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Abstract:  

Background: There are numerous animal models available to study bone healing as well as test 

strategies to accelerate bone formation. Sheep are commonly used for evaluation of long bone 

fractures due to similar dimensions and weight bearing environments compared to patients. 

Large critical-size defects can be created in sheep to facilitate the study of implantable materials, 

osteogenic proteins, and stem cell treatments. Studies have been published using plates to 

stabilize large critical size defects in femoral, tibial, and metatarsal defects. External fixators 

have also been used to stabilize tibial defects in sheep. Methods: The purpose of the current 

paper is to detail the surgical technique for creation of a 42mm mid-diaphyseal femoral defect 

stabilization with an intramedullary device in sheep. Additional surgical details are provided for 

dynamization, reverse dynamization, and device removal. Conclusion: The article provides 

multiple technical tips applicable to this and other ovine osteotomy models and concludes with a 

discussion comparing the use of each stabilization technique in clinically significant large 

critical-size bone defects. 

 

Introduction: 

Large weight bearing long bone segmental defects can occur in patients secondary to 

severe traumatic injury or bone resections due to cancer or infection. Although bone has a high 

potential for endogenous healing, critical size bone defects will not heal without intervention. 



Numerous treatment options exist for this problem such as the use of allograft, vascular 

autograft, the induced membrane technique and distraction osteogenesis.1–3 However, each of 

these treatment modalities has numerous complications. Many patients do not successfully heal 

these defects and necessitate amputation. Even when successful, the outcome of limb salvage is 

similar to limb amputation.4,5 Due to the poor prognosis of these injuries there is a substantial 

need to discover effective treatments for extensive bone loss. 

There are numerous animal models available to study bone healing and test strategies to 

accelerate bone formation.6,7 Small animal models, such as mice and rats, provide cost effective 

models and are extremely valuable for testing new biomaterials, drugs and cell-based therapies. 

Larger animal models such as rabbits, pigs, sheep, dogs and non-human primates provide more 

relevant pre-clinical models compared with rodents. While each large animal model has 

strengths and drawbacks, sheep are commonly used for evaluation of long bone fractures due to 

similar dimensions and weight bearing environments compared to patients.7,8 

Multiple surgical approaches have been used in sheep models to test the bone healing 

potential of implantable materials, osteogenic proteins and stem cells. The use of a sheep allows 

for placement of multiple drill holes and comparison of multiple treatments in a single animal.9,10 

Larger critical size defects can also be studied in a sheep model. Studies have been published 

using plates to stabilize critical size defects in femoral11, tibial12,13 and metatarsal defects14,15. 

External fixators have also been used to stabilize tibial defects in sheep.16,17 Our group has 

recently developed a 42mm mid-diaphyseal femoral defect model in sheep using an 

intramedullary nail to stabilize the fracture.18 The purpose of the current paper is to detail the 

surgical technique for creation of the femoral defect and stabilization with an intramedullary 

device in an ovine model. Additional surgical details are provided for dynamization, reverse 



dynamization and device removal. The article provides multiple technical tips applicable to this 

and other sheep osteotomy models and concludes with a discussion comparing the use of each 

stabilization technique in clinically significant large critical size bone defects. 

 

Detailed Technique: 

Intramedullary Implant and Custom Cutting Guide 

 The surgical procedure has been performed on 22 wethers weighing between 49-81 

kilograms. Zimmer humeral stainless steel 9mm diameter intramedullary nails were modified for 

use in a ovine femoral defect model.18 The initial length of the nails was 24cm, and nails were 

cut to 16cm in length, beveled, and a 4.8mm diameter hole was drilled 1cm from the end of the 

nail for placement of an interlocking screw, perpendicular to the direction of the original hole 

