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Experimental Callus Stimulation in Distraction Osteogenesis Mehrdad M. Mofid, M.D., Nozomu Inoue, M.D., Ph.D., Atay Atabey, M.D., Guy Marti, M.D., Edmund Y. S. Chao, Ph.D., Paul N. Manson, M.D., and Craig A. Vander Kolk, M.D. Baltimore, Md., and Izmir, Turkey



Distraction osteogenesis has been described as in vivo tissue engineering. The ability to stimulate this process for the repair of bony defects or lengthening of congenitally shortened facial structures is likely to significantly impact the field of craniofacial surgery. The purpose of this study was to determine whether mechanical stimulation of the distracted rabbit mandible would accelerate the maturation of the bony callus when applied during the early consolidation period. Twenty adult New Zealand White rabbits underwent unilateral mandibular osteotomy. A uni-directional internal distractor device (Synthes, Paoli, Pa.) was positioned along a plane perpendicular to the line of osteotomy. After a 7-day latency period, distraction was commenced at a rate of 1.0 mm/day for 12 days in all animals. In a control group of 10 rabbits, a consolidation period of 8 weeks was observed before they were killed. In the experimental group of 10 rabbits, daily alternate compression and distraction of 1 mm (sequential compression and distraction) was performed for 3 weeks followed by a 5-week period of rigid fixation. Each animal received a dose of a fluorescent label at three different time points during the study: at the end of the distraction period, 3 weeks after the completion of the distraction phase, and 3 days before it was killed. All animals were killed 8 weeks after the completion of the distraction phase. Undecalcified histologic analysis and 3-point bending tests to failure were performed on the extracted mandibles. The results of the experimental and control groups were compared. Four animals in the control group and three animals in the experimental group were excluded from the study because of screw loosening resulting in distractor dislodgment or because of infection. On histologic analysis, cortical thickness at the center of the callus was found to be significantly greater in the experimental group compared with the control group when normalized to the contralateral hemimandible (83 percent versus 49 percent, respectively; p ⬍ 0.007). The ratio of cortical to cancellous bone in the distracted callus was uniformly found to be greater in the experimental specimens. The mineral apposition rate was calculated by using fluorescence microscopy and found to be significantly greater in the experimental group both during the period of sequential compression and distraction (3.2 m/day versus 2.1 m/day, p ⫽ 0.02) and after the period of sequential compression and distraction (1.4 m/day versus 1.1 m/day, p ⫽ 0.006).



Mechanical testing revealed no significant differences in bending strength or stiffness between experimental or control groups (p ⫽ 0.54 and 0.47, respectively). This study has demonstrated that daily alternating compression and distraction of 1 mm amplitude during the early consolidation period has a stimulatory impact on callus formation with respect to osteoblastic activity, remodeling, and maturation of bone. Optimal timing and amplitude of sequential movement, long-term biomechanical differences, and molecular pathways have yet to be elucidated. (Plast. Reconstr. Surg. 109: 1621, 2002.)



McCarthy et al.1 described the first clinical application of distraction techniques to craniofacial surgery in 1992. Since that time, many thousands of cases have been performed worldwide. Previous studies have demonstrated that in clinical practice, one of the major impediments to the usefulness of this technique has been the length of time required to complete the distraction process.2 Efforts are presently underway to minimize the protracted time period required by most distraction protocols. For example, several recent animal and clinical studies have demonstrated that the use of a latency period before active distraction is unnecessary.1,3,4 The greatest gains in shortening the distraction process, however, will likely come from reducing the consolidation period that can last up to 10 weeks or more. Consequently, callus stimulation techniques are likely to yield the most effective solutions to significantly decrease the time required to perform distraction. The concept of functional bone adaptation in response to stress has been attributed to Wolff,5 although several others, including Roux6 and Meyer,7 share credit for the original experiments demonstrating the relationship
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between mechanical forces and the distribution and mass of bone tissue. Several large clinical studies have confirmed that for long bone fractures, axial load compression of fracture segments through active weight bearing increases callus bulk, promotes fracture healing, and decreases the time required for bony union.8 –10 Dynamization protocols for mechanical stimulation at long bone fracture sites have also been developed. In a series of 82 patients with tibial fractures, Kenwright et al.11 has shown that in the early healing period, rapid cyclical 1.0-mm axial displacement for 20 minutes each day at 0.5 Hz by using a pneumatic pump attached to an external fixator improves bone healing time by 30 percent. Recognizing that the bones of the craniofacial skeleton differ from lower extremity long bones in both their mechanisms of ossification and weight-bearing status, we sought to determine whether a simple regimen of daily alternating compression and distraction during the healing consolidation period of the distracted mandible increases callus bulk and regenerates bone maturity. The technique employed in this study for callus stimulation was chosen for its simplicity and easy adaptation to distraction protocols in present use. The rabbit model was chosen for study because of its successful use in multiple previous investigations of mandibular distraction osteogenesis.12,13 MATERIALS



