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Abstract

Complications related to treatment of long bone fractures still stand as a major challenge for 

orthopaedic surgeons. Elucidation of the mechanisms of bone healing and development, and the 

subsequent alteration of these mechanisms to improve outcomes, typically requires animal models 

as an intermediary between in vitro and human clinical studies. Murine models are some of the 

most commonly used in translational research, and mouse fracture models are particularly diverse, 

offering a wide variety of customization with distinct benefits and limitations depending on the 

study. This review critically examines three common femur fracture models in the mouse, namely 

cortical hole, 3-point fracture (Einhorn), and segmental bone defect. We lay out the general 

procedure for execution of each model, evaluate the practical implications and important 

advantages/disadvantages of each and describe recent innovations. Furthermore, we explore the 

applications that each model is best adapted for in the context of the current state of murine 

orthopaedic research.
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INTRODUCTION

Fractures are the most common injury type in older patients, with women aged 60 years 

having a residual lifetime fracture risk of 56%1. The proportion of US citizens greater than 

65 years old is also set to increase exponentially, with projections showing them as 16.9% of 

the population by 2030 and 25.8% of the population by 20602. Fracture malunion, a broken 

bone that does not heal properly, and nonunion, a broken bone that does not heal, are of 

great concern in orthopaedics. Nonunions account for roughly 4.9% of all fractures, and 
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femur fracture nonunion rates range from 0–12% across multiple studies depending on 

fixation type3. The effect of nonunion on patients can be devastating4, 5. Lifelong disability 

is common, and estimations of the average hospital cost of nonunion exceed $11,000 in the 

U.S.6. As the demographic shifts to an older, more fracture prone population, the burden of 

malunion and nonunion on the healthcare system will increase substantially. Due to the 

increasing demand for effective bone healing therapies, future innovation is required. 

Translational research using animal models is foundational in bridging the gap from 

benchtop to human subjects.

Murine models have been extensively used to analyze the biology of fracture healing and 

bone development. Several factors contribute to the utility of mouse models, particularly 

their low cost, availability of genetically modified strains, rapid fracture healing time course, 

and the development of intricate fixation systems capable of repairing such small bones. 

Several different bones in the mouse have been used to investigate fracture healing, namely 

the femur, tibia, radius, ulna, mandible, and calvarium7, 8. Of these, only the femur and tibia 

are available for accurate biomechanical testing7. However, the tibia has inherent limitations; 

for example, the intramedullary canal of the mouse tibia is curved and declines in caliber 

distally7. This significantly complicates the design of fixation devices, leads to high 

variability in callus formation with differing fracture placement, and diminishes the 

reproducibility of rotational mechanical testing7. Soft tissue coverage is also sparse in the 

lower leg, reducing the ability to analyze the role of soft tissue in the bone healing process8. 

The presence of the fibula complicates these models and the reproducibility of single bone 

breaks. In contrast, the femur is straight, larger in diameter, and has ample soft tissue 

coverage, considerably reducing the complexity and increasing the reproducibility of the 

model7.

An ideal fracture model would be inexpensive, reproducible, not encumbered with technical 

difficulties, and have high throughput. Although the fracture models presented in this paper 

do not fit all of these criteria, they best represent each category to a varying degree. It is 

known that bone healing may occur through different pathways, most prominently through 

endochondral and intramembranous ossification. Different factors, including distance 

between bony ends, viability of periosteum, and rigidity of fixation help determine which 

mechanism predominates9, 10. The ability to modulate these factors to study each pathway is 

also a desirable characteristic of a fracture model. Measures of fracture healing and the 

effects of different treatments are most commonly assessed by mechanical testing, X-ray, 

micro computed tomography (μCT), histology, and, more recently, magnetic resonance 

imaging. The ability to accomplish these assessments, and the difficulty in performing these 

assessments, differs between models and fixation types. Recent innovations in materials and 

techniques have contributed greatly to the diversity by which fracture models are able to 

accommodate these measures. Although this diversity is good for basic science research, all 

fracture models using osteosynthesis modulate bone healing to some degree. Consequently, 

it is important for the external validity of a study that a fracture model use a fixation type 

similar to those used clinically. Therefore, in this review, we outline the general procedure 

for the cortical-hole, 3-point fracture (Einhorn), and segmental defect models, discuss the 

practical implications of each model, and compare them based upon the factors set out above 

(Figure 1).