(Figure 1a). The cut portion of the nail is intended to be placed in the distal humerus in patients, 

but becomes the proximal portion of the implant in this model as the nail is inserted into the 

femur in a retrograde fashion. A standard surgical placement guide used in human surgery was 

customized to allow insertion of the interlocking screws without the need for intraoperative 

fluoroscopy (Figure 1b-d).18  Placement of an interlocking screw proximal and distal to the 

osteotomy site allowed axial and torsional stability. Creation of an oblong hole instead of a 

circular hole for the proximal interlocking screw allowed dynamization of the device. In the case 

that the defect was left empty, or filled with material that provides no additional structural 

support, the intramedullary construct would provide axial and torsional stability but will allow 

some axial rotation because the nail does not fill the entire endosteal canal. If needed, this can be 

addressed by placement of two round or oblong interlocking holes in the proximal segment of 

the nail (Figure 8), and use of both distal interlocking screws. 



In addition to modification of a humeral nail, a custom cutting guide was created (Figure 

2) from a 2.5cm diameter aluminum rod. This guide ensured reliable placement of the 

osteotomies and maintenance of the fracture gap during stabilization with the nail. The cutting 

guide was 4.2cm in length on one side, and 3.5cm in length on the opposite side. The shorter side 

was placed posteriorly in surgery because use of this implant results in a slight reduction of the 

normal anterior bow of the femur. The resulting defect has a uniform length of 4.2cm following 

placement of the intramedullary nail. The back of the cutting guide has a 1.2cm wide slot on the 

back surface (Figure 2) to allow for passage of the cutting guide into the defect with the nail in 

place. 

 

Anesthetic Induction and Surgical Site Preparation 

Sheep anesthesia is not straightforward, and a veterinary practitioner with experience 

should be available due to numerous potential species-specific complications.19 General 

anesthetic is induced with Ketamine (5-6 mg/kg, IV), Midazolam (0.2-0.5 mg/kg, IV) and 

isoflurane (1-4%, inhalation). The animal is intubated, ophthalmic ointment is applied and 

preoperative analgesia is provided with burprenorphine (0.01 mg/kg, IM). Excede® (ceftiofur) is 

administered as a prophylactic antibiotic (5 mg/kg, IM).   An orogastric tube is also placed 

during patient preparation.  Anesthesia is maintained using isoflurane under positive pressure 

mechanical ventilation. The animal is placed in the right lateral decubitus position. The wool is 

sheared near the right midsection for placement of a Bovie pad and the left hindquarter for 

surgery. To facilitate preparation of the hindquarter the foot is wrapped in tape from the 

metatarsals to the hoof, leaving a loop at the end to allow suspension of the limb on an IV pole 

(Figure 3a). The skin is prepped using alcohol and chlorhexidine. Once the surgical site is dry, 



sterile towels and drapes are placed with the limb suspended. The hindlimb is then supported at 

the knee and the tape is cut to release it from the IV pole, following which a sterile stocking net 

is applied over the leg, and is overwrapped by sterile CobanTM and IobanTM. 

 

Creation and Stabilization of the Femoral Defect 

 The limb is palpated and the patella, patellar tendon, lateral femoral condyle and femoral 

shaft are identified and marked (Figure 3b). An 8cm lateral incision is placed over the posterior 

(rostral) border of the thigh, with the center of the incision located 9cm proximal to the lateral 

condyle, and between the anterior and posterior compartments. After incising through the skin 

with a scalpel, the space between the anterior and posterior compartments is palpated and the 

fascia is incised through this space using a Bovie (Figure 3c). Dissection to the femur is carried 

out along the facial plane of the extensor compartment. Great care should be taken to identify the 

lateral intermuscular septum and proceed with dissection posterior to this septum. If excessive 

bleeding is encountered, or there is difficulty in dissecting through an areolar plane to expose the 

femur then the location of the approach should be reassessed. Upon entering the correct plane, 

the femur will be visible and blunt dissection can be used to expose the lateral and anterior 

portions of the shaft (Figure 3d). The muscle attachments along the linea aspera (posterior) are 

removed using a Bovie to minimize bleeding. Weitlaner retractors can be used between the 

muscle compartments to facilitate exposure, and Hohmann retractors can be placed around the 

femoral shaft. Once a sufficient length of femoral diaphysis is exposed the retractors are 

removed and the lateral thigh incision is packed with saline soaked gauze. 