AND



METHODS



Experimental Design



Twenty New Zealand White rabbits of either sex (Covance Research, Denver, Pa.), each weighing between 3900 and 4300 g, were randomly divided into two groups. In each animal, a mandibular corticotomy was performed at a line dorsal to the incisors and ventral to the molars and mental foramen before the application of a unidirectional distractor. After a 7-day latency period, distraction was commenced for 12 days at a rate of 1.0 mm/day at a single daily interval in all animals. A single daily interval of distraction was chosen for animal comfort and experimental simplicity. This regimen is congruent with protocols for the current practice of distraction in humans.2 In the control group of 10 rabbits, a consolidation period of 8 weeks was observed before they were killed. A consolidation period of 8 weeks was chosen on the basis of previous studies by Komura et al.14 demonstrating mature cortical
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bone formation at 8 weeks following the completion of rabbit mandibular distraction. In an experimental group of 10 rabbits, daily alternating compression and distraction was performed at an amplitude of 1.0 mm/day for 3 weeks. This was followed by a 5-week consolidation period. On completion of distraction, each rabbit was administered an intramuscular injection of a fluorescent bone label (20 mg/kg oxytetracycline, Phoenix Scientific, Inc., St. Joseph, Mo.). A second fluorescent bone label (30 mg/kg alizarin complexone, Sigma Chemical Co., St. Louis, Mo.) was injected intramuscularly 3 weeks after the completion of distraction. Oxytetracycline was injected once again 3 days before they were killed. Alizarin complexone and oxytetracycline fluorescent labels were injected at analogous time periods in the control and experimental animals (3 weeks after the completion of distraction and 3 days before they were killed) (Table I). Rabbits were killed by an intravenous overdose of pentobarbital (100 mg/kg). This protocol was accepted by the institutional animal care and use committee. Surgical Procedures



Surgery was performed under general anesthesia administered intramuscularly with 35 mg/kg ketamine (Fort Dodge Animal Health, Fort Dodge, Iowa), 5 mg/kg xylazine (Fermenta Animal Health Co., Kansas City, Mo.), and 0.75 mg/kg acepromazine (Boehringer Ingelheim TABLE I Study Design Summary



Control Group (10 Rabbits)



1-week latency period Distraction at 1 mm/day for 12 days 8 week consolidation period



Oxytetracycline/alizarin injections on the completion of distraction, 3 weeks after the completion of distraction (during the consolidation period), and 3 days prior to being killed Injection times coincide with time periods for the experimental group



Experimental Group (10 Rabbits)



