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Abstract  7

A B S T R A C T  

The present study was carried out to examine and compare the fi xation properties, the osteotomy con-

solidation, the features of secondary remodelling, and the tissue response to both SR-PLLA and AO/

ASIF metallic implants. The absorbable polylactide pins, screws, and rods used in this study were man-

ufactured from poly-L-lactide with an initial raw material viscosity of an average molecular weight of 

664 000. The metallic steinless steel devices were commercially available AO/ASIF implants.

In the fi rst experiment the osteotomy consolidation was evaluated histologically and histomor-

phometrically when exact comparable SR-PLLA and metallic fi xation was used in the distal femoral 

region of cancellous bone in rats. The fi xation properties of both SR-PLLA pins and metallic Kirschner 

wires were found to be suffi cient, and only mild foreign body reaction to both SR-PLLA and metallic 

implants was observed. In the second study, cancellous bone osteotomies on the rabbit distal femur 

were fi xed with an absorbable SR-PLLA or metallic screw, and the bone changes were assessed non-

invasively. No signifi cant difference was found in the osteotomy consolidation, though some stress 

shielding effect was noticed in the quantitative computed tomography (QCT) measurements in the 

femurs fi xed with metallic screws. However, in the SR-PLLA-fi xed femurs neither the cortical nor the 

trabecular bone showed any signifi cant differences in the mineral density values (BMD) compared to 

the intact femur. In the third experiment, transverse transcondylar osteotomies were fi xed in rabbits 

with SR-PLLA and metallic screws. A vigorous osteoconductive response of the tissue to the SR-PLLA 

and metallic implant was found as early as at three weeks postoperatively, though the phenomenon in 

the femurs with the SR-PLLA implant was assessed to be slightly more extensive. Furthermore, in the 

SR-PLLA fi xation the stress shielding effect was avoided in the trabecular region of the bone. In the 

fourth and fi fth studies, SR-PLLA and metallic rods were used to fi x distal femoral diaphysis osteot-

omy in rabbit. Histologically, no signifi cant difference was found in the consolidation between the SR-

PLLA and metallic experimental group and both fi xation materials were suffi ciently stable to establish 

cortical bone healing. However, both experiments gave slight evidence that in the cortical bone and 

especially in the endosteal callus region SR-PLLA fi xation seems to prevent the bone structure from 

atrophy. The biocompatibility of both the SR-PLLA and metallic devices was found to be good in each 

study, with only a mild foreign-body reaction and no accumulations of infl ammatory cells. Further-

more, CT, QCT, and MRI were found to be useful in the evaluation of the union and local structural 

changes of both trabecular and cortical bone. 
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ACL anterior crucial ligament

AO Arbeitsgemeinschaft für Osteosynthesefragen

AP anteroposterior

ASIF Association for the Study of International Fixation

BMD bone mireral density

CT computed tomography

GPa gigapascal

im intramuscular

IU international unit

iv intravenous

MPa megapascal

MRI magnetic resonance imaging

Mw weight-average molecular weight (g/mol)

n number

OTC oxytetracycline

Pa pascal

PDLLA poly-DL-lactic acid or poly-DL-lactide

PGA polyglycolic acid or polyglycolide

PLA polylactic acid or polylactide

PLLA poly-L-lactide

ROI region of interest

sc subcutaneous

SR self-reinforced

Tg glass transition temperature (°C)

Tm melting temperature (°C)

QCT quantitative computed tomography
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Considering the basic elements and dynam-

ics of bone, bioabsorbable materials could be 

regarded as the best alternative for fracture fi x-

ation. Favourable properties such as high initial 

strength, elasticity, non-toxicity, non-allerge-

nicity, non-teratogenicity, non-carcinogenicity, 

non-mutagenicity, and good biocompatibility 

are essential in clinical situations and applica-

tions. Furthermore, often only a temporary pres-

ence of the fi xation device is required and, thus, 

in these indications, bioabsorbable materials 

seems to be an excellent alternative to metallic 

implants excluding the need for a second opera-

tion after fracture consolidation. The well-known 

disadvantage of rigid metallic fi xation is stress 

shielding resulting in osteoporosis (Tonino et al. 

1976, Paavolainen et al. 1978, Claes 1989). This can 

be avoided if more elastic materials, which grad-

ually decrease weight-bearing, are used. 

During the past few decades the chemical 

family of poly-alpha-hydroxyacid derivates has 

been under intensive research. Especially poly-

lactide (PLA) has been considered one of the 

best potential alternatives to be used for device 

material in internal fi xation (Kulkarni et al. 1966, 

Kulkarni et al. 1971, Cutright et al. 1971, Cutright 

and Hunsuck 1972, Getter et al. 1972). Recently 

the biodegradable devices for orthopaedic sur-

gery include pins, rods, screws, plates, and plugs 

which have been increasingly used as an alter-

native method for internal fi xation. The bio-

compatibility of poly-L-lactide (PLLA) materials 

has been well reported and confi rmed in several 

experimental (Vert and Chabot 1981, Vert et al. 

1986, Leenslag 1987ab, Rozema et al. 1990, Mat-

susue et al. 1991 and 1995, Miettinen et al. 1992, 

Vasenius et al. 1993, Pihlajamäki et al. 1994ab, 

Mäkelä et al. 1999, van der Elst et al. 1999, Kal-

lela et al. 1999a, Nordström et al. 2001) and clini-

cal studies (Partio et al. 1992, Bergsma et al. 1993, 

Nakamura et al. 1993, Yamamuro et al. 1994, Pih-

lajamäki et al. 1994cd, Böstman et al. 1995 and 

1998, Juutilainen et al. 1995, Rokkanen et al. 1996, 

Tams et al. 1996, Tuompo et al. 1997, Eppley 2000, 

Edwards et al. 2001). 

Although several studies have reported the 

good fi xation properties and biocompatibil-

ity of the self-reinforced poly-L-lactide devices, 

only little attention has been paid to well-estab-

lished detailed histological, histomorphomet-

rical and non-invasive radiological compari-

sons of absorbable self-reinforced poly-L-lactide 

and metallic fi xation alternatives. The present 

study was carried out to compare the consolida-

tion of an osteotomy, the features of the corti-

cal and cancellous bone, the tissue-response to 

both SR-PLLA and metallic devices at the bone-

implant interface, the nature of bone remodel-

ling, and the secondary trabecular changes in the 

endosteal and external callus after SR-PLLA and 

metallic fi xation. Biomaterial technology offers 

solutions to several problems related to conven-

tional metallic implants in fracture fi xation. This 

prospect could be even more important in the 

future, as bioengineering and biomaterial tech-

nologies develop and non-invasive radiologi-

cal methods open new alternatives for assessing 

both soft tissue and bone during the process of 

fracture healing. These non-invasive methods 

can provide the information necessary to deter-

mine possible augmentation of treatment and to 

guide surgical intervention in the clinical situa-

tion. The great potential benefi ts of the SR-PLLA 

implant, such as the non-ferromagnetic proper-

ties allowing numerous sequential monitoring 

series without metallic artifacts, have not been 

fully appreciated or applied, and therefore fur-

ther investigations are still needed.

I N T R O D U C T I O N
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Chemical structure of polylactide
Polylactic acid (PLA) is a polymer belonging to 

the group of poly-alpha-hydroxy acids. Polylac-

tic has two optically active stereoisomers, poly-

L-lactide (PLLA) and poly-D-lactide (PDLA) with 

similar intrinsic chemical properties, though 

opposite confi gurational structures (Vert et al. 

1981).  The properties of the copolymers vari-

ate depending on the proportions of L and D 

monomers in the polymer chain. Four different 

compounds of the polylactic acid can be found 

depending on the L- and D-confi guration of the 

lactic acid (Vert et al. 1984). PLLA is a highly crys-

talline polymer melting at 174-184°C with a glass 

transition temperature of 57-58°C when the Mw 

is over 100000 (Vert et al. 1981 and 1994, Hollinger 

and Battismore 1986, Törmälä et al. 1998). PLLA 

contains a methyl group which makes it hydro-

phopic, causing slow invasion of water mole-

cules between the the PLLA chains and crystals. 

Poly-D-lactide does not form crystals resulting in 

more rapid degradation of the implant.

Synthesis of polylactide
Polylactide is synthesized by ring opening 

polymerization of the cyclic diester lactide cata-

lysed by inorganic metal salt or with direct con-

densation polymerization of lactic acid. By the 

ring opening method much higher molecular 

weights can be obtained (Hyon et al. 1997). There 

are two basic principles to manufacture poly-

metric implants: melt moulding and the self-

reinforced (SR) technique. Melt moulding is the 

oldest technique where the implant tends to be 

mechanically weak resulting in large implants. 

The melt moulding process is divided into three 

processing methods: compression moulding, 

injection moulding, and extrusion. In the self-

reinforcing technique the polymeric matrix is 

reinforced with the fi bres of the same material 

(Törmälä 1992). This chemical similarity between 

the matrix and the fi bre yeilds unique properties 

to the polymeric composite resulting in good 

strength and stiffness.

Biodegradation of polylactide
The degradation process of high-Mw PLA goes 

through hydrolysis in an aqueous environment, 

which is generally divided into two phases. 

First, the water molecules hydrolyse the chemi-

cal bonds of the polymer cutting the long poly-

mer chains into shorter ones. In this depoly-

merization process the overall molecular weight 

and strength of the polymer are reduced, and 

the polymer becomes fragmented. In the second 

phase the phagocytosis of the fragments is car-

ried out by macrophages resulting in the poly-

mer mass which decreases and fi nally disappears 

(Pietrzak et al. 1997). The degradation process of 

the high-Mw of the polymer occurs initially in 

the amorphous regions and later in the crystal-

line regions of the implant. Therefore, higher 

amounts of crystalline material, compared to 

amorhous composition, slow down the degrada-

tion process (Vert et al. 1992 and Bergsma et al. 

1995a). The implantation of polymetric devices 

leads into a normal infl ammatory response gen-

erally accepted as foreign-body reaction. This 

involves polymorphonuclear leucocytes and, 

later, macrophage accumulation around the 

implant leading to granulation tissue envelop-

ing the implant (Kulkarni et al. 1966, Cutright 

and Hunsuck 1971, Getter et al. 1972). The rate of 

the molecular degradation process depends on 

several contributory factors: molecular weight, 

chemical composition, crystallinity, enantiomet-

ric purity, sterilization, shape and size, site of 

implantation, and biomechanical stresses (Vert 

et al. 1992, Törmälä et al. 1998). First, polylac-

tic acid degrades hydrolytically via de-esterifi -

cation into L-lactic acid. Thereafter L-lactic acid 

is oxidized to pyruvate by catalyzation with the 

R E V I E W  O F  T H E  L I T E R AT U R E
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lactate dehydrogenase enzyme. Then the pyru-

vate is decarboxylated into acetyl coentzyme 

A which is incorporated into citric acid cycle 

and, eventually, to energy, carbon dioxide, and 

water. The end-products, which mainly consist 

of carbon dioxide and water are excreted through 

lungs, and, to some extent, with urine and faeces 

(Kulkarni et al. 1966, Brady et al. 1973, Miller et 

al. 1977).

Biocompatibility of the polylactide.
The biocompatibility of poly-L-lactide (PLLA) 

materials has been confi rmed in many experi-

mental studies, and only mild foreign-body reac-

tions have been reported. All tissue damages, 

e.g. trauma, cause a proliferative and repara-

tive connective tissue response. In several stud-

ies it has been reported that the mild reactions 

caused by PLA are normal biological responses 

(Cutright et al. 1971, Cutright and Hunsuck 1972, 

Vert et al. 1984 and 1992, Hollinger and Battis-

tone 1986, Eitenmuller et al. 1987, Majola et al. 

