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Abstract
Introduction Treatment of patients with orthopedic infection includes a combination of the optimal surgical 
debridement and adequate antibacterial therapy. Gram-negative bacteria are encountered in 13–28 % of orthopedic 
infections, and A. baumannii, K. pneumoniae, P. aeruginosa are significant bacteria notorious for its high and intrinsic 
antibiotic resistance and can be associated with worse outcomes.
The objective was to substantiate the choice of drug for targeted empirical and etiotropic antibacterial therapy 
based on the analysis of antibiotic resistance in leading gram-negative bacteria (A. baumannii, K. pneumoniae, 
P. aeruginosa) isolated from patients with orthopedic infection.
Material and methods Antibiotic sensitivity of leading Gram(–) microorganisms isolated from patients 
with  orthopedic infection was retrospectively examined between 01.01.2011 and 31.12.2022. The average 
frequency of isolated resistant strains was examined and resistance trends of leading Gram(–) pathogens to various 
antimicrobialbacterial drugs (fluoroquinolones, co-trimoxazole, cephalosporins, carbapenems, monobactams, 
aminoglycosides, fosfomycin, colistin) determined.
Results Over a 12-year period, statistically significant trends were revealed towards an increase in the proportion 
of A. baumannii strains resistant to ciprofloxacin (p = 0.024) and levofloxacin (p = 0.012), and P. aeruginosa (p = 0.018) 
and K. pneumoniae (p = 0.018) strains resistant to ciprofloxacin. The predicted proportion of A. baumannii strains 
resistant to fluoroquinolones tends to 100 %. There was a significant increase in A. baumannii and P. aeruginosa 
strains resistant to cefoperazone+[sulbactam] (p = 0.027  and p = 0.010, respectively), K. pneumoniae strains 
resistant to meropenem and imipenem (p = 0.037 and p = 0.003, respectively), and P. aeruginosa strains resistant 
to imipenem (p = 0.001). No statistically significant trends were found for the remaining antibiotics; drug resistance 
of the pathogens remained stable or had a wave-like course over the 12-year period. Cefoperazone+[sulbactam] was 
the optimal drug active against Gram(–) bacteria.
Discussion There is an authoritative list of antimicrobiall drugs active against A. baumannii, K. pneumoniae, 
P. aeruginosa strains, mainly containing drugs for parenteral administration. The list is limited to one or two groups 
for resistant strains, and there are no drugs available in oral form. This causes difficulties in the infection control and 
a high rate of relapses. The negative dynamics in increasing antibiotic resistance of leading Gram(–) pathogens to 
fluoroquinolones, cephalosporins and carbapenems is a global problem necessitating the use of reserve antibiotics.
Conclusion Protected cephalosporin is more practical for targeted empirical initial antimicrobial therapy due to 
the lower risk of selected resistant strains. Fluoroquinolones and carbapenems can be used with the sensitivity 
known. Polymyxin B and fosfomycin should be considered as reserve drugs for the treatment of infections caused 
by strains resistant to other AB, and prescribed as part of combination therapy. Aminoglycosides and unprotected 
cephalosporins can be an alternative due to the pharmacokinetic characteristics and high level of resistance when 
more active drugs cannot be administered.
Keywords: implant-associated infection, orthopedic infection, periprosthetic joint infection, Pseudomonas aeruginosa, 
Klebsiella pneumoniae, Acinetobacter baumannii, antibacterial therapy, antibiotic resistance, empirical therapy, etiotropic 
therapy
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INTRODUCTION

Peri-implant joint infections are among the most severe complications of musculoskeletal 
surgeries [1]. Gram(+) bacteria S. aureus and S. epidermidis are common pathogens causing orthopedic 
infections (OI), and gram-negative bacteria are encountered in 13–28 % [2, 3]. There may be specific 
local prevalence of the pathogens; microorganisms are reported to be as high as 61 % in some 
countries [4]. Gram-negative aerobes being most frequently isolated are the Enterobacteriaceae 
family (K. pneumoniae and ) and non-fermenting bacteria (P. aeruginosa, A. baumannii).

Gram(–) bacteria K. pneumoniae, P. aeruginosa and A. baumannii are a group of common pathogens 
with documented critical and severe levels of antibiotic resistance designated as ESKAPE pathogens 
by the Infectious Diseases Society of America. Resistance to fluoroquinolones (FQ) antibiotics 
including cephalosporins (CS) and carbapenems (CP), which have traditionally been considered the 
drugs of choice, is a significant problem.

The involvement of Gram(–) bacteria in the etiology of implant-associated infection (IAI) is a poor 
prognostic sign. Relapses of the infections caused by Gram(–) bacteria are recorded in  50–60 % 
of  patients with IAI during the first two years after debridement surgery [5, 6]. Researchers 
suggest a  direct correlation between the antibiotic resistance of bacteria isolated from patients 
and  the  frequency of adverse outcomes [7]. The data substantiate the need for continuous local 
monitoring of  the  sensitivity of the microorganisms to antibacterial drugs to facilitate review 
of the options for initial empirical and etiotropic antibiotic therapy in hospital and at the outpatient 
stage.