 The next step involves preparation for retrograde placement of the intramedullary nail. A 

6 cm incision is made through the skin centered over the patellar tendon. This begins at the distal 



aspect of the patella and extends to the tibial tubercle. A Bovie is used to make a full thickness 

trans-patellar tendon approach to the knee joint (Figure 4a). Joint fluid should be observed 

exiting the incision site once an arthrotomy has been performed. Gelpi or small Weitlaner 

retractors can be placed within the patellar tendon to facilitate this exposure. Once the joint is 

exposed the condyles and intercondylar notch can be identified through palpation (Figure 4b). 

The knee must be flexed in order to obtain the correct starting point. A treaded tip guide pin is 

inserted into the posterior portion of the intercondylar notch to avoid the dense cortical bone 

present on the anterior part of the trapezoidal shaped notch. Once the guide wire has been placed 

a 12 mm entry reamer is passed over the guide wire multiple times (typically 3-5 times) to open 

the cortex for nail placement (Figure 4c). The opening reamer is only placed deep enough to 

penetrate the cortical and subchondral bone during this step. The threaded guide pin is then 

removed and exchanged for a non-threaded guide wire (Figure 4d). Confirmation of 

intramedullary placement of the guide wire is initially done by palpation of the guidewire during 

placement down the length of the femoral shaft. Intraoperative radiographs can be performed but 

are not needed. After a guidewire is placed, an 8 mm reamer is passed down the entire length of 

the canal (Figure 4e). An 8mm reamer size was chosen for our specific size sheep. It is important 

to ensure use of an appropriately sized reamer for the animal selected. If the reamer size is not 

known, then a smaller size should be used initially, and progressively larger reamers selected. It 

is important to note that the handpiece used to perform the reaming procedure should be set to 

“ream” and not “drill” during this portion of the procedure. 

 Following preparation of the femoral canal, the guide wire is removed and the femur is 

re-exposed through the lateral thigh incision. The 4.2 cm osteotomy site is marked on the 

femoral shaft and is centered 9cm proximal to the lateral articular surface of the femur. The 



planned site is compared to the intramedullary nail to confirm appropriate placement. 

Intraoperative radiographs could be used at this point to confirm location of the osteotomy, but 

are not necessary. The custom cutting guide is fixed to the bone using two unicortical 4.5mm 

screws that are typically 42mm long (Figure 5a). A thin sagittal saw is used to create a 42mm 

defect while constantly irrigating the operative site (Figure 5b). Of note, the first cut is made 

through approximately 90% of the bone, but preserves the medial cortex until completion of the 

second cut. This simplifies the procedure by minimizing limb instability during creation of the 

segmental defect. At this point the segmental defect is left in place, the cutting guide is removed, 

and the trans-patellar tendon guidewire is replaced. Lobster claw retractors placed on each end of 

the defect allow for control of the unstable bone and appropriate guidewire placement. This also 

allows for visual confirmation that the wire was intramedullary. After the guidewire is in place, 

the nail is passed across the defect to ensure appropriate fit. If the nail is not able to be easily 

passed the most likely cause is an insufficient opening at the knee joint. This can occur in smaller 

sheep. If this occurs the nail should be removed, and the opening reamer used to widen the 

insertion site. This is performed by passing the opening reamer across the insertion site while 

making a small circular motion with the drill to widen the path. The nail can then be re-inserted 

to check for appropriate fit. The nail should not be placed using excessive force or a distal femur 

fracture may result.  

Once appropriate nail placement is ensured, the nail is removed and the guidewire is 

backed up so that it does not cross the osteotomy site. The segmental bone defect is removed 

using blunt dissection and a Bovie to detach the remaining soft tissues. The explanted segment is 

inspected to ensure that the periosteum is intact on the bone segment and has been removed from 

the animal. The lobster claw retractors are used to distract the ends of the femur and the 



guidewire is placed into the proximal femoral canal under direct visualization (Figure 5c). After 

the guidewire is passed the nail is then placed across the defect site (Figure 5d). In order to 

ensure maintenance of a 42mm defect in control animals, the cutting guide is placed into the 

defect site when the nail is passed. In experimental animals, the intramedullary nail can be 

placed through a scaffold, which ensures maintenance of the bone gap. The nail depth is 

confirmed by palpation and visual inspection to confirm the nail is not prominent distally, which 

will result in the nail protruding into the knee joint.  

