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Abstract
Over the past decades, there has been a steady increase in the incidence of osteomyelitis. It is associated with an increased use of 
implants in traumatology and orthopedics. The social aspects of osteomyelitis are, on the one hand, significant financial costs for the 
healthcare system, and on the other hand, high recurrence and re-infection in the treatment of joint pathology associated with long-
term loss of work ability and a high risk of patient’s disability. Purpose To conduct a search and analysis of publications in Russian 
and English, devoted to the problem of osteomyelitis and periprosthetic infection, on the basis of which to summarize the main current 
notions about the etiology, pathogenesis, diagnosis and treatment of osteomyelitis. Materials and methods The search was carried 
out in the Pubmed and CyberLeninka databases of literature sources over the past 10 years. The data were analyzed and compared 
with the materials from earlier publications. Only publications from peer-reviewed journals were considered for analysis. Results and 
discussion Success in the treatment of peri-implant infection with prosthesis re-implantation and satisfactory joint function has been 
achieved in only just more than a half of patients. Recent studies have significantly changed the understanding of the etiology and 
pathogenesis of osteomyelitis. It has been proven that in osteomyelitis and implant-associated infection, four reservoirs of infection 
are formed in the patient's body: abscesses in soft tissues and bone marrow canal, biofilms on the surface of implants and necrotic 
tissues, intracellular colonization with bacteria of the macroorganism and lacunar-canalicular system. Understanding the mechanisms 
of osteomyelitis development and its course forces the specialists to take a fresh look at the causes of failures in the fight against such 
a severe pathology and change approaches to its prevention, diagnosis and treatment.
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INTRODUCTION

Over the past 50 years, there has been a steady 
increase in the incidence of osteomyelitis and 
periprosthetic infection (PPI). It is associated with 
an increased the number of implants used and a 
growing number of people with diabetes mellitus [1]. 
The frequency of revision interventions for PPI after 
primary total knee arthroplasty (TKA) is 7.5 cases per 
1000 joints [2]. Revision TKA in PPI is a complex 
operation and is associated with a high incidence of 
postoperative complications. The five-year mortality 
rate of patients with PPI is comparable to that of 
some common types of cancer, and more than 15 % 
of patients require re-revision by 10 years [2, 3]. The 
social significance of osteomyelitis is not limited to 
the large financial costs for the health care system. 
Thus, a recent study in Taiwan showed that the risk 
of suicide among patients with chronic osteomyelitis 
is almost 2 times higher than the average in the 
population [4].

Despite aggressive surgical tactics, including radical 
surgery with removal or replacement of all implants and 
prolonged antibiotic therapy, the infection recurs. Failures 
or re-infection in the surgical treatment of osteomyelitis 
and PPI reaches 33 % [2, 5], and a successful outcome 
according to the MSIS RT (Musculoskeletal Infection 
Society Outcome Reporting Tool) criteria is achieved 
only in 55 % of PPI cases in knee and hip arthroplasty 
[6]. The complexity, long duration and high cost of 
osteomyelitis treatment, high incidence of unfavorable 
outcomes made this disease one of the priority areas 
in the search for clinical and cost-effective methods of 
prevention and treatment [2].

The aim of the work was to search and analyze 
publications in Russian and English, devoted to the 
problem of osteomyelitis and periprosthetic infection, 
and to present a brief review of the main modern 
concepts about the etiology, pathogenesis, diagnosis 
and treatment of osteomyelitis.

MATERIAL AND METHODS

The Pubmed and CyberLeninka databases were 
searched for literary sources published in the past 
10 years. The data were analyzed and compared 

with the materials from earlier publications. Only 
publications from peer-reviewed journals were 
considered.
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RESULTS
Etiopathogenesis
Most cases of osteomyelitis and periprosthetic 

infection (PPI) are associated with staphylococcus [7, 
8]. In a number of clinics, more than 50 % of PPI cases 
have been caused by methicillin-resistant S. aureus 
(MRSA) strains [11]. Osteomyelitis can also be caused 
by enterococci, pseudomonas, streptococci and other 
microorganisms [9]. A big threat is the growing 
prevalence of osteomyelitis caused by Acinetobacter 
baumannii, which is extremely resistant to most 
antibacterial drugs [10, 11]. In chronic osteomyelitis, 
the infection can be either monomicrobial (62–81 %) 
or polymicrobial (11–38 %) [12]. 

