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SUMMARY. Introduction: The purpose of the study is to evaluate experimentally the quality of the primary stability achieved in treating low subcondylar fractures by means of three different osteosynthesis devices. Material and methods: The devices, a standard four-hole plate, an axial lag screw and a three-dimensional rectangular plate were tested on fresh isolated human mandibles. Testing was done on a test bench by reproducing static biting exercises between the ﬁrst molars on the side of the fracture. The quality of the osteosynthesis was assessed by measuring the macroscopic amount of fragment displacement and on the device’s ability to diffuse the mechanical strain within the fractured area by photoelastic stress analysis. Results: The straight plates provided the worst restoration. This was explained by the unfavourable position of the plate along compression lines. The axial lag screws allowed average stability. This was due to the difﬁculty of intra-medullary positioning of the screw, and by the compression of the fracture line. Rectangular plates allowed good stability associated with rather good restitution of the strains. These good results were assigned to the shape of the plate, one of its arms approximating the tensile strain lines. Conclusion: Positioning and shape of the osteosynthesis device are of prime importance for condylar fracture stabilization. None of the three tested devices was optimal but the threedimensional plate was the best. There is a need to develop the geometry of new plates. r 2006 European Association for Cranio-Maxillofacial Surgery
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The effects of 11 muscular groups considered by most of authors as being the most functionally signiﬁcant (Schumacher, 1961) were reproduced using reinforced polyethylene cords glued onto the insertion areas of the mandibles. These mandibles were then put in a loading device allowing replication of a physiological biting exercise between the right ﬁrst molars with maximum intensity (Meyer et al., 2000). First of all, testing was done on the three intact mandibles. A photoelastic examination evaluated the strains occurring in the right condylar area during the biting exercise (Meyer et al., 2002). After that, a right subcondylar fracture was imitated using a standardized osteotomy line (Fig. 1). Each mandible was repaired using a different device chosen from those used in this department: a straight standard titanium four hole plate placed onto the condylar neck axis and ﬁxed with 2 screws, 2 mm in diameter and 7 mm long on either side of the fracture line (Standard Wu¨rzburg 2.0s, Stryker Leibinger Corp., Freiburg, Germany; Fig. 2), an axial lag screw, 75 mm long (Eckelts, KLS Martin Corp., Jacksonville, USA; Fig. 3), and ﬁnally a reinforced threedimensional rectangular plate (three-dimensional Proﬁle M 2.3s, Stryker Leibinger Corp, Freiburg, Germany; Fig. 4). This last plate was diverted from its usual indication in metacarpal fracture stabilizations.



INTRODUCTION Many osteosynthesis devices have been used for condylar fracture stabilization (Koberg and Momma, 1978; Spiessl, 1988; Gola et al., 1992; Sargent and Green, 1992; Ellis and Dean, 1993; Krenkel, 1994; Nehse and Maerker, 1996; Wilk et al., 1997). Some of them were even specially developed for this indication (Petzel and Bu¨lles, 1982; Eckelt, 1991; Reuther, 1993; Krenkel, 1994; Eckelt and Hlawitschka, 1999). Unfortunately, most of them have not been previously biomechanically evaluated under physiological conditions. In the light of our preceding experimental work (Meyer et al., 1998, 2000, 2002), the three osteosynthesis devices most often used were evaluated: straight standard four-hole plates axial lag screws and rectangular three-dimensional plates. MATERIAL AND METHODS This biomechanical evaluation was carried out on three fresh dentate human mandibles, taken from subjects who had given their body to Science. As photoelastic strain measurements were needed in the condylar region, the ascending rami were all coated externally with a birefringent plastic shell according to published protocol (Meyer et al., 2002). 173
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Fig. 1 – Standardized low-sub-condylar fracture simulation (oblique osteotomy).



