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Background: Distraction osteogenesis (DO) is used for skeletal defects; however, 
up to 50% of cases exhibit complications. Previous mouse models of long bone DO 
have been anecdotally hampered by postoperative complications, expense, and 
availability. To improve clinical techniques, cost-effective, reliable animal models 
are needed. Our focus was to develop a new mouse tibial distractor, hypothesized 
to result in successful, complication-free DO.
Methods: A lightweight tibial distractor was developed using CAD and 3D print-
ing. The device was fixed to the tibia of C57Bl/6J mice prior to osteotomy. 
Postoperatively, mice underwent 5 days latency, 10 days distraction (0.15 mm every 
12 hours), and 28 days consolidation. Bone regeneration was examined on post-
operative day 43 using micro-computed tomography (μCT) and Movat’s modi-
fied pentachrome staining on histology (mineralized volume fraction and pixels, 
respectively). Costs were recorded. We compared cohorts of 11 mice undergoing 
sham, DO, or acute lengthening (distractor acutely lengthened 3.0 mm).
Results: The histological bone regenerate was significantly increased in DO 
(1,879,257 ± 155,415 pixels) compared to acute lengthening (32847 ± 1589 pixels) (P 
< 0.0001). The mineralized volume fraction (bone/total tissue volume) of the regen-
erate was significantly increased in DO (0.9 ± 0.1) compared to acute lengthening 
(0.7 ± 0.1) (P < 0.001). There was no significant difference in bone regenerate between 
DO and sham. The distractor was relatively low cost ($11), with no complications.
Conclusions: Histology and µCT analysis confirmed that the proposed tibial DO 
model resulted in successful bone formation. Our model is cost-effective and 
reproducible, enabling implementation in genetically dissectible transgenic mice. 
(Plast Reconstr Surg Glob Open 2023; 11:e4674; doi: 10.1097/GOX.0000000000004674; 
Published online 13 February 2023.)
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INTRODUCTION
Segmental long bone defects arise from a myriad of 

pathologies including high-velocity trauma, surgical 
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resection of tumors, osteomyelitis, and fracture malunion. 
A critical-sized bone defect is regarded as one that will 
not heal spontaneously despite surgical stabilization and, 
thus, requires further intervention to “fill” the bony gap.1 
Management of critical-sized bone defects continues to 
represent a major clinical challenge. Options, such as 
bone allograft and autograft, are fraught with limitations.2,3 
Distraction osteogenesis (DO) is an alternative limb-pre-
serving treatment, first described in humans by Codivilla 
in 19054 and which later gained notoriety following work 
by Ilizarov in World War II.4,5 DO is divided into three key 
steps: a latency period for callus development, a distrac-
tion period of gradual lengthening, and a consolidation 
period that allows the regenerate to mineralize.5–7 While 
DO results in endogenous bone formation, the procedure 
is not without its own unique challenges. The process is 
lengthy, spanning approximately 1 year.5 Furthermore, 
two case series and a meta-analysis support that there is up 
to a 50% complication rate, including malunion, delayed 
union, or failure.5,8,9 Additional research is needed to opti-
mize this technique and reduce complications.

The majority of animal studies to date regarding 
long bone DO have been performed in rabbits,10–12 
micropigs,13–15 dogs,16,17 and rats18–24; however, these 
experimental methods are limited given the paucity of 
transgenic animals for interrogation and the expense of 
these experimental models. Several techniques of mouse 
tibial DO have been proposed, which implement specialist 
dental equipment or human devices adapted to a mouse 
model; however, these methods have been hampered by 
postoperative complications and negative effect on mouse 
mobility, as reported in the use of circular frames.25,26 In 
addition, to date, results of studies pertaining to mice have 
not translated into clinical advances.27–29 Another current 
gap in research is the expense and availability of existing 
models.25,26,30 While exact costs of other DO models are 
not directly reported, the use of materials, such as imme-
diate polymerization resin,25 specialized metal distractors 
adapted from craniofacial DO,30 and aluminum and stain-
less steel distractor components,26 demonstrates the lack 
of an existing low-cost small animal distractor. A low-cost 
and easily accessible mouse long bone DO model has the 
ability to accelerate animal research, as the mouse mod-
els are genetically dissectible (eg, availability of transgenic 
animals). Small animal research could then translate to 
large animal models, and ultimately from the bench to the 
bedside, thus offering promise of improvement in clinical 
outcomes for our patients undergoing long bone DO.

