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ABSTRACT

Open fractures account for approximately 20% of all combat-related injuries in soldiers. Because of the
severity of wounding mechanisms and high rates of wound infection, open fractures from combat pose greater
problems to surgeons and result in higher morbidity than similar injuries suffered by civilians. Standard care
for open fractures requires multiple procedures, including irrigation, débridement, stabilization, and
antibiotic therapy. A commonly used method to provide local antibiotics through elution and to fill dead space
is the application of polymethylmethacrylate (PMMA) combined with a broad-spectrum antibiotic, rolled into
beads, and placed in the bone defect. Although effective for treating infection, these cement beads are not
bioabsorbable and will eventually retard bone growth if not removed during a second surgical procedure. Yet
a third procedure for bone autografting is often required for definitive treatment. Current standard care with
multiple procedures and delayed definitive treatment results in high patient morbidity and increased cost of
treatment. To evaluate potential alternatives to current standard care we have developed a large animal open
fracture model in goats. Thus far we have tested different osteoconductive or osteoinductive bone graft
substitutes impregnated with antibiotics to determine the ability of each product to reduce infection rates. All
products have been as effective as standard care treatment in preventing infection in this contaminated bone
defect model. Current research is evaluating the use of similar, but commercially available products that have
been approved, or are pending approval, by the United States Food and Drug Administration. The use of
antimicrobial bone graft substitutes may reduce morbidity, the number of surgical interventions, and
associated medical costs for military personnel and civilians alike.

1.0 INTRODUCTION

Open fractures, defined as broken bone in communication with the environment, account for approximately
20% of all injuries sustained on the battlefield [1-3]. These fractures, which are frequently the result of high-
energy impact, are difficult to manage because of segmental defects, neurovascular damage, or inadequate soft
tissue coverage. In addition, associated bacterial contamination presents an enormous surgical challenge and
considerable patient morbidity. Despite meticulous treatment, open fractures have high rates of delayed union
and non-union, causing complications such as chronic osteomyelitis that can threaten the viability of the limb
and even the life of the patient [4]. Bone defects typically require treatment with a bone graft to augment
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fracture healing. However, a bone graft cannot be placed in a wound immediately following injury, due to
wound contamination and the high risk of infection. The wound bed must first be thoroughly cleaned, and the
patient placed on systemic antibiotics. In some instances, to treat severely contaminated wounds, a high
concentration of antibiotics is mixed with polymethylmethacrylate (PMMA) bone cement to form small beads
that are temporarily placed into the contaminated fracture site for periods as long as six weeks. The beads
preserve soft-tissue tension and decrease the amount of dead space [5] while slowly eluting high levels of
antibiotic into the surrounding environment; this level of medication would be toxic if delivered systemically
[6]. After the wound is thoroughly cleaned, the beads are removed and, if necessary, definitive bone grafting
is performed.

Despite clinical studies demonstrating the efficacy of this local antibiotic delivery technique, there are several
disadvantages. Most importantly, PMMA is not biologic, necessitating a second surgical procedure for
removal. Furthermore, since the beads are not osteoinductive, (i.e., cannot induce bone growth), definitive
bone grafting and mature fracture healing cannot begin until the beads are removed. In addition, when
autologous bone graft is used, harvest may result in significant morbidity due to blood loss, operative time,
postoperative pain, and difficulty with ambulation [7]. The goal of our research is to find an all-in-one
substitute for the current long and drawn out process of staged repair to reduce morbidity, shorten recovery
time, and reduce cost. The ideal bone graft product should be osteoconductive, to provide a scaffold for bone
growth, as well as osteoinductive. It should also be antimicrobial and available in unlimited supply.