Gunderson et al. Page 2

Injury. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CORTICAL HOLE MODEL

The cortical hole (i.e., corticotomy) model provides an adequate way to systematically 

deliver testing agents directly to the site of the defect as well as investigate bone healing 

mechanisms. In general, the procedure creates small boreholes in the mid-diaphysis of the 

femur. The location and size limit the defect to the cortical area.

Procedure

A longitudinal incision is made on the lateral aspect of the thigh with further dissection of 

the fascial plane to expose the femur where the defect will be implemented. A borehole 

typically between 0.8–1mm in diameter is made through the mid-shaft, penetrating down to 

the level of bone marrow using a Dremel tool, dental drill, or another comparable device. 

The defect is made under constant saline irrigation in order to cleanse the exposed area from 

debris and prevent heat transfer to the bone. The bi-cortical variant follows the same general 

procedure as the unilateral with an additional borehole continued through the opposite side 

of the femur (Figure 1)11, 12.

Benefits and Limitations

The cortical hole fracture model has a few notable benefits. The procedure is relatively 

simple, quick, and easily reproducible. The cortical hole model does not require a fixation 

device, and does not carry the same risk for post-operative fractures as the other 

models11, 12. In contrast to the 3-point fracture model, the cortical hole requires open access 

to the femur, which makes it optimal for administration of pharmaceutical and tissue 

engineering therapies. It has also seen use in the study of metabolic activity in diseased 

states on fracture healing13. Due to the natural rigidity of the bone and the small size of the 

defect itself, intermembranous ossification is the primary fracture healing mechanism. Thus, 

the model neglects endochondral ossification12, 14. Some drawbacks do exist. Outside of 

orthopaedic oncology and bone infections, the borehole is not a common clinical 

presentation. In the process of creating the borehole, there is risk of soft tissue damage as it 

must be retracted to visualize the bone injury site at the midline as well as prevent 

entanglement with the drill shaft.

Applications

The cortical hole model has numerous applications including, genetic, pharmaceutical, and 

bone healing studies. A model studying intramembranous ossification was created using the 

cortical hole12. This model allows for robust ability to study the genomics and cellular/

molecular mechanisms of cortical bone healing12. Knockout studies have successfully 

utilized the cortical hole model to look at various aspects of metabolic states and healing 

mechanisms15, 16. Importantly, many Clinical Research Organizations (CROs) choose to 

utilize to cortical hole model to complete pre-clinical safety studies for testing bone healing 

agents, likely owing to the simplicity of this model (personal communication MAK).
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3-POINT FRACTURE (EINHORN)

The fracture model first developed by Bonnarens and Einhorn is a commonly used model17. 

Modifications to the original procedure for murine models have proved to be effective at 

creating closed, diaphyseal, transverse femoral fractures.17 The closed model is clinically 

relevant as it mimics simple fractures commonly seen from trauma. Below, procedural 

information, benefits and limitations to the 3-point model, improvements and modifications 

to the procedure, and different fixation techniques will be outlined and discussed.

Procedure

The 3-point fracture/Einhorn fracture model is a procedure that has been adapted for mice 

from a rat protocol18. This closed fracture model typically requires intramedullary nail (IM 

nail) fixation to maintain consistency in the break. To achieve this, a small incision is made 

over the knee of the hind limb and a hypodermic needle is driven through the intercondylar 

fossa and passed into the medullary cavity of the femur19. Since lateral force will be applied 

to the femur to create the defect, the needle is then removed and replaced with a small gauge 

guide wire. This allows for easy replacement of the needle after the break and prevents 

deflection of the needle. A custom Einhorn 3-point bending device is then used to apply 

brief lateral force the mid diaphysis of the femur in a guillotine like fashion to create the 

break (Figure 1). The hypodermic needle is then loaded onto the guide wire and inserted into 

the medullary cavity to align and fixate the fracture. The guide wire is removed, the needle is 

clipped close to the knee joint, and the knee wound is closed with suture or wound clips.

