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Summary The high cost of large animal protocols has limited the study of distraction osteogenesis (DO) in the craniofacial region. This study was designed to characterise a rat model for DO with regard to distraction rate and consolidation period. Unilateral mandibular distraction was performed on 129 male Sprague—Dawley rats using an osteotomy from the sigmoid notch to the inferior border of mandible. After a 3-day latency, 12 groups of 8—9 rats underwent distraction for 5 days at four different rates (0, 0.2, 0.4, 0.6 mm per day), with three different post-osteotomy sacrifice times (10, 24, and 38 days) and four final predicted distraction lengths (0, 1, 2, and 3 mm). Another four groups of rats (N ¼ 8 per group) were sacrificed 6 days post-osteotomy, resulting in distraction for 3 days with a predicted distraction length of 0, 0.6, 1.2, 1.8 mm. Changes in mandibular morphology were measured from radiographs of disarticluated hemimandibles. The bone density of the regenerate and control sites was measured using microdensitometry calibrated with an epoxy stepwedge. Distraction linearly increased mandibular length, distraction gap width and the area of the distraction gap (P < 0:00005). Mandibular length increased by 0.394 mm per distraction rate. Gap width and area increased by 0.67 and 5.8 mm2 per distraction rate, respectively. The increase in length represents only 39.4% of what was predicted, suggesting that compensatory alteration in condylar or mandibular morphology may have occurred. This speculation was further supported by the finding that mandibular length, measured without the condylar landmark, was 53.8% of predicted. During DO and early consolidation, the measures of bone density in the regenerates decreased compared to control for all groups. Thereafter, bone density in the regenerates generally increased in all groups until day 24 (P < 0:01), obtaining levels that were comparable to the unoperated side. At both rostral and caudal sites adjacent to the osteotomies, measures of bone density were enhanced over control in all groups, with the rostral site also showing significant increases over time in the sham and the highest distraction groups (P < 0:008 and P < 0:014). We conclude that this rat model for mandibular distraction osteogenesis provides bone density changes that are consistent with those reported using larger animal protocols. ß 2003 Elsevier Science Ltd. All rights reserved.
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Introduction Mandibular distraction is becoming a promising alternative for the treatment of retrognathia and asymmetry.1—4 Despite its growing popularity, distraction of the craniofacial skeleton presents with unique and complex problems that require further study in animal models. Dogs, pigs, sheep, monkeys and rabbits have been used to study craniofacial distraction.5—13 Although rat models have been described,14—16 none has yet been well characterised with respect to changes in mandibular morphology and bone remodelling under various distraction protocols. In this study, a recently described rat model for mandibular distraction14 is examined for the effects of distraction rate and consolidation period on the density of the bony regenerates and adjacent osteotomy sites, as well as on mandibular morphology.



Materials and methods Animal care One hundred twenty-nine 3-month male Sprague— Dawley rats weighing 340—380 g were used in this study. The housing, care, and experimental protocol were in accordance with the guidelines set by Animal Care and Use Committee at the University of Washington. Two days before surgery, both powdered diet and regular kibbles were supplied.