Pathogenesis of osteomyelitis caused by S. aureus 
has been studied best of all. S. aureus is an extremely 
versatile opportunistic microorganism capable of 
infecting almost all organs and systems in the human 
body and causing life-threatening diseases [14]. 
Moreover, 20–60 % of people colonized with 
S. aureus are asymptomatic [14]. It possesses a number 
of virulence factors and resistance mechanisms, 
including the secretion of toxins [15], the ability to 
adhere as a way to evade the immune response [16], 
form biofilms [17] and small colony variants with 
slow growth (SCV) [18], and to develop antimicrobial 
resistance [19]. As a result of these complex 
pathogenetic defense mechanisms against the host 
immune system, recurrence of S. aureus osteomyelitis 
may occur after decades of clinical latency [20].

A retrospective analysis of 825 one-stage revisions 
for PPI after total hip arthroplasty by Buchholz et al. 
in 1984 showed that S. aureus was the most common 
pathogen, and the 5-year survival rate after revision 
for recurrence of infection was only 77 % [21]. It 
is noteworthy that the results of the international 
consensus meeting on infections of the musculoskeletal 
system in 2018 showed that the current results in PPI 
rates do not differ from the results fifty years ago, 
type of primary pathogen, treatment algorithm and the 
proportion of negative treatment outcomes [22].

Recent studies show that the body has four 
pathogenetically distinct reservoirs of bacteria in 
osteomyelitis, and each of them must be treated, 
otherwise the infection will persist or recur [23].

Bone and soft tissue abscesses
Abscesses are most often observed in the skin, 

but may develop in any tissue after dissemination 
of microbes from the primary nidus [24]. Abscess 
formation is a host defense reaction, a dynamic 
process controlled not only by the host signals, but 
also by the pathogen signals [24]. The formation of 
an abscess begins with the migration of neutrophils 
to the nidus of acute infection, stimulated by the local 
release of cytokines and chemokines by the host cells. 
Activated neutrophils begin to 

ht extracellular bacteria by phagocytosis, 
degranulation, and formation of neutrophilic 

extracellular traps (NETosis) [25]. S. aureus is 
capable of attacking neutrophils and other phagocytes, 
releasing cytolytic toxins that create pores in the host 
cell membranes [26]. Abscesses may be detected 
as early as 4 days after infection [26]. The abscess 
center consists of living bacteria surrounded by 
viable and necrotic polymorphonuclear leukocytes 
separated from healthy tissue by a layer of fibrin lined 
with macrophages designated to prevent bacterial 
dissemination [27]. As the abscess matures over 
several weeks, the immune cells remain only in the 
periphery, where they cannot access bacteria, which in 
turn continue to multiply in the center of the abscess. 
Our immune system cannot cope with abscesses on its 
own. Without outside intervention, persistence within 
the abscess can lead to rupture of its membrane and 
dissemination of bacteria [24]. Thus, success in the 
treatment of infections, especially implant-associated 
infections, largely depends on thorough surgical 
debridement of soft tissues and bone and the adequacy 
of subsequent local antimicrobial therapy to eliminate 
the remaining in the wound bacteria.