Procedural Modifications

The model developed by Einhorn and Bonnarens was originally a rat model. This was 

repurposed for murine use with some modifications. The thin IM nails used in mice are 

typically angulated to an unacceptable level for most investigators when the guillotine is 

applied. Guidewires remedy this problem by retaining patency of the medullary canal for 

insertion of the nail after use of the guillotine18. The guidewires are commonly medical-

grade stainless steel, tungsten, or aluminum20. Tungsten and stainless steel are stiffer than 

aluminum and thus better suited for this use. The procedure is generally minimally invasive, 

requiring an anterior, longitudinal incision along the knee joint, and subluxation of the 

patella to expose the femoral condyles. The surgeon may make a second incision on the 

lateral surface of the thigh and bluntly dissect down to the femur. The femur can then be 

grasped with forceps to make pin placement less difficult21. While this does inherently cause 

more soft tissue damage, it reduces the risk of pin misplacement which could result in 

termination of the mouse. Another option is to perform the same procedure and use a 

surgical blade to make a notch on the medial surface of the femur in order to predispose a 

fracture in the diaphysis22. This modification poses an increased risk to soft tissue damage 

but potentially may lower chance of displacement and comminution at the moment of 

fracture.

Depending on the fixation device, insertion into the canal can be accomplished by either a 

dedicated drill or twisting the implant by hand through the bone of the intercondylar fossa. 

The implant can then be advanced until the proximal end of the medullary canal is felt. 
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Drilling is not absolutely necessary with pin insertion as the size of the mouse femur allows 

twisting to be a reliable method for penetration21, 23.

The guillotine device itself is an important tool in this protocol. The two variables that 

manipulate the force applied to the extremity is the initial height of the load to be dropped 

and the weight of the load. Factors such as sex, weight, and strain should be accounted for 

when operating, as force needed to generate the fracture will be different24. The load can be 

modified to cause less severe trauma, such as bone contusions, allowing for different 

objectives to be studied25. Furthermore, improvement of the guillotine itself mitigates 

problems associated with reproducibility. The development of a springless electromagnetic 

assembly and mouse positioning system produced an approximately 85% favorable 

transverse fracture rate26. Another potential option is the use of a modified 3-point break 

adapted from a tibial procedure for better control of the loading weight27.

Model subtypes

Proper fixation of a closed femoral fracture is paramount for the success of union and 

creating a reproducible method to study fracture healing. Stiffness and rigidity of the 

fracture fixation directly correlates to the amount of motion within the fracture site and 

developing callus. This amount of motion correlates to the type and degree of healing20. 

Fracture motion outside of a range impairs callus formation and fracture healing28. For this 

reason, optimization of fixation is critical to consider, and IM nails/pins, locking nails, 

micro/compression screws are all viable options. Pins are the most diverse fixation device 

for the 3-point fracture as they vary in size. While affordable, easily implemented, and 

reproducible, simple pins lack rotational and axial stiffness compromising bone healing 

pathways. Variations in pin size are possible with commonly used ranging from 27- to 22-

gauge18, 21, 29. Gauges may be used in series from smallest to largest to gradually introduce 

a larger hole through the medullary canal22. The locking nail is essentially a pin/nail placed 

within the medullary canal with the distal and proximal ends of the pin “locking in” to the 

bone. As an example, a modified 24-gauge needle is placed with a 0.1 mm tungsten 

guidewire running through the center. The distal and proximal ends are flattened. Torsional 

testing indicated that femoral rotational stability was greater when using the flattened 

locking nail rather than simple pin implementation30. The flattened locking nail is a reliable 

option that is cost effective and relatively easy to modify from simple pin implementation 

with increased rotational stability, but it still lacks axial stiffness31. Compression screws 

made of medical grade stainless steel are commercially available from RISystem and are 

17.2 mm in length with a diameter of 0.5mm. A drill is used to create a hole in the 

intercondylar fossa of the distal femur, and a tungsten guidewire is inserted through the hole. 

The micro-screw is then threaded along the guide wire and screwed into the proximal 

portion of the femur using a drill32. The micro-screw provides longitudinal compression 

along the femur. Biomechanical testing reveled the screw improved rotational and axial 

stiffness thereby optimizing fixational performance7. Additionally, the screw has been 

shown to decrease the amount of fibrous tissue in the healing process and increase cartilage 

generation33. All three mechanisms provide some level of fixation, but none are as rigid as 

an unaffected femur33. Compression/micro-screws provide the most global rigidity, with 

axial and rotational stiffness being greater than the locking nail or simple pin. However, the 
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micro-screw procedure can present with particular challenges, including patellar ligament 

rupture, condylar rupture, and availability in a single size only33. The flattened locking nail 

has better rotational stability than a simple pin but lacks the axial stiffness of the 

compression/micro-screw30. The simple pin with a guidewire is the most routine option and 

can be used with knowledge that it has little stiffness axially or rotationally30. In any case, 

fixation must be monitored closely, and radiography of the fractured femur must be used 

after implementation of any device in order to ensure proper placement. Improper technique 

has the potential to damage the interior of the medullary canal with any fixation instrument.