1 week latency period Distraction at 1 mm/day for 12 days Sequential distraction/ compression (daily alternating distraction/ compression of 1 mm/ day) for 3 weeks 5 week consolidation period Oxytetracycline/alizarin injections upon the completion of distraction, after the period of sequential distraction/compression, and 3 days prior to being killed Injection times coincide with time periods for the control group
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Vet Medica, Inc., St. Joseph, Mo.). Each animal was also given an intramuscular prophylactic dose of 30 mg/kg cefazolin (Bristol-Myers Squibb, Princeton, N.J.). A longitudinal incision was made in each rabbit along the inferior border of alternating right and left hemimandibles, and the platysma was reflected in the supraperiosteal plane. A corticotomy line dorsal to the incisors and ventral to the molars and mental foramen was selected. A unidirectional 20-mm stainless steel mandibular distractor (Synthes, Paoli, Pa.) was positioned backward and parallel to the hemimandible so that the activation screw was exposed posteriorly through a small incision in the skin inferior to the angle of the mandible. The distractor was positioned in reverse order to prevent possible feeding difficulties during the postoperative period because of protrusion of the activation port anterior to the incisors. The distractor was secured to the mandible with 6-mm selftapping screws. At this point, the distractor was removed, and a corticotomy was performed on the buccal aspect with a water-cooled, oscillating saw (Stryker Surgical, Kalamazoo, Mich.). Every effort was made to preserve the inferior alveolar nerve bundle. The distractor was resecured to the mandible, and the osteotomy was completed by using gentle rocking motion with an osteotome. Subcutaneous tissues and skin were reapproximated by using absorbable suture material. Radiographic Analysis



At the time the rabbits were killed, the mandibles were harvested, measured, and examined by soft x-ray radiographs to determine the outer diameter of the bone regenerate. Soft x-rays radiographs were exposed at 70 kV and 3 mA for 30 seconds in a self-contained x-ray cabinet (Faxitron X-ray Corp., Buffalo Grove, Ill.) with high resolution film (Konica Powermatic Premium Rap-4 film, Konica, Glen Cove, N.Y.). From these high resolution films, the maximum callus diameter was measured with a digital caliper, and the values were averaged in two planes and normalized to the analogous position on the contralateral hemimandible that did not undergo the operation. Images from each specimen were captured and digitized with a charged-coupled device camera (DXC-151, Sony, Tokyo, Japan) and attached to a light microscope at 12.5⫻ magnification.



Biomechanical Testing



Biomechanical properties of the calluses were examined by 3-point bending tests. Specimens were deep frozen at ⫺18°C before testing.15 The 3-point bending test was performed with a 20-mm span length at a cross-head speed of 0.1 mm/sec with a servohydraulic universal testing machine (Bionix 858, MTS systems, Eden Prairie, Minn.).16 The slope of the initial linear portion of the curve was identified as bending stiffness. Ultimate strength was defined as the maximum torque in newtons applied during testing. Immediately after the maximum load was achieved, loading was stopped to allow the following histologic analysis. Values were normalized by calculating the percentages of stiffness (N/mm) and strength (N) relative to the contralateral hemimandible that was not operated on. Histologic Analysis



After mechanical testing, a 30-mm-long segment from each mandible was prepared for undecalcified histologic study. The specimens were fixed in 70% ethanol, dehydrated in increasing concentrations of ethanol, defatted in acetone, and embedded in methylmethacrylate (Technovit 9100, Haerus Kulzer GmbH, Wehrheim/Ts, Germany). A midsagittal section was cut at a thickness of 200 m with a diamond saw (Buehler Isomet, Lake Bluff, Ill.). Remaining sections were glued together, and 200 m sections were cut transversely at the center and periphery (within 1.0 mm of the osteotomy edge) of the bone regenerate specimen. The longitudinal and transverse sections were ground to a thickness of 100 m, and contact microradiographs were taken. The contact microradiographs were made by using a high resolution film (Industrex SR, Kodak-Industrie, Challon sur Saune, France) exposed at 35 kV and 20 mA for 45 seconds in a self-contained x-ray cabinet with a target-tospecimen distance of 20 cm. The contact microradiographs were digitized using the charged-coupled device camera attached to the microscope at 12.5⫻ magnification. The average cortical thickness for each specimen was determined by averaging the results of four representative transverse sections at the center and periphery of each callus by using bone histomorphometric analysis system software (BioQuant IV System, R&M Biometrics, Nashville, Tenn.). Digitized longitudinal image data
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were transferred to a computer workstation (Iris Indigo Elan, SiliconGraphics, Mountain View, Calif.), and the distribution of bone density was measured using an image analyzing software package (BioQuant IV System). The gray level of each pixel was corrected with an equation calculated from a nonlinear gray level–aluminum step relationship.17 Bone mineral density, calculated with the density of hydroxyapatite as a reference, was measured in three equal areas of the distal, middle, and proximal new bone. Because of the existence of the lower incisor within the inferior portion of each specimen, the superior segment was used for measurements. A ratio of bone density in the neomarrow space to the bone density in the neocortical space was then calculated, providing an index of bone maturity through remodeling. This was calculated by averaging the bone mineral content of six areas of the neocortex and of the average of the three areas in the neomarrow space.18 Measurements were made for the contralateral hemimandible of each rabbit that served as an internal control for each specimen. Using fluorescence microscopy, mineral apposition rates were calculated for each specimen on unstained transverse center sections under ultraviolet light by using the bone histomorphometric analysis system. The distance in micrometers between fluorescent labels was divided by the time periods between intramuscular administration of oxytetracycline and alizarin. Measurements of four representative sections for each specimen were averaged.
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of callus formation at the site of corticotomy and distraction (Fig. 1). Seven animals (four in the control group and three in the experimental group) were excluded from the study because of device dislodgement in five animals and infection in two animals. There was no statistical significance to complication rates between the control and experimental groups (p ⫽ 0.97). Radiographic Analysis