Fluoroquinolones, unprotected and protected cephalosporins of the third and fourth generations, 
carbapenems, monobactams, aminoglycosides, fosfomycin, colistin and co-trimoxazole atr the main 
drugs with the spectrum of action including Gram(–) bacteria. The practical use of drugs of the 
groups has advantages and disadvantages, which will be discussed in this paper.

The objective was to substantiate the choice of drug for targeted empirical and etiotropic 
antibacterial therapy based on the analysis of antibiotic resistance in leading gram-negative bacteria 
(A. baumannii, K. pneumoniae, P. aeruginosa) isolated from patients with orthopedic infection.

MATERIAL AND METHODS

A retrospective study of data on antibacterial resistance of common Gram(–) pathogens isolated 
from  patients with OI was performed between January 1, 2011 to December 31, 2022. Common 
pathogens included microorganisms with prevalence exceeding 3.5 % in the total spectrum 
of OI pathogens according to previously published central monitoring [8].

Data on antibiotic resistance were obtained from the Microbiological Monitoring System Mikrob-2 
program (MedProject-3, 2002–2020) and from the Across-Engineering laboratory information 
system (2021–2022). Bacteriological analysis of biomaterials obtained from patients was performed 
in accordance with accepted international standards of microbiological research (UK SMI). Species 
identification of grown cultures was produced with the biochemical method on Microlatest panels 
(Erba Lachema) using iEMS Reader MF (Labsistems, Finland) until 2021 and by the MALDI-TOF 
mass spectrometry method since 2021.

The sensitivity of the isolated strains of Gram(–) bacteria was determined to antimicrobial drugs 
included in the center’s formulary list:

— A. Baumannii: to ciprofloxacin, levofloxacin, co-trimoxazole, cefoperazone+[sulbactam] 
(determined by cefoperazone), imipenem, meropenem, amikacin, gentamicin, colistin;
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— K. pneumoniae: to ciprofloxacin, co-trimoxazole, ceftriaxone, cefoperazone+[sulbactam] 
(determined by cefoperazone), cefepime, imipenem, meropenem, aztreonam, colistin, fosfomycin 
(since 2017);

— P. Aeruginosa: to ciprofloxacin, levofloxacin, ceftazidime, ceftazidime+[avibactam], 
cefoperazone+[sulbactam] (determined by cefoperazone), cefepime, imipenem, meropenem, 
aztreonam, amikacin, gentamicin, colistin.

Throughout the 12-year period, susceptibility of strains was determined according to the breakpoints 
in the current version of EUCAST at the time of the initial microbiological study.

Absolute values and proportions of the whole (n, %) were used to describe categorical variables. 
Variables with a continuous distribution were described by the mean and standard deviation (M ± σ), 
discrete variables and ordered data were described by the median, 1–3 quartiles (Md [Q1; Q3]). 
The minimum and maximum values (|min; max|) were calculated.

The main trends in antibiotic resistance for the pathogens were presented by antibiotic groups 
including fluoroquinolones, co-trimoxazole, cephalosporins, carbapenems, monobactams, 
aminoglycosides, fosfomycin, polymyxin E (colistin). The resistance-time curve was modeled using 
the `mgcv` library. The proportion of resistant strains per year was used as the dependent variable, 
and time and bacterial species were used as independent variables. The nonlinear dependence was 
modeled using the cubic spline transformation method from time with the effect of interaction 
with group affiliation.

The beta distribution model was used with the dependent variable being in the range (0, 1). 
To exclude extreme values (0 and 1), the following transformation of the dependent variable was 
performed (y × (n − 1) + 0.5) / n, where y is the dependent variable, n is the number of observations. 
The syntax of the model was as follows:

gam (y ~ s(time, bs = 'cr', k = 5) + name + s(time, by = name, bs = 'cr', k = 5), family = betar()).

The model was characterized by the pseudo-determination coefficient R2, normalized root 
of the mean square error (nRMSE), and degrees of freedom. the Linear trend hypotheses were tested 
to specify data with the models obtained. The average false discovery rate (FDR) was used to correct 
multiple hypothesis testing. All calculations were performed in the R v4.4.0 programming language.

RESULTS

Fluoroquinolones (ciprofloxacin, levofloxacin)

The mean resistance rate of A. baumannii, K. pneumoniae and P. aeruginosa strains was 83.7 % 
for ciprofloxacin [62.5–98.7], and 87.6 % for levofloxacin [50–98.6]. A statistically significant increase 
in  the  resistance rate of ciprofloxacin-resistant strains was observed for most common Gram(–) 
bacteria (p = 0.024) throughout the period. The proportion of resistant strains increased by 36.2 %, 
25 % and 33.4 %, respectively, for A. baumannii (p = 0.024) (Fig. 1A), K. pneumoniae (p = 0.018) 
(Fig. 1B) and P. aeruginosa (p = 0.018) (Fig. 1C) between 2011 and 2022, and reached 98.7 %, 98.2 % 
and 66.7 %, respectively, by the end of the observation period.