Biofilms on implants
Implant-associated osteomyelitis due to S. aureus 

is initiated with adhesion of bacterial cells to 
extracellular matrix components known Microbial 
Surface Components Recognizing Adhesive Matrix 
Molecules (MSCRAMMs) [25]. As the acronym 
suggests, MSCRAMMs are proteins on the surface 
of microbial cells capable of binding extracellular 
matrix ligands such as fibronectin, fibrinogen, and 
collagen. The adhesion of bacterial cells to the 
substrate creates conditions for subsequent local 
proliferation and colonization. The host's immune 
response to bacterial colonization begins with the 
release of a number of proinflammatory cytokines, 
chemokines, antimicrobial peptides by innate immune 
cells, which triggers the migration of neutrophils to 
the site of infection. At this time, neutrophils and 
other cells of innate immunity bind free (planktonic) 
bacterial cells and try to destroy them. At some point, 
the PMNL attack dies down when all planktonic 
bacteria are destroyed, or they are hidden in biofilms. 
Biofilm formation can be divided into four stages: (1) 
bacterial cell attachment, (2) proliferation, (3) biofilm 
maturation, and (4) detachment and dissemination. 
As the biofilm matures, it becomes a complex, 
heterogeneous structure with bacterial cells, empty 
spaces, and complex channels to facilitate the 
transport of nutrients and oxygen through the bulk 
of the biofilm. Finally, detachment or dispersal of 
biofilm allows bacterial cells to metastasize in the 
fluid flow to new and non-colonized regions of the 
host [28].

The sense of quorum (“quorum sensing”) is a 
communication system between cells that controls 
the expression of many genes in response to changes 
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in population density [29]. Thanks to this system, 
intercellular information exchange is carried out 
to facilitate the dynamic expression of a number 
of virulence genes, including those responsible for 
biofilm formation [30]. Biofilm ensures long-term 
survival of bacterial cells in a hostile environment 
through various mechanisms. First, the biofilm 
protects bacterial cells from the immune system by 
providing a physical barrier to the entry of immune 
cells, protecting against phagocytosis and death 
from reactive oxygen species (ROS). In the biofilm, 
bacteria are able to change their phenotype and 
acquire resistance to antimicrobial drugs. S. aureus is 
able to alter the growth rate, dependence on oxygen 
and nutrients, and exhibit new virulence mechanisms 
acquired through horizontal gene transfer [31]. All this 
makes the bacteria inside biofilms extremely resistant 
to antimicrobial therapy. The minimum inhibitory 
concentration (MIC) of antibiotics for microbes in the 
biofilm may be thousands times higher than the MIC 
for planktonic forms [32]. In addition to ensuring the 
long-term survival of bacteria, biofilms are able to 
greatly damage the surrounding host tissues. Bacterial 
infections cause bone resorption both indirectly 
through host inflammatory factors and directly by 
bacterial factors [33, 34].

Thus, the biofilm is a significant problem for 
surgeons in implant-associated infection. It is 
obvious that radical removal of the biofilm from 
implants and surrounding necrotic tissues is of 
fundamental importance for arresting the infectious 
process. Unfortunately, it is not possible to 
completely remove the mature biofilm from implants 
by washing or ultrasound [35]. Therefore, radical 
surgical debridement and removal of all implants and 
bone cement residues has been considered the gold 
standard to reduce the risk of reinfection.

Colonization of the lacunar-canalicular system 
(LCS)

The third and only recently discovered reservoir 
of bacteria in chronic staphylococcal osteomyelitis 
is the colonization of LCS [36]. Transmission 
electron microscopy (TEM) of the affected bone 
showed S. aureus invasion into the tubular canaliculi 
perpendicular to the medullary canal and subsequent 
colonization of lacunar spaces devoid of osteocytes.

It has been proven that colonization of LСS by 
S. aureus is an active process [36]. Lacking any 
visible motility structures such as flagella, cilia, or 
pseudopodia, it is assumed that S. aureus is able to 
enter the canaliculi of living bone using a novel motility 
mechanism. It is believed that LCS invasion begins with 
the death of cells of the cortical bone endosteum due 
to local inflammation at the initial stage of infection 
with S. aureus, which can find open bone canaliculi and 
submerge there deformed daughter cells by asymmetric 
division [37]. Colonized canaliculi are often widened 
and scalloped as the bacterial acid demineralizes bone 

and the bacteria consume organic bone matrix. This 
process is also observed in ex vivo studies regardless 
of host factors [34]. The invasion proceeds with the 
proliferation of S. aureus cells in the canaliculi and 
lacunar spaces, since osteocytes die as a result of 
bacterial colonization. Unlike bacteria in the bone 
marrow, which are accessible to neutrophils, S. aureus 
inside the LCS is surrounded by a dense mineral matrix 
of the cortical bone and is completely inaccessible to 
immune cells. These observations suggest that S. aureus 
is able to survive for decades within the LCS with an 
inexhaustible supply of nutrients, while avoiding attacks 
by the immune system [38].