We have tested two bone graft substitutes in animal studies—tobramycin-impregnated calcium sulfate pellets
and tobramycin-impregnated calcium sulfate pellets combined with demineralized bone matrix (DBM)—that
meet some of these criteria. Biodegradable antibiotic delivery systems have been used in Europe for many
years with excellent clinical results [8, 9]. However, biodegradable products containing antibiotic delivery
systems have not yet been approved for clinical use in the United States. In the United States only
biodegradable products without antibiotics, such as calcium sulfate and calcium phosphate, have been
approved by the FDA.

Calcium sulfate, which has been used since 1892 as a bone defect filler and is known to be osteoconductive
[10], can be impregnated with an antibiotic. Demineralized bone matrix (DBM) is also commercially
available, is osteoinductive, and has been shown to promote bone healing. Turner, Urban and Gitelis, using a
canine model, showed that the combination of calcium sulfate pellets and DBM was more effective as a bone
graft substitute than either component alone [11]. Additionally, they demonstrated that the combination was
as effective as autogenous bone graft at six weeks following treatment. We speculated that the combination of
tobramycin-impregnated sulfate pellets and DBM could be used as a local antibiotic delivery system that
would be osteoinductive as well as osteoconductive.

We have teamed with industry and academia to use existing and emerging products and information to
identify a better treatment for open fractures. In order to accomplish this goal, a large animal contaminated
bone defect model has been developed to evaluate the effectiveness of various treatments in an ongoing series
of experiments. We describe two completed studies that evaluated experimental treatments for reducing
infection rates of open fractures. These treatments have the potential to reduce the number of surgeries,
patient morbidity rates, total cost of the treatment, and to speed the soldier’s return to duty.
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2.0 METHODS AND MATERIALS

2.1 Experimental Design

We developed a large animal model (vide infra) to mimic a contaminated open fracture. Study I used this
model to evaluate the effectiveness of OSTEOSET T® (Wright Medical Technology, Arlington, TN), an
antibiotic-impregnated calcium sulfate bone replacement material. Animals were divided into four groups:
negative control, positive control, calcium sulfate, and experimental. The negative control group received no
treatment. The positive control group received current standard care of PMMA beads impregnated with 4%
tobramycin by product weight. The beads were prepared and rolled by hand in standard clinical fashion and
placed in the metaphyseal defect. The calcium sulfate group received 15 pellets of the commercially available
product OSTEOSET® (Wright Medical Technology, Arlington, TN). The experimental group received 15
pellets of OSTEOSET T®, which are calcium sulfate and 10% tobramycin by product weight. Study II
evaluated the effectiveness of an antibiotic-impregnated calcium sulfate bone replacement material when
combined with DBM; the combination of calcium sulfate and DBM has been shown to be effective in
stimulating bone growth. Animals were again divided into four groups: negative control, positive control,
DBM, and experimental. The negative and positive control groups received the same treatment as Study I.
The DBM group received 2.5 ml of DBM (ALLOMATRIX™ injectable putty; Wright Medical, Arlington,
Tennessee). The experimental group received 15 pellets of OSTEOSET T® and 2.5 ml of DBM.

2.2 Surgical Technique

Adult male Spanish goats were used for our studies. A 2.5-cm longitudinal skin incision was made over the
medial proximal metaphyseal region of the tibia centered at a point approximately 2 cm medial and 2 cm
distal to the tibial tubercle. After elevating the periosteum with a periosteal elevator, a unicortical, 12-mm
circular defect was produced with a coring reamer. Next, the bony defect was inoculated with an aliquot of
bacteria (30 pl of solution with 10° CFU/ml of Staphylococcus aureus). The bacterial strain used was
American Type Culture Collection (ATCC) 29213, which was further modified by our institution to be
resistant to streptomycin. Thirty ul of a 10° CFU/ml solution of bacteria has been shown to be sufficient to
cause infection in greater than 70% of non-treated animals without producing overwhelming sepsis [12].