Once the nail is inserted to the appropriate depth, the interlocking screws are placed. The 

guidewire is removed and the soft tissue sleeve is placed distally through the guide to determine 

placement of the skin incision overlying the lateral condyle.  A Bovie is used to slowly dissect 

through the soft tissues in this region to ensure adequate hemostasis as the superior lateral 

geniculate artery is typically encountered. The soft tissue sleeve is advanced to bone (Figure 6a) 

and a 3.7 mm drill is used through the inner sleeve. The length is measured with a depth gauge 

after removal of the inner sleeve (Figure 6b), and a 4.5mm screw is placed distally through the 

outer sleeve (Figure 6c). This screw is typically 50mm in length. The construct is then gently 

tamped in a retrograde fashion to ensure compression across a scaffold or good fit of the cutting 

guide within the defect. In order to judge rotational alignment, the Bovie mark made along the 

linea aspera is visually aligned on each end of the defect. Rotation can be adjusted slightly if 

needed during the gentle retrograde tamping. The soft tissue sleeve is placed through the custom 

jig handle to align with the proximal interlocking screw. The sleeve is typically located at the 

most proximal part of the lateral thigh incision and may necessitate retraction or slight extension 

of the incision proximally. A 3.7mm drill is used through the inner sleeve of the guide, which is 

removed for measurement with a depth gauge. A 4.5mm screw is placed through the outer sleeve 



and is typically 32mm in length. If the cutting guide was placed in the defect it is removed at this 

point. The jig is removed from the nail. A layered closure is performed using 0 Vicryl® for the 

fascia, 3-0 Vicryl® for subcutaneous tissues, and 3-0 running QuillTM for skin. The small 

incision used for placement of the distal interlock screw is only closed with subcutaneous suture.  

After incisions are closed, PA and lateral radiographs (Figure 7) are used to confirm appropriate 

osteotomy and hardware placement prior to recovery from anesthesia.  

 

 

Dynamization and Reverse-Dynamization 

Dynamization of the construct can be accomplished in three ways. The first method 

involves placement of the proximal interlocking screw in the inner part of an oblong slot cut in 

the nail, closest to the tip of the nail (Figure 8a). This allows for axial compression across a 

scaffold during ambulation while providing torsional stability. If immediate dynamization is 

desired this is the preferred approach. The second method involves initial implant placement 

with only one interlocking screw to prevent nail migration, or removal of one of the two 

interlocking screws during a subsequent procedure. This construct has no torsional stability and 

substantially reduced rotational stability and is only recommended if adequate healing has 

occurred or if the scaffold within the bone gap provides adequate mechanical support. The third 

method involves initial placement of two proximal interlocking screws (not described above), 

with a subsequent procedure to remove one of these two screws. In this case one of the proximal 

interlocking screws is initially placed in the proximal portion of the oblong slot and one through 

the round hole. In the second surgery the screw in the round hole is removed. This allows for 

dynamization and maintenance of torsional stability. 



All screw removal procedures are carried out using the same technique. Radiographs are 

taken preoperatively to mark the location of the incision and assess for the possible need to 

remove bone over the screw head (Figure 8b). A radiographic plate is typically placed under the 

animal’s limb prior to sterile preparation to facilitate intraoperative radiographs if they are 

needed. A 3cm incision is usually adequate to remove the proximal interlocking screw when 

there is bone overlying the screw head. After removal of a screw the site is irrigated and closed 

with a subcutaneous QuillTM suture.  

