
Section 1   Formation 967

[2] Darouiche RO. Device-associated infections: a macroproblem that starts 
with microadherence. Clin Infect Dis. 2001;33:1567–1572. doi:10.1086/323130.

[3] van de Belt H, Neut D, Schenk W, van Horn JR, van der Mei HC, Busscher 
HJ. Infection of orthopedic implants and the use of antibiotic-
loaded bone cements. A review. Acta Orthop Scand. 2001;72:557–571. 
doi:10.1080/000164701317268978.

[4] Verran J, Maryan CJ. Retention of Candida albicans on acrylic resin and sili-
cone of diff erent surface topography. J Prosthet Dent. 1997;77:535–539.

[5] Taylor R, Maryan C, Verran J. Retention of oral microorganisms on cobalt-
chromium alloy and dental acrylic resin with diff erent surface fi nishes. J 
Prosthet Dent. 1998;80:592–597.

[6] Wolcott  RD, Rumbaugh KP, James G, Schultz G, Phillips P, Yang Q, et 
al. Biofi lm maturity studies indicate sharp debridement opens a time-
dependent therapeutic window. J Wound Care. 2010;19:320–328. doi:10.12968/
jowc.2010.19.8.77709.

[7] Gibbons RJ, Houte JV. Bacterial adherence in oral microbial ecology. Annu 
Rev Microbiol. 1975;29:19–44. doi:10.1146/annurev.mi.29.100175.000315.

[8] Garrett  TR, Bhakoo M, Zhang Z. Bacterial adhesion and biofi lms on 
surfaces. Progress in Natural Science. 2008;18:1049–1056. doi:10.1016/j.
pnsc.2008.04.001.

[9] Donlan RM. Biofi lms: microbial life on surfaces. Emerging Infect Dis. 
2002;8:881–890. doi:10.3201/eid0809.020063.

[10] Gbejuade HO, Lovering AM, Webb JC. The role of microbial biofi lms in pros-
thetic joint infections. Acta Orthop. 2015;86:147–158. doi:10.3109/17453674.201
4.966290.

[11] Darouiche RO. Treatment of infections associated with surgical implants. N 
Engl J Med. 2004;350:1422–1429. doi:10.1056/NEJMra035415.

[12] Stoodley P, Ehrlich GD, Sedghizadeh PP, Hall-Stoodley L, Baratz ME, Altman 
DT, et al. Orthopaedic biofi lm infections. Curr Orthop Pract. 2011;22:558–563. 
doi:10.1097/BCO.0b013e318230efcf.

[13] Costerton JW. Biofi lm theory can guide the treatment of device-related 
orthopaedic infections. Clin Orthop Relat Res. 2005:7–11.

[14] Gristina AG, Costerton JW. Bacteria-Laden Biofi lms: A Hazard to Ortho-
paedic Prosthesis. Infect Surg. 1984;3:655–662.

[15] McConoughey SJ, Howlin R, Granger JF, Manring MM, Calhoun JH, Shirtliff  
M, et al. Biofi lms in periprosthetic orthopedic infections. Future Microbiol. 
2014;9:987–1007. doi:10.2217/fmb.14.64.

[16] Shaw JD, Miller S, Plourde A, Shaw DL, Wustrack R, Hansen EN. Methylene 
blue-guided debridement as an intraoperative adjunct for the surgical 
treatment of periprosthetic joint infection. J Arthroplasty. 2017;32:3718–3723. 
doi:10.1016/j.arth.2017.07.019.

[17] Bertazzoni Minelli E, Della Bora T, Benini A. Diff erent microbial biofi lm 
formation on polymethylmethacrylate (PMMA) bone cement loaded 
with gentamicin and vancomycin. Anaerobe. 2011;17:380–383. doi:10.1016/j.
anaerobe.2011.03.013.

[18] Neut D, Hendriks JGE, van Horn JR, van der Mei HC, Busscher HJ. 
Pseudomonas aeruginosa biofi lm formation and slime excretion 
on antibiotic-loaded bone cement. Acta Orthop. 2005;76:109–114. 
doi:10.1080/00016470510030427.

