removed with a cast saw and the remaining

segment, containing the implants, was then radiographed in an anteroposterior view. The

bones were prepared for backscatterred scanning electron microscopy (SEM) hy the

following protocol which involved dehydrating, degreasing, defatting. and emhedding in

polymethylmethacrylate (PMMA):

1) Small drill holes, one to two millimetres, were made in the bones surrounding the

implants to ensure sufficient penetration of the various solutions into the hone. Care

was taken not to come into contact with the implants.

2) The samples were then fixated in a 10% solution of formai in for 48 hours.

3) The bones then underwent dehydration in 70% ethanol for two days.

4) The bones were further dehydratcd for 48 hours in 95 % ethanol.

5) The specimens were then defatted and degreased in al: 1 solution of acetone and ether

for two days.

6) Dehydration was completed in 100% ethano! for another 48 hours .
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7) The fCmora were immersed in Iiquid PMMA monomer, inhibited with 10 ppm methyl

hydroquinone, and activated with 5 g/L of benzoyl peroxide. This solution was stored

refrigerated ln prevent premature polymerization.

8) The PMMA described above was partially polymerized by heating it in a water bath

at SO"C for approximately 12 hours. Once the monomer had achieved the consistency

of a thin syrup, the process was stopped by cooling under cold running w~[er.

9) The Icmora were then placed in aluminum foil containers and covered with the

PMMA solution. The aluminum containers were then pbced ln a vacuum c-hamber

of approximately 70 mmHg in order to remove any trapped air. The vacuum was

occasionally released to ensure that the specimens were constantly and completely

embedded in the PMMA. After six to eight hours of vacuuming, the samples were

left at room temperature to polymerize.

10) Once polymerization occurred, which took approximately eight hours, the samples

were placed in a 3S"C oyen for one or two days to ensure that polymerization had

occurred 10 completion. This process resulted in a block of PMMA, or plexiglass,

that contained the femur with the transcortical implants.

Sectioning

Elich block was then sectioned on a diamond blade low speed eut-off machine (Vari­

eut, Leco Corp., Michigan) (Figure 17). The implants were carefully aligned so that they

were sectioned through the center of their long axis. Each implant was divided into two
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equal halves 50 that an evaluation of the amoum of hone ingrowth cuuld he ohlained al lhe

deepest region of the implant (Figure 18). This posed a potenlial prohlem in data mmlysis.

At times there was difficulty oblaining a perfeclly central cul lhrough the implant. The

most rl'presentative interface lilr quantilative analysis is at or near the implanl eelllre. This

allows evaluation of ingrowth across the full implant diameler. There is a lendency Wilh

transcortical implants for hone ingrowth lO progressively develop t'rom lhe eonieal edges

toward the centre. Thus. a section CUI a dis lance away from the cenlre could give Ihe

illusion of greater depth of hone ingrowth than actually exisls (Figure 19).

Figure 17. The vari-cUI cUI off machine with a sample held perpendicular 10 the blade by a
vise. The diamond coated b1ade was 127 mm in diameter and 0.38 mm in Ihiekness.
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Figure 18. PMMA cmbeddeù sections eut through the longitudinal axis of the implant.
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Figure 19. Comparison of tangcntial and celllrai cuts through the implant. The top two sections
were eut off-center and thus posscss a 5maller di:uneler than the two bottolll, ccntrally Clll sections.
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Central cuts were not obtained due to one of two problems: One was "wandering"

of the blade. or improper setup of the bone on the blade so that the eenter of the implant

was not directly above il. The "wandering" of the blade was a result of the pressure

exerted by the weight of the sample and slight luoseness in the cutting assembly causing

the blade tu drift away l'rom its original setting. The second problem was the 0.38 mm

lhickness of the blade which inevitably caused sorne sample 1055.

Measures were taken in order to compensate for unequal sections. Considering that

the diameter of the implants was five millimetres. it was decided that only cut specimens

that had implant widths of 4.50 mm or greater would be accepted for analysis. When one

hall" of the implant measured less than 4.50 mm it was not included in the analysis. In

order to obtain two values per implant. the hall' measuring greater than 4.50 mm was re­

polished until it measured at least 4.50 mm in diameter and then re-analyzed.