Anaesthesia and surgical procedure The procedure was based on a previously reported method.14 Briefly, rats were anaesthetised with ketamine (70 mg/kg) and xylazine (13 mg/kg) intraperitonealy. Cefazolin (10 mg/kg) was also given preoperatively. At surgery, a transverse skin incision was made along the inferior border of the right hemimandible. The masseter muscle was incised and carefully stripped to expose the mandibular angle, sigmoid notch, and mandibular body posterior to the third molar. The lingual border of the mandibular angle was also freed of its muscular attachment, and a pre-fabricated methylmethacrylate block (7 mm  3 mm  1 mm) was placed against the lingual surface of the angle to give additional support for the posterior installation of the device because the bone is extremely thin in this area (Fig. 1A, insert, a). The osteotomy was performed using a round diamond bur (0.5 mm tip diameter, Axis Dental Co. Irving, TX). The distraction device was positioned on the external surface of the mandible near the inferior border. The device consisted of two Luhr L-shaped micro-plates (0.8 mm; five holes) and a
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Leone jackscrew (0.2 mm per 1/4 turn, Fig. 1A, insert, b and c, respectively). The anterior microplate was secured to the mandibular body with two self-tapping micro-screws (0:8 mm  3 mm) (Fig. 1A, white dots). The posterior plate was installed at the mandibular angle with two additional screws, which were also anchored to the methacrylate block. An osteotomy was then performed from the sigmoid notch down to the inferior border between the two plates using a diamond bur in a low speed handpiece with copious saline irrigation. The wound was then closed in layers. The terminology for the osteotomy used in this report is rostral and caudal. Rostral refers to the tooth-bearing fragment of the mandible and caudal refers to the ramal fragment. Lactated Ringer’s solution (20 ml) was administrated subcutaneously following surgery. Buprenorphin (0.1 mg/kg) was injected subcutaneously just before the rat became fully conscious. Rats received powdered diets until 10 days after the operation, followed by a mixture of powdered chow and regular kibbles for the next 3 days. Thereafter, only kibbles were provided until sacrifice. Cefazolin (10 mg/kg) was given intraperitoneally 3 and 7 days after the operation. Body weights were monitored every 2—3 days post-operatively.



Distraction procedure Following a 3-day latency period, 32—33 rats were randomised to one of four groups. Group I did not receive activation and served as sham group. Groups II, III and IV had the distraction devices activated at rates of 0.2, 0.4 and 0.6 mm once a day respectively from days 3 to 7 (i.e. the length of the distraction period was 5 days, but 3 days for rats sacrificed on the sixth post-osteotomy day). The activation rhythm of once per day was chosen as a convenience and for safety because it was necessary to anaesthetise the rats for this procedure. Eight to nine rats in each group were sacrificed at each of the following days: 6, 10, 24, and 38. The distraction rates are considered to be slow (0.2 mm per day), moderate (0.4 mm per day) and rapid (0.6 mm per day). The times were selected to provide for mid-distraction (day 6), early consolidation (day 10), mid-consolidation (day 24) and late consolidation (day 38) observations. After sacrifice, both hemimandibles were removed and fixed in 10% formalin.



Assessment methods Mandibular morphology Radiographs of all hemimandibles were taken on X-Omat TL 8 in:  10 in: diagnostic film (Kodak, Koyoto, Japan) using an enclosed X-ray unit (Picker
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Figure 1 (A) Schematic illustration of the distraction/osteotomy locations and regions of interest. The solid line (bc) was used to measure the mandibular length including the condyle. This line was constructed from point c, the most superior point on the lingual alveolar crest of the mandibular incisor, to point b, the bisecting point on the condyle from the angle (point a) formed by the intersection of two tangent lines passing the most superior and posterior points of condyle. The dashed line was used to measure the mandibular length excluding the condyle. This line was constructed from point d, most concave point of the posterior notch of the mandible to point c. The four white dots along the inferior border of the mandible indicate the approximate locations of micro-screws for securing the distraction device (insert) on the buccal surface of the mandible. The three shaded areas represent the distraction gap, the caudal and the rostral osteotomy edges. Three capital letters in the gap indicate the locations where the gap widths were measured. Insert: a, pre-fabricated methylmethacrylate block; b, two Luhr L-shaped micro-plates; c, Leone jackscrew. (B) Distractor in place during the consolidation period.