Reverse dynamization refers to the process of statically locking a device that was initially 

dynamized. The initial dynamization is accomplished though one of the methods described 

above. Reversal of this process occurs through placement of an interlocking screw through a 

proximal round interlocking hole, or through the outer part of the oblong hole near the end of the 

nail. Although technically demanding, the “perfect circle” method20 is used to place the 

interlocking screws. In this process intraoperative fluoroscopy is used to mark the location and 

alignment of an interlocking hole by positioning a radiographic imager perpendicular to holes, 

resulting in a “perfect circle” (Figures 8c-8e). A small incision can then be made, and blunt 

dissection used to access the bone. A soft tissue guide is used to assist with maintenance of drill 

alignment to ensure bi-cortical drilling of the femur through the interlocking hole. A 4.5mm 

screw is placed after using a depth gauge to confirm screw length (32mm is the typically length). 

When placing this screw, it is recommended to tie a loop of suture around the screw head to 

ensure easy retrieval if placement is difficult. Once the screw is partially inserted in the bone, the 

suture can be cut prior to fully seating the screw. Use of cannulated screws that allow for 

guidewire placement facilitate much easier placement and removal of interlocking screws. 



Another method for reverse dynamization is to reconnect the surgical placement guide to 

the nail to allow for attachment of the interlocking screw placement guide and screw insertion 

without radiographic imaging. This method is not recommended because exposure of the nail 

through the knee is usually equally or more difficult than the perfect circle technique and 

involves a larger surgical dissection. This technique can be performed by reconnecting the 

surgical insertion device (see Device Removal), and subsequently placing a proximal 

interlocking screw through the drill sleeve (see Creation and Stabilization of the Femoral 

Defect). When performing reverse dynamization by this method, the surgical insertion device 

cannot be cross-threaded to the surgical guide. 

 

Device Removal 

In order to remove the entire intramedullary nail construct, the distal portion of the 

construct is exposed. The same intrapatellar tendon approach is used by sharply incising through 

the previous scar and using a Bovie to dissect through the tendon (Figure 3c). Gelpi retractors are 

used to assist with nail exposure. Preoperative radiographs are useful to assess the location of the 

nail relative to the femoral condyles and determine if a substantial amount of bony overgrowth 

has occurred. If the end of the nail can be visualized and cleared of soft tissue, then reattachment 

of the nail insertion device may be straightforward. It is often very difficult to see the nail and 

sometimes difficult to palpate. In this case the guide wire should be inserted into the nail and will 

act as a guide for appropriate position of the nail insertion device to engage the threads on the 

nail. Once secure attachment of the nail insertion device to the nail has been obtained it is safe to 

proceed to the next steps.  



At this point the remaining interlocking screw (or screws are removed). The proximal 

interlocking screw(s) is removed first. This is done as described above for the dynamization 

procedure. The interlocking screws are usually easy to locate with preoperative radiographs and 

palpation. After removal of the distal interlocking screw, the nail is removed by gently tapping 

the back side of the insertion jig with a mallet. Following removal of the device the incisions are 

irrigated and closed with 3-0 Vicryl® for subcutaneous tissues and 3-0 running QuillTM for skin. 

 

Postoperative Protocol 

Animals are recovered from anesthesia and extubated. Animals are weight bearing with a limp 

within a few hours of surgery.  The sheep are typically ambulatory within an hour of surgery and 

regain normal appearing gait within 1-2 weeks. Fracture healing can be easily assessed using 

serial radiographs.  If bone formation does not occur a fibrous nonunion will occur at three 

months. 

 

Key Points: 

1) Placement of sheep in the right lateral decubitus position and surgery on the left extremity. 

2) Use of a cutting guide to facilitate creation of uniform osteotomies. 

3) Ensuring adequate space is created with the opening reamer so the nail will fit. 

4) Passage of the intramedullary nail after creation of the segmental defect, but prior to removal 

of the bone (not necessary, but useful). 

5) Use of the cutting guide or a scaffold to maintain the defect space during final passage of the 

intramedullary nail. 



6) Placement of two interlocking screws to provide stability, one proximal and one distal to the 

defect. 