E. PREPARATION FOR BACKSCATTERREp ELECTRON MICROSCOPY

The undecalcified. unstained. methylmethacrylate embedded. histological sectiuns

were tirst polished using abrasive paper of 120. 320 and 600 grit, under water irrigation.

in preparation for backscattered SEM. The sections were polished further with 1.0 /lm

and 0.3 l'm alumina (Figure 20). The sections were ultrasonically cleaned in 100%

ethanol. air-dried. and spuller-coated with gold-palladium prior to mounting on a stage

with electron conductive tape for viewing with scanning electron microscopy.
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Figure 20. The palishing wheels u'cu la prepare the samp\es for SEM

F. QUANTIFICATION OF BONE INGROWTH

A density specific image of the bane-implant interface was uhlained using the

backscatterred electron mode on a JEOL 840 scanning electron microscope. The image

was usually obtained with a magnification of 15 ta 18 tîmes. a working distancc of 38 mm,

and a 15 KeV beam. The techniques used were describcd by Hulmcs and latcr hy

Bloebaum et al. (92-94). The image abtained was l'rom the most superficial two to thrcc
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mkron~ or lhe sample. The image was photographed with 4" x 5" black and white

l'olaroid film.

The area or interest was dctined by the endosteal and periosteal cortical bone edges,

rnedially and laterally. and the cdges of the implant, anteriorly and posteriorly. Regions

Ihal prolruded ahuve the periusteum or below the endosteum were excluded from the

image analysis (Figure 21).

Figure 20. Scanning electron micrograph with the shaded parallelogram representing the area of
interesl as describcd prcviously .
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Using computer image analysis (Tracor Northern. Middleton. WI) a horizontal

register was digitized at 256 points. The resulting waveform demonstmled three diflèrent

signallevels corresponding to metal. bone. and "other space". The waveform was used

to set the brightness of each signal. The image was then digitized as a 256 x 256 army

and the components were displayed as a histogram of frequency versus density. Each

osteocyte lacuna was removed by a tiltering technique which allocated ail single or paired

pixel codes to their neighbours. Artifacts. such as air and possible debris not eliminated

previously during sonification, were removed simultaneously by the filtering. The

computer was programmed to calculate the volume fraction percentage of each component

and the percentage of bone ingrowth by the formula:

% ingrowth=total-metal
% bone

For each implant, two sections were scanned and averaged in order to give one value for

the extent of bone growth into the implant.

G. STATISTICAJ. ÂNAJ.YSIS

The Wilcoxon Rank Sum Test was used to compare bone growth into the stimulated

and control implants at both protocol implantation periods. It was also conducted 10 assess

the bone ingrowth difference between the target implants and the control centre implants

of the contralateral femur. An unpaired Student's t-test was conducted to assess the
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difference between the target implants and the non-target stimulated implants. The

ingrowth of the non-target implants was calculated by averaging the extent of bone

ingrowth of the two implants adjacent ta the target implant in each stimulated femur. An

analysis of covariance (ANCOVA) was also performed in order to separate the overall

effect of time and individual dog on bone ingrowth.
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IV. RESULTS

A. Surllery

There were no complications intraoperatively. On the tirst postoperalive day. one dog

was lost from the study due to death during ultrasound stimulation. An aUlopsy was not

performed. however. it was assumed that the death was caused by a reaction tn the

anaesthetic. One dog was not included in the study since it was determincd tn be skelelally

immature preoperatively.

B. lmplants- Porosity Characterization

The mean implant porosity determined from 52 randomly chosen scanning eleclron

micrographs was 73.9±3.0%. The range of porosity was between 65.9% and 80.2%.

The pore size was measured by applying a linear intercept method to scanning eleclron

micrographs. The distance between adjacent metal struts was measured on 500 randomly

selected pores and averaged 655 ± 146 !lm.

C. Implants- Description of Bone IOllrowth

Seventy-two implants were analyzed. The bone grew into the interconnecling pores

formed by the metallic struts of the implant. Bone was usually observed to be ingrown
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from the intramedullary canal and seldom l'rom the cortical edges of the bone (Figure 22).

When srnall amounts of bonc werc ingrown (je. < 10%) the origin appeared to be the

endosteal cortical edges closes! to the anterior and posterior surfaces of the implants

(Figure 23). A periosteal reaction. resembling callus formation on the periosteal surface

of Ihe femora ahutting the edges of the implant. was observed in 36 of the implants (Figure

24). Thl're was no greater tl'ndcncy for a periosteal reaction in either the stimulated or the

control fl'mora When a periosteal reaction was present, however, sorne bone was

ohserved to he grown into the implants l'rom the periosteal surface. No other differences

in tht: origin of bone ingrowth were observed between the two and three week dogs.