1991a, Matsusue et al. 1991 and 1995, Suuronen 

1992ab, Päivärinta et al. 1993). In the early phase 

of PLA degradation, histiocytes, fi broplasts, 

phagocytic foam cells, plasma cells, mast cells, 

and lymphocytes are accompanied by capillary 

ingrowth with a close vicinity to the implanted 

material (Cutright et al. 1971). In this phase the 

proliferation of infl ammatory cells is only tem-

porarily leading to progressive decreasing of 

these cells (Bos 1989ab, 1991). As the degrada-

tion progresses, small particles are removed by 

the phagocytic activity and by the lytic activity 

of the giant cells (Bos et al. 1991). Slight infl am-

matory reactions have been reported during 

the fi rst few weeks after implantation (Kulkarni 

et al. 1966, Getter et al. 1972, Bos et al. 1991), 

though also surgical trauma or surgical proce-

dures can stimulate such phenomena. Further-

more, uncomfortable swelling has been found in 

the clinical studies where PLLA bone and plates 

have been used (Rozema et al. 1990). In the litera-

ture only one late foreign-body reaction has been 

reported (Bos et al. 1991). This was around a sub-

cutaneous PLLA plate in a rat followed up for 143 

weeks, though in animals killed up to 104 weeks 

no such reaction was seen.   

Mechanical properties of the polylactide
Since decades, several promising and favour-

able preliminary results of the strength and 

strength retention properties have been reported 

(Rokkanen et al. 2000), though the fi rst prelim-

inary implants were very weak (Kulkarni et al. 

1966). The initial bending strength of the non-

reinforced polylactide implants were reported 

to be 41-145Mpa and the shear strength 53-61Mpa 

(Vert et al. 1984, Gerlach et al. 1987, Leenslag et al. 

1987, Nakamura et al. 1989, Bos et al. 1989b). The 

early results indicated that the mechanical prop-

erties of non-reinforced polylactic acid implants 

were inadequate in the fi xation of weight-bear-

ing bones (Eitenmuller et al. 1987). Since then, 

the progress has been most favourable.

The implants used in the present study were 

manufactured using the self-reinforcing tech-

nique introduced by Rokkanen and Törmälä 

(Törmälä 1992 and 1993). In this method the fi bre 

reconstruction for self-reinforced polylactide 

(SR-PLLA) is produced by the die-drawn method 

at a high temperature and pressure resulting in 

an implant, in which the matrix and the reinforc-

ing fi bres are composed of the same material. By 

this invention the initial mechanical strength 

and toughness increased, and the maintenance 

of the mechanical strength rose up to several 

weeks and months. The initial bending strength 

of these implants has been reported to be 200-

400Mpa (Törmälä 1992). 

Experimental studies of polylactide devices
The fi rst experimental studies using polylac-

tic acid were performed in the early 1960´s. The 

polylactic acid for surgical implants in the fi eld 

of maxillofacial surgery was fi rst introduced by 

Kulkarni and later studied by Cutright and Hun-

suck and by Getter (Kulkarni et al. 1966, Kulkarni 
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et al. 1971, Cutright et al. 1971, Cutright and Hun-

suck 1972, Getter et al. 1972). Unfortunately the 

mechanical properties of these early implants 

tended to be inadequate due to the melt mould-

ing technique resulting in poor strength values, 

and the implants were considered suitable only 

for fi xation of non-weight-bearing fractures 

or osteotomies. Thereafter PLA devices with a 

higher molecular weight were used with favour-

able results. Leenslag et al. used PLLA screws and 

plates for treatment of mandibular fractures in 

dogs and sheep with good results. Bone healing 

was complete and proceeded without callus for-

mation or signs of infl ammation. Fracture heal-

ing was accompanied by a progressive degrada-

tion of the microporous implants of PLLA (Leen-

slag et al. 1987a). Bos studied mandibular fracture 

fi xation in dogs using screws and plates fabri-

cated from a block of poly(L-lactide)(PLLA) with 

a high molecular weight, also with favourable 

results. All osteotomies healed without callus 

and complications (Bos et al. 1989b). These early 

attempts to use polylactic acid in the fracture fi x-

ation yielded encouraging results, though many 

disadvantages were also noticed. The implants 

were weak and bulky resulting in diffi culties 

in the biomechanical demands in fracture fi x-

ation especially in the fi xation of weight-bear-

ing bones. Eitenmuller et al. fi xed experimen-

tally transverse sections of the radius in dogs 

resulting in delayed union with abundant callus 

formation. The copolymer materials showed 

low initial strength, and the stability decreased 

under the same conditions much earlier com-

pared to polylactide. Good tissue compatibility 

was found (Eitenmuller et al. 1987). Matsusue et 

al. studied the fi xation properties of the PLLA 

screw in the proximal radius in 25 rabbits result-

ing in abundant bone formation in the osteot-

omy region in the PLLA group. In their study a 

proximal tibial osteotomy was fi xed with a bio-

degradable screw made of PLLA or with stainless 

steel screws. The healing of the osteotomies was 

detected in four to eight weeks. Histologically, 

no infl ammatory lesion was detected in either 

group. (Matsusue et al. 1991). Bergsma et al. stud-

ied the biocompatibility of predegraded polym-

erized poly(L-lactide) (PLLA) in rats. A cage 

implant system was used to investigate the white 

cell and enzyme concentrations with time. First, 

a mild foreign-body reaction was found charac-

terized by an acute infl ammatory reaction with 

neutrophils. Later a more chronic infl ammatory 

reaction with predominantly macrophages and 

lymphocytes was seen (Bergsma et al. 1995ab). 

Axelson compared the self-reinforced biodegrad-

able devices made of polyglycolide and metallic 

devices in the cancellous bone and physeal frac-

tures in 64 dogs and 22 cats. He concluded that 

the fi xation with self-reinforced biodegradable 

devices is as suitable for fi xation of cancellous 

bone and physeal fractures of dogs and cats, as is 

the fi xation with metallic devices or external fi x-

ation (Axelson 1989). 

The next step was taken when self-reiforced 

(SR) polylactide implants were invented, man-

ufactured with the self-reinforcing technique 

(Törmälä 1992 and 1993). Majola et al. studied 

the absorption, biocompatibility, and fi xation 

properties of polylactic acid implants in cancel-

lous bone in 56 rats. They found no evidence of 

infl ammation or foreign-body reaction in the 

bone tissue with suffi cient mechanical proper-

ties in small bone with good biocompatibility. 

(Majola et al. 1991a). In another study Majola et al. 

used rods made of poly-L-lactic acid (SR-PLLA) 

and of poly-DL-lactic + poly-L-lactic acid (SR-

PDLLA/PLLA) composite in the bone and sub-

cutaneous tissue of rabbits. After intramedullary 

and subcutaneus implantation of 12 weeks they 

reported the bending strength of the SR-PLLA 

implant to be 100Mpa. At 36 weeks the bend-

ing had decreased to the level of the strength of 

cancellous bone, 10-20Mpa. The poly-DL-lactic 

+ poly-L-lactic acid (SR-PDLLA/PLLA) compos-

ite rods lost their bending and shear strength 

faster than the SR-PLLA implants (Majola et al. 

1991b). Majola also used self-reinforced poly-L-



16 Review of the literature

lactic acid (SR-PLLA) screws in the fi xation of 

cancellous bone osteotomies of the distal femur 

of rabbits with excellent results. In the PLLA-

fi xed femurs 34/36 healed without delay or 

angular deformity (Majola 1991c). Furthermore, 

Majola et al. reported the mechanical properties 

of the poly-L-lactic acid (SR-PLLA) intramedul-

lary rods to be suffi cient for cortical bone fi xa-

tion of osteotomies in rabbits. In the PLLA-fi xed 

femurs 37 out of 40 osteotomies were healed, and 

the biocompatibility was reported good (Majola 

et al. 1992). Miettinen et al. examined the possi-

ble usefulness of an intramedullary SR-PGA rod 

in the fi xation of femoral shaft osteotomy in 

the growing dog. Osteotomy of the right femur 

was made in 14 beagle dogs at 12 weeks of age. 

The osteotomy was fi xed with an intramedul-

lary 45 x 60 mm SR-PGA rod. Intramedullary SR-

PGA rods were reported to have suffi cient stabil-

ity for healing a femoral shaft osteotomy in the 

growing dog causing no signifi cant growth dis-

turbance (Miettinen et al. 1992b). Suuronen et 

al. reported successful use of SR-PLLA screws 

in the fi xation of mandibular body osteotomies 

in sheep. They compared SR-PLLA screws and 

plates with similar metallic implants and found 

no signifi cant difference in the consolidation. 

By both methods, bony union with callus for-

mation was accomplished by six weeks in all but 

one osteotomy in the metallic fi xation group. It 

was concluded that SR-PLLA multi-layer plates 

and screws can be used successfully together in 

the fi xation of mandibular osteotomies with-

out maxillomandibular fi xation (Suuronen et 

al. 1992a,b and 1997). Manninen et al. compared 

poly-L-lactide and metallic screws in the fi xation 

of olecranon osteotomies in sheep. In their study 

a left olecranon osteotomy in ten sheep was fi xed 

with polylactide screws and in additional ten 

sheep with metallic AO cortical screws. Eight 

polylactide fi xations healed and two failed. All 

metal fi xations united; one of them had a frac-

ture of the proximal fragment resulting in mal-

position. After six weeks the mean compara-

tive strength was 74 % in the polylactide group 

and 83 % in the metallic control group. After 12 

weeks the corresponding values were 112 and 47 

% (p less than 0.05) (Manninen et al. 1992). Man-

ninen et al. also studied femoral cortical bone 

osteotomies in 42 rabbits fi xed with self-rein-

forced (SR) poly-L-lactide (PLLA) rods. None of 

the rods broke during the 48-week observation 

period. There was one non-union at three weeks 

and one non-union at 12 weeks. The shear force at 

breaking increased during the follow-up time to 

450 N, while the mean shear force of the intact, 

left-side control femurs was 440 N. The rods were 

also tested mechanically. About 25 % of the initial 

136 MPa shear strength of the rods was left after 

24 weeks. It was concluded that the mechani-

cal weakening of fi xed bone could be avoided by 

using absorbable polylactide screws instead of 

metallic screws. (Manninen et al. 1993). 

Räihä et al. studied the fi xation properties of 

the SR-PDLLA/PLLA screws in the experimen-

tal trochanteric osteotomies in dogs and, fur-

ther, the properties of the SR-PLLA intramed-

ullary rods in the fi xation of femoral midshaft 

osteotomies in cats. Non-union in one dog was 

attributed to diastasis between the fragments. 

The strength and strength retention of the screw 

were considered adequate, though poor torsional 

strength was also reported (Räihä et al. 1992a). In 

the case of the midshaft osteotomies in cats all 

the osteotomies healed with fair callus formation 

and slight or moderate deviations or rotations 

(Räihä et al. 1992ab). Laitinen et al. used an SR-

PLLA augmentation device to reinforce a fascia 

lata graft in an anterior cruciate ligament repair 

in sheep. In 16 sheep the cut ACL was removed 

and reconstructed with the fascia augmented 

with a braided PLLA implant. In another 16 sheep 

the ACL was cut from its midportion, sutured, 

and then augmented with the PLLA implant. In 

the case of SR-PLLA fi xation the increase in the 

maximum load was evident. During the fi rst 12 

weeks the axial rigidity was poor, especially in 

the high-stress region corresponding to the ten-
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sile load close to the maximum load. Thereaf-

ter the axial rigidity increased, being 48 % of the 

control in the fascia lata PLLA group and 29 % 

in the primary suture PLLA group at 48 weeks. 