The discovery of the LCS invasion has showen 
that if, when performing necrectomy, one is guided 
solely by the appearance of the bone (“white” – 
dead, “red” – alive), one cannot be completely sure 
of accurate removal of the infected bone. Bone 
colonized by S. aureus may remain and contribute 
to the recurrence of infection. In a mouse model of 
osteomyelitis, deep bacterial invasion of the cortical 
bone occurred in the first two weeks. This suggests that 
this time interval separates acute infection from chronic 
infection [38]. The very possibility of eradication 
of bacteria infecting LCS is questioned, since the 
efficacy of standard antibacterial therapy against 
S. aureus embedded in the bone matrix has been 
currently unknown. Therefore, we can never say 
that our treatment achieved complete eradication 
of the infection in osteomyelitis or PPI, we can only 
state the sedation of infection. In addition, it is quite 
possible that bacteria inside the LCS exhibit an altered 
growth phenotype similar to the phenotype of small 
colonies, which makes them resistant to antimicrobial 
therapy [39]. Libraty D.H. et al. described a particularly 
interesting case of osteomyelitis recurrence due to 
S. aureus 75 years after the patient was surgically 
treated without antibiotic therapy. Genetic analysis of 
the infectious agent showed that S. aureus belonged 
to the same strain that had been circulating in the 
patient's region of residence 75 years ago and retained 
sensitivity to penicillin and oxacillin [40].

An unresolved clinical task is a diagnostic 
procedure that could determine the limits of bone 
infection and assess the completeness of surgical 
debridement during sanitizing operations.

Intracellular invasion of S. aureus
In addition to the mechanisms of osteomyelitis 

persistence described above, there is ongoing debate 
over the importance of colonization in bone cell as 
a possible mechanism for chronic osteomyelitis [41]. 
Intracellular persistence of S. aureus in various types 
of human cells has been described many times [41]. 
It has been proven that S. aureus is able to survive 
in professional and non-professional phagocytes, 
including macrophages, neutrophils, fibroblasts, 
keratinocytes, epithelial and endothelial cells 
[42, 43]. Intracellular persistence of S. aureus in 
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osteoblasts and osteocytes is of particular concern 
due to the long lifespan of these cells [44]. In vitro 
studies have shown the ability of osteoclasts [45] 
and osteocytes [46] to internalize S. aureus. It should 
be noted that intracellularly infected leukocytes are 
often found in sepsis [47]. A particular concern is the 
possibility of intracellular persistence in leukocytes 
and macrophages due to the longer lifespan of these 
leukocytes and their ability to move in the circulatory 
system [48]. Zhu and co-authors have shown 
that intestinal neutrophils may act as the "Trojan 
horse" [48]. The authors colonized the rat intestines 
with MRSA eight or 72 hours before implanting the 
wire in the knee joint. The incidence of PPI ranged 
from 25 % to 35 %, depending on the MRSA strain. 
In order to exclude the influence of the colonization 
of the wound from the outside, a solution with MRSA 
was daily dripped onto the wound for 10 days after 
the operation in the control group of rats. To exclude 
the effect of bacteremia, another control group was 
injected intravenously with 108 CFU MRSA for 3 
days after the operation. There were no cases of PPI 
in the control groups. At 1, 3, 5, and 7 days after 
intestine colonization, 15.3 %, 7.5 %, 5.6 %, and 5.1 
% of circulating neutrophils were MRSA positive. 
Intravenous administration of colonized intestinal 
neutrophils (106) within 5 days after surgery resulted 
in PPI in 55 % of animals. The authors found that 
bacteria also enter neutrophils by intravenous 
administration of MRSA, but the amount of MRSA 
in blood neutrophils is only 1 % of their number in 
intestinal neutrophils [48].