Figure 22. Scanning electron lIlicrograph illustrating bone ingrowth originating l'rom the endosteal
region.
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Figure 23. Scanning electron micrographs illustrating the origin of bone whcn littlc alIIOllnl!> of
growth ioto the implants (ie. < 10%) were observed.
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Hgllrc ~4 Scanning clcclron micrographs d;;monstrating bone growth into the implants Wilh a
pcrillstcal rellction .

74



•

•

D Bone Inllrowth- Qyantjtatiye Analysjs

The percentage of bone growth into the available space of eaeh implant was

compared. The two variables chosen for analysis were period of imphmtalioD and

treatment protocol. Data were separately analyzcd for the individual implants which

scrved as the ultrasound target and were compared to the central control implant of the

contralateral femur and to the remaining two implants of the stimulated femora. As a

result there were eight subsets of data:

1) Two week femora with ultrasound stimulation.

2) Two week control femora.

3) Three week femora with ultrasound stimulation.

4) Tbree week control femora.

5) Two week target implants.

6) Two week stimulated non-target implants.

7) Three week target implants.

8) Three week stimulated non-target implants .
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E. l'crin" of Implantation

Data were compared between dogs stimulated for two weeks and those stimulated for

thre!; weeks. Therc was a total of 36 implants pel' time period, hall' of which received

ultrasound stimulation. The femora that were stimulated for two weeks demonstrated

12.4 ± 5.3 % bonc ingrowth as comparcd to the femora that were stimulated for three

wecks which had a mean of 21.1 ±6.5% ingrowth. The control femora of the two week

dogs and three week dogs had a mean ingrowth of 12.7±6.5% and 22.7±7.3%,

rcspectively.

Both individual dog (p<O.OOI) and time (p<O.OOl) had an effect on the amount of

bone ingrowth, overall. After separating out the effect of each dog and time interval,

ultrasound did not have a stimulatory effect on the rate and extent of bone growth into

porous metallic implants (p=O.81).

F. 2 Week Analysjs

The two week data are Iisted in Table 2. The extent of bone growth into the implants

of the stimu1ated and control femora of the two week dogs was 12.4±5.3% and

12.7 ±6.5% respectively (Wilcoxon Rank Sum, p=O.74) (Figure 25). Four of the six

compared femora had greater bone growth in the control implants than the stimulated

implants. The stimulated target implants had a mean ingrowth of 10.6±6.8% as compared
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to the contralateral, centrally placed, control implanls which had 1S. 7±8.4 % (Wilcuxun

Rank Sum, p=O.12). Four of the six central implants l'rom the control tt:mlll'a had g.remer

bone ingrowth than the contralateral stimulated target implants. The bune ing.rowth uf Ihe

two week stirnulated target implants was compared wilh the non-target slimulated implants

which had a mean of 13.3±4.5% bone ingrowlh (Sludenl's t-test, p=0.25).

Figure 25. Comparison ofbone ingrowth at 2 weeks in a stimulated implanl (IOp) with 12.9''', hOllc
ingrowth and control implant (I:~ltom) with 16.0%
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• Table 2 Mean Pcrccntai:e of BODe Growth joto the 2 Week Implants

~ Stimulated Control

Ip 2p 3p Ip 2p 3p

target Averllge control target Averoge

1 14.4 8.1 9.5 10.7 3.8 7.3 4.9 5.3

2 13.0 0.28 6.8 6.7 10.2 10.6 3.0 7.9

3 18.2 14.2 17.4 16.6 15.4 23.8 15.9 18.4

4 15.1 18.8 20.2 18.0 14.8 28.0 17.7 20.2

5 10.0 6.9 6.8 7.9 12.0 9.2 9.4 10.2

6 17.6 15.~ 10.7 14.6 13.6 15.2 13.9 14.2

Anrale 12.4±5.3 12.7±6.5

THE MEAN BONE GROWTH INTO 2 WEEK
IMPLANTS
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• Table 3 Mean Percentalle of Growth jnta the Tarllet Implants of the 2 Week POilS

