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            Abstract

            
               
Objectives: Even under ideal conditions, infection remains a risk of surgery and can be harrowing after surgical repair of compound fractures.
                  This study aimed to assess the efficacy and convenience of local antibiotic-impregnated polymethyl methacrylate (PMMA) strips
                  to overcome infection and functional union within a specified time after primary definitive stabilization of compound fractures.
                  
               

               Design: We investigated patients who received PMMA-vancomycin strips during orthopedic surgical repair of open fractures.
               

               Setting: From 2017 to 2019 in a tertiary medical center.
               

               Patients: A total of 106patients with open fractures type I through IIIC were included (age range, 24–62 years). 
               

               Intervention: Patients underwent profuse wound cleaning, methodical debridement, and definitive stabilization with PMMA-vancomycin strips.
                  
               

               Main Outcome Measurements: We measured the incidence of wound healing, fracture union, and infection rate. Patients were followed for two years with
                  infection parameters and radiographs. The efficacy of the PMMA strips in our study with that of PMMA beads in similar procedures
                  from published studies was compared.
               

               Results: Of 106patients, five (4.7%) had a subclinical infection until implant removal. We found no osteomyelitis or non-union in
                  any patient. A literature search confirmed comparable outcomes in infection rates between the PMMA strips used in this study
                  and antibiotic beads used in previous studies. However, the removal of PMMA vancomycin strips is generally more convenient
                  compared with that of beads.
               

               Conclusions: For the controversial challenge of determining the duration to keep or remove antibiotic beads, PMMA vancomycin strips present
                  surgeons with an easy-to-use alternative with equivalent efficacy.
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               Introduction

            When Alexander Fleming used topical antibiotics for open wounds for the first time during World War I, he observed that local
               antibiotics markedly reduced the burden of bacteria.1 Half a century later, Buchholz and Engelbrecht2 first used antibiotic-loaded bone cement as a prophylactic agent against deep-bone infections in orthopedic endoprosthetic
               surgery in human patients. 2 A high local concentration of antibiotics and low systemic side effects were the major outcomes. 3, 4 To penetrate biofilm, an antibiotic concentration of 10 to 100 times higher than normal is required and not safe for systemic
               use. The major factors affecting the maintenance of the local higher concentrations of antibiotics with PMMA are thermostability
               of the antibiotic, porosity of the antibiotic vehicle, and, most importantly, the surface area of the antibiotic PMMA construct
               for elution of the antibiotic.5, 6 
            

            This study sought to evaluate the efficacy of vancomycin-PMMA strips in contrast to data available for conventional antibiotic
               PMMA beads in open fractures. We have used PMMA vancomycin in strips for their optimal thermostability, availability in powder
               form, ease of mixing before adding liquid monomer, and less allergenic properties. Antibiotic beads have proven efficacy in
               open-fracture management, but their elution properties are reduced by limitations, such as impaired local anatomy, extensive
               scaring, elaborate hand preparation requirements in developing countries, and fibrosis around the beads.7 Strips are as efficient as beads at providing high-concentration local antibiotics but have the advantages of producing less
               fibrosis scar tissue and being easier to place and remove.
            

         

         
               Patients and Methods

            This study was undertaken in106open fractures between 2017 and 2019 at VSS Institute of Medical Science and Research Burla
               in western Odisha, India. Of these fractures, 89wereof the tibia, 4 were forearm, and 13werefemurs. They were further categorized
               as Gustilo and Anderson8 open fracture type I with high-velocity injury (17 total), type II (15), type IIIA (37), type IIIB (34),and type IIIC (6).
            

            Inclusion criteria were open fractures within day 1 to 7 of presentation, age 20–65 years, and fit for anesthesia. Exclusion
               criteria included any comorbidity like diabetes mellitus or immune-compromised patients, known hypersensitivity to vancomycin,
               Prior underlying chronic infections or pathological fractures, and polytrauma with head or chest injuries.
            

            
                  Procedure

               For type I, II, and IIIA, 69 patients received thorough cleaning of the wound with normal saline and povidine-iodine. On the
                  same day, they underwent primary stabilization and application of vancomycin-impregnated PMMA strips. Systemic antibiotics
                  (third generation cephalosporin, aminogycoside, and metronidazole) were administered for five days.9, 10

               In six tibia cases, the patients arrived one week after initial injury with severe contamination with soil and grass particles.
                  They arrived late due to poverty, ignorance, and the lack of facility. Swab cultures were taken, wounds were cleaned thoroughly
                  with normal saline and a povidine-iodine scrub, debridement was performed under anesthesia, and external fixation was applied.11 After one week of daily debridement and cleaning, definitive stabilization was performed with implantation of vancomycin-impregnated
                  PMMA strips. The wounds were closed using soft-tissue release and split-thickness skin grafts as needed. We continued susceptible
                  systemic antibiotics for five days post culture reports.
               

