Background

Primary bone tumours (PBTs) are rare malignancies with wide biological and clinical heterogeneity.
Age-specific incidence rates show a bimodal distribution, with osteosarcoma and Ewing sarcoma
peaking between the ages of 15-19 and chondrosarcoma being more common in the middle and older
age groups. For many patients, treatment involves limb-salvage surgery, usually with massive
endoprosthetic replacement (EPR) of large segments of bone and joints. Osteosarcoma and Ewing
sarcoma treatment also involves immunosuppressive chemotherapy regimens, with or without
radiotherapy, whereas with a few exceptions, chondrosarcomas are treated with surgery alone.
Approximately two-thirds of patients achieve long-term survival from their cancer'. Therefore, the
durability of EPR is essential for maintaining limb function and quality of life. In addition to PBTs, EPRs
are increasingly being used to treatment of Metastatic bone disease in selected cases.

Unfortunately, the risk of infection remains high, which can be devastating for patients, leading to pain,
poor physical functioning, reduced quality of life, and even death, as 2-%well as significant healthcare
costs?S.

A recent systematic review demonstrated an overall pooled weighted deep infection rate of 10% (95%
Cl 8-11%) for oncology-related lower limb EPR?. This rate is much higher than total hip arthroplasty
(between 0.8% and 1.2%) 8 There are many reasons for this, including concomitant use of
immunosuppressive chemotherapy, radiotherapy, pre-existing co-morbidities, and complex surgery,

routinely requiring prolonged operation times, extensive tissue dissection, and large implants.

Antimicrobial prophylaxis is a critical infection prevention and control (IPC) measure recommended
alongside skin decolonisation before surgery, antiseptic skin preparation, hand decontamination,
environmental control, and wound care.

Antibiotic prophylaxis for EPR surgery

National and international guidelines recommend antibiotic prophylaxis for orthopaedic implant surgery.
These guidelines do not recommend a specific antibiotic regimen. However, they do recommend that
antibiotic(s) should meet specific criteria: be active against the most common pathogens; administered
at an appropriate dose to ensure adequate serum and tissue concentrations at the operative site;
administered at an appropriate time to maintain adequate concentration for the entire duration of

surgery; be safe, and administered for the shortest effective period to minimise adverse effects®"



The lack of clear evidence-based recommendations contributes to wide variation in practice. A 2012
audit sent to 38 members of the British Orthopaedic Oncology Society identified a wide range of
antibiotic choices for EPR surgery in the UK, often extrapolated from conventional hip and knee
arthroplasty. Of the 27 (response rate 71%) respondents reflecting the majority of UK centres, 24
preferred to give single-agent antibiotic regimens. The most common antibiotics were cefuroxime
(55.5%), co-amoxiclav (11.1%), flucloxacillin (11.1%), vancomycin (7.1%) and teicoplanin (3.7%). The
only combination regimen reported was flucloxacillin plus gentamicin (11.1%). This is consistent with a
broader study of UK orthopaedic practice, showing that between 2005 and 2011, there was a gradual
decline in the use of cephalosporins and a corresponding increase in the use of combination regimens
including penicillin derivatives and teicoplanin, which carry a lower Clostridioides difficile infection (CDI)

risk'2. Half of the hospitals that changed prophylaxis stated CDI as the main reason in that study.

A recent international cross-sectional survey of international practice was sent to 96 sarcoma surgeons.
Of the 72 respondents (75% response rate), 46% believed preoperative antibiotic administration was
the most critical initial step to prevent postoperative infection'3. This group had a greater consensus
about antibiotic choice compared with the UK. 73% of respondents preferred Gram-positive cover alone,
usually with cefazolin'3. However, there was a wide variation in duration; 33.7% felt antibiotics should
be stopped after 24 hours, whereas 41.4% thought they should be discontinued after removing suction

drains™s.

Duration

The Prophylactic Antibiotic Regimens In Tumor Surgery (PARITY) trial investigated whether extending
prophylaxis for EPR reduced infection rates 4. In this international multicentre randomised trial, 611
patients undergoing massive endoprostheses for lower extremity bone tumours were randomised to
either five days or 24 hours of cefuroxime. The study provided level 1 evidence that there was no
benefit in extending the duration of prophylaxis in this population. Upper limb EPRs were excluded to
reduce the sample size required to achieve adequate statistical power due to the lower infection rates
at these sites. High overall event rates were seen in PARITY compared to previous reports, probably

due to the prospective monitoring of patients for events and the broad definition of infection applied.