.lliuUt Stimulated Control

1 8.1 7.3

2 0.28 \0.6

3 14.2 23.8

4 18.8 28.0

5 6.9 9.2

6 15.3 15.2

Average 10.6±6.8 15.7±8.4

BONE GROWTH INTO THE TARGET AND CENTRAL
CONTROL IMPLANTS OF THE 2 WEEK DOGS
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G. 3 Week Analysis

The three week data arc Iisted in Table 4. Thirty-six implants were analyzed at

three weeks. The mean ingl'owth for the stimulated implants was 21.1 ±6.5 %

compared to the control femora which had a mean ingrowth of 22.7 ± 7.3 % (Wilcoxon

Rank Sum, p=O.53). Three of the six control femora had greater means of bone

ingrowth than the eontralateral stimulated femora. The stimulated target implants had

a mean percentage ingrowth of 19.1 ±5.1 % as compared to the central control

implants of the contralateral femora which had a mean of 24.5 ±8.0% (Wilcoxon

Rank Sum, p =0.12) (Figure 26). Four of the six central control implants had greater

bone ingrowth than the stimulated target implants. The mean ingrowth of the non­

target stimulated implants was 22.0±7.1 % which was not significantly different from

the target implants (24.5±8.0%) (Student's t-test, p=0.25).
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Figure 26. Comparison of bone growth into the largel stimulated implant (top) with 23.6%
bone ingrowlh and lhe central control implant (bollom) with 30.5% al3 weeks.
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• Table 4 Mean Perceota~e of Bone Growth joto 3 Week Implants

~ Stimulated Control

lp 2p 3p Ip 2p 3p

target Al'eraKe control target Average

1 22.7 15.6 15.1 17.8 19.7 14.9 15.1 16.6

2 20.6 18.7 16.9 18.7 21.2 17.6 12.9 17.3

3 20.6 27.1 24.9 24.2 18.3 35.4 17.5 23.7

4 26.5 15.7 21.5 21.3 16.8 28.0 28.9 24.6

5 38.1 23.6 19.7 27.1 36.9 30.5 30.6 32.6

6 9.6 14.2 27.7 17.2 19.1 20.8 23.7 21.2

Averale 21.1±6.S 22.7±7.3

MEAN BONE GROWTH INTO THE 3 WEEK
IMPLANTS
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• Table 5 Mean Bane Growth into 3 Week Tarllet Implants

~ Stjmulated Control

1 15.6 14.9

2 18.6 17.6

3 27.1 35.4

4 15.7 28.0

5 23.6 30.5

6 14.2 20.8

Average 19.1±5.1 24.5±8.0

THE MEAN BONE GROWTH INTO THE TARGET
AND CENTRAL CONTROL IMPLANTS OF THE 3

WEEKDOGS
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V. DISCUSSION

This study was primarily designed to ascertain if additional ultrasound stimulation time

heyond the 20 minutes originally used by Tanzer et al. wouId have a positive effect on

enhancing bone growth into porous coated implants. The results clearly suggest that 40

consecutive minutes of NILIUS stimulation does not have a stimulatory effect on the rate and

extent of bone growth into porous tantalum implants at two and three weeks.

For example, the overall data treatment by ANCOVA indicated the effeet of NILIUS

treatment to be significant at the p=0.8 level, indicating no statistical difference between

stimulated and control implants. Analyzed individually at two and three weeks, the data

indicate that the difference between the stimulated and control implants was not statistically

significant either (p=0.74 and p=0.53, respectively). At both time periods, the difference in

bone ingrowth between the target and central control implants, however, was significant at the

p=0.12 !evel, suggesting that there was a trend toward suppression of bone ingrowth in the

target implants as compared with the control central implants.

The difference in the amount of bone growth into the target implants and the non-target

stimulated implants, at two and three weeks, was compared in order to assess the effect of

distance from the transducer. The non-target implants had more bone ingrowth than the target

implants at both time periods but with relatively high (p '-'0.25) significance levels. This

finding suggests that although not ail implants were within the NILIUS field, they were still
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affected by the stimulation probably due to propagation of the ultrasound energy wilhin the

bone. However, concern regarding the accuracy of transducer placemelll must also he

addressed as a possible cause for this finding. There may have heen slight variation in daily

stimulation with respect to accurate placement of the transducer ovcr the central implant. A

possible cause for not placing the transducer direetly over the larget is due to the lilct tlmt the

marker rcpresenting the target implant was placed on the skin which moV\:s slightly relative tn

the underlying bone. A second possible cause for not dircctly stimulating the target implant

is that intraoperatively the marker was inaccurately placed on the skin. Inaccurate placement

of the transducer over the target implant may, therefore, have causcd inappropriate cnmparison

of the stimulated and nonstimulated implants, especially between the target implants and the

centrally placed control implants.