In about 10 % of cases, PPI leads to sepsis and 
death, and S. aureus remains the leading and most 
lethal cause of bacteremia [49]. In a postmortem 
study of patients who died due to S. aureus infection 
from septic multiple organ failure, both extracellular 
bacteria and intracellularly colonized leukocytes 
were found. Live S. aureus in the cytoplasm of 
macrophages turn them into "Trojan horses". In a study 
directly comparing osteoblastic versus macrophage 
infection with S. aureus, the researchers found that 
macrophages contain 100 times more living bacteria 
than osteoblasts, and that osteoblasts are significantly 
less viable [50].

It is possible that intracellular infection plays 
a certain role in bone infection, but this role is not 
evident due to a limited in vivo evidence base. 
Prescribing antibiotic therapy, one must remember 
about the possible intracellular colonization 
and use antibiotics with proven activity against 
intracellular microorganisms.

Staphylococcus aureus has developed numerous 
mechanisms to effectively counteract the adaptive 
defenses of the human body. Anti- S. aureus antibodies 
are found in all people. We are in contact with 
S. aureus throughout our lives, what is manifested by 
acute infections or asymptomatic carriage [51, 52]. 

However, the presence of antibodies to S. aureus in 
the host (collectively referred to as humoral “immune 
proteomes”) does not necessarily guarantee protection 
against this infection in the future. In fact, some 
individuals with antibodies to S. aureus are even more 
at risk of developing S. aureus PPI than others, probably 
because of the susceptible rather than defensive nature 
of their immune proteome [29]. It turned out that 
antibodies against some antigens (autolysins: Amd, 
Gmd; secreted immunotoxins: CHIPS, SCIN, Hla) 
are associated with protection against staphylococcal 
infection, while high levels of antibodies against iron-
regulated surface determinant proteins (Isd: IsdA, IsdB, 
IsdH ), on the contrary, are associated with unfavorable 
clinical outcomes [53]. A better understanding of the 
functional role of specific antibodies in S. aureus 
infections may help predict outcomes and provide 
targets for the development of new therapies for 
this disease.

Diagnosis
Chronic infections, such as implant-associated 

osteomyelitis, can present diagnostic difficulties 
because patients usually present with nonspecific 
symptoms, including pain, joint swelling, and fever.

Radiography plays a vital role in the diagnosis of 
osteomyelitis and can be used to assess the extension 
of infection and even search for specific signs that 
distinguish the acute stage of the disease from the 
chronic one, in which a fistulous tract can be found 
by performing fistulography (radiography with the 
introduction of contrast into the fistulous tract), 
sequestration (avascular necrotic bone) or the area of 
bone sclerosis around the lesion [54]. The diagnostic 
value of radiography is limited in low disease activity 
and presence of metal implants. 

MRI is usually performed after plain radiography 
in patients with suspected osteomyelitis [55]. MRI 
enables to determine the spatial distribution of the 
process in soft tissue infection. It is believed that a 
normal picture of the bone marrow on MRI excludes 
osteomyelitis with 100 % probability [56]. However, 
the specificity of MRI in the diagnosis of osteomyelitis 
is limited to 83 %, i.e. the probability of a false positive 
result is 17 % [57]. The standard for MRI diagnosis of 
osteomyelitis is the use of gadolinium-based contrast, 
which is well visualized on T1 weighted images. 
But the use of gadolinium in patients with chronic 
renal failure is dangerous due to development of 
nephrogenic systemic fibrosis [58]. Optimistic results 
were shown by the use of "ferumoxytol", a drug 
originally created for the treatment of iron deficiency 
anemia. After administration of the drug, particles of 
supermagnetic iron oxide are slowly absorbed by cells 
of the immune system, mainly macrophages, and are 
well defined on T2 weighted images for several days. 
Unlike ferumoxytol, gadolinium gives the maximum 
signal shortly after administration and quickly leaves 
the tissues [59].
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The sequestration is best visualized with CT, where it 
looks like a mineralized bone segment with a peripheral 
enlightenment zone. However, detection of sequestration 
on CT scans is not pathognomonic for chronic 
osteomyelitis. Several primary bone tumors can form 
a sequester-like mineralized matrix, especially osteoid 
tumors such as osteoid osteoma and osteoblastomas 
[60]. Unlike sequestration, which usually has rough 
edges, the calcification zone in the center of the osteoid 
– osteoma is smooth and round [61].