The purpose of this study was to establish a new 
method of tibial DO in mice, which utilizes a computer-
aided design of a lightweight fixator in addition to 
commercially available screws. Our new model used inex-
pensive and more easily manufactured materials relative 
to current models and a monolateral rather than circular 
frame. We hypothesized that this new model of tibial DO 
would be low cost and lead to robust, complication-free 
osteogenesis, which could be validated both radiologi-
cally and histologically at the end of the consolidation 
phase in comparison with sham and acutely lengthened 
bones.

METHODS

Animals
Ten-week-old male mice, C57BL/6J mice, (Jackson 

Laboratories) were used for development and testing of 
the surgical model. Mice were divided into three groups: 
sham, acute lengthening, and a gradually distracted group. 
All mice were killed on postoperative day (POD) 43, mir-
roring our laboratory’s mandibular distraction protocol31 
and previously published models.32,33 All experiments were 
performed according to Stanford University Animal Care 
and Use Committee guidelines. Animals were housed in 
cages of up to five littermates in temperature- and light-
controlled environments and fed ad libitum.

Development of the Tibial Distractor
The tibial distraction devices were manufactured using 

computer-aided design as previously described.31 Briefly, 
the computer-aided designed distractors were 3D printed 
using a light-weight UV-cured photopolymer composed 
of urethane acrylate oligomers (20%–40%), ethoxylated 
bisphenol A diacrylate (15%–35%), and tripropylenegly-
col diacrylate (1.5%–3%) (Fig. 1). As evident in Figure 1, 
there were two distractor footplates printed in each 3D 
printing run, and these were then divided (cut with scis-
sors) before placement on the tibia. The screws used were 
purchased from a commercial supplier (Mc Master Carr, 
Ohio.). For the distractor plate fixation to the tibia, 18-8 
Stainless Steel Pan Head Torx Screws (000-120 thread 
size, 1/8” length, 96710A001) were used. For the dis-
tractor screw, a Super-Corrosion-Resistant 316 Stainless 
Steel Socket Head Screw (0-80 thread size, ½ inch length, 
92185A055) was used. A dental drill (Brasseler Z500, Ga.) 
was used both for screw fixation (0.6-mm drill bit, Drill Bit 
City, Illi.) to the tibia and for osteotomy (0.2 mm, Medium 
MiniFlex Double Sided Diamond Disc, Brasseler Dental 
Instrumentation, Ga.). The cost of distractor parts was 
recorded.

Tibial Distractor Placement
In accordance with Stanford University Animal Care 

and Use Committee guidelines, mice were placed under 
multimodal anesthesia composed of intraperitoneal 

Takeaways
Question: Distraction osteogenesis  (DO) results in bone 
regeneration but is associated with prolonged treatment 
and complications such as malunion and failure. The aim 
of this study was to develop a rigorously tested, reproduc-
ible and cost-effective long bone DO mouse model.

Findings: We demonstrate the use of a method of long 
bone DO, which utilizes a computer-aided design of a 
lightweight monolateral fixator in addition to commer-
cially available screws.

Meaning: This model of mouse tibial DO results in repro-
ducible and reliable osteogenesis and holds great promise 
to accelerate research and improve clinical outcomes for 
patients undergoing long bone DO.
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ketamine hydrochloride (100 mg/kg) and xylazine (5 mg/
kg) and subcutaneous yohimbine (1 mg/kg). The surgical 
site was then prepared. The lower limb was then externally 
rotated and an incision was made using a 15 blade from 
the knee to the ankle (Fig.  2A). This leads to exposure 
of the tibialis anterior, which was divided to expose the 

tibia (Fig. 2B). Using the handheld dental drill, a 0.6-mm 
drill bit was then used to drill two holes under continuous 
saline irrigation—the first, just distal to the tibial tuberos-
ity and the second, along the tibial shaft (Fig. 2C). Each 
distractor plate was then fixed to the bone using the screws 
described above (Fig. 2D–F). A transverse osteotomy was 
then created using a diamond disc saw loaded on a den-
tal saw at the level of the tibial crest under saline irriga-
tion (Fig.  2G, H). The distractor plates were then fixed 
together using the distractor screw to form a stable unit 
with the fracture reduced and in acceptable alignment. 
The muscle was then reapproximated using a 5-0 Vicryl 
suture, and the skin incision was closed using 5-0 nylon 
(Fig. 2I).

