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Fracture-related infection following orthopedic surgery, es-
pecially in cases of war-related trauma, represents a grave
complication. The injuries sustained in war often entail severe
damage to soft tissues, including significant impairment of ves-
sels, nerves, tendons, muscles, and result in substantial bone
defects. Complicating matters further, these infections often in-
volve multidrug-resistant pathogens, making effective treatment
a significant challenge. Optimal management of patients with
combat-related trauma and signs of infection necessitates spe-
cialized care in dedicated centers. The approach to treatment
should be guided by a well-defined algorithm that incorporates
appropriate surgical interventions alongside systemic and lo-
calized antibiotic administration. In instances where chronic
infection manifests after war-related injuries and specific caus-
ative agents are not definitively identified, initiating empiric
therapy is advisable. A combination of meropenem, colistin,
and vancomycin can be a suitable choice for initial treatment.
Subsequently, once the causative microbes are identified, target-
ed treatment can be prescribed based on the susceptibility pat-
terns. This article delves into the primary pathogens commonly
found in war-related wounds and provides effective antibiotic
regimens based on the specific microorganisms. One promis-
ing approach for managing severe war injuries is suppressive
antibiotic therapy, which enhances the prospects of successful
treatment. The comprehensive strategy outlined here aims to
mitigate the serious risks posed by fracture-related infections in
the context of war-induced trauma, ultimately improving patient
outcomes and prognosis.
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Inpexyis eHacnioox nepenomis nicis opmoneoutHo2o 8mpyuaH-
HA, Y 6UNAOKAX MPABMYBAHHS NIO YaC 60U06UX Oill, € CEePUO3HUM
yekaaouennam. Topanenns, ompumani 6 maxux ymogax, 4acmo
CYNPOBOOICYIOMBCA 8ANCKUMU YPAICEHHAMU MAKUX MKAHUH,
30KpeMa SHAUHUMU YIUKOOIHCEHHAMU CYOUH, HEPBIB, CYXOMHCUILOK,
M’318 T 6enUKUX Kicmkogux oegexmis. /Jo Oinbuiux ycKkiaoHeHs
npu3800UMb HAAGHICMb 6 [HheKyil namoeenis, SKi € cmilKu-
MU 00 OCHOBHUX 2PYN AHMUDIOMUKIE, WO podums edexmugne
NIKY8aHHA ceplio3Hoto npodaemoro. Jlikysanua nayicumis iz 60-
toguMU Mmpagmamu il o3HaKamu ingexyii gumazaec pemenvno2o
nioxody i ixHb020 nepeby8aHHs 8 CNeyiani308aHux Opmonedo-
mpasmamonoziunux yeumpax. 11ioxio 0o nikyeaHusa mae rpyu-
Mmysamucb Ha 4imKo 6UHAYEHOMY AJ2OPUMMI, AKUU 6KII0YAE
810N0GIOHI XIpYp2IuHi 6MPYUaHHS NOPAO I3 CUCEMHUM ma 10-
Kani308aHuM NpUSHAYEHHAM aHmMubiomuxie. Y eunaokax, xonu
XPOHIUHA THEeKYIA NPOAGIAEMbCSL NICA NOPAHEHb, YHACAIOOK
botiosux Oiil, I KOHKpemHi 30YOHUKU OCMAMOYHO He [0eHmu-
¢ixosani, ooyinbho nouamu emnipuuny mepanito. Kombinayis
MeponeHeMmy, KOLICIMUHY Ma 6AHKOMIYUHY Modce 6Yymu 8i0nogio-
HUM 8UOOPOM ONI5L NHOUAMKOB020 NIKYBANHSA. 32000M, KOIU MIKPO-
Ou-30y0HUKY BUAGNEHT, MOJICHA NPUZHAYAMU YIIeCnPAMO8AHe
JIKYBAHHA HA OCHOS8I anmubiomuxkoepamu. Pozenanymo ocHosHi
namozenu, AKi, 3a36U4ail, 3yCmMpivalomvcs nio 4ac nopameHHby,
i HagedeHo eheKmuBHi cxemu BUKOPUCAHHSA AHMUOIOMUKIE HA
OCHOBI KOHKpemHUX MIKpoopeanizmie. OOHuUM 3 eheKxmueHux
niox00ie 00 NIKYBAHHS GAINCKUX BILUCLKOGUX NOPAHEHb € CYN-
pecusna anmubiomuxomepanis, AKa NiOSUWYE NEPCHEeKMUBU
yeniwnozo nikysanus. Komnnexcna cmpameeis, euxniadena
Hamu, MAe Ha Memi NOM KWLM Cepuo3ni pusuKu, yepes ingex-
YIUHI YCKAAOHEHH s, Y KORMEKCMi mpasmu, CRpUuduHeHol 6itiHo10,
i nOKpawumu pe3ynomamu ma npo2Ho3 ois nayicumis. Kniouosi
caosa. Ingpexyis, anmubiomuxomepanis, 60tioga mpagma.
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Infectious complications following orthopedic
surgery pose a significant threat, potentially resulting
in fracture nonunion, loss of function, and in severe
cases, amputation. The incidence of post-traumatic
infection varies based on the type of fracture, with
reported rates around 1-2 % for closed fractures and
exceeding 30 % for open Gustilo-Anderson type
III tibial fractures [1-3]. The success of treatment,
contingent on injury severity, typically ranges from
70-90 %, but recurrence of infection occurs in 6-9 %
of patients [4]. Notably, the frequency of infectious
complications in open fractures escalates in align-
ment with the degree of soft tissue damage [5].