Blood cultures in most cases confirm the diagnosis 
of osteomyelitis of the spine [62] and should 
be performed immediately if there is clinical or 
radiological suspicion, but the probability of a false 
negative is 20 % for gram-positive flora and 50 % 
for gram-negative flora. The biopsy is more accurate 
and should be performed immediately if culture is 
negative [62].

Intraoperative histopathological examination may 
reveal areas of acute infection in periprosthetic tissue 
samples. The greatest value in such cases is the study 
of the membrane formed at the interface between the 
bone and the implant [63]. It was previously thought 
that acute inflammation, defined by the presence of 
> 1–10 PMNLs in several high-resolution visual 
fields (400 ×), may indicate an acute infection [64]. 
However, the variability of the manifestations of 
osteomyelitis is observed not only between patients, 
but also at the cellular level within the same lesion 
[65]. A definitive diagnosis of infection requires 
intraoperative samples or biopsies.

Most clinicians rely on inflammatory cell counts 
and markers such as C-reactive protein (CRP) and 
erythrocyte sedimentation rate (ESR) to diagnose 
orthopedic infections. However, these methods are 
neither pathogen-specific nor anatomically specific 
and do not accurately assess the response to therapy. 
Methods for diagnosing bone infection based on the 
assessment of the humoral immune response have 
been actively developing, but they have not received 
wide clinical use yet.

It is advisable to take materials for microbiological 
study at least two weeks after the withdrawal of 
antibiotics and to suspend preoperative antibiotic 
prophylaxis before harvesting the material. At least 5 
deep tissue or fluid samples should be taken from the 
area of suspected infection adjacent to the fracture / 
implant. Samples of superficial tissue as well as fluids 
and fistula discharge should not be used to identify 
bacteria. The use of smears to determine microflora 
in osteomyelitis is unacceptable due to the low 
sensitivity of the method [66].

Treatment
In the 1970s, a standard was developed for the 

treatment of implant-associated osteomyelitis, and, 
first of all, periprosthetic infection (PPI), which 
includes: (1) removal of the infected implant; 
(2) extensive surgical debridement of the adjacent 

bone and soft tissues; (3) filling bone defects with 
antibiotic-loaded acrylic cement.

Treatment of osteomyelitis and peri-implant 
infection must be pathogenic. Before using antibiotics, it 
is necessary to collect material for microbiological tests. 
In chronic osteomyelitis and peri-implant infection, the 
clinician usually has a few days to more carefully analyze 
the causes of osteomyelitis and previous treatment 
failure. Modifiable risk factors for treatment failure 
must be eliminated [67]. For example, patients with 
HIV infection should receive antiviral therapy aimed 
at restoring the level of T-cells (CD-4); it is necessary 
to normalize and stabilize blood sugar levels, assess 
the state of major vessels and, if needed, discuss with a 
vascular surgeon the options for restoring blood flow in 
the affected limb in patients with diabetes mellitus [68]. 
It is necessary to demand that patients quit smoking, 
especially if reconstructive surgery on soft tissues with 
flap transfer is planned [67, 68].

The patient's clinical characteristics, age and 
microbiological profile of the geographic region 
should be taken into account by defining the diagnosis 
and choosing antibiotic therapy. It is known that 
S. aureus is more often detected in osteomyelitis of 
the spine in young patients, while in elderly patients 
gram-negative flora and enterococcus are more 
frequent. Gram-negative flora is twice as common in 
women than in men (32.1 % versus 16.4 %; p < 0.05), 
in patients with liver cirrhosis (32.7 % versus 21.1 % 
without cirrhosis; p < 0.05) and among patients with 
solid tumors (31.0 % versus 20.7 % without tumors; 
p < 0.05). MRSA is found more often in patients with 
chronic kidney disease (34.4 % versus 14.7 % in 
cases without chronic kidney disease; p < 0.05) [69]. 
This must be borne in mind when prescribing empiric 
antibiotic therapy in patients with osteomyelitis and 
negative culture results.