Possible shortcomings of this study also include the method of cutting the sections and the

absence of mechanical analysis. In addition to cutting the implants longitudinally through their

central axis to determine the amount of bone growth into the implants, it might he helpful to

analyze cross-sectional cuts to determine the differences in the amount of bone ingrowth from

different regions of the cortical bone. Mechanicaltesting was not conducted on the implants

in this study. The advantage to conducting mechanical cvaluation by push-out testing is the

opportunity to collect additional data regarding the strength of fixation of bone ta the implants.

Given similar amounts of bone at the porous implant interfaces, it is possihle that bone formed

with and without uItrasound stimulation might have different mechanical properties and thereby

give rise to different shear strength measurements. Future studies of this type should,
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therefore. include meehanieal testing to assess the differencc hctween u1trasllund stimulated and

control samples.

The protoeol implantation periods for this study were ehllsen hased lln previllus

investigations which have demonstrated that u1trasound slimulatilln has its greatest elTeet lln

bone growth in the first two to three wceks postoperativcly. Ill' illllowing injury . Duarte fllund

that the stimulatory elTeet of ultrasound on fmeture healing in mhhils was grealest in the tirst

10-12 days (67). Pilla found the greatest effeet on fracture healing to he helween days 14 amI

23 from initiation of stimulation, also in rabbits (64). Tanzer ct al. Illund that u1tmsllund

inereased the amount of bone ingrowth over the enlire implantation perilld in dllgS. hllwever,

its greatest effeet WolS also within the first two or three weeks of treatment (63).

Freviously. only one study has been eondueted to investigale the elTeel of non-invasive,

low intensity, pulsed ultrasound on bone growth into porous metallic implants. Tanzer ct al.

studied the effeet of daily 20 minute ultrasound stimulation on bone growth into l'ully P0l'OUS

titanium metal implants for periods of two, three, and four weeks (63). The porc size of the

implants ranged from 100-350 J.lm with a mean of274±37 J.lm. An inerease ofhone ingrowth

in the ultrasound stimulated implants was observed at eaeh individual time period. In total,

there were 22 matehed pairs of implants. Seventeen of the 22 matehed pairs had grealer

ingrowth in the stimulated implants, whereas in the present study 23 of the 36 matehed pairs

had greater bone growth in the control implants. Twelve of 18 were grcater Olt two weeks and

Il of 18 were greater at three weeks. Eleven of the 12 target implants also demonstrated more
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hone ingrowth than the equivalently placed implant of the contralateral femur in the study by

Tanzer et al.. Almost the opposite result was round in the present study where ten of the 12

central control implants had greater bone ingrowth than the target stimulated implants.

The ultrasound signal parameters (intensity, frequency, radiating area, and depth of

penetration) used in the study by Tanzer et al. were identical to those used in the present study

(63). Three variahles, however, were altered in this study. The material was changed from

titanium to tlintalum, the average pore size increased from 274±37 /Lm ta 655 ± 146 /Lm, and

the timc of stimulation was increased from 20 to 40 minutes. Each of these must be considered

as possible factors inlluencing the difference in the results between the two studies.

Tantalum has been shown to be extremely biocompatible in various biomaterial

applications, in addition to orthopaedics. It possesses lower corrosion current density and

higher corrosion resistance than titanium and Ti6Al4V (76). It has been used in cardiology,

for example, in pacemaker electrodes, and in neurology, for nerve repair (77,79,95). It has

also been demonstrated that tantalum does not inhibit bone ingrowth. Osseointegration has

been demonstrated into tantalum implants in dental and orthopaedic applications under unloaded

and heavily loaded conditions for periods as long as eight to 12 years (82-84). Since tantalum

is an excellent biocompatible material, at least as corrosion resistant as titanium, il is unlikely

to have b~'Cn a causal factor in the different results of the present study and that of Tanzer et