In the low-stress region between 10 N and 100 

N the increase in the axial rigidity in the fascia 

lata PLLA group was apparent (P < 0.05) through-

out the follow-up, with values of 72 % of the con-

trol in the fascia lata PLLA and 47 % in the pri-

mary suture PLLA group at 48 weeks (Laitinen 

et al. 1993).

Jukkala-Partio et al. fi xed seven subcapi-

tal femoral osteotomies of adult sheep with two 

absorbable self-reinforced poly-L-lactide lag-

screws and seven other osteotomies with two 

metallic cancellous bone screws. Bony union 

was achieved radiographically in six out of seven 

osteotomies in both groups. After three weeks 

two fi xation failures were encountered: one in 

both the SR-PLLA and the metallic group. No 

statistical differences were found between the 

groups with respect to callus formation, dis-

placement or load-carrying capacity. It was con-

cluded that self-reinforced poly-L-lactide screws 

are strong enough to support more demand-

ing fi xations of weight-bearing bones (Jukkala-

Partio et al. 1997). Koskikare et al. fi xed osteoto-

mies of the distal femur with intraosseous self-

reinforced poly-L-lactic acid (SR-PLLA) plates in 

29 rabbits. They found two fi xation failures in 12 

weeks and one fi brotic non-union, though radio-

graphically no redisplacements could be seen. 

At 24 weeks full bone consolidation was seen in 

all except one osteotomy. The biocompatibility 

was reported good (Koskikare et al. 1996). Koski-

kare et al. continued their research by comparing 

the fi xation of osteotomies of the distal rabbit 

femur fi xed intraosseally with two SR-PLLA 

plates and with identical plates fi xed on both 

sides of the bone. They found greater trabecular 

bone percentage values in both groups and, after 

each follow-up time, on the operated sides. The 

amount of bone was greatest near the plates and 

particularly strong between the plates in intraos-

seal plating (Koskikare et al 1997). Peltoniemi 

et al. studied the tissue reactions to a 0.5-mm-

thick self-reinforced poly-L-lactide (SR-PLLA) 

plate used in the fi xation with an SR-PLLA mini-

screw in six young sheep. They found no signs of 

adverse tissue reaction such as clinically mani-

fest foreign-body reaction or histologically man-

ifest osteolysis. They concluded that a resorb-

able SR-PLLA plate with miniscrew fi xation pro-

vides a possibility for intraosseous plating in less 

loaded craniofacial areas, especially in areas with 

a very thin soft-tissue coverage (Peltoniemi et al. 

1998a). Peltoniemi et al. also studied the consol-

idation of the craniotomy lines after resorbable 

polylactide and titanium plating in nine sheep. 

They used traditional narrow titanium mini-

plates and compared them to a 0.5-mm-thick and 

12-mm-wide absorbable punched self-reinforced 

poly-L-lactide (SR-PLLA) plates, which both were 

fi xed with titanium miniscrews over the crani-

otomies. It was found that the osseous bridg-

ing proceeded signifi cantly faster on the resorb-

able plate side compared to the titanium side (p < 

0.001). The osteoid surface fraction over the total 

trabecular surface was found to be highest at six 

weeks, being 63 % on the SR-PLLA side and only 

36 % on the titanium side. After 52 weeks, there 

was no osteoid left as a sign of terminated ossi-

fi cation, even on the non-consolidated titanium 

sides. Microscopic cracking of the plate was evi-

dent at 12-20 weeks, and the fi rst signs of active 

resorption were present at 52 weeks. After two 

years, the plate had disappeared, and tiny poly-

lactide particles were being actively reabsorbed 

(Peltoniemi et al. 1998b). 

In a long-term study Jukkala-Partio et al. 

studied the degradation and strength retention 

of self-reinforced poly-L-lactide (SR-PLLA) lag-

screws and the bone tissue response in 27 sheep. 

Self-reinforced poly-L-lactide (SR-PLLA) lag-

screws of 6.3 mm were implanted in the prox-

imal femur. At fi ve years no SR-PLLA material 

could be seen. The implant area was surrounded 

by high density bone with bone ingrowth in the 
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screw area. At 36 weeks the bending strength 

of the 6.3 mm screws had decreased from 257.9 

MPa to 36.4 MPa and the shear strength from 

131.8 MPa to 19.8 MPa. The pull-out strength of 

the lag-screws of 6.3 mm in diameter decreased 

from 1507 N to 331 N in 24 weeks (Jukkala-Partio 

et al. 2001). 

Clinical studies of polylactide devices
The fi rst clinical studies using polylactic acid 

implants were reported in the fi eld of maxil-

lofacial surgery. Bos et al. reported fi xation of 

an unstable zygomatic fracture in ten patients 

with non-reinforced high weight poly-L-lactid 

acid plates and screws and found good stability 

and undisturbed initial fracture healing. How-

ever, three years after implantation unfavour-

able swelling was detected at the site of implan-

tation (Bos et al. 1987). Eitenmuller et al. used 

high molecular weight injection moulded poly-

lactide plates and screws in the fi xation of ankle 

fractures. They found uneventful bone healing 

with no secondary dislocation of the fragments, 

though moderate swelling of the soft tissue at 

the distal end of the plate was detected. This phe-

nomenon was related to the size of the implant 

(Eitenmuller et al. 1996). 

Pihlajamäki et al. studied SR-PLLA rods in the 

fi xation of small-fragment fractures and osteot-

omies in 27 patient and found good stability 

with no redisplacements or signs of infl amma-

tory foreign-body reaction. The most common 

indications were chevron osteotomy of the fi rst 

metatarsal bone for hallux valgus and displaced 

fracture of the radial head. The follow-up times 

ranged from eight to 37 months. (Pihlajamäki et 

al. 1992). 

Tuompo et al. used SR-PLLA rods in the fi x-

ation of osteochondritis dissecans fragments 

in the knee joint resulting in favourable results 

(Tuompo et al. 1997). Juutilainen et al. and Vih-

tonen et al. used SR-PLLA tacks in the fi xation 

of the ruptured ulnar collateral ligament of the 

metacarpophalangeal joint. Vihtonen et al. doc-

umented 70 patients with a total avulsion or rup-

ture of the ulnar collateral ligament of the fi rst 

metacarpophalangeal joint. They were operated 

using an absorbable self-reinforced poly-L-lac-

tide mini-tack placed through the ligament and 

a channel in the base of the proximal phalanx. 

The subjective result was good or satisfactory in 

66 of the cases. One case needed further surgery 

for pain in the scar and another developed a local 

infection nine months postoperatively (Vihtonen 

et al. 1993). Juutilainen et al. used an absorbable 

SR-reinforced poly-L-lactide minitacks to stabi-

lize the ruptured ulnar collateral ligament of the 

metacarpophalangeal joint of the thumb. One 

hundred and forty patients were operated on. 

Normal movement was regained in 118 out of 140 

patients (84.3 %) and stability in 138 patients (98.6 

%). Five re-operations (3.6 %) were needed: one 

because of scar pain, one because of local infec-

tion nine months postoperatively, one because 

of instability, and two because of late loosening 

of the tack six and nine months postoperatively. 

(Juutilainen et al. 1996). 

Bucholz et al. compared SR-PLLA and stain-

less-steel screws in the fi xation of a medial mal-

leolar fracture in cases where the patient had a 

closed, displaced medial malleolar, bimalleolar or 

trimalleolar fracture of the ankle. In their study, 

all the lateral malleolar fractures were stabilized 

with standard metallic implants. Excellent radio-

graphic and functional results were found with 

no statistical difference, no statistical difference 

in the postoperative complications or in the late 

development of sinus was seen in any of their 

patients treated with an SR-PLLA implant. They 

also reported late tenderness over the medial mal-

leolar implant lower in the patients in whom the 

fracture had been stabilized with SR-PLLA screws 

(Bucholz et al. 1994). 

Velkoski et al. compared the treatment of 

bimalleolar fractures between metallic and SR-

PLLA implants fi nding no signifi cant difference 

in the fi nal result of the groups. In their study 

a total of 69 patients with displaced bimalleo-
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lar fractures were treated by open reduction and 

internal fi xation (Velkoski 1995). 

Böstman et al. studied 51 patients with a dis-

placed fracture of the ankle treated by open 

reduction and internal fi xation with SR-PLLA 

screws followed up at least three years. They 

reported good reduction of the fi xed fragments 

with a mild transient subcutaneous foreign-

body reaction in one patient detected 22 months 

after fi xation. They also found that despite radio-

graphic evidence of an advancing degradation of 

the implants, biopsy specimens taken 45 months 

after the original operation still showed consis-

tent areas of polylactide in the tissues. They con-

cluded that the incidence of foreign-body reac-

tion to SR-PLLA screws in the region of the ankle 

is low and the duration of the degradation pro-

cess of the polymer long (Böstman et al. 1995). 

Pelto-Vasenius et al. evaluated retrospectively 

the clinical and mechanical reliability of SR-PLLA 

implants in the treatment of redisplacement in 

the ankle after osteosynthesis. SR-PLLA pins, 

screws, and nails were used, and no cases were 

found with abnormal blood tests, infection or 

foreign-body reaction (Pelto-Vasenius 1998). 

Pihlajamäki et al. studied prospectively dis-

placed medial malleolus fractures treated by open 

reduction and internal fi xation with an SR-PLLA 

expansion plug. They reported excellent consol-

idation of the fractures with no signs of infl am-

matory foreign-body reaction (Pihlajamäki et al. 

1994c). In another prospective study 33 patients 

with recurrent anterior dislocation of the shoul-

der were treated by a modifi ed Bristow-Latarjet 

operation using an SR-PLLA expansion plug to fi x 

the transferred coracoid bone block. Good results 

were reported with no signs of infl ammatory for-

eign-body reaction. The shape of the implant was 

not affected by degradation during the fi rst 18 

months (Pihlajamäki et al. 1994d).

In the fi eld of paediatric orthopaedics, Partio 

et al. studied prospectively patients with a spas-

tic neuromuscular disease and a severe hind foot 

valgus deformity treated by subtalar arthrodesis. 

In this comparative study arthrodesis was per-

formed in both feet at the same time and fi xed on 

one side with an SR-PLLA screw and on the other 

side with a metallic screw. Radiographic union 

was reported in each case with an improved 

function in all feet. It was also found that the 

radiograph showed a better solid fusion in fi ve 

feet treated with PLLA screws, a similar fusion 

on both sides in one patient, and one slower 

fusion in both sides in one patient, and a slower 

fusion on the side treated initially with a PLLA 

screw (Partio et al. 1992). 

Nakamura et al. used SR-PLLA screws in the 

fi xation of rotational acetabular osteotomy fi x-

ation in dysplastic hips. Union was reported in 

all cases within four months without displace-

ment of the osteotomy; neither was foreign-

body infl ammatory reaction or any local reaction 

detected (Nakamura et al. 1993). 

Juutilainen and Pätiälä used SR-PLLA rods 

and screws in the fi xation of arthrodesis in the 

hand, in the talocrural joint, and in the subta-

lar-calcaneocuboid-talonavicular joint. SR-PLLA 

rods and screws were used to stabilize arthrode-

sis in rheumatoid arthritis. They found the result 

satisfactory (Juutilainen and Pätiälä 1995). 

Kallela et al. reported mild osteolytic changes 

when 47 patients were treated with self-rein-

forced poly-L-lactide acid (SR-PLLA) screws to 

fi x mandibular bilateral sagittal split osteot-

omy. Clinical recovery and radiological osteot-

omy healing during the follow-up were unevent-

ful. The majority of the screw canals remained as 

radiolucent shadows without bony fi lling (Kallela 

et al. 1999b). 