7) Device dynamization at the time of initial surgery is accomplished by placing the proximal 

interlocking screw in the proximal part of an oblong hole or by placing the intramedullary nail 

without a proximal interlocking screw. 

8) Device dynamization following initial surgery is accomplished by removal of a proximal 

interlocking screw such that no proximal interlocking screws remain, or one screw remains in the 

inner part of the oblong hole. 

9) Reverse dynamization is accomplished using a fluoroscopically guided technique for 

placement of a proximal interlocking screw to statically lock the construct. 

 

Discussion: 

Use of large animal models are important for preclinical evaluation of technologies aimed 

at rapid bone regeneration.6,7 Sheep are a commonly used model to study bone regeneration 

because they offer a maximal weight bearing model with long bone dimensions suitable for use 

with human implants.7 In our model a human humoral intramedullary nail implant was used to 

stabilize the sheep femur. While multiple studies have used sheep models of large critical size 

defects11–17, only one study has published a surgical technique15 and no study has published a 

detailed standardized method for creation of a mid-diaphyseal femoral defects in a sheep 

stabilized with an intramedullary nail.   

While choosing the appropriate animal model is important, multiple anatomic sites and 

fixation methods can be chosen within each model. Each anatomic site and stabilization 

technique have specific advantages and drawbacks, and due to the heterogeneity of patient 



injuries there is no ideal standard model.  Weight bearing long bone defects used in sheep 

include the femur11,18, tibia12,13,16,17, and metatarsals14,15. One primary difference in the selection 

of each bone is the size of the defect that can be created. Studies using the sheep tibia have 

shown creation of 3.5cm segmental defect16,17, and creation of a 4.2cm segmental defect in the 

femur18. The ovine metatarsal model allows creation of segmental defects up to 2.5cm in 

length14,15, however, an additional benefit of this model is that the third and fourth metatarsals 

are used, allowing study of two weight bearing long bones in a single limb.15 

As is the case in patients with segmental bone loss1–3, options for stabilizing large 

segmental defects in the ovine model include the use of plates11–15, external fixators16,17, and 

intramedullary nails18. The major advantage to the use of plate and intramedullary fixation 

compared to external fixation is that the implants do not have transcutaneous pins. The use of 

transcutaneous pins has a very high complication rate in patients including pin tract infections 

and osteomyelitis.1,2 Rates of infection in sheep with external fixation are unclear as occasional 

pin site infection was noted in one study, but the timing and number of the infections was not 

discussed.17 While it was noted that the infections were effectively treated, the methods of 

treatment were not discussed. In patients this can range from local pin care and antibiotics to 

surgical replacement of loose pins to maintain stability. Any fixation device that does not have 

exposed hardware will be less likely to become infected, particularly during long term studies.  

In patients, an intramedullary device can be placed in an antegrade or retrograde fashion 

to treat mid-diaphyseal femur defects. An antegrade nail is typically performed in this scenario to 

avoid penetrating the knee joint. Preliminary studies in our lab demonstrated that the sheep 

sciatic nerve was draped in the saddle between the femoral head and trochlea, medial to the 

trochanter. This precluded access of the central axis of the femur in an antegrade fashion using a 



straight intramedullary nail. The trochanter of the sheep is too lateral to the central axis of the 

femur to use a trochanteric entry nail. The sheep stifle joint has anatomy similar to humans with 

differences that do not prevent passage of a retrograde nail into the femur.21  The axis of the 

femur needed for nailing passes through the trochlea in a bare cartilaginous area that is not 

engaged by the patella until the stifle is placed in high flexion, similar to a human, and there are 

no ligaments at risk.21  

The use of plate fixation in large segmental defect models is the most practical method 

that allows for exact maintenance of pre-osteotomy length, alignment and rotation. This is 

because the plate is applied and removed prior to creation of the osteotomies, which guarantees 

anatomic restoration. This method involves more soft tissue dissection at the site of the 

osteotomy, while the fixation provided by other means occurs away from the zone of injury. 