               For types IIIB and IIIC fractures, debridement was performed with soft tissue and neurovascular repair and external fixation
                  for one or a maximum of two weeks. Following internal fixation, vancomycin-impregnated PMMA strips were administered, and
                  the wound was closed by soft tissue release, transposition flaps, or split-thickness skin grafting. 
               

               We discharged the patients on the fifth postoperative day and removed sutures between 2 and3 weeks. Partial weight-bearing,
                  range-of-movement, and isometric exercise began on the second postoperative day. The patients were followed monthly with infection
                  parameters, including leukocyte count, serum protein, total lymphocyte count, and C-reactive protein. Follow-up radiographs
                  were taken at 3, 6, 9, 12, and 24 months. At the end of two years, 5(4.7%) of 106patientshad subclinical infections. All of
                  the patient strips were removed within60 to 90 days except in two cases, who presented two years afterward with sterile discharge
                  and a strip exposed in one tibia patient. Nevertheless, the fractures were united, and the patients were relieved with implant
                  and strip removal. No instances of non-union or osteomyelitis appeared in our series of patients.
               

            

            
                  Strip preparation

               Strips were prepared in the operation theaterbymixing4 g vancomycin with 40 g PMMA polymer. After thoroughly mixing the vancomycin
                  and polymer powder, 10 g liquid monomer was added and mixed. We used double-twisted 18 G stainless steel wires of the desired
                  length to incorporate the cement vehicle. When cement is in a doughy stage it was incorporated into SS wire by rolling between
                  the palms. These were placed on a flat surface and flattened into strips using a metal roller. Before the cement hardened,
                  the strips were longitudinally cut to 1–2.5 cm wide. Between one and three strips were used per site of impregnation. The
                  length of the strips covered at least the entire length of the size of the wound proximally and distally (Figure  1A–C). 
               

               
                     
                     Figure 1

                     A. 40-g PMMA; B:Vancomycin strips
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               Results

            In all patients with grade I, II, or IIIA fractures, 69/69 (100%) wounds were healed and fractures were united. In grade IIIB
               fractures, 2/34 (5.88%) had subclinical infection, and3/6 (50%) open IIIC fractures had sterile discharging sinus after suture
               removal. No special systemic antibiotics or debridement was performed for these; only soap water baths and expressing the
               wound twice daily, and they healed completely within three months. Figure  2  shows a 48-year-old male with a compound grade IIIB open fracture.
            

            
                  
                  Figure 2

                  A: Open Gr IIIB fracture; B: Radiological picture; C: with external fixation; D: Post operation with strips; E: Clinical outcome; F: follow-up at 24 months
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            In this study group, the infection rate was 5/106 (4.7%). At two-year follow-up examinations, the union rate was 100%.Thetimeto
               union was 8–12 weeks in upper-limb open fractures and 12–36 weeks in lower-limb open fractures. PMMA vancomycin strips were
               removed 8–12 weeks postoperatively. Of 106patients, two failed to follow up within two years. After two years, the patients
               returned with serous discharge and exposed strips at the distal tibia.(Figure  4a,b) These complications did not hamper a sound union within the specified time, however, and once the strips and implants
               were removed, the wound healed completely. No antibiotic- or implant-related local or systemic infection or acute wound infection
               was observed.
            

         

         
               Discussion

            Local vancomycin strips in the present study of open fractures with definitive fixation show comparable efficacy with antibiotic
               beads used for similar procedures in large studies. All of the patients in our study, irrespective of sex and socioeconomic
               status, had complete wound healing within similar timelines to those of previously reported open fracture repairs in which
               antibiotic beads were used. Ostermann et al.12   reviewed 845 open fractures using copious irrigation, meticulous debridement, and local PMMA antibiotics, and they concluded
               that 3.7% of patients experienced postoperative infections. They observed a reduced infection rate for all fracture types
               that reached statistical significance in types IIIB and IIIC.12 Henry et al.13 found that prophylactic antibiotic impregnation with systemic antibiotics has a significant effect on type III open fractures.
               Several authors 9, 11, 14, 15, 16 found local PMMA antibiotics favorable for maintaining local concentrations without systemic manifestations. Calhoun et al.17 stated that the presence of bacteria around beads did not affect wound and fracture healing.
            