In the context of war, injuries to the musculo-
skeletal system are often accompanied by extensive
damage to soft tissues, bone defects, compromised
blood circulation, and nerve injuries. Moreover,
the wounds are contaminated with a variety of mi-
croorganisms from the ground and the victim’s skin,
making infection a significant concern. The fun-
damental principles guiding the treatment of open
wounds to the musculoskeletal system encompass
irrigation (washing), sanitization, soft tissue man-
agement, bone fragment stabilization, and the early
administration of broad-spectrum antibiotics. This
is followed by precise identification of the microbi-
al agents involved, enabling targeted antibiotic ther-
apy. Additionally, modern infection management
strategies, such as the Masquelet technique, intra-
medullary canal irrigation, and the use of rods coat-
ed with antibiotic bone cement, have been valuable
additions to the armamentarium [6]. In the case of
open fractures accompanied by soft tissue damage,
initial treatment often involves preemptive empirical
use of broad-spectrum antibiotics. Once the specif-
ic causative agent is identified, a switch to targeted
antibiotic therapy is warranted. Given the circum-
stances of war injuries, prophylactic antibiotic use is
not a viable option, as it is understood that foreign
bodies from grenades or bullets that have entered
and injured the musculoskeletal system are already
contaminated. In many cases, patients are referred to
specialized orthopedic and trauma centers after un-
dergoing multiple surgical interventions. These indi-
viduals often exhibit signs of chronic infection, which
can be exacerbated by the presence of metal implants
used to stabilize bone fragments. The implants can
contribute for infection, particularly due to the for-
mation of bacterial biofilms. Notably, bacteria within
biofilms exhibit significantly higher resistance to an-
tibiotic therapy — up to 10,000 times more resistant
compared to their free-floating planktonic counter-
parts [7]. The multi-layered structure of the biofilm

offers protection against both the immune system and
antibiotics, comprising a metabolically active outer
layer that facilitates bacterial dissemination through
the release of planktonic variants and an inner layer
with reduced activity [8].