External fixation is the easiest way to maintain length when creating a segmental defect because 

the hardware is applied prior to and maintained during the osteotomy. Internal fixation does not 

allow for completion of the osteotomy with the hardware in place. In order to ensure exact 

restoration of length and alignment with the use of an intramedullary nail, the interlocking 

screws would need to be placed prior to creation of the osteotomy. This was not possible with the 

intramedullary nail used because the sheep femur has a smaller radius of curvature than the nail; 

which was designed for antegrade placement into the human humerus and modified for 

retrograde placement into the sheep femur. In order to minimize the variation in osteotomy size 

we developed a cutting guide that could be rapidly attached to the femur (Figure 2). A slot in the 

guide ensures maintenance of the appropriate size gap when the defect is left empty and allows 

for easy removal after application of the interlocking screws. In this large defect model axial 

rotational stability is a function of how well the nail fits within the endosteal canal and whether 



the osteotomy site is left empty. Large sheep with empty osteotomy sites may demonstrate 

flexion of the femur in the lateral plane. This can be addressed by using two interlocking screws 

on each side of the fracture gap. Rotational alignment is set during placement of the second 

interlocking screw and is judged using a Bovie mark made during dissection of the linea aspera. 

It is unknown whether exact maintenance of the alignment plays a major role in healing in 

animal models, however, in patients with segmental bone loss restoration of alignment in surgery 

is generally accomplished by indirect means. 

Additional variables that will change the preferred approach to fixation include the 

desired stiffness of the construct and whether the study aims to use dynamization or reverse 

dynamization. The biggest advantage to the external fixation device is that the load across the 

bone gap can be easily controlled by changing the stiffness of the construct.22 In animal studies 

that evaluate dynamization and reverse dynamization it allows alteration of the mechanical 

environment without additional surgery.23–25 The use of an intramedullary nail will allow for 

dynamization and reverse dynamization studies. An intramedullary nail is a load sharing device 

and scaffolds placed in the defect must withstand the loads during healing. Studies using 

materials with lower failure strengths may consider using additional interlocking screws to 

increase construct stability. The techniques involved are discussed in this article and are 

technically more demanding than modulation of external fixator stiffness. While this is a 

potential disadvantage of intramedullary nail fixation, it offers a method to study dynamization 

in a large animal model without exposed hardware.  When using an intramedullary nail 

construct, the overall stiffness can be altered by using nails produced from titanium instead of 

stainless steel, using nails with different diameters, and applying different numbers of 

interlocking screws. The application of interlocking screws to the nail impart stability to the 



construct in different planes. One advantage of an intramedullary nail compared to an external 

fixator is the ability to allow torsional and axial strain by removal of the interlocking nails on one 

side of the bone defect. The use of a plate does not allow for dynamization at the osteotomy site. 

The stiffness across the fracture site can be controlled by using plates of different materials, 

thicknesses, and by application of multiple plates across the fracture site.12 

 During our initial studies we operated on the right limb, maintaining the sheep in the left 

lateral decubitus position during the procedure.18 There is no standard operative limb. Sheep 

models using the right12, and more often left11,16,17 hind limbs have been described, and not all 

studies report laterality13. Following our initial surgical cohort, we began operating on the left 

limb and maintaining the sheep in the right lateral decubitus position (Figure 3). Rumen 

distention is a common complication during sheep anesthesia. Rumenal bloat can be minimized 

by fasting prior to surgery, passage of an orogastric tube into the rumen, and positioning in right 

lateral recumbency to better accommodate the rumen in the left cranial abdomen.  Switching 

operative sides has markedly simplified our anesthetic procedure and minimized complications. 

 In addition to switching operative sides, we have also switched from Diazepam to 

Midazolam for anesthetic induction. One of our sheep experienced hematuria following 

anesthesia. A previous study found that propylene glycol, which is the base used to prepare IV 

Diazepam, has been associated with hemoglobinuria in sheep.26 An additional study has 

confirmed that propylene glycol causes hemolysis and tissue damage in sheep.27 We 

subsequently switched to use of water-soluble Midazolam and have not had hematuria following 

anesthesia.  