Martinek et al. reported the persistence of a 

poly-L-lactic acid (PLLA) interference screw two 

and a half years after anterior cruciate ligament 

(ACL) reconstruction. They discovered that bio-

degradation of PLLA material in the knee joint 

causes no irritation and can take several years, 

even if the material is in contact with the syno-

vial fl uid (Martinec et al. 2001). 

Kotani et al. compared interference screws 
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made of poly-L-lactic acid in 46 knees to tita-

nium screws employed in 45 knees for recon-

structing the anterior cruciate ligament using 

bone-patellar tendon-bone. Neither group dis-

closed apparent side-effects such as synovitis 

or abnormal biochemical fi ndings in the blood. 

There were no signifi cant differences in the 

postoperative outcome between the two groups 

(Kotanik et al. 2001). 

Experimental studies and stress protection 
in the rigid and semi-rigid fi xation
Bone is sensitive to mechanical infl uences, espe-

cially in the presence of an orthopaedic device. 

This phenomenon, fi rst named as the Wolff ’s Law, 

describes the relationship between the structure 

and function of bone (Wolf 1892), and even basic 

exercise has been found to increase the impact 

strength of the bone (Reilly et al. 1997).

 The presence of an orthopaedic device will 

impose constraints on the mechanical environ-

ment that may infl uence subsequent remodel-

ling and repair (O`Doherty et al. 1995). Although, 

the internal fi xation of diaphyseal fractures 

with plates and nails is a well recognized treat-

ment, the normal physiological stress of bone 

is reduced when a rigid metallic device is used 

causing a negative balance of bone-remodelling 

processes (Tonino et al. 1976, Cook et al. 1982, 

Claes 1989). Several investigators have shown 

that the degree of stress protection is depen-

dent on the rigidity of the implant used (Brown 

et al. 1978, Claes 1989). The stiffer stainless steel 

devices led to a signifi cantly higher stress protec-

tion atrophy and a correspondingly greater loss 

of mechanical properties. The bending modulus 

of metallic implants has been found to be 100-200 

MPa which is even ten times higher than the cor-

responding value of the bone resulting in stress 

protection atrophy, (Table 1.) (Tonino et al. 1976, 

Uthoff and Dubuc 1971, Slätis et al. 1978, Uthoff 

and Finnegan 1983, Currey 1984, Claes 1989). 

To avoid stress proctection consequences 

semi-rigid fi xation methods were invented. 

Tonino et al. studied the infl uence of the elas-

ticity of the materials used for internal splintage 

of bone and its relationship to bone remodelling 

using  stainless steel and plastic plates applied 

to the femora of dogs. They found a signifi cant 

decrease in the bone mineral mass and in the 

mechanical properties especially in the region of 

endosteal bone when metallic fi xation was used 

(Tonino et al. 1976). 

Cook et al. studied bone remodellation and 

strain distribution in the femur after implanting 

fl exible intramedullary nails with different stiff-

ness using LTI pyrolytic carbon, bioglass-coated 

Co-Cr-Mo alloy, and carbon-coated porous Co-

Cr-Mo alloy intramedullary plugs. Radiograph-

ically, differences were observed in the bone 

remodelling around the carbon implant com-

pared to either of the Co-Cr-Mo-based implants. 

Both internal and external bone remodelling 

occurs when an intramedullary implant is pres-

ent. It was concluded that the intramedullary 

steams signifi cantly alter the strain pattern in 

the femur (Cook et al. 1982).

Brown et al. compared metallic intramedul-

lary rods and plastic rods in the fi xation of rab-

bits tibiae osteotomies. Osteotomies of the rabbit 

 SR-PLLA Metallic Cortical  Cancellous 
   bone bone

Bending strength (MPa) 250 400 150 -

Shear strength (MPa) 150 - 60-90 5-14

Bending modulus (GPa) 10-15 100-200 5-20 1-5

Table 1.

Initial strength values and the bending modulus for the implants of self-reinforced  poly-L-lactide acid 

(SR-PLLA) and stainless steel used in the present study. Initial values for both cancellous and cortical bone are also indicated.
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tibiae were internally stabilized with intramed-

ullary rods of stainless steel (316LVM), titanium 

(6A1,4V), polyacetal (Delrin), and polyamide 

(Nylon 101). Periodic radiographs were taken until 

sacrifi ce at 16 weeks after fracture. Structural 

properties of the tibiae were determined in tor-

sion with the rods in situ, whereafter the tissue 

was prepared for histology or microradiography. 

Cortical bone resorption was found after consol-

idation in the fracture region, which was sugges-

tive of a transfer of the mechanical stress to the 

rods, resulting in stress shielding of the diaph-

ysis. In contrast, negligible osseous response to 

the polymeric implant was observed, with exten-

sive osteotomy callus remodelling and stronger 

torsional strength of bone (Brown et al. 1978). 

Tonino et al. (1986) reported the infl uence of the 

elasticity of materials used for internal splint-

age of bone and its relationship to bone remodel-

ling when stainless steel and plastic plates where 

used in the femora of dogs. They found a sig-

nifi cant decrease in the bone mineral mass per 

one centimetre of bone and in the mechanical 

properties of the material in the fi xation of the 

femora with stainless steel plates. Microradiog-

raphy showed that this was due to massive end-

osteal resorption. Church et al. (1990) used fl ex-

ible polysulfone intramedullary rods in the fi xa-

tion of clinical femur fractures in dogs resulting 

in several rod failures.

 First semi-rigid fi xation seemed to be in the 

right pathway towards a more favourable fi xa-

tion alternative compared to rigid metallic fi x-

ation. However, the ideal fi xation material does 

not only require initial stiffness and gradually 

loosening strength capability but also a capa-

bility of biodegradation. For such a goal the 

research is carried on.

Quantitative computed tomography 
(QCT) to quantify in the cancellous and 
cortical bone mineral non-invasively 
Over the past decades there has been remarkable 

progress in the development and application of 

non-invasive radiological methods for assessing 

the skeletal bone mass and status. It is possible 

to evaluate the peripheral or axial entire skele-

ton as well as the trabecular bone or cortical bone 

with a high degree of accuracy and precision. 

Recently, several methods for measurement of 

bone density have been developed and, further-

more, these methods for the assessment of bone 

mineral density have markedly progressed. 

A variety of techniques exists: microdensi-

tometry (MD) or radiographic absorptiometry 

(RA), single X-ray absorptiometry (SXA), dual 

X-ray absorptiometry (DXA), quantitative CT 

(QCT), peripheral QCT, and quantitative ultra-

sonometry (QUS). Of these methods the cross 

sectional imaging method QCT yields signifi cant 

advantages for application, since it is accurate 

allowing three-dimensional localization of tissue 

and true isolation of the trabecular and cortical 

bone compartment. By quantitative computed 

tomography (QCT) the true volumetric bone den-

sity of trabecular and cortical bone can be deter-

mined separately and at any skeletal site (Cann 

1988, Njeh et al. 1999). 

Markel and Chao studied non-invasive moni-

toring techniques for quantitative description of 

the callus mineral content and mechanical prop-

erties. They found that computed tomography 

of ultrasonic energy, QCT, SPA, and DEXA each 

appeared to have great potential for future use in 

the evaluation of fracture healing (Markel 1990, 

1991, Markel and Chao 1993). Markel et al. used 

quantitative computed tomography (QCT), mag-

netic resonance imaging (MRI), single-photon 

absorptiometry (SPA), and dual-energy x-ray 

absorptiometry (DEXA) in the evaluation of bone 

healing when bilateral tibial osteotomies were 

performed in dogs. They found QCT to have the 

strongest correlations with local material prop-

erties, such as stiffness and calcium content. In 

their study SPA had the second strongest correla-

tions for calcium content and the third strongest 

correlations for stiffness behind DEXA. Further, 

DEXA had the third strongest correlations for 
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calcium content. However, MRI seemed to have 

the poorest local parameters studied. (Markel et 

al. 1990). In the literature the relationship of the 

trabecular and cortical bone mineral density to 

osteoporosis and osteoporotic fracture risk has 

also been well established (Genant et al. 2000).

Although many studies have reported QCT 

to be widely accepted as a superior method for 

bone quality assessment, only few articles have 

been published in the fi eld of absorbable fi xa-

tion devices. Juutilainen et al. measured the bone 

mineral density after operative ankle fracture 

treatment with absorbable self-reinforced polyg-

lycolic acid (SR-PGA) screws in 14 patients or with 

absorbable self-reinforced polylactic acid (SR-

PLLA) screws in eight patients and compared the 

results with metallic fi xation in 17 patients. The 

overall results were radiologically good in every 

group. A statistically signifi cant difference in 

the bone mineral density (BMD) was found only 

in the distal tibial metaphysis between SR-PGA 

screw and metallic fi xation. The BMD increased 

in the distal tibia after SR-PGA screw fi xation by 

an average of 18.3 %. The average change of BMD 

in the distal tibia after SR-PLLA screw fi xation 

decreased by 6.4 %, while after metallic fi xation 

the average change of MBD decreased by 18.6 %. 

Metallic implants were found to have negative 

effects on the bone mineral density (Juutilainen 

et al. 1997).

Magnetic resonance imaging (MRI) 
in the detection of polylactide in the 
cancellous and cortical bone. 
Magnetic resonance imaging (MRI) of the post-

operative situations for detecting various path-

ological conditions has been well established. 

Besides conventional radiography and computed 

tomography, MRI provides superior soft-tissue 

contrast compared to other imaging modali-

ties and it can be used for visualization of struc-

tures and pathological entities that cannot be 

depicted by conventional radiography and com-

puted tomography. These entities include bone 

marrow changes such as bone marrow oedema 

and avascular necrosis as well as infi ltration of 

bone marrow by tumour recurrence or infections 

after insertion of osteosynthetic material.

Especially during the past decade, the mag-

netic resonance imaging (MRI) has been consid-

ered a potential non-invasive method to evaluate 

fracture healing when non-ferromagnetic bioab-

sorbable implants are used. However, so far very 

few experimental, though several clinical studies 

have been published.  

Balch et al. analysed the loss of physical prop-

erties in the implant and the correlation between 

the magnetic resonance imaging (MRI) fi ndings 

and the gross and histological observations at 

various time intervals after intraosseous implan-

tation in dogs. Drill holes were made in the tibias, 

and the implant was placed in the drill hole. It 

was discovered that the MRI showed oedema 

adjacent to the implant sites and there was no 

infl ammation or cyst formation. MRI identifi ed 

and differentiated the image well of the intact 

and degrading implant (Balch et al. 1999).

Voche et al. report results on the use of bio-

absorbable pins and intramedullary rods made 

of high- molecular weight polylactic acid in both 

experimental and clinical studies. In the experi-

mental study, bioabsorbable rods were implanted 

in the rabbit femora. They found MRI to be a 

useful tool in the postoperative evaluation of the 

position and shape of the rod, but the sensitivity 

to assess the presence of local infl ammation and 

the rate of resorption were not suffi cient (Voche 

et al. 1995).

Cordewener et al. reported long-term 

results in a clinical trial on six patients treated 

with PLLA implants for orbital fl oor fractures. 

For evaluation of the orbital tissues, coronal 

spin echo T1- and T2-weighted magnetic reso-

nance images were made through both orbits. 

The MRI showed no indication of an abnormal 

or increased soft tissue reaction in the orbital 

region (Cordewener et al. 1996).

Pihlajamäki et al. studied the feasibility of 
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magnetic resonance (MR) imaging in 15 patients 

after a Bristow-Latarjet procedure osteosynthe-

sis with polylevolactide (PLLA) plugs. The gross 

geometry of the biomaterial plug remained unal-

tered on the MR images. The bone marrow signal 

reached the implant surfaces in all cases, and no 

signs of a liquid phase around the implant could 

be discerned. The implants themselves were vis-

ible as homogeneous low signal intensity (SI) 

black linear structures when compared to the 

surrounding bone. They found that MR imaging 

can visualize the tissue interaction between the 

biodegradable material and the PLLA implant 

within bone without artefacts (Pihlajamäki et al. 