Benefits and Limitations

The 3-point fracture model is relatively cheap, requiring a guillotine and IM fixation (micro 

screw, locking nail, or pin) all of which are comparatively more cost effective than plates or 

external fixators29. Furthermore, the procedure is reproducible and requires less surgical 

technical ability than creating an open defect17. The relative simplicity of the procedure 

shortens the time taken to perform it (around 15 minutes per mouse) 21, 29. The model 

causes minimal soft tissue damage compared to open fracture models and is optimal for 

studying endochondral ossification pathways in the healing process33.

Compared to the corticotomy and segmental bone defect, this model is limited in its capacity 

to study the effects of locally applied therapeutics and pharmaceuticals34. Since the model 

does not expose the bone injury site, treatments are limited to a percutaneous or systemic 

delivery. Distribution of intravenous drugs to bone is limited in most cases and could result 

in unknown systemic toxicity. Direct injection into the developing callus has been proposed, 

but this is difficult and may require subjective manipulation and potential damage to the 

callus34.

The 3-point bending fracture mechanism with the guillotine also presents some issues with 

fracture creation. The procedure is less reproducible than open models as the femur is not 

exposed and the surgeon must use bony landmarks to place the guillotine over the diaphysis. 

The fracture can become displaced, poorly positioned, and has a higher probability of 

sustaining comminution26. In one study 36/92 of mice were removed from the study after 

undergoing the procedure due to the aforementioned issues. In contrast, in O’Connor’s 

developmental study only 8/246 had the same fate, possibly due to the addition of a 

guidewire into the fixation procedure, which makes post fracture needle placement 

easier18, 23.

Applications

Several studies mimicking trauma have incorporated the 3-point fracture into novel models. 

In a novel study concurrent bilateral lung contusions and femoral fracture via the 3-point 

technique sought to mimic a high impact accident35. Another study examined the effect of 

trauma-induced hemorrhagic shock on bone healing. The study identified inhibited fracture 

healing after the subject was placed under hemorrhagic shock conditions36. Additionally, the 

3-point fracture model has been an effective model in some pain studies, such as those 

looking at use of anti-nerve growth factor to reduce pain after orthopaedic procedures23. 

Recent studies by Drissi et al. have used the 3-point fracture model to investigate the effect 
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of RunX1 on endochondral ossification. In this study, Runx1 was ablated from mesenchymal 

stem cells of mice, and these ablated mice showed delayed cartilaginous callus formation37.

SEGMENTAL BONE DEFECT

The segmental bone defect (SBD) is one of the oldest models for studying bone healing and 

development. The simplicity and customizability of the model has attracted investigators to 

its use for decades, and thus a host of different defect sizes and fixation types have been 

developed. Recent calls for standardization to allow for the comparison of different studies 

have led to the commercialization of fixation equipment. Although there is still much work 

to be done in the way of standardization, the following outlines the general procedure, defect 

sizes, fixation types, and current applications, along the with advantages and disadvantages 

to different methods to help guide the investigator in choosing the best practice for their 

experiment.

Procedure

There are a multitude of methods to create SBDs in the mouse femur. Most commonly, the 

skin on the lateral hind limb is incised and the femur is exposed via dissection through the 

fascial plane between the anterior and posterior muscle compartments. The femur is then 

bluntly stripped of its muscular attachments, and fixation is applied. This may be a small 

gauge hypodermic needle passed through the intercondylar fossa and into the medullary 

canal identical to the procedure used in the 3-point fracture (IM nail)19 or a plate fixation to 

the outside of the femur38. The needle or plate is then removed, and the defect is created 

with a dental drill, Dremel tool, or gigli saw. In the case of intramedullary implant without 

axial control, a structural support is typically required to maintain the space within the 

defect. Most commonly, a scaffold of osteoconductive material is placed into the defect site, 

but other investigators have also used clip implants that traverse the defect site and stabilize 

the space39. Both IM and plate fixation methods can accommodate a collagen sponge, which 

can be wrapped around or inserted into the defect site and imbued with experimental 

treatment, such as BMP-219. Muscle fascia and skin incision are then closed with sutures 

and wound clips. We refer the interested reader to more thorough descriptions of each 

surgical technique: IM nail with scaffold19, plate fixation38, pin-clip39, and external 

fixator40.