 In summary, this paper describes the surgical technique of creation and stabilization of a 

4.2cm mid-diaphyseal femoral defect in a sheep model using an intramedullary nail. The 



technique offers a method of allowing static fixation and dynamization without exposed 

hardware. Tips and tricks presented in the article provide valuable considerations for performing 

hind limb surgery in sheep. Additionally, a review of the available stabilization techniques will 

allow researchers to choose the best method for their particular study design. 

 

 
 
 
FIGURES 
 

 
 
Figure 1: The modified intramedullary nail used for stabilizing the bone defect. In 1A, the jig is 
hooked up to a modified nail. Another modified nail is shown in the middle and is rotated 90 
degrees compared to the nail on the jig. The unmodified nail on the right is in the same 
orientation as the middle nail; the arrows show the distal interlocking hole has been placed 
perpendicular to its original location. In 1B and 1C the drill guide is placed through the jig for 
placement of the distal and proximal interlocking screws respectively. In 1D the interlocking 
sleeve is shown demonstrating the small cannula in the inner sleeve for accurate drilling, and the 
large cannula in the outer sleeve allowing passage of the depth gauge and screw while protecting 
soft tissues. 
 
 



 
 
Figure 2: The front (left) and back (right) of the custom cutting guide. The holes in the guide are 
used to fix the guide to the shaft using unicortical screws. The space in the back allows for 
maintenance of a uniform defect in control animals with easy removal of the guide following 
placement of the intramedullary nail. 
 
 

 
 
Figure 3: Preparation of the operative limb. In 3a the leg is suspended using a loop of tape for 
preparation and draping. In 3b the limb is being palpated to show the interval between the 
anterior and posterior compartments and determine the location of the thigh incision. The femur 
can be palpated in the interval. The mid-patellar tendon incision is marked. The superficial 
surgical dissection in 3c is performed using a Bovie to proceed through the iliotibial tract and 
entering posterior to the lateral intermuscular septum. In figure 3d the correct plane has been 
identified and blunt dissection using fingers and retractors are used to expose the femur. 
 
 



 
 
Figure 4: In 4a a Bovie is used to make a full thickness mid-transpatellar approach to the knee. In 
4b the entry reamer start point is palpated at the posterior portion of the intercondylar notch with 
the assistant holding the knee flexed while showing the surgeon the femoral shaft. In 4c multiple 
passes are made with the entry reamer while the other hand is used to palpate the femur to 
estimate depth and alignment. In 4d the guide wire has been placed and 4e shows use of the 
canal reamer. 
 
 

 
 
Figure 5: In 5a the osteotomy guide is fixed to the femur using two unicortical screws. In 5b a 
thin sagittal saw is being used with the cutting guide to make a uniform 4.2cm segmental defect. 
In 5c two lobster claw retractors are used to hold the femur in place while the guidewire is 
replaced. The cutting guide or a scaffold is placed in the defect during passage of the guidewire. 
In 5d the intramedullary nail is passed over the guidewire and across the defect. 
 
 

 



 
Figure 6: This figure shows placement of the distal interlocking screw. In 6a the inner sleeve is 
in place and the small cannula is used for drilling. The inner sleeve is removed allowing for use 
of a depth gauge through the outer sleeve in 6b.  In 6b the figure shows placement of the 
interlocking screw. The process is repeated for the proximal interlocking screw. 
 
 

 
 
Figure 7: AP Postoperative radiographs are shown in 7a and lateral radiographs are shown in 7b 
demonstrating maintenance of the defect and placement of the interlocking screws through the 
intramedullary nail.  
 
 



Figure 8: Creation of an oblong hole at the proximal tip of the nail is shown in 8a. This allows 
for dynamization when the interlocking screw is placed toward the tip of the nail, shown with a 
red dot. In 8b a radiograph demonstrates bony overgrowth of an interlocking screw. In 8c, 8d 
and 8e, c-arm radiographs are obtained by rotating the machine until a perfect circle is visualized 
at the interlocking hole of the nail.  
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