Following the principles of treating infectious
complications, biofilm eradication therapy methods
are crucial. This includes thorough debridement in-
volving the removal of the metal implant, potential
replacement, or the utilization of a spacer. Rational
antibiotic therapy including anti-biofilm drugs is also
pivotal and has shown promise in enhancing treat-
ment effectiveness [9, 10]. Localized antibiotic ther-
apy directly at the site of infection holds significant
potential in achieving these objectives. By effectively
disrupting the biofilm, treatment success rates can be
heightened, enabling a broader range of less invasive
surgical interventions and, in some cases, obviating
the need for additional surgeries.

In this article, drawing upon our experience
at the Center of Musculoskeletal Surgery in the
Charite University Medicine Berlin, Germany, and at
the Sytenko Institute of Spine and Joint Pathology in
Kharkiv, Ukraine, we will delineate the primary sur-
gical approaches for this patient category. Additional-
ly, we will outline the antibiotic groups that should be
employed based on the identified pathogens, shedding
light on optimal treatment strategies.

Regrettably, the experience gained by orthopedic
and trauma physicians during the treatment of pa-
tients with the consequences of war injuries has
shown that in most cases the main causative agents
of infectious complications are gram-negative patho-
gens that have proven resistant to most of the anti-
bacterial drug groups. They are called multiresistant
gram-negative pathogens (MRGNP). According to
the German classification, these pathogens belong
to the 3 or 4™ type of MRGNP, which means that
they are not more sensitive to the main four groups
of antibiotics: piperacillin/tazobactam; third genera-
tion cephalosporins; fluoroquinolones; carbapenems
[12, 13]. Another problem of such infectious compli-
cations is that the infection is polymicrobial in most
cases, which greatly complicates the selection of anti-
biotics. The main causative organisms are Klebsiella
pneumoniae, Acinetobacter baumanii and Pseudo-
monas aureginosa. Escherichia coli, Enterobacte are
also common, and together with gram-negative flora,
staphylococci and fungal infection are often present.
When choosing tactics for surgical treatment, we use
an algorithm that was developed by prof. A. Trampuz
(Figure) for the treatment of patients with implant-as-
sociated infection.
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Considering the unique challenges posed by war
injuries, particularly those manifesting chronic in-
fectious processes and extensive soft tissue defects,
a strategic approach involving multiple debridements
is essential. This approach entails the removal of ne-
crotic tissues, repeated thorough wound irrigation
using pulse lavage, application of local antiseptics,
opening of the bone marrow canal with meticulous
washing, and the removal of foreign bodies. These
interventions collectively serve to reduce the bacteri-
al cell concentration within the wound significantly.
The mechanical clearance achieved through the re-
moval of the metal implant not only aids in biofilm
eradication but also enhances blood circulation, creat-
ing a conducive environment for systemic antibiotics
to be more effective. The utilization of Vacuum-As-
sisted Closure (VAC) therapy, combined with sys-
temic administration of wide-spectrum antibiotics, is
instrumental in closing soft tissue defects. However,
it's important to note that the use of VAC therapy can
sometimes lead to the development of gram-negative
and fungal infections. As a result, caution is warrant-
ed, and concurrent treatment involving VAC therapy,
internal metal implants, and local antibiotic usage is

contraindicated. Only after successful skin graft en-
graftment can a transition to comprehensive osteo-
synthesis be considered, ensuring a systematic and
well-considered approach to treatment.

All patients who are started on intravenously an-
tibiotics should be tested for baseline inflammatory
markers, full blood count, electrolytes, and liver and
renal function tests and should be monitored at least
once weekly (depending on host status) in the acute
phase of their illness as common side effects of high-
dose intravenously antibiotics include bone marrow
suppression, hepatitis, and nephritis.

An essential consideration in devising an effective
treatment strategy for chronic infections in patients
with a history of war-related injuries is the chal-
lenging scenario where prior surgical interventions
did not succeed in achieving fracture healing due
to the persistent infectious process. Furthermore,
the presence of multidrug-resistant pathogens com-
pounds the complexity of treatment. This combina-
tion of factors often characterizes an infection that
proves difficult to treat. In such challenging cases,
a staged surgical treatment approach, coupled with
suppressive therapy, is a prudent course of action.

