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Abstract
BACKGROUND
Infection at the pin tract is a frequent and feared complication of external fixators (EF). The type of pin material and coatings have been regarded as possibly influencing infection rates. Over the last 20 years, few prospective clinical studies and systematic reviews addressed the role of coated pins on the rate of pin site infection in human clinical studies.

AIM
To assess the EF literature over the past 20 years on the clinical benefits of pins manufactured from varied materials and coating systems and their possible role in pin tract infection rates. 

METHODS
We performed a systematic review according to the PRISMA and PICOS guidelines using four scientific platforms: PubMed, LiLacs, SciELO, and Cochrane. We searched the literature for related publications over the past 20 years. 

RESULTS
A literature search yielded 29 articles, among which seven met the inclusion criteria. These studies compared stainless-steel pins and pins coated with hydroxyapatite (HA), titanium and silver. The pin tract infection definitions were arbitrary and not standardized among studies. Most studies included a low number of patients in the analysis and used a short follow-up time. Three meta-analyses were carried out, comparing stainless steel vs silver pins, stainless steel vs HA-coated pins, and titanium vs HA-coated pins. None of this analysis resulted in statistically significant differences in pin tract infection rates. 

CONCLUSION
Currently, no clinical evidence supports the advantage of EF pins manufactured with materials other than stainless steel or coated over uncoated pins in reducing the rates of pin tract infections. A standardized definition of pin tract infection in external fixation is still lacking. 
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Core Tip: There is no consensus in the literature that different materials or pin coatings of external fixators can interfere with the infection rates. This is the first manuscript that evaluates related publications over the last 20 years and develops a meta-analysis evaluating three different types of metallic coatings.



INTRODUCTION
External fixators (EF) are used for bone stabilization using minimally invasive percutaneous insertion of pins, thin and olive wires, interconnected by threaded shafts, bars, and metal rings. These devices provide robust support in the management of fractures and cases of long bone nonunions, malunions, infections, and serious limb malalignment deformities[1]. At the same time, pins are a pathway of contact between the external environment and the skin, subcutaneous tissue, muscle, and bone. Consequently, infection is one of the main complications[1,2]. When infection is superficial, clinical treatment entails local measures and orally administered antibiotics for control. Cases where the infection progresses from the skin and soft tissues into bones and consequently results in pin loosening usually require pin removal or replacement and long-term intravenous antibiotic therapy for chronic osteomyelitis, increasing the cost and complexity of treatment[3].
Infections associated with implants are usually caused by microorganisms that grow in biofilms attached to the implant surface, which is also the case with pin tract infections. A biofilm is a well-controlled and protected environment favoring sessile microorganisms to develop a multi-factorial tolerance to antibiotics and host defenses. This tolerance has been attributed to restricted penetration of the antibiotics, restricted growth at low-oxygen tension, expression of biofilm-specific genes and the presence of non-dividing microorganisms[4]. The formation of biofilms is a major contributor to the clinical challenges encountered in treating pin tract infections.
Therefore, previous studies have assessed different measures to control infectious pin complications, from pin base local care protocols to nonmetallic (ceramic) manufactured pins and coating systems to avoid biofilm formation[5-8]. Clinical benefits regarding infection and loosening of coated vs. uncoated pins have yet to be well defined[9,10]. Indeed, many published articles failed to reach definitive conclusions regarding the impact of different pin materials and coatings on the reduction of pin tract infections[11]. In a 2005 clinical review on hydroxyapatite-coated pins, Moroni et al[12] concluded that this type of coating system could reduce the rate of post-operative complications, including infections. Nevertheless, current research assessing the real clinical benefits of tapered pins coated with hydroxyapatite is still lacking. A 2010 systematic review by Saithna et al[11] that included only four randomized controlled trials failed to show a clear clinical benefit of using hydroxyapatite-coated pins to decrease pin loosening and pin tract infection rates. 
A few types of pin materials have been assessed in previous published clinical studies, including ceramic and metallic (stainless steel and titanium), and also coatings such as hydroxyapatite (HA), HA plus fibroblast growth factor 2 (FGF-2), silver coating and iodine-coated systems[6,11,13-15]. Even though HA coating is one of the most studied coating systems, whether this and other products can effectively reduce the number of infections remains unclear[11,15-18]. Indeed, over the last 20 years, few prospective clinical studies and only two systematic reviews addressed the role of coated pins on the rate of pin site infection in human clinical studies. Moreover, only a hydroxyapatite coating system was assessed in these published reviews. Considering the advances in materials and surfaces in recent years, we aimed at assessing the clinical benefits and rates of infectious complications of EF pins manufactured from varied materials with different coating systems. This systematic review and meta-analysis compiled comparative data on superficial and deep infectious complications found in different types of external fixation pin materials and coatings in human clinical studies.