Significantly more severe antibiotic-related complications were seen in the longer-duration group (5.1%
vs 1.6%: HR 3.24, 95% CI 1.17-8.98; P=0.02). CDI was the most common antibiotic complication and
occurred three times more frequently in the 5-day group (3.8% vs 1.3% in the 24-hour group) 4.

The lack of benefit and increased harm with extended antibiotic prophylaxis has been consistently
demonstrated in multiple prospective studies across various surgical specialities. Nevertheless,
PARITY conclusively answers this question in the bone tumour population.

Despite this excellent study, there is a lack of evidence that current antibiotic regimens meet the
recommended criteria for implant surgery. These are fundamental to ensuring adequate intraoperative
cover during the critical period of risk when the surgical site is exposed to contamination. Questions
remain about the optimal antibiotic choice, specifically the spectrum of coverage, timing and dose

requirements, and risk profiles.

The Spectrum of Antibiotic Coverage

Guidelines recommend that prophylactic antibiotics are active against the most common pathogens,
but more data are required about EPR in orthopaedic oncology. A 2014 systematic review of infection
rates in EPRs identified 48 studies’. Twenty-one included information on the antibiotic prophylaxis
administered. Only 7 provided details of antibiotic choice, which influences the pathogen profile of
infected cases by selecting pathogens resistant to the antibiotics used. All seven studies had small
cohorts of primary procedures using a 1st, 2nd, or 3rd generation cephalosporin. The most common

infecting organisms were Staphylococcus aureus and Coagulase-negative staphylococci (CoNS).

CoNS have a low prevalence of sensitivity to cephalosporins which therefore do not reliably cover these
commonly infecting organisms 3. Although glycopeptides provide more reliable coverage against
CoNS, they were not found to be superior to cephalosporins in a recent systematic review and meta-
analysis of antibiotic prophylaxis in primary hip and knee arthroplasty'¢. 6 RCTs were identified, with
2886 participants receiving either a cephalosporin (1t or 2" generation) or a glycopeptide, with
teicoplanin in 5 of the 6 RCTs. The limitations included: significant unexplained heterogeneity among
the studies; small sample sizes with low event rates limiting the statistical power to detect differences

in infection rates; short (less than 12 months) follow-up in four of the RCTs, which may mean missing



CoNS infections that glycopeptides may have covered; and that studies conducted in the 1980s and

90s were included when antibiotic resistance rates differed.

Furthermore, glycopeptides have poor activity against gram-negative bacilli (GNB) compared with
cephalosporins; therefore, it is not possible to determine whether providing extended cover for gram-
positive organisms alone by covering CoNS with glycopeptides reduces infection rates. More recently,
a retrospective observational study in revision arthroplasty investigated extending gram-positive cover
by adding cefazolin to vancomycin compared to vancomycin alone 7. The study was conducted in a
hospital with a high background rate of MRSA and methicillin-resistant Staphylococcus epidermidis
(MRSE) prosthetic joint infections. Targeted use of vancomycin and cefazolin among patients
undergoing revision total knee arthroplasty (TKA) significantly reduced the rate of overall infections

(7.89 to 3.13%, p = 0.046), particularly MRSA (4.21 to 0.89%, p = 0.049).

It is common practice to add a 2nd antibiotic to a glycopeptide to provide better GNB activity'8. An
observational study combining gentamicin or aztreonam with cefazolin decreased the rate of PJls in
patients undergoing primary hip but not in knee arthroplasty '°. This is partly because in this study
Gram-negative organisms caused 30% of the surgical site infections (SSI) following hip arthroplasty
and only 10% of SSls after knee arthroplasty. This was a retrospective study with numerous sources of
bias and confounders. Therefore, results must be interpreted cautiously. The fixed doses of antibiotics
in these studies may have led to underdosing of antibiotics rather than an inadequate spectrum of

coverage. Recently, weight-based dosing for vancomycin has been recommended.