1997a). In another study Pihlajamäki et al. stud-

ied ten patients with displaced malleolar frac-

tures treated by internal fi xation using absorb-

able PLLA plugs. They found unchanged geom-

etry of the implant in all cases without signs of a 

fatigue failure, absorption or any fl uid accumu-

lation around the plug (Pihlajamäki et al. 1997b). 

Warren et al. studied bioabsorbable poly(L-

lactic acid) (PLA) screws with serial magnetic 

resonance imaging (MRI) scans used for autog-

enous patellar tendon anterior cruciate liga-

ment (ACL) reconstruction for two years. All 

but one of the screws (19 out of 20) were visible 

in all serial scans showing minimal decrease in 

size over time. They also found one screw failure 

that had completely disappeared eight months 

after reconstruction and actually cracked during 

insertion. No evidence of clinical instability, per-

sistent effusions or detectable adverse reactions 

to the screws was detected. Two patiens devel-

oped an abnormal signal in the tibial tunnel: 

one developed fl uid anterior to the graft and 

the other an increased signal within the graft. 

The abnormal signal resolved with time in both 

patients. Fat-saturated fast spin echo sequences 

showed a variable amount of increased signal 

around the tunnels, suggesting oedema or fi bro-

vascular marrow changes (Warren et al. 1999). 

Lohman et al. examined displaced malleolar 

fractures treated operatively with biodegradable 

SR-PLLA screws with MR scans for two years. 

Six patients with displaced malleolar fractures 

were treated operatively with biodegradable SR-

PLLA screws and they underwent MR examina-

tions at 1.5 T. The biodegradable osteosynthetic 

screws were clearly seen on all MR images. Of the 

12 screws, six were broken at the fi nal examina-

tion, fi ve syndesmotic transfi xation screws and 

one screw through the growth cartilage. MRI was 

found to be sensitive to detect a possible break-

ing of a biodegradable osteosynthesis device 

(Lohman et al. 1999). 

Tuompo et al. compared the polylactide 

screw and expansion bolt in bioabsorbable fi x-

ation to the patellar tendon bone graft for ante-

rior cruciate ligament rupture of the knee. In 

ten patients the fi xation was made with an SR-

PLLA screw with a diameter of 6.3 mm, in 12 

with an SR-PLLA expansion plug with a diam-

eter of 6.0 mm, and in two cases both implants 

were used. The follow-up time averaged 3.2 years. 

Magnetic resonance imaging was performed in 

seven cases, in two cases an oedema was found 

in the tendon of the anterior cruciate ligament 

graft, and in six cases the implants were visible 

(Tuompo et al. 1999).



A I M S  O F  T H E  P R E S E N T  S T U DY.

The aims of the present study were to fi nd answers to the following questions.

I.  Are the fi xation properties of SR-PLLA implants suffi cient and comparable to those of the con-

ventional AO/ASIF metallic implants? Is there any signifi cant difference in the healing of an 

osteotomy after fi xation with an SR-PLLA pin or a Kirschner wire?

II.  Is it possible to investigate non-invasively, using plain radiographs and quantitative CT (QCT), 

the features of the cortical and cancellous bone after SR-PLLA and metallic screw fi xation? If so, 

does there exist a difference between the SR-PLLA and metallic-fi xed groups in the bone min-

eral density in the cancellous bone? Is magnetic resonance (MR) imaging capable of visualiz-

ing poly(L-lactide) implants, the degradation process of implants, and the foreign-body reaction 

within the bone?

III.  What is the tissue-response to both SR-PLLA and AO/ASIF metallic screws at the cancellous 

bone-implant interface during the consolidation of the osteotomy? Are there differences in the 

fi xation propreties of the SR-PLLA and metallic screws?

IV.  Is it possible to evaluate the cortical bone and surrounding tissue changes at different levels 

of the osteotomy region after SR-PLLA and metallic intramedullary rod fi xation by using plain 

radiographs, quantitative CT (QCT), and (MR) imaging? Is there a difference between the SR-

PLLA and metallic fi xed groups in the bone mineral density in the cortical bone? What are the 

(MR) imaging characteristics of these intramedullary polylevolactide (SR-PLLA) rods?

V.  Are there any differences in the nature of cortical bone remodelling and in the secondary trabec-

ular changes in the endosteal and external callus after SR-PLLA and metallic intramedullary rod 

fi xation?
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Experimental animals
Mature rats and rabbits with closed growth 

plates were used. All animals and procedures 

were approved by the relevant committees of 

experimental animal use. The study I comprised 

experimental rats and the studies II,III, IV, and V 

experimental rabbits, all in good health and with 

neither congenital nor acquired physical abnor-

malities (Table 2).

Fixation devices
The implants studied were commercially avail-

able polylactide (Bioscience, Tampere, Finland) 

and AO/ASIF metallic implants. The absorbable 

polylactide implants were manufactured from 

poly-L-lactide with an initial raw material vis-

cosity and with an average molecular weight 

of 664 000 (Purac biochem bv, Gorinchent, The 

Netherlands) into self-reinforced (SR) fi bres-in-

matrix of the same polymer composite texture. 

In the study I the SR-PLLA pin measured 2 mm 

in diameter and 20-25 mm in length. In the stud-

ies II and III the SR-PLLA screws measured 3.2 

mm in core diameter, 4.5 mm in thread diame-

ter, 1.8 mm in thread pitch, and 30 mm in length. 

The AO/ASIF cortex screws in the studies II and 

III were made of stainless steel. The diameter of 

the core measured 3.0 mm; the thread diameter, 

M AT E R I A L S  A N D  M E T H O D S

Table 2.
Experimental scheme used in the present study.

84

40

70

53

36
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4.5 mm; thread pitch 1.75 mm; and the length of 

the screw 25 mm. In the studies IV and V the SR-

PLLA rods were 4.5 mm in diameter and 50 mm 

in length. The metallic AO/ASIF rods in the stud-

ies IV and V were 4.5 mm in diameter and 30-50 

mm in length. The SR-PLLA pins, screws, and 

rods (I, II, III, IV, and V) were gammasterilized 

with a dosage of 2.8-3.1 Mrad. The stainless steel 

screws, rods, and Kirschner wires were sterilized 

in autoclave.

 

Anaesthesia techniques
Preoperatively, the animals received 50,000IU/kg 

of procain penicillin (Procapen®, Orion, Espoo, 

Finland) as an infection prophylaxis. The ani-

mals were anaesthetized with s.c. ketamine 

(Ketalar®, Parke-Davis, Barcelona, Spain) from 30 

to 40 mg/kg, and s.c. medetomidine (Domitor®, 

Lääkefarmos, Turku, Finland) from 0.2 to 0.3 mg/

kg) (Mero et al. 1989). 

 

 Operation methods
 The right knee was shaved and scrubbed with 

chlorhexidine gluconate (Klorheksidine®, Lääke-

farmos, Turku, Finland). A medial parapatellar 

incision was made, and the patella was dislocated 

laterally. The muscles of the femur were bluntly 

dissected, and the distal third of the femur was 

exposed. In the studies I, II, and III a complete 

transverse, transcondylar osteotomy was made 

with a circular saw in the distal metaphysis of 

the distal femurs. In the study I the osteoto-

mies were fi xed with SR-PLLA pins and Kirsch-

ner wires (Fig. 1a,b). In the studies II and III the 

drill hole was then tapped, and the osteotomy 

was fi xed with an SR-PLLA or an AO/ASIF metal-

lic screw in rabbits (Fig. 2a,b). After fi xation in 

the studies II and III the head of the SR-PLLA 

screw was cut off with a circular saw at the level 

of the intercondylar notch. In the studies II and 

III, before insertion of the metallic screw into the 

drill channel the head of the screw was cut off by 

a diamond circular saw to allow free mobility of 

the knee joint and to make the situation compar-

ative to SR-PLLA screw fi xation. A 2 mm groove 

was made with a diamond saw to the end of the 

metallic screw to make insertion with a screw-

Figure 1.
Schematic anterior (a) and lateral (b) views of the right 
distal femur demonstrate the operative technique with 
a self-reinforced poly-L-lactide (SR-PLLA) pin and metallic 
Kirschner wires. The horizontal line on the anterior view 
shows the osteotomy and the positioning of the sample 
fi elds, and the elliptical inset (c) shows the measures of the 
sample fi elds in the histological studies.

a) b)

c)

a) b)

c)

Figure 2.
Schematic anterior (a) and lateral (b) views of the right 
distal femur demonstrate the operative technique with  
a self-reinforced poly-L-lactide (SR-PLLA) and metallic 
screws. The horizontal line on the anterior view shows the 
osteotomy and the positioning of the sample fi elds, and the 
elliptical inset (c) shows the measures of the sample fi elds 
in the histological studies.
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driver possible. In the studies IV and V a hole of 

4.5 mm in diameter was drilled with a titanium-

coated drill bit from the intercondylar space to 

the medullary canal in rabbits. In the procedure 

no ferromagnetic device was in contact with the 

medullary cavity of the femur. A distal cortical 

bone osteotomy was created with a circular saw 

to the distal third of the femur. An SR-PLLA or 

AO/ASIF metallic rod was tapped into the med-

ullary cavity to fi x the osteotomy. The proximal 

end of the SR-PLLA rod was shortened with an 

electric loop to match the shape of the patel-

lar joint of the femur (Fig. 3a,b). In the metallic 

fi xation, the distance of the drill hole was mea-

sured before tapping and the right length of the 

metallic rod was chosen. To establish suffi cient 

stability for primary union and an experimental 

metallic fi xation model comparable to that with 

absorbable SR-PLLA fi xation, interlocking of the 

metallic rod was performed by locking both ends 

with Kirschner wires (Fig. 4c,d). The incision was 

closed in layers with 3-0 PGA sutures (Dexon™, 

Davis&Geck, Gosport, United Kingdom).  

 

 Postoperative follow-up
 Postoperatively all animals were fed ad libitum 

and allowed to use freely their limbs without 

any external support. The contralateral limb was 

left intact to serve as a control. Throughout the 

study, the animals were handled according to the 

Finnish law on animal experimentation. 

 

 Preparation of the specimens
 After sacrifi ce both femora were exarticulated 

and dissected free of all soft tissue. The left distal 

femur served as an intact control. The metallic 

screws were removed prior to the examinations. 

The distal half of each femur was fi xed in 50 % 

alcohol and dehydrated in increasing concentra-

tions of alcohol. After the dehydration was com-

plete, the specimens were embedded in meth-

ylmethacrylate. For histological and histomor-

phometric analysis fi ve micrometre-thick sec-

tions were cut with a Jung Polycut S-microtome 

(R. Jung GmbH, Nussloch, Germany) in the cor-

onal plane and stained by Masson-Goldner tri-

chrome method.

Radiographic techniques 
The plain radiographs were taken in anteroposte-

rior and lateral projections (a Siemens Polyphos 

30M tube, Kodak T-MAT G fi lm) set at 40-70 kV 

and 2-5 mAs, 0.03s and with a 100-120 object dis-

Figures 3 and 4.
Schematic anterior and lateral views of the right distal 
femur demonstrating the operative technique with poly-L-
lactide (SR-PLLA) (a,b) and metallic (c,d) rods. In the case 
of metallic fi xation the interlocking was performed with 
Kirschner wires. The horizontal line on the anterior view 
shows the osteotomy and the positioning of the sample 
fi elds, and the elliptical inset (e) shows the measures of the 
sample fi elds in the histological studies.

a) b)

e)

c) d)

e)
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tance (Studies I-V). The consolidation of the oste-

otomy (I-V), the external (I-V) and endosteal (IV) 

callus formation, malposition (IV), and the visi-

bility of the osteotomy line (II) were evaluated. 