MATERIALS AND METHODS
Literature sources
A systematic review was carried out according to the preferred reporting items for systematic reviews and meta-analyses (PRISMA) guidelines in the following databases: PubMed, LiLacs, SciELO and Cochrane. The search period spanned from January 2000 to December 2020, encompassing all relevant articles published in the last 20 years. The search was performed using key words related to the subject: “External Fixators”, “Fixation Devices, External”, “Pin Site”, “Pin Tract”, “Coated Pin”, “Hydroxyapatite Coated”, “Stainless Steel Pin” and “Hydroxyapatite-coated”. We used English terms when searching all databases and Spanish and Portuguese terms when searching the LiLacs and SciELO databases. 

Study selection
In the search, the population subject of this review is defined as any human being, regardless of sex or age, who has undergone any type of external fixator device procedure for the treatment of any pathology. In these studies, an objective assessment of pin tract infection rates should be made. One or more types of pin materials and coatings may be studied besides steel pins. We included clinical studies with a level of evidence of 1-2. In vitro, basic science, animal studies and previous systematic reviews are exclusion criteria. Also, studies with a level of evidence of 3-5 are excluded. The main objective of this study is to assess whether different materials and coatings, in addition to stainless steel, play a role in reducing the infection rate of the pin site, using the body of available clinical literature and its level of evidence. The quality of published literature was assessed. Whenever possible, a meta-analysis was performed to assess the effectiveness of coating systems and materials at reducing the rates of pin infection. 

Data extraction
Two reviewers (CS, MJCS) independently selected the relevant articles based on reading the abstracts. Articles containing only scientific information on different infection rates and comparisons of the different types of pin materials and coatings were selected. All relevant texts, tables and figures have been revised for data extraction. If additional information was needed, the corresponding authors of the articles would be contacted, but it was not necessary. Discrepancies between the two reviewers were resolved by consensus discussion.

Risk of bias
We used the Cochrane Risk of Bias Tool to calculate the risk of bias, as shown in Table 1. Among the 29 articles selected for the study, seven studies classified as clinical trials were selected for the article, all of these articles presented a low risk of bias for the randomization sequence generation category (Coester, 2006; Masse, 2000; Morone, 2001; Pieske, 2010; Pieske, 2011; Pizà, 2004; Pommer, 2002). Five described how allocation secrecy was carried out to reduce the risk of bias (Morone, 2001; Pieske, 2010; Pieske, 2011; Pizà, 2004; Pommer, 2002). Only two studies blinded patients (Pieske, 2010; Pieske, 2011), and three articles blinded the evaluators (Pieske, 2010; Pieske, 2011; Pommer, 2002). All seven articles presented the follow-up losses of study participants and presented a low risk of bias for the selective outcome reporting category (Coester, 2006; Masse, 2000; Morone, 2001; Pieske, 2010; Pieske, 2011; Pizà, 2004; Pommer, 2002). 