2.3  Wound Grading System

The animals were followed daily for 21 days for clinical signs of infection. After the dressing was removed
on postoperative day 4, three independent examiners graded each wound daily. The goat’s treatment group
was masked to the graders for the duration of the study. We used a clinical grading system established in a
previous caprine study [12]. The condition of the wound was graded by the following criteria: a score of 0
was assigned for no signs of contamination; 1 for inflammation, swelling, or serous drainage without frank
purulence; 2 for frank purulence at the wound site, or purulent discharge upon aspiration or incision and
drainage. A score for each wound was calculated by adding the score from each of the three observers each
day for 21 days. The clinical determination of infection was defined by a score of at least 5 on two
consecutive days for a given wound. Hence, a wound had to exhibit two consecutive days of purulent
drainage, as identified by at least two of the three examiners, to be considered infected.

2.4 Necropsy and Microbiologic Analysis

On postoperative day 21, the animals were euthanized and the treated hindlimb was disarticulated at the hip
and radiographs were obtained. The bony defect was transected at its mid portion with a Gigli saw. Culture
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swabs were obtained from the proximal and distal intramedullary canals. A number 5 surgical curette (0.5 g
tissue) was used to harvest marrow and trabecular tissue from the canal.

The tissue and swab samples were sent for standard qualitative quantitative and microbiological analysis.
Isolates were identified by routine microbiological procedures. FEach S. aureus isolate was tested for
streptomycin resistance to determine whether it was the same strain as the initial inoculation.

2.5 Outcome Measures

The outcome measure used to define the presence of deep wound infection was the recovery of the
streptomycin resistant S. aureus strain ATCC 29213 from intramedullary cultures at 21 days. The threshold
for infection was set at 10* CFU/g of marrow [12]. Cultures with bacteria present but less than 10° CFU/g
marrow were considered contaminated. If the quantitative analysis identified between 10° and 10* CFU/g
marrow of bacteria at final tissue culture, the clinical score was used to determine infection (i.e., the wound
had to be considered infected by our clinical scoring criteria to receive definitive identification).

3.0 RESULTS

3.1 Studyl

The primary determination of infection in this study and Study II was the recovery of the inoculated bacteria
from the intramedullary cavity. S. aureus-R was found in the deep wounds in eleven of the twelve goats in
the negative control group (6.9 x 10’ + 4.0 x 10" CFU/g) and in all twelve wounds in the calcium sulfate group
(2.2 x 10* £ 1.1 x 10" CFU/g). No S. aureus-R was recovered in any of the bony defects of the goats in the
positive control and experimental groups. The amount of bacteria recovered from the intramedullary cavity
differed between the tobramycin-treated group and the group that was not treated (p<<0.002). The carrier
group clinical infection rate was higher than the positive control and treatment groups (p<0.02). In addition,
gross pathologic and radiographic evaluation confirmed a difference between the groups that were and were
not treated with tobramycin. There was purulent replacement of marrow and trabecular bone in the negative
control and calcium sulfate groups, whereas the positive control and treatment groups appeared to have
normal marrow and trabecular bone. The radiographic evaluation of the negative control and calcium sulfate
groups further suggested infection by revealing evidence of periosteal new bone formation that produced
involucra in all of the infected bony defects. The bony defects in the two groups that were treated with
antibiotic appeared normal.

3.2 StudylIl

S. aureus-R was found in the bony defects in six of seven goats in the negative control group (2.2 x 10° + 1.2
x 10 CFU/g) and in seven out of eight goats in the DBM group (1.3 x 10®+ 8.1 x 10’ CFU/g). No S. aureus-R
was recovered in any of the deep wounds of the goats in the positive control and experimental groups. The
amount of bacteria recovered from the deep wounds differed between the groups that were treated with
tobramycin and those that were not treated (p<0.02). The DBM group had a significantly higher rate of
clinical infections than did the experimental, positive control, and negative control groups (p=0.0058, 0.01,
and 0.0187, respectively).

