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Summary and general discussion

Prosthetic joint infections (PJI) impose a significant burden on patients, physicians,
and healthcare systems. Driven by factors such as an ageing population, comor-
bidities, polypharmacy, and rising antimicrobial resistance, the management of PJI
has become increasingly demanding. These changes in patient characteristics and
clinical complexity necessitate multidisciplinary collaboration to optimize care and
individualize both surgical and antimicrobial strategies. Debridement, antibiotics, and
implant retention (DAIR) has become an important treatment option for PJI, both as
a curative strategy in acute infections and as a salvage or palliative approach when
exchange arthroplasty is indicated but not feasible or acceptable. However, current
clinical data to guide antimicrobial therapy in PJI treated with DAIR and curative intent
are mainly derived from observational studies which limits causal inference when
comparing the efficacy of different antimicrobial regimens. In addition, the role of
long-term suppressive antimicrobial therapy (SAT) beyond the initial therapeutic an-
timicrobial treatment phase of PJI remains uncertain. Despite its common use, there
is considerable worldwide variation in the clinical practice of SAT as a result of insuf-
ficient and low-quality evidence. Many clinical questions on SAT remain unresolved,
and uniform definitions are scarce.

This thesis addresses several of these important aspects of antimicrobial treatment
in patients with PJI, which are summarized and discussed here.

Part 1: Multidisciplinary care for complex bone and joint infections

In 2015, our hospital implemented a multidisciplinary team (MDT) to optimize care
for patients with PJI and other complex bone and joint infections (BJI). The team
comprises orthopedic surgeons, infectious diseases specialists, and clinical microbi-
ologists; trauma surgeons, who initially joined occasionally, have become permanent
participants over time. In chapter 2, we analyzed the effectiveness of our MDT meet-
ings by evaluating the implementation rate of MDT decisions, a recognized proxy for
effective multidisciplinary decision-making used in many medical fields, but not per-
formed before in PJI (1). We assessed 1321 MDT decisions concerning 509 individual
patients, made during 319 meetings. The overall decision implementation rate was
high (92%), comparable to other medical specialties. This finding confirms our clinical
experience that the MDT serves as an effective instrument capable of achieving a
broadly supported consensus. Not implementing MDT surgical management deci-
sions was associated with poor clinical outcomes—a novel yet unsurprising finding.
Patient preference played a role here; in some cases, the MDT's surgical plan was not
followed, patients refused surgery for reasons unknown to the MDT at the time of
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the meeting during which the decision was made. Thus, an optimal surgical plan from
the MDT's (i.e., doctor’s) point of view is not necessarily the best treatment option
from a patient’s point of view. Although this seldom occurred it stresses the impor-
tance of shared decision making and tailoring treatment plans, especially concerning
complex and disabling surgical treatments or burdensome antimicrobial therapies. To
ensure that patient preferences are adequately represented during MDT discussions,
potential strategies include involving patients directly in selected MDT meetings and
appointing a dedicated nurse to explore and communicate their preferences.

Treating PJI and other BJI is complex and demands surgical, infectious diseases, and
pharmacological expertise. Our study showed that such care benefits from structured
cooperation between diverse medical specialists. The most effective form of collab-
oration involves a team-based approach that meets regularly to discuss all relevant
cases and key diagnostic or therapeutic decisions throughout treatment (both during
admission and outpatient). The team should consist of dedicated members from
relevant specialties who ideally attend every meeting. The MDT aims to improve clin-
ical outcomes relevant to patients through multiple benefits: better interdisciplinary
understanding, lower consultation thresholds, standardized treatment and follow-up,
increased member knowledge and expertise, and joint monitoring of complex cases
(2-5). Other potential long-term advantages include cost reduction by decreasing
hospital admission days, avoiding unnecessary surgical and diagnostic procedures,
and reducing (broad-spectrum) antimicrobial consumption (6, 7).

Given these potential benefits, an MDT is widely recognized as a valuable component
of PJI and complex BJI care (7-9). To establish a successful MDT, inspiring pioneers
from the involved specialties are essential to motivate other physicians and organize
the necessary infrastructure. However, such efforts require considerable time and re-
sources. Implementation of MDTs should therefore be supported by data as much as
possible to facilitate the deployment of MDTs and convince policy-makers and physi-
cians alike (4). Current studies on PJI MDTs mainly report on the effect of the MDT on
clinical parameters such as cure rates, length of hospital stay, and antimicrobial use,
often showing improved outcomes post-implementation (6, 7, 10-14). Yet, to fully
assess benefits of MDTs and to increase their effectiveness, future research should
broadly evaluate all different aspects of multidisciplinary care, including guideline
adherence, meeting attendance, documentation of decisions, patient involvement,

and cost-effectiveness (1, 4).