X-ray Corporation, Cleveland, USA). Hemimandibles were placed flat on the film with the lingual side facing the film. The settings were as follows: distance 65 cm, voltage 35 kVP, current, 35 mA, and exposure time 25 s. Exposures were made with an epoxy stepwedge (Gammex Inc., WI, USA) that allowed standardisation of radiographic densities into epoxy equivalent thicknesses. These radiographs were scanned (ScanJet 4c/T, Hewlett Packard Co.) and analysed by means of NIH Image software (version 1.62, NIH, USA). Two lengths of the operated mandibles were measured along the molar occlusal plane. The first was measured from the most posterior—superior point of the condyle (i.e. the intersection of the bisector of the angle formed by tangents to the posterior and superior



points of the condyle) to the tip of the incisor lingual alveolar crest (Fig. 1A, solid line bc). The second was measured form the most concave point of the posterior notch to the tip of the incisor lingual alveolar crest with the condyle excluded (Fig. 1A, dashed line dc). In addition, the widths of the distraction gaps were also measured in dorsal (D), middle (M) and ventral (V) locations and the mean of these three measurement was calculated (Fig. 1A). The area of the distraction gap was also measured as described below. Microdensitometry Radiographic density measurements were collected from both operated and unoperated hemimandibles. In order to locate a position on the unoper-
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ated hemimandible that was comparable to the operated site, a reference line was drawn along the occlusal plane between the cusp tips of the first and third molars. The image of the unoperated side was flipped horizontally to keep its orientation similar to that of operated side. Both hemimandibular images were then superimposed on the reference lines. The distraction gap and its adjacent regions (at a width of 1 mm) were outlined on the operated side (Fig. 1A). Using this outline, the identical site on the unoperated side was also located. The radiographic density (pixel) measured from the outlined regions was converted into the equivalent bone density using the algorithm generated from the image of an epoxy stepwedge which was put on the each film together with harvested hemimandibles during radiography. The percentage value (percentage bone density), operated side versus unoperated side times 100%, was calculated. Percentages below 100 represented a decreased radiographic bone density on the operated side compared with the unoperated side. To test for both inter- and intra-investigator reliability regarding the measurements, 10 images were randomly selected and measured twice with a 5-day interval by the same two investigators (L.L.W. and Z.J.L.). There were no significant differences between investigators in any measurement using a paired t-test. The method error was 0.28 and 0.45 for measurements of morphology and density, respectively. Statistical analysis Quantitative comparisons of outcome measurements are reported by percentage change. These comparisons include the same outcome measurements from the operated side compared to the control side, as well as comparisons between different distraction groups or post-osteotomy times. The sample distribution of each measurement (the mandibular length and the ratio of bone density of the operated side to the control side) was examined by using histograms. Two-way ANOVA was used to test for distraction rate or time effects. The interaction between these two factors was also examined and found to be insignificant and diagnostics for the ANOVA model were done to check the adequacy of the model (data not shown). Tukey’s method for simultaneous multiple comparisons was applied to examine whether or not measurements in each pair of different subgroups were significantly different at an overall 0.05 type I error level. The relationships between mandibular length versus distraction rate and gap area versus distraction rate were examined using linear regression. Difference levels were set at P < 0:05 or less.
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Results General examination Generally, the experimental procedures were well tolerated by rats, and the distraction device was rigid enough to produce and maintain the distraction gap (Fig. 1B). Body weight changes and complication rates have been previously reported.14 There were no wound infections, but localised and encapsulated abscesses were found in some animals during the middle and late consolidation periods. Most of these were in the location of rostral micro-plate with various degrees of osseous hyperplasia. In addition, the bone underlying the methylmethacrylate block showed a tendency to resorb at the later times. The devices were stable throughout the whole experimental period with no visible screw migration, tipping or mobility. By gross observation, the unions were fibrous (i.e. fully bendable) for all 6-day specimens and most of the day 10. For most of day 24 and 38 specimens, the unions were either fibrous/osseous (i.e. partially bendable) or osseous (i.e. rigid). Radiographs of hemimandibles revealed that despite the two segments being separated nearly parallel to each other by a distraction gap, uneven gaps and minor offsets supero-inferiorly were found in a few cases. By 10 post-operative days, regenerate bone could be detected radiographically in the area of the distraction site adjacent to the mandibular foramen. In some samples, it was apparent that the condyle was deformed and its size decreased, especially during late-consolidation period. These effects will be reported elsewhere.