The malposition scores were evaluated by assess-

ing the ante-, recurvatum, varus-, and valgus 

deformities which were measured in degrees: 

each ten degrees yielded one point, 1 mm dis-

placement in AP projection and in lateral projec-

tion yielded both one point, and 1 mm shorten-

ing of bone also yielded one point. The sum was 

considered to be the degree of the malposition. 

 In the studies II, III, IV and V the rabbits 

belonging to the SR-PLLA groups were anaesthe-

tized during the quantitative computed tomog-

raphy (QCT) and magnetic resonance imaging 

(MRI) examinations. The rabbits were anaesthe-

tized with s.c. ketamine (Ketalar®, Parke-Davis, 

Barcelona, Spain) from 30 to 40 mg/kg, and s.c. 

medetomidine (Domitor®, Lääkefarmos, Turku, 

Finland) from 0.2 to 0.3 mg/kg (Mero et al. 1989). 

Correspondingly, the rabbits in the metallic 

groups were killed prior to the examinations. 

Quantitative computed tomography (QCT)
The quantitative computed tomography (QCT) 

was performed in the studies II, IV, and V using a 

fast CT scanner (GE, HiSpeed Advantage, General 

Electric Medical Systems, Milwaukee, WI, USA). 

A slice thickness of 1-2 mm and a matrix size of 

512 by 512 were chosen. The exposure factors were 

70 kV, 80 mA, and 2 sec. Lucite calibration phan-

toms of Image Inc. (California, USA) were used to 

quantitate the bone mineral density. In the study 

II fi ve regions of interest (ROI), 1 mm in diameter, 

of which two were cortical and three cancellous 

bone were evaluated (Fig. 5). In the studies IV and 

V 12 specifi c regions of interest (ROI) were anal-

ysed for each bone including cortical bone at and 

outside the osteotomy and the SR-PLLA implant. 

Furthermore, in the study V eight sites of the 

external callus and four sites of the SR-PLLA rod 

were analysed (Fig. 6). The metallic screws and 

rods were removed prior to CT scanning.

 

Magnetic resonance imaging (MRI)
In the studies II and IV, a 0.1 T resistive MRI 

(Merrit, Picker Nordstar Co., Helsinki) a T1-

weighted gradient-echo pulse-sequence was 

used with a repetition time of 80 ms, an echo 

Figure 5.
Schematic anterior view of the distal femur 
demonstrating the regions of interest in the quantitative 
computed tomography (QCT) in the study II. The bone 
mineral density (BMD) of the metaphyseal osteotomy line 
was measured on one lateral and one medial parasagittal 
CT cut. At each cut the measurements were made on fi ve 
regions of interest (ROI), of which two were cortical and 
three cancellous bone.

 Cortical bone at the
     osteotomy site

 Cortical bone outside
the osteotomy

 External callus

 SR-PLLA rod

Figure 6.
Schematic anterior view of the distal femur 
demonstrating the regions of interest in the quantitative 
computed tomography (QCT) in the studies IV and V. Twelve 
specifi c regions of interest (ROI) were analysed for each bone 
including cortical bone (A) at and (B) outside the osteotomy. 
Furthermore, in the study V eight sites of the external callus 
and four sites of the SR-PLLA rod were analysed.
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time of 25 ms (PS 3-D 80/25) and a fl ip angle of 90. 

The spin density and T2-weighted images were 

obtained using a spin-echo pulse-sequence with 

a repetition time of 2000 ms and echo times of 

25 ms and 100 ms (DE 2000/25-100). The implant 

region was imaged with contiguous sagittal 

slices of a thickness of 2 mm in PS 3-D and of 3 

mm in DE. The imaging matrix was 256x256. 

Histological, histomorphometric, 
microradioraphic, and oxytetracycline 
(OTC) fl uorescence techniques
Two days before the end of the follow-up time 

the rabbits were injected with i.m. oxytetracy-

cline (OTC, Terramycin™, Pfi zer, Bryssels, Bel-

gium) 50mg/kg for OTC labelling studies. After 

the follow-up time the rabbits were anaesthe-

tized with s.c. ketamine (Ketalar®, Parke-Davis, 

Barcelona, Spain) from 30 to 40 mg/kg, and s.c. 

medetomidine (Domitor®, Lääkefarmos, Turku, 

Finland) from 0.2 to 0.3 mg/kg (Mero et al. 1989) 

and thereafter killed with an overdose injection 

of sodium pentobarbital (Mebunat™, Orion, 

Espoo, Finland). 

The histomorphometric variables were 

quantitated with a semiautomated computer-

ized image analyzer (MOP Videoplan; Kontron, 

Munich, Germany), including a video image 

processor with a microscope and custom made 

software (1c, 2c, 3c, 4c). Microradiography and 

fl uorescence microscopy were performed to 

ensure osteoid calcifi cation. The occurrence 

of infl ammatory cells within the sample fi elds 

was observed quantitatively. The intact femur 

served as a control. The new bone formation was 

studied using the tetracycline labelling tech-

nique. Unstained bone specimens were viewed 

under ultraviolet light (using a standard optical 

microscope) to allow identifi cation of tetracy-

cline-labelled, new bone formation. For micro-

radiographic and OTC fl uorescence studies 80-

micrometre-thick longitudinal sections were 

cut with a Leitz 1600 saw microtome (Ernst Leitz 

Wetzlar GmbH, Wetzlar, Germany). For histolog-

ical analysis fi ve micrometre thick sections were 

cut in the transverse plane with a Jung Polycut S-

microtome (R. Jung GmbH, Nussloch, Germany) 

and stained using the method of Masson-Gold-

ner. The microradiographs were taken with a 

Faxitron 43855A cabinet X-ray system (Hewlett-

Packard Corporation, McMinnville, Oregon, 

USA) on Kodak Co., Rochester, New York, USA). 

The technical values were 50 kV, 9 mA, and 

12 min exposure. Histological, OTC fl uores-

cence, and microradiographic samples were 

studied with a Leitz Diaplan Microscope (Ernst 

Leitz Wetzlar GmbH, Germany), and the fl uo-

rescence microscopy was performed using an 

HBO 220 ultraviolet lamp and a BG 812/6 primary 

fi lter.

 

Statistics
In the studies I, III, and V paired comparisons 

were performed by using a Mann-Whitney test. 

All values were reported as pooled means and 

standard deviations with the use of one animal as 

the experimental unit. In the studies II and IV the 

bone mineral density paired comparisons were 

performed by using the student´s t-test. In the 

study II the union of the osteotomy was evalu-

ated by using a linear analoque scale. In the study 

II paired comparisons were performed by using 

a Wilcoxon test. All differences were considered 

signifi cant at a probability level of 95 % (P<0.05). 

All statistical analyses were performed with a 

commercially available software program.
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Macroscopic results
All rats recovered uneventfully without wound 

infection or signs of manifest foreign-body reac-

tions. All operated femora were stable while 

tested manually after dissection. In the case of 

operated rabbits two deep wound infections 

(study IV) and seven fi xation failures (study V) 

were detected during the fi rst days after oper-

ation. All these rabbits had to be killed and 

excluded from the study.  All other operated 

femora in the examination groups were stable. 

No macroscopically manifest signs of other 

infl ammatory reactions were seen. The gross 

appearance of the SR-PLLA implant remained 

unchanged in all specimens, and no mechanical 

failures of the implants were encountered.

The strength of both the SR-PLLA and metal-

lic devices used in this study was considered 

adequate to maintain the fi xation of the osteot-

omies. No fatigue fracture or mechanical fail-

ure of the implants was encountered, though a 

few malpositions were detected especially in the 

study IV when femoral shaft osteotomy was fi xed 

with an intramedullary rod. In the literature 

the reports are in concordance with the pres-

ent. Manninen and Pohjonen reported fi brillated 

SR-PLLA rods to be suffi ciently strong for intra-

medullary nailing in the fi xation of femoral cor-

tical osteotomies in rabbits, but also several mal-

positions were detected (Manninen et al. 1993). 

Majola et al. found SR-PLLA rods relatively suit-

able for fi xation of distal femoral osteotomies 

in rabbits (Majola et al. 1992). Some compara-

tive studies have also been published. Räihä et al. 

reported diffi culties relating to cortical bone fi xa-

tion, with fair callus formation when biodegrad-

able self-reinforced polylactic acid (SR-PLLA) 

and metallic rods were used (Räihä et al. 1992b). 

Hara et al. fi xed transverse diaphyseal fractures 

of cats using a poly-L-lactide (PLLA) rod (Hara 

et al. 1994). They found the healing process to be 

almost the same as when a metallic implant was 

used. Van der Elst et al. compared stainless steel 

interlocking nails and polylactic acid rods and 

found no differences with reference to fracture 

healing (Van der Elst 1999).

Radiographic results
Plain fi lm radiography (studies I, II, III, IV, and 

V), computed tomography (CT) (studies II, III, IV, 

and V) quantitative computed tomography (QCT) 

(studies II, IV, and V), and magnetic resonance 

imaging (MRI) (studies II, and IV) were evaluated 

in assessing the consolidation of the experimen-

tal osteotomy. 

In all the studies no change in the diameter of 

the self-reinforced polylactide rod channel was 

detected in any of the plain radiographs (stud-

ies I, II, III, IV, and V) or CT scans (studies II, III, 

IV, and V). No signs of osteolytic changes around 

the implants could be detected (studies I, II, III, 

IV, and V). Displacement of the distal fragment 

did not occur in any of the femurs. In all stud-

ies the fi xed osteotomies healed by direct bone 

healing and external callus formation. Radiolog-

ical non-union could not be found. In the study 

I the mean width of the periosteal callus showed 

the highest values at three weeks in the SR-

PLLA-fi xed femurs and at six week in the metal-

lic-fi xed femurs. Correspondingly, in the study 

III abundant external callus was detected at six 

weeks in both self-reinforced poly-L-lactide acid 

(SR-PLLA) and with metallic groups decreas-

ing thereafter. In the study II no marked differ-

ence in the osteotomy consolidation was found, 

though at 36 weeks the union of the osteotomy 

line was slightly more complete in the SR-PLLA 

group than in the metallic group when the linear 

analoque scale was used. In the study IV direct 

contact could be seen in every SR-PLLA- and 

metallic-fi xed osteotomy at 16 weeks. Further-

more, a defi nite bridging of the external callus 
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across the osteotomy site was demonstrated. 

The trabecular nature of the callus was notice-

able on both plain radiographs and CT. The mean 

width and length of the external callus were con-

ciderably high at this point decreasing thereaf-

ter. At 24 weeks solid union was obvious in every 

plain radiograph, though slight gaps were still 

seen on CT and the apparent union was shown 

to be caused by the overlapping of the external 

callus. At 48 weeks complete union was seen in 

all radiographs and in the CT-examination with 

mature bridging external callus. In study the 

study V some metallic artefacts were encoun-

tered, though the metallic rods were removed 

prior to the examinations. Therefore, in some 

specimens, the reliable interpretation of these 

images was doubtful. At eight weeks the CT-

scans showed two of the SR-PLLA-rod-fi xed oste-

otomies with abundant external callus formation 

with no direct cortical gap healing. Both of these 

osteotomies progressed to uneventuel union by 

16 weeks. Correspondingly, in the metallic-fi xed 

femora the same phenomena were noticed at 16 

and 24 weeks in the form of abundant endosteal 

bone and external callus formation. The spatial 

resolution of the CT images was considered to be 

adequate for detection of the nature of the oste-

otomy healing. 