            Zalavras et al.4 reported similar benefits of antibiotic beads. They raised the controversial issue of reoperation and removal of PMMA antibiotic
               beads. The sealing of a wound without a drain is essential to reduce fluid turnover, an important factor in maintaining local
               antibiotic concentrations. A bead left in situ develops resistant pathogens due to prolonged sub therapeutic antibiotic levels
               and behaves like a foreign body, predisposing the patient to a secondary infection. Bead removal is recommended at 6 to 6
               weeks because beads enclosed in fibrous tissue or a callus reduce elution and complicate removal. Henryet al.9 observed that fibrosis soft tissue near joints limited movement, causing emotional and financial burden risks associated
               with beads. To answer these entire hypotheses, we introduced antibiotic PMMA strips to remove easily at 8 to 12 weeks even
               after 2 years maintaining desirable local antibiotic concentration.
            

            The topical treatment of wounds has been applied since ancient times from Egypt to India. Several clinical researchers around
               the world have reported the efficacy of local antibiotic therapy for open wounds to maintain a higher local concentration
               of antibiotics to break biofilms16 and to avoid resistant pathogens and the morbidity of long-term intravenous antibiotics.17 Local PMMA antibiotic release is a two-stage process, with the highest concentration reached within hours to days, and high
               concentrations persisting for as long as five years.10 Multiple factors influence the elution of antibiotic PMMA, including matrix-like surface area, concentration, post-implantation
               time, and fluid turnover. Elution takes place through pores, voids, cracks, and passive diffusion of the matrix. Local, high
               concentrations of antibiotics alone are insufficient without adequate debridement.15, 18 Antibioticsat 10 to 100 times the normal concentration discourage resistance and suppress bacteria until regenerating tissue
               can destroy residual organisms. 9 Efficient breakage of biofilm and use of the blood-bone barrier also protects against systemic toxicity.19, 20 Walenkamp et al.20 and Salvati et al.21 reported no renal toxicity and serum levels≤0.5 µg/mL in such methods of delivering local high-concentration antibiotics.
               Furthermore, Springer et al. 22 and Hsieh et al. 23 reported clinical safety at higher doses (10.5 g vancomycin; 12.5g gentamycin) than those in our study.
            

               However, for all favorable outcomes reported by several authors, limitations subsist while evaluating the clinical role,
               the undefined extent of devitalized tissue after debridement, and removal or necessity to remove the antibiotic vehicle matrix.
               The major drawbacks of using beads include not being used as mechanical filler, risk of incomplete closure of the wound, and
               decrease of elution and complication of removal if the beads are incorporated into fibrous tissue or calluses. Incomplete
               wound closure increases the risk of secondary infections and maximizes local fluid turnover, which is an important factor
               for maintaining a high local concentration of antibiotics. Otherwise, a PMMA matrix with decreased elution may behave as a
               foreign body, and sub therapeutic concentrations of antibiotics develop resistant organisms. The introduction of PMMA strips
               rather than beads can overcome these complications. Antibiotic-loaded PMMA strips provide a solution to the controversial
               questions of what duration to keep the antibiotic vehicle, where to place it most effectively, and how to remove it safely.
               We easily and successfully removed all strips from all patients in the present study.
            

            In our series and follow-up of two years, the clinical outcomes were comparable with those of open fracture cases using other
               antibiotics or other modes of antibiotic local PMMA impregnation. The major advantages to the strips are accommodation any
               where inside musculoskeletal compartments (Figure  3 A,B,C, Figure  4 ) in the limbs without creating difficulties in wound closure, a large surface area for antibiotic elution, 24 and simplicity of removal with a single stab incision.(Figure  5)
            

            
                  
                  Figure 3

                  A: strips in the forearm; B: strips in the thigh; C: union progression in same patient after strip removal.
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                  Figure 4

                  Follow-up after2 years. A: strips in united tibia; B: complicate to exposed at shin
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                  Figure 5

                  Strip removal
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               Conclusions

            PMMA vancomycin-impregnated strips are equally effective as PMMA beads for compound fractures. Their efficacy in elution and
               maintaining local tissue concentration of antibiotics is comparable. Importantly, the strips can be easily accommodated in
               the Osteo-muscular plane, so that in cases of open tibia and forearm fractures, wound closure is not as difficult as it is
               with beads. The most important outcome of our study was the effortless removal of the strips with only a nick of a few centimeters
               in length. Further study is needed to evaluate the elution efficacy and duration to maintain the desired level of local antibiotic
               concentrations by PMMA strips or whether an in situ reloading of antibiotics is feasible. Further data are needed for an ideal
               bioabsorbable vehicle to enhance delivery potential, to eliminate the complication of removal, and to achieve longer implantation
               times.
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