The repaired mandibles were then put through the previous loading protocol. A visual analysis of the condylar fragment displacements was done in order to judge the primary stability of the repair. The photoelastic stress analysis was repeated in order to visualize strain alterations which were induced by the fracture and the osteosynthesis procedure. The stability of all three osteosyntheses was considered to be satisfactory as macroscopic displacements of the condyles were small. Devices were considered to be all the more efﬁcient as the postoperative strains occurring over the fracture line approached the preoperative situation as much as possible.



RESULTS



Fig. 2 – Standard four hole titanium plate and 7 mm screws (Standard Wu¨rzburg 2.0s, Stryker Leibinger Corp., Freiburg, Germany).



None of the tested osteosynthesis devices broke during loading, but the quality of both the primary stability and the strain restoration varied greatly between the devices. Osteosynthesis using a straight plate afforded poor primary stability. Indeed, after loading, the condylar fragment slipped postero-inferiorly by 1 mm and showed signiﬁcant posterior anticlockwise rocking motion (Fig. 5). This led to an antero-superior gap of 2 mm in the fracture line. The post-operative strain analysis showed a severe disorganization of the strain lines compared with the preoperative situation indicating interruption of the tensile strain lines in the segment of the fracture line located above the plate and excessive compression strains in the segment posterior to the plate (Fig. 6). Thus, the plate was unable to cope with the strains across the fracture line and was mainly subject to harmful bending stresses. Those ﬁndings may lead to poor bone healing and plate fracture.



Fig. 3 – 75 mm axial lag screw (Eckelts, KLS Martin Corp., Jacksonville, USA).
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Fig. 4 – Reinforced three-dimensional rectangular plate (3-D Proﬁle M 2.3s, Stryker Leibinger Corp, Freiburg, Germany).



preoperative situation was possible. Moreover, the shaft of the screw was subject to shearing stresses which may lead to material failure. Osteosynthesis using the rectangular plate led to the best stabilization. No macroscopic displacement of the condylar fragment was noticed during loading (Fig. 9). Moreover, postoperative bone strain analysis showed a rather faithful reproduction of the preoperative situation (Fig. 10). In particular, reappearance of the tensile strains on both sides of the anterior part of the fracture line and maintenance of the compression strains behind the plate were noticed. The plate itself was not subjected to harmful mechanical effects, the posterior arm being subjected to compression and the anterior arm to tension, both being types of strain which miniplates are easily able to resist.



DISCUSSION Fig. 5 – Visual analysis of condylar fragment displacement after osteosynthesis with standard miniplate. Backward rotation and slipping of condylar fragment.



Lag screw osteosynthesis provided average primary stability. The condylar fragment did not show any rocking motion, but slipped postero-inferiorly by 0.7 mm (Fig. 7). Here again, postoperative photoelastic stress analysis showed an important alteration of the strains. The site of the fracture was subject to intense compression because of the very principle of this method (Fig. 8). By this, no comparison with the



It is obvious that the way the fracture line was simulated by a straight osteotomy instead of a natural fracture line has introduced some distortion in the experiment as this kind of simulation leads to an inherently very unstable fracture. This must be taken into account when interpreting the results. One of the great principles of mini-plate osteosynthesis, usually called ‘functionally stable osteosynthesis’ or ‘dynamic osteosynthesis’ (Champy et al., 1975; Champy and Lodde, 1976), stipulates that plates must be placed along physiological tension lines which appear during function. In this approach, directly inspired by the stay principle (Champy et al., 1976; Fig. 11), stabilization
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Fig. 6 – Comparison between pre- (a) and postoperative strains (b) using a standard miniplate (tension lines in red, compression lines in blue). An important disorganization of the strain lines appears postoperatively and the plate is subject to bending stresses (*polyethylene cord glued onto insertion at angle of mandible).



Fig. 7 – Visual analysis of condylar fragment displacement after osteosynthesis with Eckelt’s lag screw. Posterior and inferior sliding of condylar fragment.



is mainly related to compression of the fracture site until function recovers. This concept helps also to decrease the amount of foreign material since stabilization is not only due to the plate’s rigidity.