The average callus length measured using digital calipers on axial soft x-ray radiographic views was found to be 1.1 cm (SD ⫽ 0.17 cm). There were no statistical differences in the mean length of the mandibular regenerate achieved in the experimental and control groups (p ⫽ 0.95). The cross-sectional area of the callus for each rabbit was determined and normalized against representative sections from the contralateral hemimandible at the region between the incisors and molars (Fig. 2). The growth of the lower incisor within the bone regenerate was observed. After lengthening, there was a trend toward a larger callus



Statistical Analysis



Mean values and standard errors of the mean are presented. An unpaired t test (twotailed) was used to compare the bending stiffness and strength and radiographic, densitometric, and histomorphometric parameters between the two groups. A paired t test (twotailed) was used to compare the bending stiffness and strength of both of the experimental and control hemimandibles and to evaluate the distribution of the densitometric parameters. RESULTS



During the experimental period, all animals were observed for clinical evidence of distraction with the development of a cross bite and overgrowth of lower incisors. Gross postdistraction specimens clearly demonstrated evidence



FIG. 1. Gross postdistraction specimen. The arrow points to the site of the distracted callus in the right hemimandible.
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trol) hemimandible in each rabbit, animals in the experimental group were found to have significantly more mature bone at the site of distraction (experimental group index, 0.18; control group index, 0.25; p ⬍ 0.03). A smaller index in the experimental animals was caused by a decreased ratio of cancellous to cortical bone that is reflective of increased resorption in the neomarrow space relative to the expanding neocortex. Mineral Apposition Rate



During the period of early consolidation in control animals (the first 3 weeks after the end



FIG. 2. Soft x-ray radiographs used for cross-sectional area and densitometric measurements. Left hemimandible, experimental; right hemimandible, contralateral internal control. The arrow is at the site of callus formation.



diameter in animals within the experimental group than those within the control group (test group, 162 ⫾ 9 percent; control group, 142 ⫾ 5 percent; p ⫽ 0.087). Biomechanical Testing



Normalized mechanical values for the control and experimental mandibles were similar for stiffness (55 ⫾ 15 percent compared with 43 ⫾ 8 percent, respectively; p ⫽ 0.47) and strength (101 ⫾ 11 percent compared with 112 ⫾ 12 percent, respectively; p ⫽ 0.54). In both groups, the maximum peak load (strength) of the callus was the same (control group, p ⫽ 0.47; experimental group, p ⫽ 0.95) but less stiff (control group, p ⫽ 0.05; experimental group, p ⫽ 0.003) on the distracted side compared with the control contralateral hemimandible (Fig. 3). There were no statistical differences in strength or stiffness detected between the experimental and control groups. Cortical Thickness



Utilizing contact microradiographs, normalized cortical thickness in the neocortex was found to be markedly increased in experimental animals compared with control animals (experimental group, 83 ⫾ 8 percent; control group, 49 ⫾ 6 percent; p ⬍ 0.007) (Fig. 4). Densitometric Analysis