Tibial Distraction Protocol
The gradual-distraction protocol consisted of a 5-day 

latency period after the initial osteotomy and fixation of 
the distraction device, followed by 10 days of distraction 
at a rate of 0.15 mm every 12 hours (for a total of 3.0 mm) 
and then 28 days of consolidation. This protocol was 
developed taking into consideration previously published 
data on mandible distraction and long bone fracture heal-
ing. We previously reported that mandible distraction was 
successfully completed using this protocol: 5-day latency 
period after the initial osteotomy and fixation of the dis-
traction device, followed by 10 days of distraction at a rate 
of 0.15 mm every 12 hours (for a total of 3.0 mm) and then 
28 days of consolidation.31 In addition, our studies on long 

Fig. 1. Development of a lightweight distractor using computer-
aided design and 3D printing. Oblique view of tibial distractor 
plates with length (x), width (y), and height (z) of distractor plate 
computer-aided design measured in inches.

Fig. 2. tibial distractor placement—surgical technique. a, Preparation of surgical site (shaving and aseptic preparation) followed by lower 
limb external rotation with incision made from knee to ankle. B, Dissection of tibialis anterior muscle. c, Drill hole at tibial crest shown with 
white arrowhead, and drill hole at the mid-shaft shown with black arrowhead. D, left to right: Distractor, distraction screw, and tibial fixa-
tion screws. e, Proximal distractor plate shown in situ. F, Distal distractor plate shown in situ. g, transverse tibial osteotomy creation (bro-
ken black line). H, Dental drill equipment: (left to right) 0.6-mm drill bit, Medium MiniFlex Double-Sided Diamond Disc, 3.175-mm chuck 
(cHK-3.175 91593, nakanishi inc., tokyo, Japan), and 2.35-mm chuck (H203a180a, Brasseler Dental instrumentation, ga.). i, Distractor 
screw in situ with fracture reduction, adequate alignment, and subsequent skin closure. Scale bar on all panels represents 3.5 mm.
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bone fracture healing revealed fracture remodeling by 28 
days postoperatively,34–36 and thus, 28 days of consolidation 
was hypothesized to be enough time for consolidation to 
occur. This protocol time course is also similar to those 
reported in the literature.32,33

For the acute-lengthening protocol, lengthening was 
performed acutely equal to the total distraction amount 

[3.0-mm acute distraction in one setting, in comparison 
to the 10 days of distraction at a rate of 0.15 mm every 12 
hours (for a total of 3.0 mm) as occurred in the gradual-
distraction arm] following a 5-day latency period, with a 
consolidation period ending at POD 43.

The sham animals underwent preparation, incision, 
muscle division, and screw drill hole creation without 

Fig. 3. tibial distractor—osteogenic validation. a, Mouse tibial distractor schematic. B, Schematic 
describing protocol timeline for (top to bottom) gradual distraction, acute lengthening, and sham con-
trol. the final time point was 43 days postoperatively for all cohorts. c, left to right: Representative μct 
and pentachrome stained section of the sham tibia at POD 43. On pentachrome staining, bone appears 
yellow, cartilage appears blue-green, muscles appear bright red, and stroma appears brown. Scale 
bar for all histology images represents 100 µm. D, left to right: Representative μct and pentachrome 
stained section of the acute lengthened tibia at POD 43. e, left to right: Representative μct and pen-
tachrome stained section of the gradually distracted tibia at POD 43. F, graph demonstrating the pixel 
density of bone following histomorphometric analysis of micrographs of sections obtained from (left 
to right) sham, acute lengthening, and distraction, which were stained using Movat’s pentachrome. 
g, graph demonstrating the percentage of bone volume/tissue volume for (left to right) sham, acute 
lengthening, and distraction, which was analyzed using μct.
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osteotomy or distractor placement. All specimens from all 
cohorts were observed daily for postoperative complica-
tions and collected at POD 43 (Fig. 3A, B). A total of 11 
mice were examined in each cohort.