TREATMENT ALGORITHM
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Figure. Algorithm of surgical treatment of patients with infectious complications after osteosynthesis
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Long-term systemic suppressive antibiotic therapy
assumes paramount importance as it offers a means
to regain control over the infection and ultimately fa-
cilitates fracture union.

Drawing from our collective clinical experience,
when faced with signs of chronic infection and lack-
ing specific data on the causative agents, prescrib-
ing an empiric therapy comprising a combination
of meropenem, colistin, and vancomycin is advis-
able. Despite the prevalence of gram-negative flora
in the wound, gram-positive flora may indeed «hide»
behind the dominant gram-negative pathogens, and
they might not be initially detected during bacteri-
ological examination. Accurate antibiotic dosage is
of great importance in ensuring efficacy. Meropen-
em is prescribed at a dosage of 1.0 gram three times
a day, colistin at 3 million units three times a day,
and vancomycin at 2 grams twice a day for an initial
three-day period to achieve a therapeutic effect. Sub-
sequently, vancomycin dosage is reduced to 1 gram
twice a day while meticulously monitoring renal
function parameters for dose adjustments.

1. Pseudomonas aeruginosa. Pseudomonas aeru-
ginosa presents a formidable challenge for eradica-
tion due to its inherent resistance mechanisms. The
bacterium possesses a high level of internal resistance
to a broad spectrum of antibiotics. This resistance is
attributed to factors such as the limited permeabil-
ity of its outer membrane, efflux systems or pumps
that expel antibiotics from the cell, and the produc-
tion of enzymes like beta-lactamases that deactivate
antibiotics.

Ceftazidime and Cefepime: Ceftazidime and
cefepime, both belonging to the 4th generation ceph-
alosporin series, are highly effective against Pseudo-
monas aeruginosa. Ceftazidime, in particular, was
developed specifically for combatting this pathogen.
They are primarily active against gram-negative
bacteria. The recommended dosage is a maximum
of 2 grams three times a day.

Colistin: Colistin is another potent antibiotic ef-
fective against Pseudomonas aeruginosa. It is often
recommended to combine colistin with meropenem
or fosfomycin to achieve a synergistic effect, enhanc-
ing its efficacy. However, caution is necessary when
using colistin due to its association with a high risk
of nephrotoxicity. Hence, careful monitoring of renal
function and serum dosages is essential. Colistin can
also be beneficial for local treatment in a wound or as
an addition to a cement spacer.

When dealing with a wound that is concurrently
infected with Pseudomonas aeruginosa and Staphy-
lococcus aureus, it indeed presents a challenging sce-

nario for effective eradication. The presence of both
these pathogens can complicate treatment and ne-
cessitate a thoughtful and strategic approach, which
may include considering suppressive therapy due to
the difficulty in complete eradication.

2. Enterococci. When dealing with an infection
caused by a group of enterococcal pathogens sensitive
to penicillin, the recommended treatment involves
administering ampicillin at a dosage of 2 grams four
times a day, in combination with intravenous gentami-
cin at 240 mg once daily for a duration of 2-3 weeks.
The gentamicin dosage is adjusted based on body
weight, typically at 3 mg/kg. Subsequently, a tran-
sition to oral administration of amoxicillin at 1.0 g
three times a day, along with doxycycline at 100 mg
twice daily, can be considered.

In cases where enterococcal strains are resistant to
penicillin, an alternative treatment regimen involving
vancomycin at a dosage of 1.0 g twice daily in con-
junction with daptomycin once daily at a dose of 10
mg/kg of body weight intravenously is recommend-
ed. For later stages of oral therapy, linezolid at 600
mg twice a day can be used. However, it's crucial to
limit the duration of linezolid treatment to no more
than 4 weeks to mitigate potential irreversible side
effects, such as damage to peripheral nerves, vision
loss, and impaired bone marrow function, including
a reduction in leukocytes, erythrocytes, and platelets.