.11 .. especially in view of the short implantation periods.
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The second potential inlluencing factor W<lS the porc size, lt Ims hccn ùetenllincù Ih<ll for

bone ingrowth to occur the ideal porc size is in Ihe <lpproxim<lle range of 50-400 Itlll (26-2Nl,

It should be noted that these are not strict limils since honc ingrowth has heen ùoellmellleù

when the pore size is above or below this r<lnge (28.96.97), The lI1e<ln porc size of the

implants used in this study was l<lrger than the pore size typically useù in porollS eO<lleÙ joilll

replacement prosthe:;es, However. Stackpool et <Il. recently eondueteù <In eV<llu<llion of hone

ingrowth using the identical implants of the present stuùy <lnù lound 52 % ingrowth al 4 wœks

and 71 % ingrowth at 16 and 52 weeks (86). Therel'ore. it is app<lrelll that extensive hone

ingrowth can occur with the tantalum implants even though the porc size exeeeùs the eonullonly

accepted limits.

Il is interesting to compare the control bone ingrowth data l'rom Tanzer's stuùy. using

beaded titanium implants, with the present study and that of Stackpool ct al. that used the

identical tantalum implants as the present study (Table 6). The control tantalum implants in

this study demonstrated 14.7±7.9% and 22.7±7.3% bone ingrowth at two and three weeks,

respectively, while the control beaded titanium implants in the study by Tanzer ct al. haù

20.8±1I.8% and 34.1±8.8% bone ingrowlh at two anù three weeks, respeetively. The

increased bone ingrowth at two weeks and three weeks in Tanzer's study was significalll at the

p=O.I and p<O.Ollevels, respectively (unpaired Student's t-test), suggesting sorne dil'fcrcnce

in early tissue response between the two types of porous materials. A different result arises

when comparing four week control data between Stackpool's study anù Tanzcr's study. At four
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weeks there was 51.7±8.5% and 38.2±8.0% bone ingrowth in Stackpool's and Tanzer's

implants. respeetivcly. a difference that was highly statistically significant at the p..:: 0.001 level

(unpaired Student 's t-test).

Table 6. Mean and Standard Devialions from Control Data ofTWQ Djfferent Implants

2 week control 3 week control 4 week control

Titanium (rcf. 63) 20.8± 11.8.0=8 34.07±8.8.0=6 38.2±8.0.0=8

"-
Tantalum 14.7±7.9. 0= 18 22.7±7.3.0=18 51.7±8.5. 0=38 (rcf.86)

The third. and probably most significant. variation frQm Tanzer's study was the time Qf

exposure to NILIUS. There have been nQ studies with an u!trasQund stimulatiQn time greater

than 20 minutes per day. Pilla et al. (64). Heckman. et al. (65,66), and Duarte (67)

dcmonstrated an accelerating effect of ultrasound Qn fracture healing, with stimulatiQn times

not exceeding 20 minutes per day. KnQch and Klug fQund a stimulatQry effect in rabbits with

as little as two minutes of daily treatment (37). Tanzer et al. demonstrated that 20 minutes Qf

ultrasound stimulation resulted in an 18% relative increase in the extent and rate Qf bQne

grQwth into implants made Qf sintered titanium beads (63). Based on ail cQnsideratiQns, il is

most likely that the increase in stimulation time frQm 20 minutes to 40 minutes was responsible

for the absence of enhanced bQne ingrowth in the NILIUS treated implants. This may need tQ

be further verified with additional studies Qf this type. For the immediate future, studies Qn
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the effeet of NILIUS on bone ingrowth should probably not be conùucteù with more lhan 20

minutes of daily stimulation.

The meehanism by whieh low intensity ultnlsounù aeceler.lles fracture healing. or hllne

ingrowth, remains unknown. As an ultrasounù wave travels through the tissue. its intensily

deereases due to the conversion of sonie energy illlo hem. resulting in a slight local increase

in temperature. This thermal effeet has been speeulated as a possible Illechanism of action of

ultrasound. Nonthermal effeets are also theorized to be the meehanism of action fiJr ultrasound

stimulation of bone repair. It has been postulated that vibration. or pressure waves. induced

by ultrasound, alter cell membrane permeability by eausing mech.mical dcformation of the ccli,

or altematively, creating an electrieal effeet (68). Yang et al. have suggcsted that ultrasound

stimulation modifies noncollagenous protein synthesis or the expression of eollagen isotypes

(72). An understanding of the mechanism of action of ultrasound on bone growth may provide

the necessary specifications in terms of time of stimulation, frequency, and inlensity so that a

maximal effect can be achieved.