Despite the significant limitations of the current data, the weight of evidence does not support extending
the spectrum beyond 1st or 2" generation cephalosporins for hip or knee replacement. However, the
extent to which this can be extrapolated to EPR is unknown. There are no data for extended-spectrum
antibiotic prophylaxis in the PBT population. Studying the epidemiology of infection associated with the
help of an extended-spectrum antibiotic regimen would provide insight into the selection of antibiotic-
resistant pathogens in infected EPR cases. A large observational cohort study could compare pathogen
profiles of EPRs implanted at different anatomical sites, such as pelvis vs knee, to determine which
anatomic sites may benefit from extended-spectrum prophylaxis. This could inform an RCT comparing

the efficacy of a 1st or 2nd-generation cephalosporin with other extended-spectrum antibiotic regimens.



Significant gaps exist in understanding the organisms causing infection and the implication for a defined
spectrum of coverage, antibiotic dosing, and risk profile of different regimens. The pathogen profile of
EPR infections remains poorly defined. Published series show that CoNS and Staphylococcus aureus
are the most common pathogens. However, the relative contribution of Gram-negative pathogens
requires further study. Retrospective studies have shown lower infection rates after switching to an
extended-spectrum antimicrobial regimen in specific circumstances, i.e., for revision arthroplasty where
infection rates are higher than primary hip and knee replacements or where the prevalence of Gram-
negative pathogens or MRSE is high. These circumstances may apply to EPR, and these observations
could form the bases for a prospective study to investigate whether extended-spectrum prophylaxis

reduces infection rates compared to 1st or 2nd-generation cephalosporins.

Timing and Dose

Several studies have shown higher SSI rates where antibiotic prophylaxis is given too early or late
relative to incision time20-22, They show a U-shaped curve relationship when plotting SSI rates against
the timing of antibiotic administration relative to incision time. The lowest SSI rates are seen when
antibiotics are given between 0-60 minutes pre-incision. Vancomycin and ciprofloxacin are exceptions
due to the need to administer these as prolonged infusions™.

The administered dose should achieve serum and tissue concentrations exceeding the minimum
inhibitory concentration (MIC) against target pathogens for the duration of surgery. Indeed, multiple
controlled studies have demonstrated lower infection rates in patients with detectable antibiotics in
serum at the end of surgery than in patients whose antibiotic concentrations are below the MIC of the

commonly infected organisms 2324,

A recent observational study of oncology patients undergoing surgery correlated intraoperative
cefazolin concentrations with infection risk?5.The study concluded that current practice for cefazolin
might not provide adequate tissue concentrations and lead to higher infection rates. These are the only
PK data available in an orthopaedic oncology population. Dosing for alternative antimicrobials warrants

further investigation.

Arthroplasty guidelines recommend intra-operative re-dosing based on the estimated half-life of the

antibiotic?627. The available data investigating the effect of intraoperative blood loss on antibiotic



concentrations are shown in Table 1. Older pharmacokinetic (PK) studies demonstrate a significant
reduction in antibiotic concentrations with increasing blood loss?82°. These studies measured antibiotic
concentrations in serum and tissue at serial time points using a traditional 2-stage approach; the first
stage involves calculating individual PK parameters (e.g., clearance and volume of distribution); the
second stage consists of the analysis of these PK parameters using descriptive statistics, usually the
mean and standard deviation. This type of analysis can detect associations between drug dosing and
serum or tissue concentrations but does not identify the patient and surgical factors leading to
pharmacokinetic variability between individuals. More recent studies use a model-based approach in
which PK data from multiple subjects are analysed simultaneously. Significant covariates can be
identified in different dosing scenarios in the model-building phase. In these studies, blood loss was not
identified as a major covariate in PK modelling studies of cefazolin, cefuroxime, and gentamicin.
However, these studies included patients undergoing blood loss ranging from 0.6 to 1.8 litres, which

may not be generalisable to EPR procedures involving higher blood loss.

Ideally, a single induction dose would provide reliable antibiotic cover for EPR surgery and would not
rely on re-dosing after blood loss®2. PK data from PBT patients would be more representative of the
patient population so that the effect of body weight and clearance can be evaluated. Estimates of PK
parameters for the population can be used to simulate dosing recommendations by objectively
assessing the probability of achieving adequate concentrations during surgery for different dosing and
re-dosing scenarios. Additionally, these studies would help inform initial doses and re-dosing

intervals that provide reliable cover, avoiding toxicity.