In cases where the causative agent displays resis-
tance to vancomycin, it is advisable to avoid using
metal implants. Alternatively, suppressive therapy
using doxycycline or daptomycin can be considered
based on the pathogen's sensitivity profile.

Enterococcus faecalis often causes a chronic in-
fection that occurs without a general temperature re-
action, almost no pain in the affected area, and is very
often associated with a cardiac implant, endocardi-
tis, and chronic prostatitis. Ciprofloxacin in dosage
750 mg twice a day is only effective against Entero-
coccus faecalis, but not Enterococcus faecium.

3. Enterobacterales. In the case of detection of an-
other gram-negative enterobacterium, treatment
should be carried out with ciprofloxacin in a dosage
of 750 mg twice a day. If there is resistance to cipro-
floxacin, depending on the sensitivity, choose mero-
penem, or colistin, or fosfomycin.

4. Streptococcus. Infection that is caused by Strep-
tococcus. Streptococcal infection accounts for 10 %,
mainly spread by hematogenous route. Trampuz's in
vitro studies have shown that streptococci can form
a biofilm, but the administration of rifampicin is not
effective [14]. This pathogen is characterized by rapid
spread in soft tissues and fascia in most cases, rather
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than the formation of abscesses or biofilms. In most
cases, relapse of infection occurs within the first year
after implantation. A streptococcal infection that is
extremely difficult to eradicate. Streptococci do not
develop resistance to amoxicillin, so we can prescribe
it in high doses without fear of overdose or resistance.
A possible way to treat streptococcal infection is sup-
pressive therapy with amoxicillin for 1-3 years at
a dosage of 1.0 g three times a day. Other drugs that
are effective are penicillin, ceftriaxone, and doxycy-
cline [15].

5. Staphylococci. Staphylococcus, particularly
Staphylococcus aureus (including methicillin-sen-
sitive Staphylococcus aureus — MSSA and methi-
cillin-resistant Staphylococcus aureus — MRSA), is
a common causative organism in bone and joint in-
fections, including those associated with fractures. In
open fractures S.aureus is the most commonly isolat-
ed pathogen regardless of time to onset, followed by
S. epidermidis and non-epidermidis/non-lugdunensis
coagulase-negative staphylococci (CoNS) [16, 17].

Treatment of methicillin-sensitive strains is car-
ried out with the use of cefazolin 2 grams three times
a day or fosfomycin in a dosage of 5 grams three
times a day. It is possible to carry out therapy us-
ing both of these drugs. As in other cases, the treat-
ment lasts for 2 weeks of intravenous administration
with subsequent transition to antibacterial drugs that
have antibiofilm activity. In cases of staphylococ-
cus resistance to methicillin, vancomycin is used at
1 gram twice a day or daptomycin at 8 mg/kg once
a day. Also, both of these drugs can be supplemented
with fosfomycin. Coagulase-negative staphylococci
such as Staphylococcus epidermidis are treated like
MRSA if they are methicillin-resistant (MRSE). In
severe cases of rifampicin-resistant staphylococcus,
the above antibiotics are used as suppressive thera-
py for a year or longer, depending on the sensitivi-
ty. For suppressive therapy of S.aureus, it is better to
use cotrimoxazole (Biseptol) in a dosage of 960 mg
three times a day. This drug counteracts a wide
range of pathogens, it covers all gram-positive and
gram-negative strains, but does not have an anti-bio-
film effect. If S. epidermalis or S. hominis are isolat-
ed from the wound, then these microorganisms are
present only in the presence of a metal in the place of
fracture, if metal implants are removed, it is possible
to quickly eradicate these pathogens. Monotherapy
with fluoroquinolones is not recommended for staph-
ylococcal infections because of the rapid emergence
of resistance and high treatment failure rate [18].