Model Subtypes

There are various subtypes within the murine segmental femoral defect. These are primarily 

stratified by the fixation type and defect size but can also be stratified by the presence of 

scaffold and concurrent use of disease models. Defect sizes used in the mouse femur 

typically range from 0 mm to 5 mm41. The bone healing mechanisms that are to be studied 

and the degree of stress placed on the fixation and biology can be fine-tuned using different 

defect sizes. Small rigidly fixed defects, like the single cut osteotomy with abutting bone 

ends (0 mm defect), heal by direct bone healing, while larger, less rigid defects heal by 

indirect bone healing pathways42. Smaller defects also heal faster and more often than larger 

defects. A tipping point is achieved when the defect becomes large enough that it is unable 

to heal over the lifetime of the mouse. This defect is termed a critical sized defect. The 
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search for the length of the defect in mice femora required to create a critical size defect 

(CSD) is ongoing. Many research groups have come to the conclusion that 4 mm constitutes 

a CSD in a mouse femur fixated with an IM nail and bridged by allograft43–48. Notable 

exceptions to this size include work by Menger and colleagues where 1.8 mm diaphyseal 

femoral defects with pin-clip fixation and 2 mm of periosteal stripping produced a 100% 

non-union rate39. Similar experiments by our group demonstrated non-union at 9 weeks post 

operation in single cut osteotomies. These included 2 mm of periosteal stripping proximally 

and distally to the defect and were stabilized with IM nail fixation49. Petite et al. have also 

more recently established a 3.5 mm CSD fixated with a 4-hole locking plate50. Livne and 

colleagues describe a 2 mm CSD braced with an external fixator in an immunodeficient 

mouse model51. The variability in length of the critical sized femoral defect in mice between 

experiments demonstrates the salient characteristics of fracture healing, including periosteal 

and vascular integrity, type and rigidity of fixation, and disease state. These must all be 

considered when choosing to do an experiment with a CSD model as they can significantly 

affect the results. The CSD is a model most easily and consistently achieved in the mouse 

femur with the segmental defect. Although high energy trauma that leads to nonunion 

clinically rarely occurs with clean, symmetrical bone removal, these nonunions are often 

plagued by large defects, soft tissue and periosteal stripping, and devascularization. The 

CSD models created by SBD are particularly well suited for imitating these common clinical 

scenarios as they allow for control of these clinically relevant variables. These clinical 

realities also frequently require intervention in the form of bone autograft to promote union, 

and the SBD uniquely allows for the implantation of bone grafts or synthetic scaffolds into 

the defect site to test interventions for SBD healing.

Four main methods of fixation exist for segmental femoral defects in mice. These are the IM 

nail, plate, pin-clip, and external fixation. These fixation types vary in difficulty and cost, 

and they have their own specific advantages and disadvantages. A brief summary of these 

factors, model subtypes that have been developed, and example references for each fixation 

type can be found in Table 1.

IM Nail

IM nail fixation of SBDs in the femur of mice is the simplest and most cost-effective form 

for stabilizing these defects (Figure 2). The implant used can vary, but typically a 

hypodermic needle between 27- and 22-gauge is used. Increasing needle diameter increases 

the rigidity of the osteosynthesis but increases medullary canal and articular surface damage, 

so the investigator must weigh these two factors when considering implant size. Although 

some investigators use the more complicated anterograde technique (beginning at the hip 

joint), the nail is usually implanted in a retrograde fashion (beginning at the knee joint). In 

the retrograde technique, the hypodermic needle can be driven by hand through the 

intercondylar fossa of the femur and passed into the medullary canal. To prevent anterograde 

movement of the implant, the needle can be drilled through the proximal end of the femur 

and bent over the greater trochanter. The lack of specialized equipment, simplicity, speed, 

and low cost of the procedure, as well as the rigidity with which scaffolds and other 

intercalary implants can be fixed are the major advantages of IM nail fixation. 