Statistical analysis
The meta-analysis was performed using the Mantel-Haenszel statistical method. The model used was of random effects and the measurement of the effect through the relative risk. An alpha value of 0.05 and a 95% confidence interval were considered statistically significant. The statistical heterogeneity of the treatment effects between the studies was assessed by the Cochran Q test. Inconsistency was assessed by the I2 test, in which values between 25% and 50% were considered to indicate moderate heterogeneity and high heterogeneity was shown by values greater than 50%. All analyses were performed using Review Manager software version 5.4 (Cochrane Collaboration).

RESULTS
Study selection
A total of 13951 articles were initially retrieved from different platforms. The abstracts of these articles were downloaded to the EndNote Clarivate™ analytics platform. After analyzing the abstracts of all 13951 articles retrieved from the search platform, both reviewers defined the same group of 29 articles for inclusion in the systematic review. 
After the initial selection stage, further screening was carried out in which the 29 articles were read in full, and their contents discussed to reach a consensus on their inclusion in the final results of the study. The final group of articles comprised only clinical studies that focused on infection rates associated with the different external fixator pin materials and coatings in humans within the aforementioned inclusion criteria. Seven of the 29 articles contained data on infection rates involving the different pin materials and coatings in humans. 
All stages of search, selection and exclusion of the articles listed in this study, as the 2009 PRISMA guide recommends, are shown as a diagram in Figure 1.
A total of seven scientific articles were selected as consistent scientific sources for inclusion in the systematic review. The selection results, showing the different types of materials and coatings studied and their results with respect to infection rates in the pin tract, are described below. It was possible to perform three meta-analyses comparing the following coatings: silver-steel, HA-titanium, and HA-steel.

Stainless steel vs hydroxyapatite
In 2001, Moroni et al[12] conducted a prospective randomized study comparing infection rates in 20 patients with wrist fractures treated with external fixators divided into two groups. One of the groups used steel pins, and the other one used pins coated with hydroxyapatite. The Checketts-Otterburn classification was used as a criterion for infection, and the patients were followed for 6 wk. There were no reports of infection in both groups[19].
In 2004, Pizà et al[14] conducted a prospective randomized clinical study, comparing infection rates between pins coated with hydroxyapatite and steel pins. Overall, 23 patients were evaluated in which 56 external fixators were used, with a follow-up of 530 d. Infection rates between pins were assessed using the Checketts-Otterburn classification and found to be similar, with 30.4% for hydroxyapatite pins and 30.7% for steel pins[14].
In 2010, Pieske et al[20] published a prospective randomized study comparing the clinical benefits of traditional stainless-steel pins to hydroxyapatite-coated pins for the treatment of wrist fractures with external fixators. The authors assessed rates of pin tract infection and loosening based on bespoke criteria defining infection. A short period of follow-up (6 wk) was used until EF removal in both groups. Overall, 40 patients were assessed and divided into two groups of 20 patients each. Hydroxyapatite-coated pins showed a tendency toward better clinical outcomes, but no statistical difference was found for pin tract infection or loosening between groups. The prevalence of infections requiring antibiotics was 2.6% for coated pins vs 5.3% for uncoated pins. The authors concluded that the superior pin-bone anchorage associated with hydroxyapatite-coated pins was clinically irrelevant, as was the infection rate[10]. 

Titanium vs hydroxyapatite
In 2002, Pommer et al[21] published a randomized clinical trial comparing pins coated with hydroxyapatite and titanium pins. In this study, 46 patients submitted to bone transport or tibial bone lengthening with external fixators were evaluated, divided into two groups according to the type of materials. The follow-up was 38 wk, and the infection criterion used was that of Mahan et al[22] (1991). The infection rates found were 0% in the group with pins coated with hydroxyapatite and 13% in the group with titanium pins, showing a statistically significant difference in infection rates[21].
In 2011, Pieske et al[20] published a prospective controlled cohort study comparing hydroxyapatite-coated pins with titanium alloy pins for the treatment of wrist fractures using external fixators. As in their 2010 study described above, the authors assessed pin infection and loosening rates and employed bespoke criteria for defining pin tract infection. The follow-up time was 6 wk until the removal of fixators in both groups. They also assessed 40 patients divided into two groups, each comprising of 20 patients. The results proved comparable to those of the previous study by the same authors, revealing only a tendency of hydroxyapatite-coated pins to yield lower rates of loosening and infection, although this difference did not reach statistical significance[21].