6. Fungi. Fungal infection is one of the most dif-
ficult to treat. With a fungal infection, a three-stage

replacement is more often performed, and if there
is resistance to fluconazole, one should think about
suppressive therapy for a year or not to install met-
al implants, because voriconazole is the only drug
available at that time. For the treatment of fungal in-
fection, caspofungin is used in a dosage of 70 mg
intravenously and fluconazole 400 mg per day orally.

7. Anaerobes. In the group of gram-positive anaer-
obes, Cutibacterium (previously Propionibacterium)
acnes is most frequently isolated. We recommend
starting with ceftriaxone 2 grams a day, followed
by oral treatment of rifampicin in combination with
amoxicillin (Igram three times a day), doxycycline
(100 mg 2 times a day), or quinolones (levoflox-
acin 500 mg 2 times a day). Gram-negative anaer-
obes should be treated with IV ampicillin/sulbactam
(3 grams three times a day) followed by oral metroni-
dazole (500 mg three times a day).

Among the groups of antibacterial drugs that are
more often used for suppressive therapy:

— with staphylococcal infection: cotrimoxazole,
doxycycline, clindamycin;

— with streptococcal infection: amoxicillin, clin-
damycin, levofloxacin;

— with enterococcal
linezolid

— with anaerobic infection: clindamycin, amoxicil-
lin, metronidazole;

— with gram-negative pathogens: ciprofloxacin,
cotrimoxazole.

To combat biofilm formation, especially after
a two-stage or one-stage metal implant replacement,
the use of antibiotics with anti-biofilm properties is
crucial. Here are some important considerations:

Rifampicin is effective in countering bio-
film formation. The recommended oral dosage is
300-450 mg twice a day or 600—-900 mg once dai-
ly. It should commence after debridement and once
the wound has sealed. Given the risk of superinfec-
tion with rifampicin-resistant strains, combination
therapy is essential. Rifampicin should be used in
conjunction with drugs like ciprofloxacin, levofloxa-
cin, or cotrimoxazole to mitigate resistance develop-
ment. Monitoring liver function through tests at base-
line and subsequent assessments if there are clinical
concerns is advisable due to the potential for liver-re-
lated side effects.

Other Antibiotics with Anti-biofilm Properties:
Ciprofloxacin, Ceftriaxone, Ampicillin/Amoxicillin,
Fosfomycin, Gentamicin.

Utilizing antibiotics with anti-biofilm properties
is a critical aspect of preventing and managing bio-
film-associated infections, particularly in the context

infection: amoxicillin,
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of metal implant replacements. However, the prudent
use of these antibiotics, considering their potential
side effects and the risk of resistance development, is
crucial. Collaboration with infectious disease special-
ists and regular monitoring of patient response and
resistance patterns can optimize the use of these anti-
biotics for effective treatment.

Conclusions

The treatment of patients with chronic infection
after osteosynthesis of fractures resulting from war
injuries is a complex task and requires combined ef-
forts of orthopaedics, traumatologists, infectious dis-
eases physicians, and plastic surgeons. The chronic
infections associated with war-related fractures of-
ten entail long-term non-union of the fracture and
the presence of bone and soft tissue defects. A fea-
ture of chronic infection in these cases is the preva-
lence of multiresistant, predominantly gram-negative
pathogens. Furthermore, these infections frequently
manifest as polymicrobial. The treatment approach
centers on a carefully sequenced series of surgical
interventions and the meticulous selection of antibac-
terial therapy. In instances where the infection proves
difficult to eradicate, particularly when dealing with
multi-resistant pathogens and limited soft tissue cov-
erage for wound surfaces, long-term suppressive ther-
apy becomes a viable strategy. This extended suppres-
sive therapy aims to gain control over the infection,
allowing the necessary time for the fracture to heal.
The collaboration and expertise of a multidisciplinary
team are essential in tailoring a comprehensive treat-
ment plan for these patients. Careful consideration
of surgical interventions, selection of appropriate an-
tibiotics, and the judicious use of suppressive therapy,
when warranted, form the cornerstones of effectively
managing chronic infections post-osteosynthesis in
war-related fractures.
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