The gross pathologic and radiographic evaluation results were similar to Study I. The radiographs revealed
pronounced periosteal reaction in the groups that were not tobramycin treated. The radiographs from the
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positive control and experimental groups qualitatively displayed less periosteal reaction than the other groups.
Gross pathological analysis revealed purulent replacement of marrow and trabecular bone in the negative
control and DBM groups. The tobramycin treated groups appeared to have normal marrow and trabecular
bone (fig. 1).

- B = | N |

Negative Control Calcium Sulfate with
Tobramycin and DBM

Figure 1: Gross anatomy samples from negative control group (left) and experimental group (right).
The negative control group, which received no treatment showed purulent replacement of bone
marrow and trabecular bone. The experimental group in which defect was treated with antibiotic-
impregnated calcium sulfate bone replacement material combined with demineralized bone matrix
(DBM) showed normal bone marrow and trabecular bone.

4.0 DISCUSSION

These studies demonstrate that an antibiotic-impregnated bone graft substitute can be used effectively in a
contaminated fracture model. We feel that this is a valid model to evaluate a product’s ability to prevent an
infection in an open fracture. In our tibial defect model, similar to open fractures in humans, bacteria have
access to the intramedullary space. Bacteria are able to colonize this wound if it is left untreated and the
wound becomes infected. However, in this model, because wounds become infected without causing
overwhelming sepsis, the goats are not subjected to excessive stress and do not have to be euthanized prior to
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the completion of the study. In addition, the unicortical defect does not require stabilization, and the goats are
able to ambulate within hours of surgery.

Standard care often dictates a high level dose of antibiotic-impregnated PMMA that would be toxic if
delivered systemically. PMMA beads “hold the space” by preventing the formation of fibrous tissue while the
local dose of antibiotic is eluted. This procedure is generally the first stage of a procedure requiring a second
operation that then leaves a bone void. An autograft or allograft is routinely placed in the void to stimulate
bone growth. Calcium sulfate pellets with tobramycin as used in our study act similarly to PMMA beads and
fill the dead space and prevent the formation of fibrous tissue while eluting a local dose of antibiotic. Calcium
sulfate, however, is resorbable, which could prevent the need for a second operation to remove the substance
that is not biologic. Unfortunately, calcium sulfate is only osteoconductive, and in a canine model it takes 24
weeks for calcium sulfate pellets to stimulate as much bone as autogenous bone graft [11]. When
osteoconductive calcium sulfate pellets and osteoinductive DBM are combined the resulting product can
stimulate as much bone growth as autograft in just 6 weeks in the same model [11]. Theoretically, by adding
tobramycin, the combination should be antimicrobial as well, but this combination had yet to be challenged in
a contaminated fracture model.

Our preliminary studies provide the groundwork for future studies. In the contaminated fracture model used
in the second study, tobramycin-impregnated calcium sulfate pellets and DBM combination was not
significantly different from tobramycin-impregnated cement beads in preventing establishment of S. aureus
infection. However, use of the antibacterial calcium sulfate pellet and DBM combination could decrease the
morbidity of open fractures by eliminating the need for surgical bead removal and by reducing the need of an
autograft. Combining this calcium sulfate product with DBM could potentially accelerate bone formation.
Reducing multiple procedures to a single-stage treatment will also reduce the overall risk to the patient.

5.0 SUMMARY

The current standard of care for battlefield open fractures is not acceptable, as evidenced by the high rates of
infection and nonunion. The treatments that we have evaluated were as effective as antibiotic impregnated
cement beads and they have the potential to reduce the number of surgeries, morbidity, and return to duty time
because they are resorbable and promote bone growth. Currently, we are testing commercially available
products that have been approved, or are pending approval, by the United States Food and Drug
Administration. These products will reduce the number of procedures that the surgeon must perform to treat
the fracture and are closer to finding a definitive treatment. Future studies will focus on the effects of products
on bone healing and will evaluate the effectiveness of tobramycin in preventing infection when the wound is
contaminated with gram negative bacteria (Pseudomonas aeruginosa).
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