A similar picture was observed with respect to levofloxacin. The general trend was characterized 
by a statistically significant increase in the proportion of A. baumannii strains resistant to the drug 
(p = 0.012). However, the isolation of levofloxacin-resistant P. aeruginosa strains had a wave-like 
pattern despite the predicted increase in the proportion of resistant isolates with no clear trend 
identified (p = 0.461).
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The predicted isolation rate of fluoroquinolone-resistant A. baumannii will reach 100 % 
in  the  coming  years. The level of 100 % will not be reached for  K. pneumoniae and P. aeruginosa 
despite the obvious increase in resistance to fluoroquinolones.

Fig. 1 Prediction of resistance of A. baumannii (A), K. pneumoniae (B) and P. aeruginosa (C) to ciprofloxacin

Sulfamethoxazole-trimethoprim (co-trimoxazole)

On average, 74.8 % [47.1–92.6] of A. baumannii strains were resistant to co-trimoxazole. There were 
two main trends in the dynamics of the isolation of resistant strains: the proportion of resistant 
isolates decreased by 38.9 % between 2011 and 2016 and increased by 45.5 % (Fig. 2A) between 2017 
and 2022. Despite the predicted increase in the frequency of isolated resistant strains, a clear trend 
could not be identified (p = 0.978).

On average 81.9 % [52.4–97.1] strains demonstrated resistance to this antibiotic among 
K. pneumoniae.  The  frequency of isolation of co-trimoxazole-resistant K. pneumoniae strains was 
characterized by constant fluctuations. Despite a decrease in this indicator in the last three years 
of  observation, the overall trend shows a statistically insignificant increase in the proportion 
of resistant strains (p = 0.195), which is likely to reach 100 % by 2030 (Fig. 2B).

Protected and unprotected cephalosporins

The average proportion of A. baumannii strains resistant to cefoperazone+[sulbactam] was 
53.3 % [18.8–83.3]. There was nonlinear dynamics in the indicator throughout the observation 
period (Fig. 3A); however, the overall trend over 12 years was characterized by a steady increase 
in  the  proportion of  resistant strains (p = 0.027), which is predicted to reach 100 % by 2026. 
The frequency of isolation of K. pneumoniae strains resistant to cefepime and ceftriaxone remained 
almost steady over 12 years of observation and averaged to 86.3 % [76.2–97.4] and 85.0 % [76.9–
96.4], respectively. The predicted frequency of isolation of resistant strains was close to average.

The dynamics in the isolated K. pneumoniae strains resistant to cefoperazone+[sulbactam] had 
a  wave‑like pattern; a decrease in this indicator was recorded between 2015 and 2017 (Fig. 3B). 
However, the overall trend demonstrated a statistically insignificant increase in resistance 
(p = 0.225). Against, Cefoperazone+[sulbactam] was most effective for P. aeruginosa, with 32.8 % 
[7.8–60.3] of the strains included in the study being resistant.
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Fig. 2 Predicted resistance of A. baumannii (A) and K. pneumoniae (B) for co-trimoxazole

For comparison, the average proportion of strains resistant to ceftazidime+[avibactam] was 41.2 % [25.4–
50.0]; to ceftazidime, 45.9 % [17.3–75.0]; to cefepime, 49.1 % [19.2–75.0]. A negative trend of an increased 
proportion of resistant P. aeruginosa strains was revealed for cefoperazone+[sulbactam] (p = 0.010) 
(Fig. 3C). A minor increase in the proportion of resistant P. aeruginosa strains is predicted for ceftazidime, 
with no increase in the proportion of resistant P. aeruginosa strains predicted for cefepime.

Fig. 3 Predicted resistance of A. baumannii (A), K. pneumoniae (B) and P. aeruginosa (C) for Cefaperazone+[Sulbactam]

Carbapenems

The average frequency of isolated imipenem-resistant A. baumannii was 56.7 % [33.3–75.0] 
with wave-like dynamics and no trend identified (p = 0.877). The predicted frequency of isolated 
resistant strains in the coming years will remain close to the average value. Despite the higher 
average proportion of meropenem-resistant A. baumannii strains compared to imipenem (68.0 % 
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[48.7–90.0]), the indicator decreased by 41.3 % during the observation period (Fig. 4A). A statistically 
significant decrease in the frequency of isolated meropenem-resistant strains was established 
(p = 0.010) which is projected to decrease to 35 % by 2030.

The average resistance level of K. pneumoniae strains to imipenem and meropenem was identical 
and amounted to 23.0 % [3.6–42.9] and 22.9 % [1.8–42.9], respectively. The trends were comparable 
and  characterized by a stable, statistically significant increase in the prevalence of K. pneumoniae 
strains resistant to imipenem (p = 0.003) and meropenem (p = 0.037) despite the wave-like course. More 
than 50 % of strains of the species will be resistant to CP by 2030 according to the forecast (Fig. 4B). 
The proportion of imipenem-sensitive P. aeruginosa strains decreased over 12 years of observation. 
The average proportion of resistant strains was 34.3 % [9.6–56.1] despite the lack of a linear trend. 
The overall trend can be characterized as a significant increase in the frequency of resistant strains 
(p = 0.001), which was 50 % by 2022. About 75 % of P. aeruginosa strains are predicted to be resistant to 
imipenem by 2030. For meropenem, the mean proportion of resistant strains was 41.4 % [25.0–66.7], 
and the predicted isolation rate will be comparable at 45 % by 2030 (Fig. 4C).