Quantitative computed tomography (QCT)
In the study II the distal femur metaphyseal bone 

mineral density values were studied by compar-

ing the metaphyseal cortical and trabecular bone 

values to those of the intact femur. The follow-up 

times were six and 36 weeks. During the observa-

tion period in the SR-PLLA group neither the cor-

tical nor the trabecular bone showed any signifi -

cant differences in the bone mineral values com-

pared to those of the intact femur. On the oper-

ated side the mean cortical density values were 

at six weeks 462.0±131.4 (mg/ml) and at 36 weeks 

544.2±66.6 (mg/ml). The corresponding values 

in the trabecular bone were 353.5±84.0 (mg/ml) 

at six weeks and 231.0±64.5 (mg/ml) at 36 weeks. 

In the metallic fi xation group the cortical bone 

values were signifi cantly lower throughout the 

Figure 7. 
Cortical bone density (mg/ml) at the osteotomy site at 8, 16, 24, and 48 weeks after fi xation of osteotomy, with self-
reinforced poly-L-lactide (SR-PLLA) and metallic rods in the rabbit distal diaphyseal femur. The metallic rods were removed 
prior to the examinations (study IV).
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observation period. At six weeks the values were 

26.2 % and at 36 weeks 26.5 % lower than on the 

control side. In the metallic group the difference 

in the trabecular bone mineral density values 

were minimal compared to those of the intact 

femurs during the follow-up.

In the studies IV and V cortical bone and 

external callus density was studied by compar-

ing the cortical bone values to the values of the 

intact femur and external callus between the 

operated SR-PLLA group and the corresponding 

metallic group. The follow-up times were 8, 16, 

Figure 8. 
Cortical bone density (mg/ml) outside the osteotomy at 8, 16, 24, and 48 weeks after fi xation of osteotomy, with a self-
reinforced poly-L-lactide (SR-PLLA) and metallic rods in the rabbit distal diaphyseal femur. The metallic rods were removed 
prior to the examinations (study IV). 

Figure 9. 
External callus density (mg/ml) at 8, 16, 24, and 48 weeks after fi xation of osteotomy, with self-reiforced poly-L-lactide or 
metallic rods, in the rabbit distal diaphyseal femur (study V).
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24, and 48 weeks. There were no signifi cant dif-

ferences in the cortical bone density compared to 

the intact femurs in the SR-PLLA groups at the 

osteotomy site. In the metallic-fi xed femurs, the 

density values were signifi cantly lower compared 

to the values of the intact femur at 8, 16, 24, and 

48 weeks. Between the operated sides no signif-

icant difference was found (Fig. 7). There was a 

signifi cant reduction in the cortical bone density 

values in the SR-PLLA-fi xed femurs compared to 

those of the intact control outside the osteotomy 

area at 8, 16, and 24 weeks. In the metallic-fi xed 

femurs signifi cant reductions at 8, 16, 24, and 48 

weeks were found compared to the intact con-

trols. Between the operated sides no signifi cant 

difference was found (Fig. 8). The mineral den-

sity values of the external callus were slightly 

higher in the SR-PLLA group compared to the 

metallic group throughout the follow-up period 

(Fig. 9). Furthermore, the density values of the 

SR-PLLA implants were studied. During the 

whole follow-up period the values did not show 

any differences, ranging from 104±22.5 (mg/ml) 

to 112.4±11.0 (mg/ml). 

The present results indicated that the min-

eral density values tended to be slightly higher 

in the SR-PLLA fi xed femurs compared to the 

metallic-fi xed femurs irrespective of whenever 

the cancellous bone or cortical bone was exam-

ined throughout the follow-up period. In the 

study II the femurs fi xed with metallic screws 

showed cortical bone mineral density values of 

26.2 % (p<0.02) lower at six weeks and 26.5 % 

(p<0.05) lower at 36 weeks on the operated side 

compared to the control side. This decrease was 

not, however, found in the SR-PLLA-fi xed femurs 

in the cortical or cancellous bone. In the study IV, 

in the metallic-fi xed femurs the density values 

at the osteotomy site were signifi cantly lower 

(16.4–22.4 %) throughout the observation period. 

Besides, there were no signifi cant differences 

in the cortical bone mineral density values at 

the osteotomy site between the SR-PLLA-fi xed 

and the intact contralateral femurs. Based on 

the literature, it can be concluded that is due to 

the high modulus of the elasticity of stainless 

steel resulting in stress protection and weak-

ening of the fi xed bone. The use of stiffer stain-

less steel devices can lead to signifi cantly higher 

stress protection. This stress protection atro-

Figure 10. 
The results of the histomorphometric analysis of the trabecular bone area in self-reinforced poly-L-lactide (SR-PLLA) 
pin and metallic Kirschner wire-fi xed osteotomies. The trabecular bone is expressed as percentage of the total bone area 
(mean ± SD). 
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phy has been well documented by several inves-

tigators during the past few decades (Uthoff and 

Dubuc 1971, Tonino et al. 1976, Paavolainen et al. 

1978, Slätis et al. 1978, Uthoff and Finnegan 1983, 

Currey 1984, Claes 1989).

Magnetic resonance imaging (MRI)
In the study II the oedema around the implant 

and bone marrow was evaluated according to 

the increased signal intensity in the T2-weighted 

images. On the T2-weighted images an increased 

signal intensity was observed around both the 

SR-PLLA implant and in the surrounding of the 

removed metallic implant. In the femurs fi xed 

with an SR-PLLA implant the oedema decreased 

during the observation period (studies II and 

IV), but in the metallic-fi xed femurs the oedema 

increased, being signifi cantly more abundant 

(study II). On the T1-weighted images a signal 

void was seen surrounding the SR-PLLA as well 

as metallic implants. The geometry of the PLLA 

implant was clearly visible in all cases, with-

out signs of a fatigue failure or absorption. MRI 

depicted well the SR-PLLA cases allowing studies 

without removal of the implant. On the contrary, 

even though the metallic implant was removed 

prior to the examination, abundant disturbing 

metallic artefacts were detected during investi-

gation of the metallic-fi xed femurs. In the study 

IV a low signal in the femur medullary canal was 

seen indicating a normal revascularization of the 

bone marrow. No fatty changes of red marrow 

were detected. 

Plain radiographs and computed tomogra-

phy are useful in the initial evaluation of oste-

otomy or fracture healing. These initial stud-

ies, however, may not identify all the changes 

in the surrounding tissues. Improved diagnos-

tic techniques such as (MR) imaging can also 

precisely identify, localize, and defi ne the sur-

rounding soft tissues. These inherent advan-

tages of magnetic resonance imaging are obvi-

ous for this particular fi eld of non-ferromag-

netic device imaging, allowing sequential scan-

ning without metallic artefacts and removal of 

the implant. With MRI, it is possible to demon-

strate anatomic as well as pathological and iat-

rogenic changes in different imaging planes to 

obtain a superior view of the complex postopera-

tive situation. Bone marrow, in particular, can be 

identifi ed with accuracy. In the studies II and IV 

the geometry of the implants remained unaltered 

Figure 11. 
Results of the histomorphometric analysis of the osteoid surface fraction over total trabecular bone surface in 
self-reinforced poly-L-lactide (SR-PLLA) and metallic screws-fi xed osteotomies.
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on the MR images, and no structural degradation 

or swelling was detected. Increased signal inten-

sity was observed around the SR-PLLA screw in 

the study II throughout the observation period 

on the T2-weighted images. In the studies II and 

IV the bone marrow signal was unaltered com-

pared to the intact femurs with no fatty changes 

indicating a normal revascularization. These 

foundings are similar to those in the reports in 

the literature (Voche et al. 1995, Cornewener et 

al. 1996, Pihlajamäki et al. 1995ab, Balch et al. 

1999, Lohman et al. 1999, Tuompo et al. 1999 and 

Warden et al. 1999).

Histologic, microradiographic, 
and fl uorescence results
In the study I the consolidation and periosteal 

callus formation of the transverse transcondylar 

osteotomies fi xed with SR-PLLA pins and Kirsch-

ner wires were evaluated (Fig. 1c). From a three-

week to 48-week follow-up time the total tra-

becular bone area of the SR-PLLA-fi xed femurs 

at the osteotomy site was signifi cantly larger in 

the operated site than in the intact control at the 

corresponding site. The specimens of the metal-

lic group showed a signifi cantly larger total bone 

area only at 12 weeks postoperatively as com-

pared to the intact femur (Fig. 10). In both exper-

imental groups the osteotomies with solid bony 

union showed only scantly periosteal callus for-

mation. More abundant callus formation in both 

experimental groups was related to incomplete 

union of the osteotomy.

In the study III SR-PLLA and metallic screws 

were used in the fi xation of transverse transcon-

dylar osteotomies of the distal rabbit femurs. 

New bone formation and consolidation of the 

osteotomies were evaluated, and the intact con-

tralateral femurs served as control. The histo-

morphometric variables analysed were the oste-

oid surface fraction over the total trabecular sur-

face and the active osteoid formation surface 

(Fig. 2c). The degree of consolidation of the oste-

otomy was quantifi ed by counting the number of 

the new bone trabeculae crossing the osteotomy 

on the microradiographs. The number of longi-

tudinally oriented trabeculae at the correspond-

ing site on the intact control side was used as a 

baseline reference. Solid, complete union was 

considered if the number of trabeculae bridg-

ing the osteotomy amounted to more than two 

thirds of the intact contralateral side. When the 

number of bridging trabeculae was lower, the 

union was determined to be incomplete. A vig-

orous osteoconductive response to the SR-PLLA 

implant was observed at three weeks postopera-

tively, and the osteoid surface fraction was sig-

nifi cantly higher in all the follow-ups compared 

to the control femurs. In the femurs fi xed with 

metallic implants, new bone formation was seen 

three, six, and 12 weeks postoperatively. However, 

at 24, 36, and 48 weeks the osteoid surface frac-

tion did not differ signifi cantly from that of the 

intact control femurs (Fig. 11). The total bone area 

was signifi cantly larger in the SR-PLLA-fi xed 

femurs than in the intact controls after three 

weeks postoperatively. Correspondingly, this was 

seen in the femurs fi xed with metallic implants 

only at six and 12 weeks (Fig. 12). At 48 weeks 

the total trabecular bone area was signifi cantly 

greater in the SR-PLLA-fi xed femurs compared 

to the metallic-fi xed femurs. Histologically, no 

signs of resorption of the polylactide implant 

were detected, and only a mild foreign-body 

reaction with no accumulations of infl ammatory 

cells to either the SR-PLLA or metallic implant 

were observed during the observation time.

In the study V SR-PLLA and metallic rods 

were used to fi x the distal femoral diaphysis oste-

otomy of the rabbit distal femur. The histomor-

phometric variables were the external callus area 

and bone fraction, the endosteal bone area and 

cortical bone area. Histomorphometric fi ndings 

showed that the osteotomy gaps were fi lled with 

new bone as early as by 16 weeks and this pattern 

was also observed during later follow-up peri-

ods. Intracortical remodelling with absorption 

of woven bone was in progress and almost com-
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pleted at 24 weeks after fi xation. In the quanta-

tive histologic parameters of the endosteal bone 

area and bone fraction no signifi cant differences 

between the SR-PLLA and metallic experimental 

groups in any of the follow-ups were observed. 

The external callus area and bone fraction were 

slightly larger in the SR-PLLA group compared 

to the metallic group with no signifi cant differ-

ence. The external callus showed marked porotic 

transformation at 16 weeks, and the process of 

resorption continued during the whole study in 

both experimental groups (Fig. 13). In the studies 

I, III, and V the ongoing calcifi cation of the oste-

oid was confi rmed by fl uorescence microscopy 

and microradiography.