After reviewing the Iiterature of the various modalities for enhancing bone growth inlo

porous metallic implants, inc1uding allografts, autografts, fibrin glue, periosteal activation

agent, Tep, HA, PEMF, and direct electrical current stimulmion, it is c1ear that lhere remains

a need for a reliable, consistent modality. Non-invasive low intensity pulsed ultrasound has

demonstraled to he effective in accelerating fracture healing in various experimental and c1inical

studies and has already received Food and Drug Administration approval for its use in that
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capacity. Il has also reccntly shown to be effective for a modest stimulation of the rate and

extent of hone ingrowth. given the appropriate application time. Because NILIUS is non­

invasive and does not require the addition of an implant coating or the inclusion of an

osteoconductive suhstance. it could potentially represent a simple. convenient. and cost­

cl1'cctive llIcthod of improving the reliability of cementless total joint arthroplasty.

For NILIUS to have a meaningful clinical impact. however. it would probably have to

demonstratc grcater effectiveness in increasing bone ingrowth than the extent demonstrated by

Tanzer et al.. In revision arthroplasty surgery where there are often appositional gaps between

the implant and host bone and less bone stock. a modest increase in bone ingrowth may be

sufficient for improving clinical results. The effect of NILIUS should be investigated in the

presence of gaps and in models with compromised bone stock. Srudies should also be

conducted using an intramedullary model that is more representative of a joint replacement

prosthesis. Depending on the results of these srudies. it may he necessary to evaluate NILIUS

in total joint replacement animal models. prior to consideration of srudies in humans.
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CONCLUSION

This study ha.~ been successful in generaling bone ingrowth data on a new porous

orthopaedic biomaterial made of tantalum. The data show comparable ingrowth pcrcentages

compared with titanium and cobalt-chromium implanl~ More signiticanlly. in Ihe context or

non-invasive. low intensity. pulsed ultrasound. this study revealed that 40 minutes of

stimulation does not have the stimulatory em~ct on bone ingro"'th 111 Iwo and three week.~ a.~

revealed by a previous study with 20 minutes of daily stimulation. Sorne of Ihe data suggesl

that there may be a trend toward suppression of bone ingrowlh as a resull of overslimulalion.

As addilional studies in Ihis field are pursued 10 evaluale Ihe potential etTectiveness or NILIUS.

Ihis finding serves as a valuable guideline for the planning of experimental prolocols in lertllS

of the time of stimulalion that is most effective at enhancing the rate and extenl of bone growlh

into porous coated implants.
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APPENDIX 1

The amplitude of motion for a given particle within an ultrasound wave is very small and

is intensity dependent. The displaccment of particles within a cell does not exceed 1% of the

ccll's diameter and its velocity is found to be independent of the frequency. As a result of the

high frequency of ultrasound, the vibrating particles are forced to change their direction

(37,68).

ln a plane travelling wave the radiation force is in the direction of wave propagation and

is proportional to the intensity. In the case of biological cells, movement is towards the

pressure minimum nearest them. As a result, cells become concentrated in a series of planes

one half the wavelength apart. The intensity reported to cause this banding is in the vicinity

of 1 W/cm2, a level typical of ultrasound therapy (68).

Pulsed ultrasound, as opposed to continuous ultrasound, is often chosen for therapeutic

applications. Continuous ultrasound applies to waves that are transmitted uninterrupted,

resulting in constant energy application to the medium being insonated. As a result, there are

no breaks from the "internai tissue massage." With continuous ultrasound, problems arisr.

when higher doses are applied, the most notable being the generation of excessive heat. Pulsed

ultrasound is an option that prevents these dangers (37). When pulsed ultrasound is used,

frequencies other than the central frequency are present. The range from the lowest to highest
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frequency is known as the bandwidth .