Effect of distraction rate on mandibular morphology The relationships between mandibular morphology and incremental distraction rates were linear and highly significant (P < 0:00005). Mandibular length measured from the condyle increased at a rate of 0.394 mm per distraction increment (i.e. 1:97  0:2 mm ¼ 0:394 mm). It increased at a rate of 0.538 mm per distraction increment (i.e. 2:69  0:2 mm ¼ 0:538 mm) when the measurement excluded the condyle (Fig. 2A and B). Therefore, the actual lengthening of the mandible was much less than the planned distraction amount (i.e. 0:2 mm  5 days ¼ 1 mm). The width and area of the distraction gap increased 0.670 mm and 5.836 mm2, respectively per distraction increment (i.e. 3:35  0:2 mm ¼ 0:670 mm and 29:18 mm  0:2 mm ¼ 5:836 mm2; Fig. 2C and D). It should be mentioned that the actual width of the gap
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Figure 2 Comparison of effects of distraction rates on mandibular morphology on the operated side: (A) mandibular length including the condyle; (B) mandibular length excluding the condyle; (C) width of distraction gap; (D) area of the distraction gap. The results of linear regression analyses are shown by the superimposed lines and on each panel. LR: linear regression.



(0.825 mm) in sham distraction was much greater than the predicted value from linear regression (0 mm). This was partially due to the width of the bur used for the osteotomy (tip dimension, 0.5 mm). This feature contributed most to the under-estimation of the gap width and mandibular length. If the data were corrected for this (i.e. subtracting the gap width from mandibular lengths in the sham), the incremental rates in the gap and mandibular lengths, with and without the condyle, were 0.932, 0.653 and 0.799 mm, respectively.



Microdensitometry At the distraction gap, the time points selected for mid-distraction (day 6), and early consolidation (day 10) had significant reductions in bone density compared to a similar site on the unoperated side in all distraction rates (56—68%; P < 0:001), but there were no differences between these two time



points. The times chosen for the mid- (day 24) and late-consolidation (day 38) had slightly increased bone densities compared to the unoperated side (13—25%, P ¼ 0:089 to P < 0:01, respectively, Fig. 3A and B) for sham and slow distraction rates, with no difference between these two consolidation time points (Table 1). There were highly significant differences between the two earlier times and the two consolidation times in all distraction rates (P < 0:001 to P < 0:048; Table 1). The caudal edge of the osteotomies had more dense bone than a similar site on the unoperated side at all time points in all groups (30—93%, P < 0:01 to P < 0:001). However, there were no significant temporal changes in radiographic density at this site. At the rostral edge, the equivalent bone density was also elevated compared to the unoperated side at all time points in all groups, but less than what was found at the caudal edge (28—66%, all,
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Figure 3 Comparison of time-course effects on the equivalent bone densities of mandibles at regions of interest in each distraction group: (A) sham group; (B) slow distraction group (0.2 mm per day); (C) moderate distraction group (0.4 mm per day); (D) rapid distraction group (0.6 mm per day). Results of the one-way ANOVA are shown for each region of interest on each panel. See Table 1 for the P-values of multiple comparisons.



Table 1



P-values of multiple comparisons. Day 6 vs. day 10



Equivalent bone density Sham Gap 1.000 Caudal 0.668 Rostral 0.529



Day 6 vs. day 24



Day 6 vs. day 38



Day 10 vs. day 24



Day 10 vs. day 38



Day 24 vs. day 38



0.000 0.084 0.003



0.000 0.318 0.258



0.000 0.542 0.078



0.000 0.929 0.955



0.995 0.881 0.209



0.2 mm Gap Caudal Rostral



1.000 0.774 0.853



0.005 0.937 0.145



0.001 0.995 0.572



0.007 0.983 0.530



0.001 0.899 0.963



0.902 0.988 0.813



0.4 mm Gap Caudal Rostral



0.127 0.427 0.836



0.000 0.086 0.128



0.000 0.154 0.128



0.048 0.786 0.488



0.001 0.919 0.487



0.327 0.991 1.000



0.6 mm Gap Caudal Rostral



0.819 0.447 0.332



0.000 0.697 0.008



0.000 0.901 0.014



0.000 0.975 0.308



0.000 0.845 0.421



0.983 0.977 0.996



Values in bold indicate significant differences.
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F- and P-values of two-way ANOVA. Without interaction