The present study shows that both SR-PLLA 

and metallic implants seem to evoke an osteo-

conductive response in the neighbouring bone, 

especially in the cancellous bone region. In the 

studies I and III vigorous new bone formation 

was seen from three to 24 weeks at the tissue 

implant interface and osteotomy region. Pihlaja-

mäki et al. reported a similar osteogenic response 

at the tissue-implant interface, when a self-rein-

forced poly-L-lactide (SR-PLLA) expansion plug 

was implanted in the rabbit distal femoral can-

cellous bone. This phenomenon was already 

observed at three weeks postoperatively, and the 

osteoid surface fraction at 24 weeks was found to 

be signifi cantly higher than in the unoperated 

contralateral femur (Pihlajamäki et al. 1994b). 

In the present study this phenomenon was tran-

sient for metallic screws but lasted for at least 48 

weeks for self-reinforced polylevolactide screws. 

In the literature new bone formation around 

the threads of a metallic screw has also been 

reported. Uhthoff et al. discovered that metal-

lic screws induced bone formation around their 

threads. They fi xed intercondylar osteotomies 

with metallic screws in 19 dogs. After the screws 

were removed, the reaction disappeared but the 

screw holes were not fi lled with normal trabecu-

lae ten weeks later.  (Uhthoff et al. 1987).
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Figure 12 a.

Figure 12 b.
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Figure 12 c.

Figure 12 d.
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Figure 12. 
Photomigmicrographs of the distal femur at the area of standardized sample fi elds at the tissue-implant boundary when 
using a self-reinforced poly-L-lactide (SR-PLLA) screw at three (a), six (b), and 12 (c) weeks and a metallic screw at three 
(d), six (e), and 12 ( f ) weeks. Considerable new bone formation with osteoid was noticed (arrows). (Stain, Masson-Goldner; 
original magnifi cation x 100–200) 

Figure 12 e.

Figure 12 f.
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Figure 13. 
Photomicrographs of the coronal sections of the distal femur showing mature external callus with a resorbed trabecular 
pattern with marked porosity in an SR-PLLA (a) and metallic (b) intramedullary rod-fi xed osteotomy. (Stain, Masson-
Goldner; original magnifi cation x 100)

Figure 13 a.

Figure 13 b.
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Theoretically the degradable materials are an 

ideal alternative for fi xation of osteotomies, frac-

tures, arthrodeses, and ligament injuries com-

pared to the conventional use of metallic fi xa-

tion devices. During the healing process biode-

gradable devices maintain the required fi xation, 

decompose gradually, and the stress is trans-

ferred gradually to the healing tissue so that 

no stress shielding will occur. Many favourable 

properties such as radiolucency and the non-fer-

romagnetic feature have proved highly useful in 

the fi eld of orthopaedic research and in clinical 

situations. Furthermore, biodegradable devices 

do not require a removal operation, thereby 

reducing the total cost when compared to tradi-

tional metallic devices. 

The present study was performed in order to 

examine and compare the healing process, the 

consolidation of an osteotomy, the features of the 

cortical and cancellous bone, the tissue-response 

at the bone-implant interface, the nature of 

bone remodelling, and the secondary trabecu-

lar changes in the endosteal and external callus 

when using absorbable self-reinforced poly-L-

lactide (SR-PLLA) and conventional metallic fi x-

ation devices. The absorbable implants used in 

this study were manufactured from poly-L-lac-

tide into self-reinforced (SR) fi bres-in-matrix of 

the same polymer composite texture (Törmälä 

1993). 

The biocompatibility of the PLLA devices 

was found excellent, and only a scant non-spe-

cifi c foreign-body reaction was detected, being 

in accordance with the previous studies which 

have reported this as normal biological response 

to the degradation of bioabsorbable implants 

(Vert and Chabot 1981, Hollinger and Battismore 

1986, Leenslag 1987a, Rozema et al. 1990 and 1994, 

Majola et al. 1991a, Matsusue et al. 1991 and 1995, 

Miettinen et al. 1992a, Partio et al. 1992, Vert et al. 

1992, Päivärinta et al. 1993, Bergsma et al. 1993, 

Vasenius et al. 1993, Nakamura et al. 1993, Pihla-

jamäki et al. 1994, Yamamuro et al. 1994, Pihla-

jamäki et al. 1994ab, Juutilainen et al. 1995, Böst-

man et al. 1995, Böstman et al. 1995 and 1998, 

Rokkanen et al. 1996, Tams et al. 1996, Tuompo et 

al. 1997 and 1999, Van der Elst et al. 1999, Mäkelä 

et al. 1999, Eppley 2000, Nordström et al. 2001, 

Edwards et al. 2001). The follow-up times in the 

present experimental study ranged from one to 

48 weeks, which is quite short a time compared 

to the degradation time of polylactic acid, but 

long enough to permit observation of the consol-

idation of the osteotomies and time-related host 

tissue reactions at the tissue-implant interface. 

Exact paired comparison models were estab-

lished in the studies I,II, and III. However, on the 

basis of the present pilot study, in the studies IV 

and V interlocking was needed. The anatomic 

shape of the rabbit femur resulted in inadequate 

friction in the rod-bone interface allowing detri-

mental motion at the osteotomy site which led 

to failure of fi xation due to rotational instability 

in ten out of ten rabbits. The problem was only 

noticed in the metallic group of the present pilot 

study where no interlocking was used in either 

of the groups (self-reinforced poly-L-lactide acid 

and metallic). Therefore, in the case of metallic 

fi xation, to gain suffi cient stability for primary 

union, interlocking was performed by locking 

both ends with Kirschner wires (Fig. 4c,d). The 

fi xation properties of both self-reinforced poly-

levolactide and stainless-steel implants seemed 

to be suffi cient, and there were no differences 

in the rate of consolidation of the osteotomies 

between the two groups.

The radiographic properties of an absorbable 

self-reinforced poly-L-lactide (SR-PLLA) implants 

were particulary emphasized. Indeed, non-inva-

sive techniques such as computed tomography 

(CT), quantitative computed tomography (QCT), 

and magnetic resonance imaging (MRI) have 

D I S C U S S I O N
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many potential applications and benefi ts in frac-

ture and osteotomy healing, including the evalu-

ation of the union, and the return of the bone to 

a normal state, the timing of the fi xation device 

removal, the recommendation for progression 

from non-weight-bearing to full weight-bearing, 

and the prediction of abnormal fracture healing 

such as delayed union or non-union. QCT, due 

to its sensitivity to changes in the bone status, 

is widely accepted as the superior method for 

bone assessment, because it is highly respon-

sive to trabecular and cortical bone changes. 

Quantitative computed tomography (QCT) has 

been widely investigated for the past decade 

as a means to quantify bone mineral non-inva-

sively. The usefulness of QCT is especially seen 

in the measurement of the bone mineral values, 

as QCT is able to provide a quantitative image 

which allows the measurement of trabecular and 

cortical bone centrally or peripherically (Cann 

1988, Chao et al. 1989, Markel et al. 1990 and 1991, 

Markel and Chao 1993, Njeh et al. 1999). However, 

regardless of this well-documented superior abil-

ity of QCT for bone assessment, only one clinical 

report has been published in the fi eld of absorb-

able fi xation devices (Juutilainen et al.1996) with 

no reports concerning the local changes in the 

healing process. To the knowledge of the present 

author, the present study is the fi rst experimen-

tal report where the bone mineral density has 

been measured and compared during the heal-

ing process of bone when using absorbable SR-

PLLA and metallic fi xation. The present study 

provides a brief overview of the new possibility 

for MRI imaging. Since conventional implants 

made of metallic material often prohibit the use 

of MRI in the postoperative situations, the appli-

cation of MRI could be facilitated with the advent 

of such tools as non-ferromagnetic absorbable 

fi xation devices. One benefi t in the future may 

be the demonstration of infl ammatory reac-

tions in the early postoperative period as well as 

of repair processes and foreign-body reactions at 

later stages. 



In the fi rst study, a basic comparative examination 

model was used. The main purpose was to deter-

mine histologically and histomorphometrically if 

there is any difference in the consolidation when 

comparable SR-PLLA and metallic fi xations are 

used in the cancellous bone osteotomy fi xation. In 

the results the fi xation properties of both SR-PLLA 

pin and metallic Kirschner wires seemed to be suf-

fi cient, and only a mild foreign-body reaction to 

both SR-PLLA and metallic implants was observed. 

Furthermore, incomplete union was related to 

more abundant callus formation. In conclusion, the 

result was as expected. According to several recent 

studies, both SR-PLLA and metallic implants have 

shown good ability in the fi xation of small cancel-

lous bone fragments.

In the second experiment, bone changes were 

evaluated radiographically, when distal femo-

ral cancellous bone osteotomy was fi xed with 

an absorbable SR-PLLA and metallic screw. The 

follow-up times were six and 36 weeks. As a result 

no marked difference in the osteotomy consoli-

dation was found, though at 36 weeks the union 

of the osteotomy line was slightly more complete 

in the SR-PLLA group than in the metallic group, 

when a linear analoque scale was used. Further-

more, the metaphyseal bone mineral density values 

were studied by comparing the metaphyseal corti-

cal and trabecular bone values to the those of the 

intact femur. During the observation period in the 

SR-PLLA group neither the cortical nor the trabec-

ular bone showed any signifi cant differences in the 

bone mineral values compared to the intact femur. 

In the metallic fi xation group the cortical bone 

values were signifi cantly lower throughout the 

observation period. It was concluded that this was 

due to the stress shielding effect of the rigid metal-

lic fi xation, which, in the case of the more fl exible 

SR-PLLA implant, was avoided. 

In the third study, SR-PLLA and metallic screws 

were used in the fi xation of transverse transcondy-

lar osteotomy of the rabbit distal femur to investi-

gate the tissue response to both of these implants. 

A vigorous osteoconductive response of the tissue 

to the SR-PLLA and metallic implant was observed 

as early as at three weeks postoperatively, but the 

phenomenon in the femurs with the SR-PLLA 

implant was considered slightly more extensive. In 

addition, in the case of SR-PLLA the stress shield-

ing effect was avoided. It was assumed that during 

the healing process the SR-PLLA implant trans-

ferred the stress gradually to the healing bone so 

that the stress shielding was diminished. The bio-

compatibility was found to be good, with only a 

mild foreign-body reaction with no accumula-

tions of infl ammatory cells to either the SR-PLLA 

or metallic implant.

In the studies four and fi ve, SR-PLLA and 

metallic rods were used to fi x distal femoral 

diaphysis osteotomy of the rabbit distal femur. It 

was found that CT, QCT, and MRI were useful in 

the evaluation of the consolidation and secondary 

changes in the quality of cortical bone. From the 

radiographic point of view, the major benefi t of 

the radiolucent and non-ferromagnetic properties 

of the SR-PLLA implant was that it allowed numer-

ous sequential monitoring series without metallic 

artefacts and a need to remove the implant. In the 

histologic parameters no signifi cant differences 

were found between the SR-PLLA and metallic 

experimental groups in any of the follow-ups, and 

both fi xation materials were suffi ciently stable 

to establish cortical bone healing. Finally, both 

experiments showed that also in the cortical bone 

and, especially in the endosteal callus region, SR-

PLLA fi xation seems to prevent the bone structure 

from atrophy. Objective, non-destructive meth-

ods for determining the local and structural prop-

erties of bone healing have many desirable fea-

tures. The potential benefi t of the non-invasive 

techniques may allow more precise timing of the 

fi xation device removal, quantitative recommen-

dations for weight-bearing, and the prediction of 

abnormal fracture healing patterns. 

C O N C L U S I O N S
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In the present study, the animals were handled according 
to the Finnish law on animal experimentation.
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