Micro-computed Tomography
At POD 43, devices were removed before fixation 

in 2% paraformaldehyde at 4 °C. The tibiae were then 
scanned using the Bruker Skyscan 1276 with a source volt-
age of 85 kV, a source current of 200 μA, a filter setting of 
AI 1 mm, and pixel size of 12 μm at 2016 × 1344. Phantom 
targets provided by the manufacturer were used to cali-
brate instrument measurements. Reconstruction was per-
formed using the NRecon software (Bruker, Mass.), and 
3D images were produced using CTVol (Bruker, Mass.). 
CT histomorphometry was measured using a standard-
ized region of interest of 10 mm as created in DataViewer 
(Bruker, Mass.) using the CTAn software (Bruker, Mass.). 
Results were reported in terms of mineralized volume 
fraction, which is defined as bone volume divided by total 
tissue volume. A total of eight of the 11 mice were exam-
ined in each cohort via micro-computed tomography.

Histology Preparation
Whole tibial tissue specimens were microdissected and 

kept on ice. Dissected tissue samples were fixed in 2% 
paraformaldehyde (PFA) at 4 °C overnight and washed 
with phosphate-buffered saline (PBS) the following day. 
The specimens were decalcified in 19% EDTA in PBS at 
4 °C for 4 weeks with a change of EDTA every 48 hours. 
Specimens were dehydrated and embedded in paraf-
fin and sectioned at 8 mm. Representative sections were 
stained with Movat’s modified pentachrome solution, 
which distinguishes the tissues as follows: bone appears yel-
low, cartilage appears blue-green, muscles appear bright 
red, and stroma appears brown. A total of three micro-
dissected whole tibiae in each cohort of 11 mice were 
prepared for histological examination. The samples were 
quantified for bone composition in pixels using the color 
deconvolution plug-in on the ImageJ software (National 
Institutes of Health, Md.).10,11,37,38

Statistical Analysis
Statistical analysis was performed using Graph Pad 

Prism (Calif.). A one-way ANOVA with multiple compari-
sons was performed for the histological analysis. Unpaired 
t tests were performed for the radiological analyses. 
Results are shown in brackets as mean ± SD unless other-
wise stated.

RESULTS

The Novel, Inexpensive Model of Mouse Tibial Distraction 
Results in Reproducible Histological and Radiological Bone 
Regeneration

Implementation of the novel mouse tibial distractor 
was well tolerated by the mice. Once the mice reached 12 
hours postoperatively, all mice were ambulatory. Mouse 
ambulation was conserved during latency, distraction, and 

consolidation and in the sham and acute-lengthening sub-
groups. We did not observe any postoperative complica-
tions. Total cost of the distractor and screws used for the 
model was approximately $11 ($10 per monolateral dis-
tractor, <$1 for screws).

Micro-computed Tomography
Micro-computed tomography (μCT) indicated that 

gradual tibial distraction with the novel device demon-
strated increased bone formation relative to acute distrac-
tion. The mineralized volume fraction (bone volume/total 
tissue volume) of the bone regenerate was significantly 
increased in gradual distraction (mean, 0.9 ± 0.1) com-
pared to the acute-lengthening group (mean, 0.7 ± 0.1; P 
< 0.001) (Fig. 3C–E, G; Table 1). There was no significant 
difference in the mineralized volume fraction between the 
gradual distraction and sham (P = 0.69). The percent dif-
ference between gradual distraction and acute lengthen-
ing was 21.6% ± 6.1%, and the difference between gradual 
distraction and sham was 4.0% ± 3.1% (Table 2).

Histology
Pentachrome staining indicated that gradual tibial 

distraction with the novel device demonstrated bone for-
mation (Fig. 3C–F). The proportion of bone in the speci-
men was significantly greater in the gradual-distraction 
group (1,879,257 ± 155,415 pixels) in comparison to acute 
lengthening (32,847 ± 15,89 pixels) (P < 0.0001), but there 
was no significant difference in the proportion of bone in 
the distraction group relative to the sham group (P = 0.69) 
(Fig. 3C–F; Table 1). The percent difference between grad-
ual distraction and acute lengthening was 98.2% ± 0.2%, 
while the percent difference between gradual distraction 
and sham was 5.4% ± 7.1% (Table 2). The acute length-
ened tibias resulted in nonunion with minimal bone pres-
ence histologically (Fig. 3D, F). Sham (uninjured) tibias 
had normal bone morphology at POD 43 (Fig.  3C, F). 
A complete summary of all µCT and histology results is 
reported in Table 1, and a summary of all relevant percent 
differences and P values is reported in Table 2.