There is good consensus on the timing of prophylaxis administration, but the extent to which current
regimens adequately cover EPR procedures needs to be clarified. Antibiotic dosing has not been
studied in EPR surgery, and the extrapolation of practice from conventional arthroplasty has not
considered the pharmacokinetic implications. Standard dosing and re-dosing advice may not be
sufficient in oncology patients. Pharmacokinetic studies are required so that dosing regimens are
appropriate for the oncology population, and pharmacokinetic modelling should be used to inform
population-level dosing recommendations. The practicalities of dose and timing need to be considered
for EPR surgery which is routinely prolonged and may involve substantial blood loss. Re-dosing is often
performed inconsistently in practice and has been associated with higher infection rates in observational

studies30-32, The heterogeneity of the primary bone tumour population (renal function and body weight)
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may warrant prophylactic antibiotics with a long half-life that reliably cover EPR surgery with a single
dose at induction. PK studies will also help manage the risks of unnecessarily higher doses and
subsequent toxicity, particularly with aminoglycosides in osteosarcoma and Ewing sarcoma patients

receiving neo-adjuvant nephrotoxic chemotherapy.

Unintended consequences of broader cover
Any regimen will carry risks. The toxicity of single doses includes acute kidney injury (AKI) and
anaphylaxis. In contrast, longer-term therapy may be associated with other toxicities such as anaemia,

skin reactions and hepatic dysfunction.

Anaphylaxis

Commonly used prophylactic antibiotics can cause life-threatening anaphylactic reactions. The 6th
National Audit Project (NAPG6) analysis provides the incidence rate of anaphylaxis for common
prophylactic antibiotics33. In one year, there were 266 reports of perioperative anaphylaxis after an
estimated 3,126,067 anaesthetics were administered in UK hospitals. Antibiotics were identified as
causing 48% of probable or definite anaphylactic events. All anaphylactic reactions were graded as 3
to 5 in severity, i.e., potentially life-threatening. Four of ten deaths in NAP6 were thought to be caused
by an antibiotic. Estimates of anaphylaxis incidence per 100,000 were highest for teicoplanin (16.4),
followed by co-amoxiclav (8.7), vancomycin (5.4), cefuroxime (0.9), flucloxacillin (0.9) and gentamicin
(0.5). It is concerning that an observational study estimated a three times higher rate of teicoplanin
anaphylaxis than NAP6 — between 1:2088 and 1:1655, which may reflect underreporting of
anaphylaxis in the audit®*. Gram-negative active agents such as gentamicin and ciprofloxacin were

generally associated with a lower risk of anaphylaxis.

The NAPG6 audit highlights the considerable range in the incidence of anaphylaxis with commonly
administered prophylactic agents, which is an essential consideration in assessing the risk of a

particular prophylactic regimen.

Acute Kidney Injury




First-generation cephalosporins appear attractive due to their low risk of toxicity, like beta-lactams. AKI
is well-known risk with repeated doses of aminoglycosides and is associated with a high morbidity. The
PARITY trial only compared different durations of the same antibiotics, so there are no prospective
studies evaluating the rates of AKI between different regimens in patients with PBTs. The seven
observational studies reporting EPR infection rates with different prophylactic regimens used
cephalosporins. Observational studies of other types of orthopaedic  surgery
have shown an association between gentamicin and AKI. A single-centre pre-and post-implementation
study comparing AKI rates after cefuroxime to those after flucloxacillin plus gentamicin used in two
consecutive periods found higher rates of AKI among patients with the combined regimen35. There are
limited data on the risk of AKI with teicoplanin for prophylaxis in orthopaedic 4!.A cardiac surgery study
found teicoplanin associated with similar rates of AKI to vancomycin. However, teicoplanin is generally
associated with a lower risk of AKI than vancomycin3®.

Observational studies are helpful, but it is impossible to attribute AKI risk to the antibiotic or account for
baseline risk. These analyses may not be generalisable to PBTs patients who commonly receive

concurrent nephrotoxic chemotherapy and may therefore be at increased risk.