In comparing bone mineral content averages within the neocortex and the neomarrow space as normalized by the contralateral (con-



FIG. 3. Bar graphs demonstrating (above) similar bending strength loads for the distracted (experimental) and native bone (control) hemimandibles in both mechanically stimulated (experimental) and nonstimulated (control) groups and (below) decreased bending stiffness for the distracted (experimental) hemimandible compared with the native (control) hemimandible in both mechanically stimulated (experimental; * p ⫽ 0.003) and nonstimulated (control; ** p ⫽ 0.05) groups.
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FIG. 4. Contact microradiographs demonstrating (above) immature callus in the control group with minimal neocortical mineral deposition and (below) mature callus in the experimental group with a thick neocortex and finer central trabeculae in the neomarrow canal. Arrows point to the neocortex within the callus.



of distraction), the mineral apposition rate was found to be 2.1 ⫾ 0.15 m/day. In experimental animals, the mineral apposition rate during the period of sequential compression and distraction (the first 3 weeks after the end of distraction) was found to be significantly increased to 3.2 ⫾ 0.32 m/day (p ⬍ 0.02). The mineral apposition rate was also calculated in all animals during the period representing the last 5 weeks of consolidation in the control animals and the analogous period in the experimental animals representing the consolidation period. Once again, the difference in the rate of mineral deposition was found to be significant (control animals, 1.1 ⫾ 0.04 m/ day; experimental animals, 1.4 ⫾ 0.07 m/day; p ⫽ 0.006) (Fig. 5). DISCUSSION



New bone formation according to Ilizarov’s19 –22 principles depends on the availability and activation of bone progenitor cells, the local vascularity, and the mechanical envi-
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ronment. Despite ample evidence in the long bone literature that bone responds to stress and can in fact be mechanically stimulated through early weight bearing,8 –10 no techniques have yet been described in the field of craniofacial distraction to enhance bone maturity with the ultimate goal of shortening the relatively long consolidation period. We have demonstrated a simple yet effective technique to increase callus mineral deposition and remodeling to more mature bone through sequential compression and distraction during the early consolidation period. We were unable to discern biomechanical differences at the time the animals were killed between the experimental and control groups; however, all distracted specimens were universally found to be less stiff than native bone with similar peak loads to failure. Our complication rate that required removal of seven of the 20 animals (35 percent) in our study is higher than the 17 percent complication rate of infection, device dislodgement, and hardware failure utilizing mandibular distractors in human clinical subjects.2 In future studies, use of animals with larger mandibles to accommodate distractors designed for humans might be of benefit in lowering the rate of device dislodgement. In the experimental group of animals, callus volume, the rate of mineral deposition during the period of mechanical stimulation, and cortical density were increased relative to control