Disadvantages to the IM nail include a requirement for a load sharing device such as a 
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scaffold or allograft to maintain defect size, inherent damage to the medullary canal, and low 

axial and rotational stability30. Recent advances in this technique have overcome some of 

these challenges using different types of locking nails. Pohlemann and colleagues have 

developed what is the most cost-effective locking nail by simply flattening the proximal and 

distal ends of a 24-gauge hypodermic needle after implantation (Flattened Locking Nail)31. 

This showed vastly increased rotational stability when compared to simple IM nail controls, 

and the technique also prevents migration of the nail axially within the canal31. Gregory et 

al. have recently developed a pseudo-locking IM nail to increase axial stability but not 

rotational stability52. The IM nail in this case is a self-made construct consisting of a 3 mm 

length of 19-gauge hypodermic tubing crushed onto the center of a longer, 9 mm length of 

22-gauge hypodermic tubing. The custom nail is then inserted into the medullary cavity 

through the defect site rather than a hole at the intercondylar fossa and abuts the ends of the 

medullary cavity to increase axial stability and remove the requirement for a scaffold. 

Removal of the custom nail is difficult, though, and may complicate μCT, histologic, and 

mechanical analyses52. Pohlemann and colleagues have more recently developed a locking 

IM nail for mice that is very similar to the type used in humans53. The model uses a nail 

with holes for cortical pins and simple jig, both of which are now available from RISystem 

as MouseNail. The MouseNail is depicted in Figure 1 as the segmental defect without load 

sharing construct. The MouseNail jig allows for retrograde placement of the nail, accurate 

osteotomy with gigli saw, and insertion of transcortical pins into the nail. This is the 

standard technique for IM nail fixation in the human femur and provides much more axial 

and rotational stability than the simple hypodermic needle technique or screw type locking 

nail30, 53. Removal of the pin is less difficult than in the method developed by Gregory et al., 

and therefore analyses requiring hardware removal may be done more easily53, 54.

Plate

More recently, plate fixation has become a popular choice for fixation of mouse segmental 

femoral defects38, 50, 55–62. Plate fixation requires the attachment of a 3 to 6-hole plate to the 

mouse femur via bicortical locking or nonlocking screws (Figure 2). This requires a custom-

made jig, if deemed necessary, and a plate, screws, and a drill. Although some investigators 

use rotary tools to remove the bone segment, jigs created for the plate systems interface with 

the plate to allow for accurate creation of the SBD with a gigli saw. Plate fixation offers 

comparable stiffness to the highly rigid external fixator for repair of mouse femur SBDs, but 

it is also the most costly and difficult procedure30. Use of the jig typically requires two 

personnel, and initial placement of the screws can be challenging. This also increases the 

length of the procedure which is a critical factor in high volume studies. Most plates are 

made of stainless steel and therefore complicate histologic and μCT analysis. Due to 

osseointegration of the plate, the removal for analysis can be more time intensive and risky 

than the other methods. Recent, exciting advances in mouse plate materials have overcome 

this problem with radiolucent PEEK plates that do not need to be removed for analysis56. 

The rigidity of mouse plates can also be altered to shift fracture healing mechanisms from a 

more intramembranous repair with a stiff plate to a more endochondral recovery with a 

flexible plate59. In larger defects, a scaffold or other treatment carrying drug or material can 

be placed within the defect site. But, unlike with the IM nail, rigid fixation of these inserts is 
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not as straight forward. Most investigators simply close the muscle around the insert, 

allowing for some motion50, 60, while others suture the insert to the plate38, 56.

Pin-Clip

Developed in 2008 by Menger and colleagues, the pin-clip fixation for femoral shaft defects 

in mice is a combination of a conventional IM nail with a custom transcortical clip, 

resembling a staple, to add stability (Figure 2)39. The clip is typically made of a blunted 

hypodermic needle or a solid steel pin that is bent into a U shape. A small drill is required to 

create the cortical holes through which the clip will pass. The primary advantage to the pin-

clip is the enhanced axial and rotational rigidity when compared to most other IM nail types. 