Stainless steel vs silver
Two articles compared infection rates in silver pins with steel pins. In 2000, Masse published a prospective randomized study in which they evaluated 24 patients, comparing, among other variables, the infection rates between silver and steel pins. The infection criterion was based upon Mahan et al[22], and the follow-up for the silver and steel groups was 109 d and 113 d, respectively. The infection rate was 30% for silver pins and 42.9% for steel pins, but the difference was not statistically significant. In addition, they observed an increase in serum silver levels in some patients who received silver pins, and as a conclusion, they advised against the use of silver pins[23].
In 2006, Coester et al[24] carried out a randomized clinical trial comparing silver pins with steel pins. They evaluated 19 patients over an average period of 16.7 wk. As an infection criterion, they used a bespoke evaluation and found an infection rate of 30% in silver pins against 21% in steel pins, with no statistically significant difference between the two[24].
It is worth mentioning that all selected studies compared only two types of pin materials and coating systems. None included more than two different types of coating for comparison. Additionally, information such as the reasons for external fixator indications and classification for the severity of fractures or deformities were not necessarily mentioned in the studies. Nevertheless, the selected articles met the inclusion criteria and the desired literary quality.
The main characteristics of all selected studies are shown in Table 2.

RESULTS
Stainless steel vs silver
Two studies compared the infection rate between silver pins vs. steel pins[23,24]. The use of silver pins did not show any significant difference (0.92; 95%CI: 0.47 to 1.83; I2 = 51%; P = 0.82) in the infection rate compared to steel pins, as shown in Figure 2. The meta-analysis showed high heterogeneity and can be explained by the methodological difference in assessing the infection rate, according to criteria described by different authors. Both articles showed good methodological quality.

Stainless steel vs hydroxyapatite
Three articles compared pin tract infection rates between HA-coated pins vs. stainless steel pins[10,14,19]. No statistically significant difference was found in the rate of infection when comparing HA-coated with stainless steel pins (0.88; 95%CI: 0.71 to 1.08; I2 = 0%, P = 0, 23), as shown in Figure 3.

Titanium vs hydroxyapatite
Two studies compared the infection rate between HA-coated pins vs. titanium pins[20,21]. The use of HA-coated pins had no significant difference in the rate of infection compared to titanium pins (0.35; 95%CI: 0.00 to 79.17; I2 = 86%, P = 0, 71), as shown in Figure 4. The heterogeneity of this meta-analysis is characterized as high, possibly because these articles evaluate the rates of infection using different scales. Both articles have good methodological quality.