DISCUSSION
Following the implementation of a computer-aided 

design, together with commercially available screws, we 
demonstrate a novel mouse model of tibial DO, which 

Table 1. Summary of All µCT and Histology Results

Condition 

Average  
Mineralized 

Bone Volume 
Fraction 

(Bone Vol/
Total Tissue 

Vol) 

Standard 
Deviation 

(Bone 
Vol/Total 

Tissue 
Vol) 

Bone  
Proportion 
as Analyzed 
on Histology 

(Pixels) 

Standard 
Deviation 
(Pixels) 

Gradual  
distraction

0.89 0.04 1,879,257 155,415

Sham 0.89 0.03 1,818,380 293,740
Acute  

lengthening
0.7 0.04 32,847 1589
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results in bone regeneration, which is demonstrated histo-
logically and using μCT. We validated these results against 
sham surgery and acute lengthening. Acute lengthening 
demonstrated features consistent with a fibrous union, 
such as low-average mineralized bone volume fraction 
on µCT (0.7 ± 0.1) compared with the gradual DO group 
(0.9 ± 0.1), and the presence of cartilage on histology 
(blue area on Movat’s modified pentachrome). A fibrous 
union after acute lengthening is demonstrated in prior 
animal studies.5,31 For example, a higher percentage of 
stroma and cartilage was seen on pentachrome staining 
of the bone regenerate when comparing mandibles that 
underwent acute lengthening compared to those that 
underwent gradual distraction.31

In comparison with existing mouse tibial DO litera-
ture, our model is unique in the type of distractor used. 
Many of the other models use a circular frame distractor 
that may limit mobility25–27,39,40 or a monolateral frame 
that is less bulky but may require more invasive surgery 
to secure the distractor around the tibial bone.29,30 While 
the other studies do not state the cost of their devices 
for DO, our distractor is relatively low cost ($10 per 
monolateral distractor, <$1 for screws) and lightweight, 
composed of lightweight UV-cured photopolymer. In 
comparison, other mouse studies use a number of mate-
rials that were either adapted from specialized dental 
equipment or human craniofacial DO,25,26,30 and many 
used materials, such as immediate polymerization resin,25 
stainless steel,30 or aluminum27 frames. These materi-
als are more costly than our distractor. Our model also 
uses 3D printing to create the distractor, which makes 
it accessible to anyone with 3D printing capabilities. 
Advantages of 3D printing are rapid production, a low 
amount of production steps, and easy adaptability,41 in 
contrast to other distractors that may use multiple mold-
ing steps to produce the final product.25 It is difficult to 
directly compare results of various studies because the 
distractor used, distraction distance, and length of time 
of the latency, distraction, and consolidation phases are 
different in each study.25–30,40,42 The results of our distrac-
tion model consistently demonstrated osteogenesis with 
no fibrous union seen at the final time point (POD 43). 
If the distractor results in relative stability post-osteot-
omy, one should see evidence of fibrous nonunion or 
malunion, as is seen clinically.7 Furthermore, our model 
was not associated with complications. Other models 
report complications, such as unstable fixation and loss 
of alignment26,30 as well as necrosis distal to the distrac-
tor26; therefore, our model provides the benefit of a rela-
tively low complication rate.

The limitations of this study include that although we 
observed grossly that mice were weight-bearing on POD 0, 
we did not do a detailed analysis on the impact of the dis-
tractor on mouse mobility. We also only studied male mice. 
While there are currently no experimental studies of sex dif-
ferences in mouse DO and there is generally inconclusive 
evidence on fracture healing in men versus women,42,43 sex 
can indeed affect osteogenesis and remodeling. Increased 
weight and, therefore, mechanical loading in male mice, 
as well as increased β-catenin/Wnt signaling was shown to 
improve fracture healing in a rigid fixation mouse model,44 
and the implications of such findings on DO should be 
evaluated in future studies. In addition, while our distrac-
tor is rigid along the axis of the distractor screw, great care 
must be taken during the process of distraction to prevent 
rotation of the bone ends around this axis. Since DO is 
predicated on the idea that holding the two bone ends in 
tension allows for parallel column growth of new bone,5 a 
disruption of this parallel collagen scaffolding may lead to 
disruption of the bone regeneration process. Finally, we did 
not perform a power calculation.

In conclusion, herein we describe a preliminary model 
of mouse tibial distraction, which can be further imple-
mented in genetically dissectible mouse models, allowing 
us to better understand the genetic basis and pathophysi-
ology of this powerful regenerative technique in mice. We 
demonstrate the development of a mouse model of tibial 
DO, which utilizes computer-aided design of a lightweight 
monolateral fixator in addition to commercially available 
screws.
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