Antibiotics used in clinical practice either 
inhibit cell wall biosynthesis, protein, DNA, or 
RNA synthesis, or interfere with critical metabolic 
synthesis [70]. Recently, more and more attention as a 
target for antibacterial action is given to riboswitches, 
RNA regulatory elements located mainly in the 
5'UTR of bacterial mRNA. Targeting riboswitches is 
a novel approach that is effective in combating drug-
resistant bacteria and biofilm-associated infections 
[71]. One of these drugs, PKZ18-22, in an in-vitro 
study was 10 times more potent than vancomycin 
in inhibiting the growth of S. aureus in the biofilm 
and demonstrated synergism with existing antibiotics 
such as gentamicin and rifampicin [72].

It is known that aspirin effectively suppresses the 
“sense of quorum” in P. aeruginosa [73], is able to 
reduce the periosteal response, osteolysis, activation of 
osteoclasts, and activate osteoblasts in osteomyelitis [74]. 
In a recent study, it was demonstrated that administration 
of aspirin at a dosage of 100 mg/day in patients with 
PPI after TKA and THA had a beneficial effect on the 
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effectiveness of infection treatment [75]. Cannabinoids 
inhibit the biofilm-forming ability of MRSA and destroy 
the already-formed biofilm and dormant antibiotic-
resistant stationary phase cells.

Cannabigerol acts on the cytoplasmic membrane of 
gram-positive bacteria and has been effective in vivo in 
systemic MRSA infection. Cannabinoids are effective 
against gram-negative organisms, the outer membrane 
of which is permeable, and cannabigerol acts on the 
inner membrane. The combination of cannabinoids with 
polymyxin B is effective against multidrug resistance of 
gram-negative pathogens and unlocks a wide spectrum 
of the therapeutic potential of cannabinoids.

The use of nanoparticles as carriers of antibiotics 
is of interest. Thus, it has been proven that the use 
of rifampicin and linezolid in lipid-polymer hybrid 
nanoparticles increases their effectiveness against 
intracellular MRSA by several times [76].

Immunotherapy can be an effective adjunct to 
antibiotics for treating intractable osteomyelitis. 
Vaccines have been developed over the past two 
decades for numerous potential targets of S. aureus, 
but none have been able to provide protection against 
S. aureus in humans. [77]. Passive immunization 
using monoclonal antibodies (mAb) is becoming 
increasingly attractive for the treatment of 
osteomyelitis caused by S. aureus. The advantage 
of passive immunization with mAbs is their high 
antigen-neutralizing specificity. In addition, the mAbs 
may be administered locally at the site of infection 
and the scale-up production of mAbs is not extremely 
expensive. Based on the clinical success of biological 

cancer immunotherapy with checkpoint inhibitors, it 
is likely that antibody-based biologics offer similar 
promise for the treatment of osteomyelitis. It is 
encouraging that some anti-S. aureus mAbs have been 
currently under preclinical and clinical studies [29]. 
Thus, Masters et al. proved that mAbs to penicillin-
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but it is impossible to guarantee the removal of all 
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CONCLUSION
Osteomyelitis remains one of the main unsolved 

problems in orthopedic surgery. Although significant 
advances have been made in recent years in 
understanding the pathophysiology of bone infection, 
there have been no fundamental changes in treatment 
standards. Four reservoirs of bacteria may be 
formed in the human body due to osteomyelitis and 
periprosthetic infection, the nature of each of them 
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elucidate the mechanism of S. aureus invasion into 
the lacunar-canalicular system and determine the 
factors leading to the ineffectiveness of the standard 
antibiotic therapy. Moreover, the role of intracellular 
persistence of bacteria in chronic osteomyelitis 
remains unclear due to the lack of in vivo studies, and 
requires further study.
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