[19] Ensing GT, Neut D, van Horn JR, van der Mei HC, Busscher HJ. The combina-
tion of ultrasound with antibiotics released from bone cement decreases 
the viability of planktonic and biofi lm bacteria: an in vitro study with 
clinical strains. J Antimicrob Chemother. 2006;58:1287–1290. doi:10.1093/jac/
dkl402.

[20] Ma D, Shanks RMQ, Davis CM, Craft DW, Wood TK, Hamlin BR, et al. Viable 
bacteria persist on antibiotic spacers following two-stage revision for 
periprosthetic joint infection. J Orthop Res. 2018;36:452–458. doi:10.1002/
jor.23611.

[21] Darouiche RO, Mansouri MD. Dalbavancin compared with vancomycin 
for prevention of Staphylococcus aureus colonization of devices in vivo. J 
Infect. 2005;50:206–209. doi:10.1016/j.jinf.2004.05.006.

[22] Darouiche RO, Mansouri MD, Zakarevicz D, Alsharif A, Landon GC. In vivo 
effi  cacy of antimicrobial-coated devices. J Bone Joint Surg Am. 2007;89:792–
797. doi:10.2106/JBJS.F.00414.

[23] Donlan RM. Biofi lms associated with medical devices and implants. In: Jass 
J, Surman S, Walker J, editors. Medical Biofi lms: Detection, Prevention, and 
Control, Wiley;2003, p. 29–96.

[24] Bernthal NM, Stavrakis AI, Billi F, Cho JS, Kremen TJ, Simon SI, et al. A 
mouse model of post-arthroplasty Staphylococcus aureus joint infection to 
evaluate in vivo the effi  cacy of antimicrobial implant coatings. PLoS ONE. 
2010;5:e12580. doi:10.1371/journal.pone.0012580.

[25] Nishitani K, Sutipornpalangkul W, de Mesy Bentley KL, Varrone JJ, Bello-
Irizarry SN, Ito H, et al. Quantifying the natural history of biofi lm formation 
in vivo during the establishment of chronic implant-associated Staphylo-
coccus aureus osteomyelitis in mice to identify critical pathogen and host 
factors. J Orthop Res. 2015;33:1311–1319. doi:10.1002/jor.22907.

[26] Williams DL, Taylor NB, Epperson RT, Rothberg DL. Flash autoclave sett ings 
may infl uence eradication but not presence of well-established biofi lms on 
orthopaedic implant material. J Orthop Res. 2018;36:1543–1550. doi:10.1002/
jor.23764.

•    •    •    •    •
Authors: Parham Sendi, Giorgio Burastero, Georgios Komnos

QUESTION 6: Does Mycobacterium tuberculosis (M. tuberculosis) form a biofi lm on implants?

RESPONSE/RECOMMENDATION: Few data from experimental in vitro and in vivo studies and a limited number of case reports indicate that 
M. tuberculosis has a slow, albeit signifi cant, ability to form biofi lm on metal surfaces. The group suggests that management of M. tuberculosis 
implant-related infections should be treated using the same principles as that of other implant-related infections.

LEVEL OF EVIDENCE: Strong

DELEGATE VOTE: Agree: 100%, Disagree: 0%, Abstain: 0% (Unanimous, Strongest Consensus)

PRE-MEETING RATIONALE

Methods
A search of the English language literature on the question 

published during the period 1966–May 20, 2018 was conducted. 
The search strategy in PubMed used the terms M. tuberculosis and 
biofi lm and identifi ed 177 articles. All articles were reviewed for 
the response to the question. The vast majority of articles were 
categorized as basic sciences articles focusing on the components 
for tubercular biofi lm formation in vitro. A systematic review 
to answer the provided question is not meaningful. Hence, the 
response of the question is answered as a summary of a narrative 
review.

Narrative Literature Review and Discussion
It is important to diff erentiate between M. tuberculosis and non-

tuberculous mycobacterium. This review focusses only M. tubercu-
losis.