DISCUSSION
The following coatings and materials were studied in addition to steel in the studies selected for analysis according to our inclusion criteria: (1) Silver: Known for its antimicrobial and bacteriostatic activity, is used in medical equipment such as special dressings and urinary catheters. Its potential antimicrobial mechanisms are the production of reactive oxygen species with direct effects on DNA and cell membranes. Bacterial resistance to silver is rare[25]; and (2) Hydroxyapatite: A molecule composed of calcium and phosphate, is the main mineral component of human bone and is used on a large scale in orthopedic surgery. It has osteoconductive properties and has been used in an attempt to decrease infection and loosening rates in the pins of external fixators[11,26].
Titanium has anti-corrosion and mechanical properties that favor its use in external fixators. With exposure to oxygen, a spontaneous stable oxide layer forms and leads to biocompatibility[27].
We also found studies evaluating other materials that did not meet the inclusion criteria: ceramic pins, pins with bisphosphonate coating, titanium pins with iodine coating, and pins with FGF-2-apatite coating.
Ceramic pins produced low interference in the MRI signal, an advantage over metal pins in the event that CNS imaging assessment is required. However, rates of infection and aseptic loosening of ceramic pins were significantly higher than for titanium alloy pins. The infection rate in ceramic pins was 27.3% (12/44) vs 13.3% (35/263) in titanium pins (P = 0.031). Hence, the advantage of lesser interference in MRI for ceramic pins was outweighed by their higher complication rates. The study was not included due to its low level of evidence (LoE)[28]. 
Bisphosphonate-coated pins have been shown to increase adherence to bone in dental implants. In a randomized clinical trial published in 2013, the possibility of decreasing the rates of loosening of pins in human diaphyseal bone was evaluated. This study was not included because it did not aim to evaluate infection rates between different coatings[16].
Iodine-coated titanium pins were studied in a prospective cohort study published in 2014 that assessed the infection rates in iodine-coated titanium pins in 39 external fixators involving 38 patients. The infection rate was 3.6% (17/476 pins), and all cases were superficial. After comparing with other published studies, the authors concluded that coating titanium with iodine reduced infection rates in external fixator pins. The study was not included due to its low LoE[2]. 
FGF-2-apatite coating was evaluated in a prospective controlled study comparing titanium pins with and without FGF-2-apatite coating published in 2018. Overall, no significant difference between groups for pin tract infection or loosening was found. The study results concluded that pins coated with FGF-2-apatite were safe, and no severe pin tract infections were observed[29].
In addition to the materials and coatings discussed above, a review study published in 2013 by Jennison et al[30] commented on the possible effect of other materials and coatings such as copper, nitric oxide, chitosan and antibiotics, concluding that at that time, none of them had shown a reduction in infection rates in human clinical trials[30].
Only seven relevant publications with LoE 2 or more were available comparing different pin materials and coating systems with rates of infections in human clinical studies over the past 20 years. The main complications investigated were pin tract infections, torque force for pin removal and loosening rates. The results revealed a lack of standardized criteria established to define and classify pin tract infection. Overall, among the seven studies reviewed, only four systematically adopted a published pin infection classification system, such as the Checketts-Otterburn or the Mahan classification. The other three studies used the authors’ own criteria to classify the degree of infection, potentially leading to disparities between evaluators[10,21,24]. The data retrieved from these studies warranted three meta-analyses, in which two studies compared silver with steel pins[23,24], three studies compared steel pins with HA-coated pins[10,14,19] and two studies compared titanium pins with HA-coated pins[20,21]. Interestingly, none showed a statistically significant impact on the outcome of pin tract infection, which corroborated and confirmed the information shown by other systematic reviews and studies previously carried out[11,12,30].
Despite the limited number of clinical studies addressing new materials and coated pins proposed to prevent infections, some modern strategies have been developed[31]. However, outcomes often depend on coating systems that use different antibiotic compounds, polymers or antibiotic film peptides, silver or nitric ions, nanoparticles or even antiseptics such as chlorhexidine or silver sulfadiazine[1,5,31]. Unfortunately, none of these materials have progressed to clinical trials.

CONCLUSION
In conclusion, a small number of clinical studies assessing the impact of different coatings and materials on the EF pin tract infection rates have been published over the last 20 years. Currently, there are no standardized methods of defining and classifying pin tract infections. The lack of a clear and universal definition renders existing studies difficult to evaluate and compare. We identified seven quality clinical trials, comparing three different types of coatings, that enabled us to carry out three meta-analyses. The meta-analysis showed high heterogeneity, and none of the coating systems and materials was superior at reducing the pin tract infection rates. Under these circumstances, no scientific evidence supports materials other than steel pins to control infection rates of EF pins. Prospective multicenter clinical trials involving modern pin materials and new coating systems are very much welcomed to find a way to reduce infection rates, which are considerable in the use of EF.