Fig. 4 Predicted resistance of A. baumannii (а), K. pneumoniae (b) и P. aeruginosa (c) for meropenem

Monobactams

No dynamics in the level of resistance to aztreonam in P. aeruginosa and K. pneumoniae strains was 
identified. The average frequency of isolated aztreonam-resistant P. aeruginosa strains was 48 % 
[29.4–62.5], K. pneumoniae measuring 85.7 % [75–96.9]. No statistically significant trends in changes 
in the sensitivity of the pathogens to aztreonam were found.

Aminoglycosides (gentamicin, amikacin, tobramycin)

The average frequency of isolated A. baumannii strains resistant to amikacin and gentamicin was 
similar and amounted to 78.1 % [40.0–97.4] and 78.2 % [50.0–98.1], respectively. The general trends 
were characterized by an increase in the proportion of resistant strains, which was statistically 
significant for amikacin (p = 0.091) and insignificant for gentamicin (p = 0.869). The predicted 
frequency of isolated A. baumannii strains resistant to aminoglycosides will reach 100 % by 2025–
2026 (Fig. 5A).
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On average, 52.5 % [13.0–87.5] of K. pneumoniae strains were resistant to amikacin. A steady decrease 
by 74.5 % was observed in the proportion of resistant strains between 2011 and 2016, and the opposite 
trend was observed between 2017 and 2021 (Fig. 5B). Despite a slight decrease in the resistant strains 
in 2022 compared to 2021, the overall trend can be characterized as an increase in the proportion 
of resistant strains (p = 0.481).

The dynamics in isolated amikacin-resistant P. aeruginosa showed less variability (Fig. 5C) 
than for A. baumannii and K. pneumoniae. On average, only 35 % [19.1–58.3] of cases of P. aeruginosa 
strains were resistant to it. The overall trend showed a decrease in the frequency of isolated 
resistant strains with low statistical significance of the prediction (p = 0.762). A persistent increase 
in  resistant P. aeruginosa strains for gentamicin from 25 % to 83 % was identified between 2011 
and 2017 with the average of 41.0 % [25.0–83.0]. The sensitivity of P. aeruginosa to gentamicin has 
not been determined since 2019.

Fig. 5 Predicted resistance of A. baumannii (A), K. pneumoniae (B) and P. aeruginosa (C) for amikacin

Polymyxin E (colistin)

The average frequency of isolated colistin-resistant A. baumannii strains was 11.4 % [1.6–25]; 
K. pneumoniae, 13.2 % [6.7–30.8]; P. aeruginosa, 15.3 % [1.2–50].

There was a nonlinear frequency of isolated resistant A. baumannii strains between 2012 and 2015 
with an increase in the proportion noted and the opposite trend observed in the following four years 
(Fig. 6A). The overall trend could be characterized as the absence of pronounced dynamics 
with the expected frequency of isolated colistin-resistant A. baumannii being close to the average 
(p = 0.390). The susceptibility of K. pneumoniae to colistin was determined since 2017. The nonlinear 
incidence of resistant strains was observed over the six years of observation (Fig. 6B) with a trend 
toward a statistically insignificant decrease in the resistance rate (p = 0.151). The proportion 
of  colistin-resistant P. aeruginosa strains decreased throughout the observation period (Fig. 6C) 
reaching 1.2 % by 2022 (p = 0.054).
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Fig. 6 Predicted resistance of A. baumannii (A), K. pneumoniae (B) and P. aeruginosa (C) to polymyxin E (colistin)

Fosfomycin

Fosfomycin susceptibility was determined only for K. pneumoniae starting from 2017. The average 
level of fosfomycin resistance of K. pneumoniae strains was 22.4 % over six years [3.6–48.7]. 
The incidence of fosfomycin-resistant strains decreased from 30 % to 5 % between 2017 and 2020 
with a subsequent increase to 10 % by 2022. A trend could not be established due to the small 
number of observations.

DISCUSSION

Infection associated with orthopedic implants requires a comprehensive approach including 
radical surgical treatment of the purulent focus, removal of the infected metal construct combined 
with  etiotropic anti-inflammatory therapy. A prolonged antibiotic therapy for IAI would include 
a  course of parenteral administration of drugs (7–14 days) and a course of oral administration 
(4–8  weeks). Treatment of patients with IAI caused by Gram(–) bacteria with MDR (multidrug-
resistant) and XDR (extensively drug-resistant) susceptibility phenotypes can be associated 
with  the  limited choice of drugs that are active against pathogens. Antibiotics administered 
parenterally include CS, KP, monobactams, aminoglycosides, tigecycline, fosfomycin, polymyxin B, 
dioxidine and a list of oral drugs for stepwise ABT at the outpatient stage is limited to include FQ, 
co-trimoxazole, minocycline and cefixime.

The frequency of Gram(–) microorganisms with MDR and XDR phenotypes of antibiotic susceptibility 
reported by Benito et al. [9] was in line with that observed with our series. Our findings for the 12‑year 
period 2011–2022 indicated Gram(–) pathogens including K. pneumoniae (4.78 %), P. aeruginosa 
(3.88 %) and A. baumannii (3.65 %) as most common [8]. Our data are generally comparable 
with the results reported by the Russian [2] and foreign [10] colleagues.