M. Tuberculosis �Forms Biofi lms
In the laboratory, M. tuberculosis shows peculiar aggregated 

growth, or in other words, can form organized pellicle-like struc-
tures [1]. The hallmark of biofi lms is the self-production of the 
extracellular polymeric substance that holds the mycobacterial 
community together and confers phenotypic heterogeneity to 
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the genotypically identical cells [2]. Several studies have high-
lighted extracellular components within M. tuberculosis aggrega-
tion, including mycolic acids [3], complex sugars [4], cellulose, 
proteins, lipids and DNA [5,6]. In addition, M. tuberculosis residing 
within organized pellicle-like structures exhibits drug tolerance 
to antitubercular agents [3]. Thus, criteria of a structure to what is 
interpreted as biofi lms are given.

M. Tuberculosis Biofi lms in Humans
The clinical role of M. tuberculosis biofi lms in humans is not fully 

understood. Basaraba and Ojha [7] provide convincing arguments 
that extracellular M. tuberculosis in necrotizing lesions likely grows 
as biofi lms. Hence, mycobacterial biofi lms may participate in the 
process of caseous necrosis and cavitation formation in lung tissue 
[5–7].

M. Tuberculosis Biofi lms on Metal Surface
The vast majority of studies investigating M. tuberculosis biofi lms 

uses polystyrene plates [8]. Ha et al. [9] compared the adherence 
and the biofi lm formation of Staphylococcus epidermidis (S. epider-
midis) with those of M. tuberculosis on four types of metal segments. 
In contrast to S. epidermidis, M. tuberculosis rarely adhered to metal 
surfaces and showed discrete biofi lm formation. Similar results were 
reported by Chen et al. [10] who compared S. aureus and M. tubercu-
losis in vitro and in vivo. Adetunji et al. [11] analyzed M. tuberculosis 
biofi lm formations on cement, ceramic or stainless steel coupons. 
The experimental sett ings in this study are diffi  cult to transfer in 
an in-vivo implant model (e.g., more biofi lms were formed when 
media containing 5% liver extract was used). However, more biofi lms 
were formed on cement than on ceramic and stainless steel coupons 
[11]. Taken together, the few available data from in-vitro and in-vivo 
studies indicate that biofi lm formation of M. tuberculosis on metal 
segments is poor in comparison to Staphylococcus spp.

Among the 66 cases reported by Veloci et al. [12], 13 (19.6%) were 
treated with antitubercular agents only. Hence, in these cases no 
surgical intervention was performed to reduce the mycobacterial 
load or to remove mechanically the biofi lm adhering to the implant. 
One patient died because of far-advanced tuberculous menin-
gitis, miliary tuberculosis of the lungs, femoral osteomyelitis and 

extended cold abscesses along the femoral shaft [13]. In the other 
cases, no failure was reported. Though only in 6 (50%) of 12 cases, 
follow-up results of ≥18 months after the end of therapy was avail-
able. Treatment duration ranged from 6 to 18 months. These data 
indicate that tubercular biofi lm eradication is possible with chemo-
therapy only. Whether this is due to poor biofi lm formation on metal 
implants or due to eff ective anti-biofi lm activity of antitubercular 
agents cannot be assessed.
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QUESTION 7: What is the role of the microbial synergy in polymicrobial infections?

RESPONSE: In polymicrobial infections, a complex environment may be formed in which microbiological interactions exist between 
microorganisms. Scientifi c evidence exists to show that combinations of bacterial species may exist whereby these can protect each other from 
antibiotic action via the exchange of virulence and antibiotic resistance genes, and this may be evident in adverse outcomes for polymicrobial 
orthopaedic implant-related infections. It is also probable that polymicrobial infections may be more likely in patients with poor immunity and 
tissue healing.

LEVEL OF EVIDENCE: Strong

DELEGATE VOTE: Agree: 100%, Disagree: 0%, Abstain: 0% (Unanimous, Strongest Consensus)

PRE-MEETING RATIONALE

Varying incidences for polymicrobial infections have been reported 
with rates ranging from 6% to 37% [1–5]. The literature consistently 
demonstrates that patients with a polymicrobial infection demon-
strate inferior treatment outcomes. Tan et al. reported that patients 

with polymicrobial periprosthetic joint infection (PJI) had a higher 
failure rate (50.5%) compared with monomicrobial PJI (31.5%) and a 
higher rate of amputation (odds ratio [OR] 3.80), arthrodesis (OR 
11.06), and mortality (OR 7.88) [2]. Similarly, Wimmer et al. demon-