As the plate is stressed only in tension the risk of plate failure clearly decreases. Applying these osteosynthesis principles, Champy determined the ideal osteosynthesis lines on the mandibular body. But until now, these lines were not known in the condylar area because of insufﬁcient data. A preceding study (Meyer et al., 2002; Fig. 12) attempted to address this void. In the light of this, an analysis was made of the behaviour of the three osteosynthesis devices tested. During a biting exercise between the right ﬁrst molars, stress lines were observed within the condylar area. When superimposing a straight four-hole plate upon the layout of those strain lines, one realizes that this plate is located on the compression strain lines when placed conventionally along the condylar neck axis (Fig. 13a). This goes completely against the principles of functionally stable osteosynthesis as was pointed out above. It probably explains the poor primary stability observed with this type of osteosynthesis. To conform to dynamic osteosynthesis principles, the plate should ideally be placed higher and more obliquely, parallel to the mandibular notch (Fig. 13b). This conﬁguration was not tested but screws may be difﬁcult to place here as the bone is often very thin. Moreover, condylar fragment displacements may occur by rotation. Even if these straight plates remain the preferred method in condylar fracture stabilization as extensively reported in the literature (Ellis and Dean, 1993; Ehrenfeld et al., 1996; Newman, 1998; Undt et al., 1999; Ellis, 2000; Ellis et al., 2000; Haug and Assael, 2001; Hyde et al., 2002), very few pure biomechanical studies which support this scheme have been published (Haug et al., 2002; Wagner et al., 2002). On the contrary, many authors have related their clinical failures (plate fractures, screw loosening and instability) to the use of this technique (Iizuka et al., 1991; Klotch and Lundy, 1991; Sargent and Green, 1992;
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Fig. 8 – Comparison between pre- (a) and postoperative strains (b) using a lag screw (tension lines in red, compression lines in blue). Intense compression strains appear in the fracture line after osteosynthesis and the screw is subject to shearing stresses.



Fig. 9 – Visual analysis of condylar fragment displacement after osteosynthesis with reinforced three-dimensional rectangular plate. No macroscopic displacement of condylar fragment.



Nehse and Maerker, 1996, Hammer et al., 1997; Ziccardi et al., 1997; Sugiura et al., 2001; Rallis et al., 2003). Even more rigid straight plates, such as



dynamic or reinforced miniplates, break or fail if used singly (Ellis and Dean, 1993; Choi et al., 1999; Ellis et al., 2000; Choi et al., 2001; Ellis, 2002; Rallis et al., 2003). The major reason for this is that these plates, ‘heavy’ as they are, are not set in the proper position to withstand physiological forces. Some authors, aware of the stability problems encountered during the use of straight miniplates, recommend a combination of two plates (Sargent and Green, 1992; Hammer et al., 1997; Choi et al., 1999, 2001; Wagner et al., 2002; Schon et al., 2003; Rallis et al., 2003). The ﬁrst is traditionally placed in the condylar neck axis for reduction; the second is placed below the mandibular notch as a stay (Fig. 13c). We have no experience with this technique but it seems to meet the same conception: tensile strain lines occurring during function have to be restored at the time of osteosynthesis. However, it must sometimes be difﬁcult to place 4 screws in the condylar fragment due to its small size, particularly in the cases of high subcondylar fractures. The mechanical behaviour of the axial screw is more difﬁcult to analyse. From a mechanical point of view, the centromedullar position of the screw is theoretically ideal (Fig. 14). Compression of the fracture line takes an active part in fracture stabilization and also helps osseous consolidation to occur. However, this study suggests that the screw may be placed out of the neutral ﬁbre of the system and that’s why the screw remains subject to harmful mechanical stresses, in particular to shearing. Moreover, the intensity of the compression in the fracture line (which is an essential factor of stabilization during the use of this type of osteosynthesis) remains totally at random since no dynamic control is applied during tightening of the screw. These two factors probably explain the average quality of the primary stability noticed when testing this device, and the signiﬁcant number of screw breakages reported in the literature
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Fig. 10 – Comparison between pre- (a) and postoperative strains (b) using a three-dimensional rectangular plate (tension lines in red, compression lines in blue). Rather good reconstitution of tensile strains over anterior part of fracture line. The anterior arm of the plate is favourably stressed in tension.