FIG. 5. Comparison of mineral apposition rates in the experimental and control groups during the first 3 weeks of the consolidation period in control animals, coinciding with the 3-week period of sequential compression and distraction in experimental animals and the last 5 weeks of consolidation in both groups.
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animals by 14 percent, 52 percent, and 69 percent, respectively. The increase in callus volume in experimental animals is clearly a result of increased bone matrix synthesis as evidenced by heightened mineral apposition of 3.2 m/day relative to 2.1 m/day in control animals. It is interesting to note that in the experimental animals during the consolidation period, there was a marked decline in the mineral apposition rate from 3.2 m/day during the period of mechanical stimulation to 1.4 m/day during the period of consolidation in the last 5 weeks of the study. There continued to be a slightly greater rate of mineral apposition in the experimental animals during the period of consolidation relative to the control animals of 1.4 m/day versus 1.1 m/day. This is likely caused by a linear decline in the rate of synthesis from higher levels during the period of mechanical stimulation. The increased rate of bone remodeling to mature bone with thicker cortices was also significant in experimental animals. A remodeling index, described by Meffert et al.,18 demonstrated a significant progression of the callus to native bone compared with control animals. In mandibles subjected to stimulation, cortical thickness, as normalized by the contralateral hemimandible in each rabbit, was on average 83 percent of that found in native bone. In control animals, normalized cortical thickness was only 49 percent of native bone. Experimental animals were found to have significantly greater bone density in the neocortex and significantly less bone density in the neomarrow space, indicative of more mature bone that has undergone more rapid remodeling. A study by Kassis et al.23 on long bones has also examined the effect of controlled axial micromovements during the consolidation period after distraction. In a rabbit tibia model, it was found that an electric pump capable of producing 30 movements per minute at an amplitude of 0.188 mm for 15 minutes per day over a 16-day consolidation period resulted in significantly greater callus volumes, density, and strength of 19 percent, 6 percent, and 11 percent, respectively, in comparison to control animals. Although our technique for mechanical stimulation of the callus has also demonstrated gains in callus volume and density, we were unable to determine biomechanical differences between control and experimental specimens. The confounding effects of the lower incisors within the regenerate bone spec-
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imen may explain our inability to discern differences in mechanical properties. The presence of the incisor within the callus is likely to have mechanically reinforced the regenerate bone, and therefore, the 3-point bending test is likely not to have measured structural properties of the callus alone. Future experiments designed to measure biomechanical properties within distracted mandible specimens should be performed in animal models that allow distraction in non–tooth-bearing regions. The timing of mechanical stimulation in distraction and fracture repair seems to be critical. The study of mechanical stimulation in fracture healing has shown that timing the oscillating motion during the later phases of bone healing is disadvantageous. Noordeen et al.24 have shown in a series of 56 patients with tibial fractures that micromovement during the later phases of bone healing, and after the establishment of vascular network, is deleterious and delays fracture union. Kassis et al.25 have shown that the effect of oscillating motion during the active phase of distraction, as opposed to the early consolidation period, is ineffective for callus stimulation in the rabbit tibia. Greenwald et al.26 have confirmed the futility of daily alternating compression and distraction during the distraction phase in the rodent mandible model. In a study of 10 rats, no histologic or radiologic differences were found when a short interval of daily compression was interposed in the middle of the distraction period and before eventual consolidation. Ostensibly, stimulation protocols are effective only when the callus is fully formed, yet still immature, so that the application of strain is not disruptive to the developing architectural construct. In addition to the importance of appropriate timing of the stimulatory motion, Kenwright and Goodship27 have demonstrated that there is a critical strain-related upper limit of movement above which nonunion will occur. In a study of sheep tibia, the ideal period for controlled mechanical stimulation was found to be within the first 3 weeks of osteotomy, coinciding with the proliferative phase. Impaired healing was found when the application of strain extended beyond 4 weeks into the remodeling phase of bone repair. In a second phase of the study, limiting levels of strain magnitude were defined for the tibia above which the healing process was inhibited. In a study of sheep tibia undergoing distrac-
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tion, Claes et al.28 have found the ideal amplitude of interfragmentary movement to be 0.5 mm. Using a telescopic rigid fixator with a spring assembly, the regenerate bone was compressed during weight bearing throughout the consolidation period to a defined experimental distance and then, during unloading, the displaced amplitude was recovered by the recoil of the springs. The greatest callus density and most rapid stiffening occurred in the 0.5-mm interfragmentary motion group, followed respectively by the control animals (no interfragmentary motion) and groups with 1.2 mm and 3.0 mm of interfragmentary motion. In a study of distraction osteogenesis in the rabbit mandible, Meyer et al.29 have confirmed that bone remodeling is strain related and that although higher strain magnitudes lead to an overall greater extent of bone formation, hyperphsyiologic strain magnitudes result in fibrous nonunion.
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CONCLUSIONS



We have demonstrated a simple yet effective technique to increase callus mineral deposition and volume through a simple regimen of daily alternating compression and distraction of 1.0 mm during the early consolidation period of the distracted mandible. In addition, this technique was found to significantly promote regenerate bone maturity to more closely approximate the structure of native bone. It remains to be studied whether this technique will allow craniofacial surgeons to shorten the consolidation period and thus the overall course of the distraction process. Craig A. Vander Kolk, M.D. Division of Plastic and Reconstructive Surgery The Johns Hopkins Hospital 601 N. Caroline Street, McElderry 8th floor Baltimore, Md. 21287 [email protected] ACKNOWLEDGMENT
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