With interaction



F-value



F-value



P-value Rates



Days



Mandibular length 12.15









Equivalent bone density Gap 34.69 Caudal 3.24 Rostral 7.45



0.0013 0.1195 0.3069






P-value Rates



Days



RD



5.45









0.4513



14.06 1.64 3.36



0.0015 0.1187 0.2993






0.6704 0.7644 0.6740



Values in bold indicate significant effects. Rates: distraction rates; days: post-operative days; R  D: interaction term between rates and days.



P < 0:001). At this site, the mid-consolidation time point (day 24) was significantly denser than day 6 (P ¼ 0:003; Table 1). In the greatest distraction group, both mid- and late-consolidation time points were significantly more dense than day 6 (P ¼ 0:008 and P ¼ 0:014, respectively; Table 1), but neither was different from each other.



Combined effects of distraction rates and post-operative days The overall experimental design was a two-way analysis with four distraction rates and four postoperative days as main factors. The two-way ANOVA analysis without interaction demonstrated that there was a strong effect of both rates and days on the mandibular length (P < 0:0001). While time had a strong effect on bone density at all sites, the rate only had a significant effect on the bone density in the gap. The two-way ANOVA analysis with interaction further indicated that these two main factors did not affect each other significantly (P > 0:67) (Table 2).



Discussion Experimental research on mandibular distraction osteogenesis (DO) has been conducted using animal models such as the dog, monkey, pig, sheep, and rabbit. In this study, a recently described rat model for mandibular DO14 was examined for mandibular morphology and bone healing in the regenerate and at the adjacent osteotomy sites as functions of distraction rate and time following osteotomy. Using this model, rats maintain normal activity and gained weight. Furthermore, improved stability of distraction devices, low mortality, and low infection rates allow investigating DO with a sample large enough to protect statistical power. The use of