Fluoroquinolones (ciprofloxacin, levofloxacin)

FH, cipro- and levofloxacin are drugs that are commonly used in the treatment of patients with OI. 
Ciprofloxacin is the drug of choice in the treatment of patients with IAI caused by Gram(–) bacteria 
including P. aeruginosa. The drug provides high concentrations in the bone having antibiofilm 
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activity (Table 1) with oral antibiotics being characterized by high bioavailability [12]. Step therapy is 
another positive aspect. Despite the fact that levofloxacin is slightly inferior to ciprofloxacin in terms 
of penetration into the bone [16], the concentration of levofloxacin in synovial fluid exceeds serum 
concentrations and ciprofloxacin and levofloxacin are characterized by similar levels of  activity 
according to scientific publications. The pharmacokinetic features result in the widespread use of FQ 
in the treatment of patients with IAI caused by Gram(–) pathogens. Given the need to prescribe AB 
therapy for a long period the cardio- and neurotoxicity [13] of FQ are to be considered with a greater 
risk of tendon rupture, tendonitis, aortic aneurysm and mental disorders [12].

Table 1
Pharmacokinetic parameters of the main groups of antibiotics used in the treatment of patients with IAI

INN
Residual/average 

concentration 
in blood (mcg/ml)1

Concentration 
in spongy/cortical bone 

(µg/ml)

Concentration in synovial 
fluid (mcg/ml)

Effect 
on biofilms

Possibility 
of step-by step 

ABT

Degree of 
expression 

НР1
References

Fluoroquinolones Cipro — 0.2; 
levo — 0.6

Cipro — 13.8/13.8; 
levo — 10/4.6

cipro — penetrates well1; 
levo — 8,9 yes yes + [11–14]

Trimethoprim/
sulfamethoxazole 1.3–2.8/32–63 The serum to bone C ratio is 1.2 for trimethoprim; 

0.36 for sulfamethoxazole. none yes ++ [15–17]

III generation CA ceftriaxone — 10.5; 
ceftazidime — 3

ceftriaxone — ND/10.7; 
ceftazidime — 32.1/32.1

ceftriaxone 60–100 % 
of plasma concentrations; 
ceftazidime — 25.6

none none + [11, 16, 18]

Cefoperazone + 
[sulbactam] 69.23/6.49 penetrates well1 penetrates well1 none none + [19, 20]

Cefepime 0.7 67.6/99.8 does not penetrate well none none + [16, 21]

Carbapenems meropenem — 8.0; 
imipenem — 1.0

meropenem — 10.6/10.6; 
imipenem — 2.6/2.6

meropenem — 12.5; 
imipenem — 13.8 yes/none none + [16, 22, 23]

Aztreons does not exist; 
C max  — 90 16 (20 % of C in serum) 83 (95 % of C in serum) yes none + [16, 24]

Aminoglycosides gentamicin — 2.0; 
amikacin — 10 lOW C1 25–50 % of C in serum to immature none +++ [16, 25, 26]

Polymyxin B 2.0 ND does not penetrate well1 yes (in vitro) none +++ [27–31]

Fosfomycin 11.4 penetrates well, bone to 
plasma C ratio 0.43 penetrates well1 yes none ++ [16, 32–37]

Note: 1 Register of SmPC and LV of the EAEU, State Register of Medicines. Designations: C, concentration; ND, no data; 
C max, maximum serum concentration

According to the AMRmap platform, 93 % of P. aeruginosa strains isolated from patients with bone 
and joint infections in Russia between 2012 and 2022 were resistant to ciprofloxacin, which was 
37 % higher than in the period between 2002 and 2012. Ciprofloxacin-resistant strains increased 
for A. baumannii and K. pneumoniae from 76 % to 93 % and from 66 % to 84 %, respectively  [38]. 
A statistically significant trend towards increased resistance to ciprofloxacin was obtained for all 
of the above pathogens (p = 0.025 for A. baumannii and p = 0.018 for K. pneumoniae and P. aeruginosa) 
in our series. Increased resistance to levofloxacin was detected only for A. baumannii (p = 0.012). 
In recent years, the proportion of A. baumannii and K. pneumoniae strains resistant to ciprofloxacin 
has approached 100 % with the resistance of P. aeruginosa being 63 % by the end of the study period. 
The catastrophic growth of resistance to FCh of the main Gram(–) bacteria was reported by foreign 
researchers [39].

In addition to the high level of resistance there is another difficult question whether FQ can be used 
as monotherapy in cases where the infection is caused by an antibiotic-resistant strain of Gram(–) 
bacteria. Attempts to combine FQs with representatives of other groups of antibiotics in the presence 
of resistance are not convincing. Grossi et al. suggested that the additional administration of oral 
FQs to prolonged infusion of beta-lactam antibiotics being active against bacteria had no significant 
effect on the outcome of treatment of patients with IAI caused by strains resistant to FH during 
the entire treatment period (median 90 days) [40].
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Sulfamethoxazole-trimethoprim (co-trimoxazole)

Co-trimoxazole is one of the alternatives to FH from the standpoint of stepwise ABT of OI caused 
by Gram(–) bacteria (except for naturally resistant P. aeruginosa). Co-trimoxazole has a bactericidal 
effect in relatively low concentrations due to the synergism of the components (trimethoprim 
and sulfamethoxazole) [41]. The drug penetrates bone tissue well (Table 1) and is indicated for acute 
and chronic osteomyelitis and can be prescribed as a step therapy. Unlike FQ, co-trimoxazole lacks 
antibiofilm activity [16].