Biomechanical testing by both Menger and Pohlemann showed the torsional strength of the 

pin-clip construct to be much greater than that of the conventional IM nail and crimped 

locking nail. The pin-clip showed similar torsional strength and rigidity to the 

MouseNail30, 63. Like the IM nail, the pin-clip can be used to make defects of different sizes, 

and an established CSD of 1.8 mm with periosteal stripping exists for the pin-clip39. The 

clip also has advantage over the IM nail because it allows for defect length maintenance with 

or without a load sharing insert such as a scaffold or bone graft. In fact, pliable substances 

such as collagen sponges soaked in test drug as well as other soft experimental materials 

may be placed within large gaps without loss of gap length. These inserts can be held more 

firmly in place due to the presence of an IM nail than can those placed with an external 

fixator. Although the procedure for the pin-clip is more complicated than the simple IM nail, 

the cost of the procedure is relatively the same as the clip can be made by simply bending a 

hypodermic needle. Some investigators propose that the pin-clip causes more intramedullary 

trauma, and therefore, may affect endosteal repair more than the other fixation methods8. 

This has not been substantiated however, and experiments with the pin-clip method that 

show high endosteal vascularization, as well as the use of medullary reamers in clinical 

orthopaedics, suggest that this not the case64.

External Fixation

External fixation of diaphyseal femoral defects in mice requires custom made devices that 

span the length of the defect from the outside of the animal and use bicortical pins 

penetrating the skin and soft tissue to align the bone (Figure 2). This method was first 

introduced in mice by Cheah et al. in 2003 and was sparsely used until more recent 

commercial availability and standardization of the external fixators40, 51, 65–72. The effort in 

development of this model and its application has been led by Ignatius and colleagues68. The 

advantages of the external fixator are many. The most profound advantages are the unique 

ability to perform experiments with distraction osteogenesis as well as the recent 

introduction of ceramic pins to allow for longitudinal MRI analysis of fracture healing. MRI 

analysis can be accomplished with a plastic block attached to the external fixator to reduce 

motion of the femur during imaging. This model was found to be highly accurate in 

predicting fibrous tissue and cartilage values, both critical in the early and intermediate 

phases of fracture healing 68. This is important because it allows for the examination of bone 

healing parameters without euthanasia of mice, therefore reducing the number of mice 

required per experiment and empowering more accurate longitudinal analysis of individual 

mice. Although the long moment arms of the pins do not immediately suggest so, external 
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fixation is also the most axially and rotationally rigid system for fixation of mouse femoral 

fractures30. More successful than the newer plate models, external fixation allows for 

accurate adjustment of fixation rigidity as well67. The main concern with modern external 

fixators is their weight. These can affect gait and utilization of the affected limb, which is 

known to be an important factor in fracture healing. To combat this problem, Livne and 

colleagues have devised a simple, very light external fixator which can be made by the 

investigator51. The construct uses a set of 4 transverse, bicortical steel pins glued together 

outside of the skin by acrylic dental paste. The paste weighs much less than the normal 

external block, and unlike the conventional external fixator, mechanical testing can be done 

without removal of the pins51. Mice equipped with an external fixator also show highly 

variable amounts of locomotion, making it difficult to reduce inter-mouse variability66. Pin 

tract infections and clinical application have also been concerns. External fixation is not 

commonly used for definitive fixation of long bone fractures in humans, and therefore, the 

generalizability of these experiments to the clinic may be limited.

Applications

The SBD lends itself to the use of vectors for local drug delivery, development of 

biocompatible materials for replacement of clinical autografting procedures, and tissue 

engineering. Drug vectors commonly include drug impregnated load bearing scaffolds and 

non-load bearing collagen sponges. Scaffolds are typically made of poly(propylene) 

fumarate/tricalcium phosphate, polycaprolactone, or synthetic collagen in combination with 

hydroxyapatite or beta tricalcium phosphate. More thorough discussions of scaffold design 

and materials, as well as the state of scaffold research can be found in the following 

references42, 73. Much of the recent research in the segmental defect has revolved around 

adjunctive and replacement therapy to bone morphogenic protein 2 (BMP-2), a growth 

factor clinically approved for use in delayed union and nonunion of tibial shaft fractures. In 

a mouse segmental defect with an external fixator, Stiehler and colleagues have made 

breakthrough discoveries in the adjunctive use of SDF-1α with BMP-2 to reduce the 

required dose of BMP-2 for bone healing74. In the realm of tissue engineering, Wanner et al. 

have used a mouse segmental defect with a plate to demonstrate the utility of native 

pericytes in healing a critical sized bone defect when implanted on a cancellous bone graft75. 