ARTICLE HIGHLIGHTS
Research background
Few clinical studies assessed the impact of pin materials and coating systems on infection rates over the last 20 years.

Research motivation
Few studies identified significant differences between pin materials in the rate of infection. There has been a lack of standardized criteria for defining and grading pin tract infection of external fixators.

Research objectives
Search the literature of the last 20 years for evidence on the influence of coating systems and different materials of external fixator pins on infection rates.

Research methods
A systematic review was carried out, over the last 20 years, according to the preferred reporting items for systematic reviews and meta-analyses guidelines in the following databases: PubMed, LiLacs, SciELO and Cochrane.

Research results
Seven studies met the inclusion criteria and allowed for three different meta-analyses between similar coating systems and materials used. Due to the heterogeneity of the studies, it was not possible to carry out a meta-analysis that encompassed all selected works.

Research conclusions
Currently, no significant clinical benefit to control infection rates has been achieved with our coating pins systems.

Research perspectives
Prospective multicenter clinical trials involving pin materials and new coating systems should be carried out.
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Figure Legends
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Figure 1 Preferred reporting items for systematic reviews and meta-analyses diagram flow diagram of search and selection strategy for systematic review. 
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Figure 2 Stainless steel vs silver.
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Figure 3 Stainless steel vs hydroxyapatite.
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Figure 4 Titanium vs hydroxyapatite. 

Table 1 Cochrane risk of bias tool - clinical trials
	Study
	Random sequence generation
	Allocation concealment
	Blinding of patients, personnel
	Blinding of outcome assessor
	Incomplete outcome data
	Selective outcome reporting
	Other

	Coester, 2006
	Low 
	Low
	Unclear
	Low
	Low
	Low
	Low

	Masse, 2000
	Low
	Unclear
	Unclear
	Unclear
	Low
	Low
	Low

	Morone, 2001
	Low
	Low
	Unclear
	Unclear
	Low
	Low
	Low

	Pieske, 2010
	Low
	Low
	Low
	Low
	Low
	Low
	Low

	Pieske, 2011
	Low
	Low
	Low
	Low
	Low
	Low
	Low

	Pizà, 2004
	Low
	Low
	Unclear
	Unclear
	Low
	Low
	Low

	Pommer, 2002
	Low
	Low
	Unclear
	Low
	Low
	Low
	Low




Table 2 Characteristics of seven studies selected and included for analysis
	Author
	Year
	Level of evidence
	Number of patient (n) 
	Coatings
	Follow-up
	Infection criteria
	Infection rate
	Conclusion

	Masse
	2000
	2
	24
	Silver vs Steel 
	109 d vs 113 d
	Mahan et al[22] criteria
	30% vs 42.9%
	No statistical difference

	Moroni
	2001
	1
	20
	Hydroxyapatite vs Steel
	6 wk
	Checketts-Otterburn
	0
	No statistical difference

	Pommer
	2002
	1
	16
	Hydroxyapatite vs Titanium
	38 wk
	Mahan et al[22] criteria
	0% vs 13%
	Statistically significant

	Pizá
	2004
	1
	23
	Hydroxyapatite vs Steel
	530 d
	Checketts-Otterburn
	30.4% vs 30.7%
	No statistical difference

	Coaster
	2006
	1
	19
	Silver vs Steel 
	16,7 wk
	Bespoke
	30% vs 21%
	No statistical difference

	Pieske
	2010
	2
	20 vs 20
	Steel vs Hydroxyapatite
	65 d
	Bespoke
	5.3% vs 2.6%
	No statistical difference

	Pieske
	2011
	2
	20 vs 20
	Titanium vs Hydroxyapatite
	56 d
	Bespoke
	0% vs 10%
	No statistical difference
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