There is a paucity of literature reporting co-trimoxazole to be used for the treatment of patients 
with OI caused by Gram(–) pathogens. The largest study of its effectiveness included 51 patients 
with bone and joint infection. However, the drug was mainly prescribed as part of a combination 
antibacterial therapy with no possibility to assess an individual contribution [42]. Co-trimoxazole used 
for treatment of outpatients with IAI caused by K. pneumoniae significantly improved the likelihood 
of a favorable outcome (p = 0.038) [43]. There are publications reported the experience with co-
trimoxazole used for the treatment of patients with bone and joint infections caused by E. cloacae, 
Burkholderia spp. and Stenotrophomonas maltophilia. Long-term therapy with co-trimoxazole 
can be associated with side effects of varying severity primarily from the hematopoietic system 
and the skin [15].

According to Russian researchers, more than 70 % of K. pneumoniae and A. baumannii strains isolated from 
OI patients are resistant to co-trimoxazole [2, 44]. According to the AMRmap platform, 50 % and 54 % 
of A. baumannii strains and 61 % and 69 % of representatives of the Entrobacteriaceae family isolated 
from patients with bone and joint infection were resistant to this drug in the periods between 2002 
and 2012 and between 2012 and 2022, respectively, in Russia [38]. Our findings showed a more negative 
picture: resistance of A. baumannii to co-trimoxazole was 74.8 %, K. pneumoniae being 81.9 %.

Beta-lactam antibiotics

These drugs are generally characterized by good penetration into bone tissue (Table 1) and a varying 
activity against Gram(–) bacteria.

Cephalosporins

Third- and fourth-generation cefiximes, including inhibitor-protected forms, exhibit potential 
activity against Gram(–) bacteria. They are officially registered for the treatment of patients with bone 
and joint infections, with the exception of cefixime, the only orally administered third-generation 
cefixime. The use of cefixime for stepwise ABT in traumatology and orthopedics is significantly 
limited by poor penetration into bone tissue and the natural resistance of P. aeruginosa and some 
representatives of the Enterobacteriaceae family to the drug. The efficacy of this drug for outpatients 
with bone and joint infections remains under-explored. The proportion of drug-resistant Gram(–) 
bacteria strains was not examined in our series.

With the declared activity of ceftriaxone against some Gram(–) bacteria including representatives 
of  the Enterobactiaceae family and A. baumannii, we did not find any publications devoted to its 
use in IAI of Gram(–) etiology. This is probably due to the high level of resistance to it (up to 90 % 
of strains) of A. baumannii and K. pneumoniae and natural resistance of P. aeruginosa. In our series, 
85 % of K. pneumoniae strains were resistant to this drug by 2020–2022 [76.9–96.4].

For a long time, infection caused by P. aeruginosa was the main indication for ceftazidime. According 
to the ARMmap platform, the proportion of ceftazidime-resistant P. aeruginosa strains isolated from patients 
with bone and joint infection was 33–39 % for the period between 2002 and 2022. The  susceptibility 
of K. pneumoniae and A. baumannii is not determined [38]. According to our data, resistance to ceftazidime 
in  P. aeruginosa strains averaged 45.9 % without a specific trend throughout the  observation period, 
which may be due to the limited use of this drug for the treatment of patients with OI.
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The spectrum of action of cefoperazone includes predominantly Gram(–) bacteria, including 
P. aeruginosa, which distinguishes it favorably from ceftriaxone, and the drug penetrates well 
into  the  bone and the synovial fluid (Table 1). However, the combination of cefoperazone 
with  the  beta-lactamase inhibitor sulbactam is clinically more significant. This combination 
increases the antimicrobial activity of the drug including some KP-resistant strains of A. baumannii, 
and can be considered as a drug for targeted empirical ABT. Rou-Zhen et al. reported the effectiveness 
of cefoperazone+[sulbactam] in the treatment of patients with infection caused by Gram(–) bacteria 
being better in some cases than that with unprotected third-generation CS and carbapenems. 
The effect may be caused by a slower resistance with a lower risk of selection of resistant strains [17].

According to our data, the antibiotic retains greater activity against P. aeruginosa, and somewhat 
less against A. baumannii and K. pneumoniae. The statistically significant trend identified 
with increasing proportion of A. baumannii (p = 0.027) and P. aeruginosa (p = 0.010) strains resistant 
to  cefoperazone+[sulbactam] is of concern with the sensitivity being higher than for other CS 
and comparable to KP. Hypocoagulation is one of the serious side effects that can be associated 
with  the  use of cefoperazone+[sulbactam] and must be taken into account with prescription 
to elderly patients and for a long course [20].