In 1982. Nyborg conducted a study and deseribed the elTeet of low intensity lIltrasolind.

of the lower megahertz frequency. on biologicHl cells and tissues. where small gas-lilled

channels or pores are present. When these bodies are stimu!ated. they ael on the sllrrounding

medium in the form of "unique" radiation forces. pressure. and torque. In lilJlIids.

microstreaming. or small-scale eddying is produced. A comhinalion of these forces is

hypothesized by Nyborg to be the mechanism of Hction of ultrasound on hiologieal eells and

tissues (99).

Lehmann and De Lateur listed the following favourable effc~ets of heatthenlpy in whieh

tissue temperature was maintained at 40-450<: for 5-30 minutes (100):

l.Extensibiiity of collagen was increased.

2,Joint stiffness was decreased.

3.Pain relief was produced.

4.Muscle spasms were relieved.

5.Resolution of inflammatory infiltrates. edema. and

exudates occurred.

6.Blood f10w increased
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Cavitation has been defined as "any observable activity involving a bubble or a population

of bubbles stimulated into motion by an acoustic field" (101). The acoustic energy is

concentrated into high stresses, elevated temperatures, and/or fluid velocities which have the

po!ential lU affect cellular activity. The cavitation which is most likely to be involved causes

gas bubbles, a few microns in size, to oscillate in a regular fashion for many acoustic cycles.

As a result, microstreaming is enhanced and may be responsible, at least in part, for the

observed changes in cell membrane permeability to ions such as sodium and calcium.

ln 1968 Friedenberg and Kohanin demonstrated that live, nonstressed bone possesses a

permanent direct current polarization which is dependent on cellular activity (102). Areas with

high activity, such as the metaphyses, are electronegative in comparison to areas that are less

active, such as the diaphyses.

The piezoelectric properties of bone as described by Fukada and Yasuda in 1957 refer to

the electrical potentials acted upon by mechanical tension, compression, shear stress, and

torsion (103). When a bone is deformed by mechanical means, two opposite charges develop

at the end of the electrical axis. Those areas that are experiencing compression become

electronegative, while lhose experiencing tension become electropositive. It is generally

bclieved thal the piezoelectric effect of ultrasound is a result of the mechanical shearing action

of collagen fibres and an associated deformation at the molecular level of hydrogen bonds

(104,105).
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AfP.ElSDiX Il

There are a variety of techniques used in order to apply a metal eoating 10 a suhstrate.

These include physical vapour deposition (CVD). electroplating. plasma spraying. ami

sputtering. Chemical vapour deposition. however. is a technique that is nol Iimited hy a lilctor

which affects ail of the ether techniques, that is ils ability to dcposit a coating in an area thal

is not directly visible to the source. With the CVD trchnique, a solid Imlterial is deposited ontll

a substrate by means of thermally activated chemical reactions. Since hllth the prmlucts and

the reactants are transported in the vapour phase, the technique is useful for coating complex

shapes, infiltrating porous materials, and coating fine particles (106).

CVD offers many advantages over the ether deposition processes. Firstly, the proccss can

occur at temperatures well below the melting point of the material heing applied. Secondly,

the technique is applicable to a variety of materials. And, lastly, because the tempentlUre

remains well below the melting point/decomposition temperature, it is possihle to apply CVD

to a variety of substrates (106).

Chemical vapour infiltration (CVl), a variant of CVD, is a technique whereby there is

deposition within the surface of a porous substrate, as opposed to simply on the surface. The

infiltration is very slow in order to infiltrate material into small pores without c10sing the

porosity (106).
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The proeess of CVI begins with the pyrolysis of a thermosetting polymer foam precursor

in order to obtain a carbonaceous skeleton with 10-1000 pores pel' !inea.. inch. The skeleton

possesses a repeated and interconnected dodecahedron array. This structure is then infiltrated

by CVD/CVI. CVI allows 10 to 100 IL of the materialto be deposited onto the interior surface

of the carbon skcleton which greatly enhances its structural integrity. The properties of the

composite arc dominatcd by the material, in this case, tanlalum, providing exceptional stiffness

and strength with the addition of very .iule weight. The resulting mechanical properties are

usually one or two orders of magnitude higher than the bulk material since the deposited

material is usually 100% dense (106).

ln order for tantalum infiltration to occur it must first be chlorinated to form tantalum

pentachloride (TaCls). TaCls then undergoes hydrogen reduction upon deposition, proùucing

a sidc-product of HCI. The substrate that is used for porous tantalum fabrication is vitreous

carbon with a high void volume (97%) and a high surface area (106).
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