Fig. 11 – The stay principle (lines in red) in functionally stable osteosynthesis (from Champy et al., 1976).



Fig. 12 – Ideal osteosynthesis lines in the mandible according to the functionally stable osteosynthesis principles (from Champy et al., 1976 and Meyer et al., 2000).



Fig. 13 – Superimposition of 4-hole standard plates and a simpliﬁed layout of the strain lines (tension lines in red, compression lines in blue): (a) classical position along the condylar neck axis. The plate is unfavourably positioned on the compression strain lines, (b) position below the mandibular notch. The plate is favourably positioned over the tensile strain lines and (c) use of 2 standard plates.
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(Kallela et al., 1995; Silvennoinen et al., 1995; Hachem et al., 1996; Maladie`re et al., 1999; Eckelt and Hlawitschka, 1999; Sugiura et al., 2001). The way the fracture was simulated (straight oblique saw cut) probably worsened the instability even more. Here again, there are few biomechanical studies assessing the experimental accuracy of the technique (Petzel and Bu¨lles, 1981, 1982; Ziccardi et al., 1997). Moreover, these lag screws are unable to stabilize every kind of fracture, such as comminuted or very oblique fractures, in which the ramus may shorten (Krenkel, 1994; Santler, 2001). Concerning the rectangular plate, no macroscopic displacement of the condylar fragment occurred and a good reconstitution of mechanical strains was observed, showing the mechanical effectiveness of the device and its aptitude to transmit physiological strains across the fracture line.



This obviously generates good bone healing conditions and allows a quite immediate postoperative resumption of masticatory function even before bone healing starts. When the position of this plate and the physiological strain lines were superimposed, the posterior arm of the plate was aligned along the compression strain lines (just as in the straight plate), whilst its anterior arm approached the tensile strain lines located below the mandibular notch (Fig. 15a). From a mechanical point of view, this location, obtained thanks to the geometrical shape of the plate, is very favourable and helps to satisfy the dynamic osteosynthesis principles. There seems to be a complete absence of other studies on the use of this kind of three-dimensional plate for this speciﬁc indication. Prevel et al. (1995) tested it for metacarpal fracture stabilization and stated that it was able to achieve more stable osteosynthesis than standard straight plates. However, it may be noticed that the shape of the plate is not ideal. In order to place the anterior arm of the plate exactly along tension lines, it is necessary to construct a trapezoidal plate (Fig. 15b). A plate of this type is currently being evaluated experimentally in this laboratory.



CONCLUSION



Fig. 14 – Superimposition of a lag screw upon the layout of the strain lines (tension lines in red, compression lines in blue). The screw may be inserted outwith the ‘‘force-neutral’’ zone of the system.



Small ﬁxtures have to be used for osteosynthesis of condylar fractures because of the small size of the fragments. Thus, strict application of dynamic osteosynthesis principles as stated by Champy should be applied. In this context, knowledge of the physical stresses applying in the condylar area is fundamental since it dictates positioning of the ﬁxation. The biomechanical studies published on this subject are very limited and none of the current devices usually used for this indication proved its effectiveness.



Fig. 15 – Superimposition of a three-dimensional plate and the layout of the strain lines (tension lines in red, compression lines in blue): (a) existing rectangular plate. The anterior arm of the plate tends to come close to the tension lines running below the mandibular notch and (b) new trapezoidal plate. The shift of the anterior arm allows the plate to be placed more precisely over the tension lines.
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This study highlights the differences between the three tested devices and conﬁrms that none of them is perfectly adapted from a mechanical point of view. In particular, the use of a single standard miniplate placed, as usual, vertically in the axis of the condylar neck, should be avoided as it provided the worst stability. The ideal osteosynthesis device intended for condylar fracture stabilization remains to be developed. It will have to take account of the local mechanical conditions.
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