Other emerging tissue engineering research has looked at replacing the lost osteogenic and 

osteointegrative potential of devitalized bone allografts with tissue engineered 

periosteum76–78. These experiments are of high clinical relevancy, as autografts are not 

always available or adequate in the clinic due to the patient’s condition, bone quality, or 

volume of autograft required, and devitalized allografts are not nearly as effective at 

inducing bone healing77.

CONCLUSION

The present and future relevance of fracture healing complications in the clinical setting 

have driven the need for translational research to optimize reliable models. The 

aforementioned models offer a variety of modifications that cater to a wider array of studies. 

The cortical hole model (corticotomy) is a technically simple and efficient way to create a 

mid-diaphyseal bony defect. The simplicity of the model and open access to the defect site 
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lend it to use in high throughput pharmaceutical and transgenic studies. The Einhorn, or 3-

point fracture, model is currently the most viable option for creation of closed diaphyseal 

femur fractures in mice. Of the models discussed above the 3-point fracture produces the 

least soft tissue damage if performed correctly. Additionally, the procedure is relatively 

simple, quick, and cost effective, especially when compared to the segmental defect. It is 

most compatible with studies investigating multisystem trauma, shock, and bone contusion. 

However, the 3-point fracture is limited in its ability to study locally applied pharmaceuticals 

as the blunt fracture does not always create a clean defect. In some cases, many animals may 

need to be excluded based on poor fracture creation. The segmental defect is the oldest 

studied model and the most customizable. It is best suited for materials/tissue engineering 

paradigms, understanding healing of critical sized defects, locally applied pharmaceuticals, 

and the exciting new realm of periosteal reconstruction studies. Multiple fixation options 

exist for the segmental defect, and new innovations in design have brought MRI compatible, 

radiolucent, variable stiffness, and more clinically relevant fixations to the forefront. 

Together, these models represent a diverse, highly applicable mode of translational research 

for the development of fracture healing therapies and elucidation of bone healing 

mechanisms. The insights into clinical relevance, experimental procedures, relevant 

parameters, modifications, and current applications presented in this review hopefully 

provide the reader with the base knowledge required to perform and strategically modify 

their research design to serve their needs while retaining a standard by which other studies 

can be compared.
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Fig. 1. 
Illustration of bone healing models in the murine femoral diaphysis: unicortical hole, 

bicortical hole. 3-point break, segmental defect with load sharing construct, and segmental 

defect without load sharing construct.
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Fig. 2. 
Illustration of fixation types for the segmental femoral defect: intramedullary (IM) nail, 

plate, pin-clip, and external fixator.
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Table 1

Summary of fixation types and factors affecting the choice of each for the segmental bone defect model.

Fixation Type IM Nail Plate Pin-Clip Ex-Fix

Subtypes Flattened Locking Nail [31]
Pseudo-locking Nail [52]
Mouse Nail [53],[54]

Locking Plate [50]
PEEK Plate [56]
Flexible Plate [59]

N/A MRI Compatible [40],[68]
Flexible [67]

Difficulty Cost Easy – Moderate
$–$$

Hard
$$–$$$

Moderate
$

Hard
$$–$$$

Advantages Simple and easy
Scaffold securely placed
Mimics clinical application

Rigid fixation
Accurate osteotomy with jig
Different stiffnesses available
Available in radiolucent PEEK
Mimics clinical application

Greater rigidity than 
nonlocking nails
Does not need a 
scaffold to maintain 
defect size

Most rigid fixation
Can perform distraction 
osteogenesis
Different stiffnesses 
available
MRI compatible versions

Disadvantages Nonlocking nails have low 
rigidity and require scaffold 
to maintain defect size
Inherent damage to medullary 
canal

Long procedure
Removal of plate for histology 
or μCT is riskier
Scaffold not as securely placed

More complicated 
procedure than IM nail

Infections in pin tracts
Weight of the fixator affects 
locomotion

Example 
References

[31],[ 52–54] [38],[50],[55–62] [39],[63],[64] [40],[51],[65–71]
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