Clostridium difficile risk

CDI is more common among paediatric oncology than non-oncology patients. Several factors may
contribute, such as increased exposure to antibiotics during neoadjuvant chemotherapy (for treatment
or prophylaxis), an immunocompromised host, frequent hospitalisations, and proton pump inhibitors3’.

Concern about CDI associated with cephalosporins is the primary driver for changing prophylactic
regimens in the UK. More data are required to evaluate the association of CDI with different prophylactic
antibiotic regimens in orthopaedics. In the PARITY Trial, CDI rates with mostly cefazolin, were 1.3% in
the 24-hour group and 3.8% in the 5-day group's. Two studies suggest that cefuroxime use may be
associated with an increased risk of CDI compared with other prophylactic regimens. The first study in
trauma patients found that switching from cefuroxime to gentamicin plus flucloxacillin or teicoplanin
reduced the incidence of C difficile infection from 8% to 3%3%. A second study of hip fracture patients
found an 80% risk reduction (6.9% to 1.5%) in CDI after switching surgical prophylaxis from cefuroxime
to co-amoxiclav®®. In both studies, the retrospective observational nature means that it is impossible to

show that the reduction in CDI was solely due to the change in antibiotic prophylaxis, changes in stool



sample collection rates or general changes in IPC measures. These studies report incidences as high
as 7.1%, likely reflecting an older patient group with more predisposing risk factors for CDI.

When CDI occurs among oncology patients, the clinical outcomes are poorer than non-oncology
patients. Two large double-blind trials found the cure rate for CDI was significantly lower among
oncology patients compared with others (n = 922; 79.2% v 88.6%; P < 0.001, respectively) and the
median time to resolution of diarrhoea was delayed (100 hours v 55 hours; P < 0.001, respectively).

CDI can lead to significant delays in surgical and chemotherapy treatment.

The risk-benefit of these regimens has not been formally considered using risk profiling. There are

many potential antibiotic options, but manufacturers have yet to pursue marketing authorisation for their
use as antibiotic prophylaxis proactively. There are often minimal data to support their use. This is
particularly the case for using alternative agents to cephalosporins, such as glycopeptides, that have

increasingly been used due to concerns of CDI.

The benefits of any antibiotic regimen should be balanced against the risks and the adverse effects of
antibiotics, such as anaphylaxis, AKI, and CDI. Whilst there has been a shift from cephalosporins to
alternatives, including combination regimens to reduce the incidence of CDI in arthroplasty, data
suggest higher risks for acute kidney injury and anaphylaxis while infection rates are unchanged.
However, the higher infection rate and devastating consequences of infected EPR warrant further

evaluation.

Future research

This review identifies gaps of knowledge to set future research priorities. The focus should be on
understanding on which factors to consider when optimising antibiotic regimens. Currently we do not
know whether the prophylactic needs of this patient population can be met with a ‘one-size fits all’

approach, or whether certain information should be used to individualise prophylaxis.



Dosing is essential to achieving adequate prophylactic cover. Pharmacokinetic studies are required to
understand the variability in local tissue concentrations for commonly used antibiotics to define the
dosing requirements in this patient population. We recommend that expertise in antibacterial

pharmacology is integrated into the design of future studies.

RCTs comparing SSI rates with different regimens are required to determine optimal choice. Previous
RCTs have been conducted in orthopaedic surgery but none in this specific patient population and all
have significant methodological limitations. Although PARITY compared duration rather than choice, it
has shown completing an adequately powered RCT in this patient population is feasible with

international collaboration.

Other factors need to be taken into consideration when choosing a prophylactic regimen. The efficacy
of a specific regimen to reduce deep infection rates needs to be balanced against the risks of broad-
spectrum antibiotic use, therefore future studies should evaluate drug toxicity and the impact on

antibiotic resistance.

The potential clinical implications of this research include fewer EPR infections, fewer antibiotic-related
complications, and a deeper understanding of infection prevention in this vulnerable and complex group

of patients.

Conclusion

PARITY has been a landmark study in antibiotic prophylaxis in orthopaedic oncology patients. However,
many critical questions remain around antibiotic choice and dose. Further research in this area is
warranted to identify and optimise antibiotic regimens, including a randomised, controlled trial assessing

the effects on SSI, drug toxicity, and antimicrobial resistance.
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