Cefepime is active against most Gram(–) microorganisms, with the exception of Stenotrophomonas 
maltophilia. According to the ARMmap platform, the proportion of Enterobacteriaceae strains 
resistant to  this  antibiotic isolated from patients with bone and joint infections increased 
from  43 %  to  58 %  over 20 years  [38]. According to our data, resistance to cefepime was higher 
for  K. pneumoniae and amounted to 86.3 % and 49.1 % for P. aeruginosa showing no significant 
changes throughout the observation period. Considering the poor penetration into synovial fluid 
(Table 1) and relatively high level of resistance of Gram(–) bacteria to the drug, Cefepime has no 
registered indications and is not indicated for patients with OI.

Carbapenems

CPs have the broadest spectrum of action among β-lactam antibiotics and have long been the antibiotic 
of choice for the treatment of patients with infections caused by Gram(–) bacteria producing ESBL 
(extended spectrum β-lactamases). Indications for imipenem+[cilastatin] include bone and joint 
infection caused only by P. aeruginosa, while meropenem does not have such an indication. Both 
carbapenems are widely used in the treatment of patients with OI caused by FC and CS-resistant 
Gram(–) bacteria. This is due to the fact that CPs reach sufficiently high concentrations in the bone 
and the synovial fluid (Table 1), allowing them to exceed the MIC for most Gram(–) bacteria.

In recent years, there is an increasing tendency for the proportion of Gram(–) bacteria demonstrating 
resistance to the drugs. According to the results of a multicenter study (2000–2015), ESBL-producing 
bacteria were isolated from 91 patients (72 %) with IAI with the resistance to CP recorded in 12 cases 
(9 %) [7]. According to the AMRmap platform, 70 % of A. baumannii, 25 % of K. pneumoniae and 40 % 
of P. aeruginosa strains isolated from patients with bone and joint infection between 2012 and 2022 were 
resistant to meropenem, with a marked increase in resistance observed for the three pathogens compared 
to the period 2002–2012. A similar trend was noted for imipenem [38]. A similar statistically significant 
increase in the proportion of K. pneumoniae (p = 0.003) and P. aeruginosa (p = 0.001) strains resistant 
to  imipenem, which was absent for A. baumannii in our series. There was a statistically significant 
decrease in the proportion of A. baumannii strains resistant to meropenem (p = 0.037), which is not in line 
with the results of foreign and Russian authors and is probably a local finding that has no scientific role.

Monobactams

Aztreonam, the only current representative of the group, is naturally active against most Gram(–) 
bacteria, including ESBL producers, with the exception of A. baumannii. According to the ARMmap 
platform, 66.5 % of Pseudomonas spp. strains and 38.5 % of Enterobacteriaceae strains isolated 
from patients with bone and joint infections over the period between 2003 and 2022 retain sensitivity 
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to the drug, without any specific dynamics [38]. According to our study, 52 % of P. aeruginosa 
and 14.3 % of K. pneumoniae strains were susceptible to aztreonam. The resistance level remained 
stable throughout the observation period.

Aztreonam produces concentrations in synovial fluid comparable to serum concentrations, 
but penetrates the bone five times less (Table 1). A systematic review by Thabit et al. showed that bolus 
administration of a loading dose of the drug resulted in its concentration in cancellous bone tissue 
and synovial fluid exceeding the concentration of meropenem by 1.5 and 6.6 times, respectively [16]. 
However, the drug does not have a registered indication for the treatment of patients with bone 
and  joint infection, and it is not used in routine clinical practice for  the  treatment of  patients 
with intraocular infections and osteomyelitis. Existing publications evaluate the combined use 
of aztreonam with ceftazidime+avibactam in cases of intraocular infections caused by XDR strains 
of  Gram(–) bacteria. Researchers recommend simultaneous, synchronous infusions through 
different catheter ports or through different venous accesses. This combination helps cover the 
maximum range of Gram(–) bacteria with extreme and pan-resistant resistance, even in the presence 
of resistance to each of them [24].

Other reserve antibacterial drugs: aminoglycosides, fosfomycin, polymyxin B

These drugs are not the treatment of choice for patients with acute respiratory infections, and 
are used in cases of pathogen resistance to fluoroquinolones, β-lactams, and co-trimoxazole as 
etiotropic antibiotics.

Aminoglycosides are antibacterial agents to which the vast majority of Gram(–) bacteria are 
naturally susceptible. Gentamicin and amikacin are commonly used for systemic antibiotic therapy 
in  the  Russian Federation. Aminoglycosides accumulate well in tissues with an active blood 
supply and much less so in bone tissue [16]. High doses of these drugs are needed for therapeutic 
concentrations of bone and synovial fluid increasing the risk of adverse reactions (Table 1), primarily 
nephro- [25] and ototoxicity [26]. Aminoglycosides are not commonly used in the treatment 
of patients with OI. According to the ARMmap platform, 76 % of Acinetobacter spp. strains and 60 % 
of K. pneumoniae strains isolated from patients with bone and joint infection during the period 
2012–2022 were resistant to gentamicin [38]. Identical results were obtained in our series: 78.2 % 
of A. baumannii strains were resistant to gentamicin, with a statistically significant upward trend 
in the proportion of resistant strains.