rodent models for osteodistraction should also facilitate studies on cellular and molecular mechanisms.17,18 The rat models for mandibular DO described to date have been varied. Some use larger devices with extensive dissection, while others use smaller devices and less undermining of tissues.15,16 One model creates an osteotomy between two molars and secures the device to the body of the mandible.16 This region has been the preferred site of device attachment, as opposed to the ramus, because the ramus of the rat mandible is very thin, resulting in fractures and high rates of device dislodgement. However, the inter-molar technique puts teeth in close proximity to the distraction site and increases the risk of infection due to communication with the oral cavity. Our findings were consistent with those from large animal and clinical models. Bone mineralisation during and after limb lengthening procedures in humans has been monitored quantitatively using dual energy X-ray absorptiometry (DEXA).19,20 As lengthening proceeds, the bone density of the gap first falls, reaching minimum values at the time of maximal distraction. This is consistent with the reports of active bone resorption at the cut bone ends.21 Bone density then increases during consolidation, but this seems to be site specific and recovery is only partial in some bones, even after subsequent weight-bearing. Our study suggests that full recovery occurs in the regenerate and cut bone ends following mandibular distraction. In fact, the cut bone ends have a tendency to be denser than unoperated controls. There are reports that lengthened leg bones are as strong as control bones.22 However, stress testing of distracted mandibles report that the average ultimate strength of the regenerate segment remains at 77% of normal.7 This study does not suggest that rapid distraction causes a greater loss of bone density or that this
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does not completely recover during the consolidation period. Moderately slow distraction rates have been reported to lead to bone formation with the strongest biomechanical and histological properties, despite having similar bone density readings to more rapidly distracted animals.23 Acute lengthening also seems to lead to an increased risk of fibrous unions compared to gradual distraction.16,24,25 Several studies have examined the effects of other biomechanical modifications to the standard slow distraction rate to lengthen bones. Some have reported equivalent healing in a moderate range of latency periods.13 However, others have found that delayed distraction, compared with immediate, improved the quality of the callus with quicker, denser, and more homogeneous bone formation.26 Alternating compression and lengthening periods during distraction also has no substantial effect on the radiological or histological appearance of the regenerate.27 Excessively slow rates of distraction may not maximally stimulate angiogenesis in the central fibrous zone, whereas higher rates may impair this response. Neovascularization in the central fibrous zone seems to be maximally stimulated by moderate rates of distraction.17 Most research efforts at reducing the time required for osteodistraction have focused on the consolidation period because this represents the longest part of the procedure. Physical modifications including ultrasound28 and electrical stimulation29 have proven effective. TGF-beta 1 treatment has no detectable effect,30 whereas several other substances with osteogenic activities, including IGF-1,31 DMB, Vitamin D332 and FGF-233 seem to have positive influences on consolidation. Implantation of osteogenic cells also seems to promote maturity of the distracted callus.34,35 Cigarette smoking may be of particular concern for adult mandibular distraction patients as it lengthens the consolidation time and decreases the mechanical strength of the regenerate.36 Obviously much more work can be done on reducing the time required for osteodistraction and the quality of bone obtained. This model can facilitate these types of studies. There are no previous reports on the changes in mandibular morphology following mandibular DO. Our data show that the mandibles increased at about 39.4 to 53.8% of the predicted amount (1 mm) at all of the distraction rates examined, and measurement from the posterior notch showed 15% greater increment than that from the condyle (Compare Fig. 2A and B). Significant deformities of the mandibular condyles were evident in some of the distracted mandibles. Furthermore, only 67% of predicted amount was obtained using direct mea-
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surements of the width of the distraction gap (Fig. 2C). The following may account for these discrepancies. (1) The larger gap width in the sham group (predicted: 0 mm, actual: 0.872 mm, Fig. 1C) minimised the increments calculated by linear regression. (2) A portion of the mandibular increase may be lost due to muscle traction and subsequent mandibular remodelling (e.g. at the condyle). Clearly posteriorly directed traction to the mandible can stimulate changes in the condyle and glenoid fossa that can lead to mandibular shortening in growing individuals.37 (3) Some devices might have been slack at the time of installation. (4) The 6-day group had smaller final distraction lengths than the other groups (0.6, 1.2 and 1.8 mm, instead of 1— 3 mm). Their inclusion in the linear regressions tend to minimise the measured increments. (5) There were some fragments that were offset supero-inferiorly. (6) The border between the original and regenerate bone in some late specimen was difficult to identify because of remodelling changes. In any case, the current analysis of the morphology of the distracted mandible clearly suggest that negative alteration in the condyle is a complication following mandibular distraction. The condylar changes contribute about 15% to the disparity between measured and predicted mandibular lengths. Another possibility may be that some relapse occurs during consolidation because the gap widths did achieve the predicted values in all three distraction groups (Fig. 2C). It is also noteworthy that if the gap width is corrected for an over-estimation in the sham group due to bur width, an incremental rate of 0.932 mm per distraction rate is achieved. This is very close to what is predicted (1.0 mm) based on the amount of screw advancement done per group. It is noteworthy that the first appearance of bone formation in our study was near the mandibular foramen. Nerves and vessels richly supply this area. An intense vascular response associated with mandibular DO has been reported primarily during the early stages of distraction.18 Callus distraction also leads to moderate degenerative changes in nerves, followed by repair, almost complete recovery, and some nerve fibre growth.38 In conclusion, this report characterises the remodelling responses in a rat model for mandibular distraction osteogenesis. This small animal model behaves similarly to the large animal models with regard to bone density changes in the distracted callus and surrounding bone. This combined with improved distractor stability and lessened animal morbidity will facilitate studies on the molecular and cellular changes associated with mandibular DO and possible biological means to improve the procedure.
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