Amikacin demonstrated slightly greater activity against the strains than gentamicin. According 
to the ARMmap platform, 33 % of Pseudomonas spp., 30 % of K. pneumoniae, and 84 % of Acinetobacter spp. 
strains isolated from profile patients over the period 2012–2022 were resistant to amikacin, with negative 
dynamics compared to the period 2002–2012 [38]. According to our data, the  level of  resistance to 
amikacin was 78.1 % for A. baumannii, 35 % for P. aeruginosa, 52.5 % for K. pneumoniae which is generally 
comparable with the all-Russian data, but no specific trend identified.

Fosfomycin is active against a wide range of Gram(–) bacteria, including members 
of the Enterobacteriaceae family and some strains of P. aeruginosa, but is naturally inactive against 
A. baumannii. The drug is characterized by a pronounced synergistic effect when combined 
with  beta‑lactams, FQs, or aminoglycosides against a wide range of Gram(–) aerobic bacteria. 
Fosfomycin penetrates bone tissue well and has a registered indication for the treatment of patients 
with bone and joint infections (Table 1) [34].

The average incidence of fosfomycin-resistant K. pneumoniae strains was 22.4 % over 12 years 
at our center. However, no trend could be established due to the small number of observations: 
susceptibility to this antibiotic was determined only for strains with extreme resistance at the request 
of  physicians.  According to the AMRmap platform, only 14 % of Enterobacteriaceae strains 
isolated from patients with bone and joint infections were resistant to fosfomycin, and  for 35 % 
of Pseudomonas spp. strains, the MIC of fosfomycin measured 64 mg/L [38].
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Fosfomycin is commonly used for the treatment of patients with OI, but its use in monotherapy is 
not recommended due to the rapid development of resistance and decreased efficacy in the presence 
of  a  large amount of bacterial inoculum, which is typical for bone and joint infections  [35]. 
Pronounced synergism of combined fosfomycin and colistin E in in vitro experiments against 
K. pneumoniae and  P. aeruginosa in biofilms, with CP in the treatment of patients with infection 
caused by difficult‑to-eradicate P. aeruginosa, is a serious justification for the use of fosfomycin as 
part of combination therapy [35].

Polymyxin B is active exclusively against Gram-negative bacteria. It cross-resists with colistin 
(polymyxin E), so susceptibility to polymyxin B is traditionally assessed using colistin. 
Resistance of  Gram(–) bacteria to this drug reaches 10 % in some countries of Southeast  Asia 
and the Mediterranean, however, in most countries, including the Russian Federation, polymyxin B 
retains its activity against the most problematic Gram(–) bacteria, including producers of various 
carbapenemases [29]. The frequency of isolated colistin-resistant strains was higher and averaged 
11.4 % for A. baumannii, 13.2 % for K. pneumoniae, and 15.3 % for  P. aeruginosa in our series. 
This was due to the determination of susceptibility only for multiresistant and panresistant strains. 
No significant dynamics in the level of resistance for A. baumannii and K. pneumoniae were observed 
due to the small number of observations.

The use of polymyxin B can be associated with the high frequency of adverse reactions including 
renal and urinary dysfunction, acute renal failure, and neurotoxicity. The drug poorly penetrates 
bone tissue and SF (Table 1), however, it exhibits pronounced antibiofilm activity due to its effect 
on metabolically inactive cells within the inner layers of the biofilm. The effect is observed with 
topical application of polymyxin; it is significantly weaker with systemic administration and higher 
doses of the antibiotic lead to an increased incidence of adverse reactions. Lora-Tamayo  et al. 
recommend using a combination of colistin with other antibiotics active against Gram(–) bacteria: 
CS, KP, etc. [30].

The clinical efficacy of colistin has been confirmed by the results of multicenter studies. 
Papadopoulos  et al. (2000–2015) performed a multicenter study and reported the frequency 
of favorable outcomes among patients with IAI caused by XRD strains, compared with MDR strains 
of bacteria treated by combination therapy with colistin as high as 66.7 % and 39.1 %, respectively 
(p = 0.018). The authors recommended the use of colistin in the absence of an alternative [7]. Another 
study demonstrated an advantage of using a combination of intravenous infusions of beta‑lactams 
and polymyxin in the treatment of 44 patients with IAI caused by  multidrug‑resistant Gram(–) 
microorganisms, with adverse reactions occurring in 10 % of cases and being completely reversible [31]. 
Limitations of the study include the retrospective design and the local nature of the data. Predictions 
of microbial resistance to antibacterial drugs require confirmation in further studies.

CONCLUSION

With negative dynamics in the increased proportion of strains of common Gram(–) bacteria 
resistant to cefoperazone+[sulbactam], meropenem and imipenem+cilastatin, the use of a protected 
cephalosporin for targeted empirical initial therapy appeared to be more practical due to the lower 
risk of selection of strains resistant to it. FH and KP can be used with the susceptibility proved. 
Polymyxin B and fosfomycin should be considered reserve drugs for the treatment of infections caused 
by strains resistant to other antibiotics and should only be prescribed as part of combination therapy. 
Aminoglycosides and unprotected cephalosporins are an alternative due to their pharmacokinetic 
properties and high levels of resistance when more active drugs cannot be used. The list of drugs 
(fluoroquinolones, co-trimoxazole) for oral administration remains limited at the outpatient stage; 
additional studies are needed to evaluate the effectiveness in the treatment of patients with IAI 
caused by resistant Gram(–) bacteria.
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