Looking ahead, MDT-based PJI care could be improved by strengthening the incor-
poration of patient preferences and by more explicitly considering psychological and
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social consequences of PJI (treatment)—either through direct patient participation in
selected meetings or by appointing a dedicated PJI nurse to represent patient inter-
ests. Moreover, better structuring the communication of MDT decisions to patients
could further improve understanding and acceptance of treatment plans. Artificial
intelligence (Al)-based decision-support tools and Al-assisted case summaries are
expected to help ensure that all relevant data are available in real time, enhance
meeting efficiency, and support more consistent decision-making. Recent reviews
have already explored the possibilities and limitations of Alin MDT care, orthopedics,
infectious diseases, and PJI but specific studies on its application in team-based or-
thopedic infection care are not yet available (15-20). While technological advances
may result in better MDT performance, future healthcare policy decisions will deter-
mine the role of multidisciplinary care within PJl management. In time, the presence
of a well-functioning MDT may become a formal prerequisite for hospitals to provide
this type of care, ensuring standardized and high-quality management. Until such
standards are universally implemented, smaller hospitals without a local MDT should
strive to participate through digital or regional MDT meetings, allowing complex cases
to still benefit from multidisciplinary expertise.

To conclude, well-organized multidisciplinary care is critical for optimal and individual-
ized treatment of patients with PJI. All clinicians involved in PJl management are encour-
aged to participate in or help establish multidisciplinary teams to increase inter-special-
ty engagement and collaboration aimed at providing the best possible care for patients.

Part 2: Antimicrobial Strategies for Debridement, Antibiotics, and Implant
Retention

The second part of this thesis focuses on oral antimicrobial treatment strategies for
PJI treated with DAIR. Chapter 3 contains the protocol of the Rlfampicin Combina-
tion Treatment versus Targeted oral Antimicrobial monotherapy for staphylococcal
prosthetic joint infection (RICOTTA) trial. This is a multicenter randomized clinical trial
(RCT) we are currently conducting in the Netherlands. We discuss methodological
and practical aspects of the trial design to enhance patient recruitment, one of the
major challenges in PJI clinical trials (21). The trial aims to confirm the hypothesis
that monotherapy with clindamycin is non-inferior to rifampicin-based combination
therapy during the targeted oral treatment phase of staphylococcal PJI treated with
DAIR, thereby challenging recommendations from current guidelines (22, 23).

Although rifampicin-based combination therapy has long been recommended as the

standard of care for staphylococcal implant-associated infections, this approach is
based on limited clinical data. A critical appraisal of the available evidence made clear
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that the foundation for this recommendation is remarkably weak and inconclusive.
In the late 1990s, rifampicin-based therapy became first-line treatment for staphy-
lococcal implant-associated infections, based on promising in vitro studies, animal
cage models, and one RCT (n= 15 PJI) that seemed to confirm the preclinical findings
(24). More recently, an RCT published in 2020 (n=48) and a prospective observational
study (n=200) found no difference in outcomes between rifampicin-based regimens
and monotherapy for staphylococcal PJI (25). Both RCTs were underpowered and
hampered by methodological shortcomings, precluding any definitive recommenda-
tions regarding the necessity of rifampicin in this setting. This lack of clear evidence
favoring rifampicin-based therapy, combined with high rates of drug discontinuation
due to side effects and drug-drug interactions in rifampicin-fluoroquinolone combi-
nation therapy, provide the rationale for conducting the RICOTTA trial (26).

In chapter 4, we analyzed data from 74 patients with Gram-negative (GN) PJI from our
prospective multicenter clinical PJI registry. The study focused on the effectiveness of
antimicrobial therapy in patients with newly placed or retained implants. This study
suggests that there is no difference in outcome between patients treated with flu-
oroquinolones (FQ) and those treated with cotrimoxazole during the oral treatment
phase of DAIR. Treatment with beta-lactams was associated with poorer outcomes,
likely reflecting selection bias. The observational design and small sample size limit
definitive conclusions and results must be interpreted alongside existing data.

Like rifampicin-based therapy for staphylococcal PJI, FQs are regarded as first-line
for GN-PJI due to good bioavailability, excellent bone penetration, and promising pre-
clinical biofilm experiments (27-30). Unfortunately, clinical studies—all retrospective
observational cohorts—offer inconsistent evidence on whether FQs are more effec-
tive than other antibiotics for GN-PJI treated with DAIR (or 1SR) (31-38). No study
compared FQ monotherapy head-to-head with other oral monotherapies and many
patients received combination therapy, further complicating the interpretation of
results. Given an increasing FQ resistance in GN infections, including PJI, alternative
effective and safe oral regimens are urgently needed. Cotrimoxazole, the combina-
tion of sulfamethoxazole and trimethoprim, is a practical alternative because of its
comparable bioavailability, bone and synovial fluid penetration, and activity against
Gram-negative organisms (29). A few preclinical studies have investigated cotrimox-
azole and shown less efficacy in GN biofilm infections when compared to FQs (30,
39). Clinical data about the use of cotrimoxazole for the treatment of GN-PJI are
extremely scarce, with only four case series reporting a combined success rate of
69% in a total of 35 patients, most of whom received at least one other antimicrobial
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drug targeting the GN pathogen. (33, 35, 37, 40). For both FQs and cotrimoxazole,
adverse effects remain a concern.

Cotrimoxazole may cause, among others, cutaneous reactions, renal impairment,
and bone marrow toxicity, while fluoroquinolones are associated with tendinopa-
thy, QT prolongation, and peripheral neuropathy. Oral agents such as fosfomycin
and beta-lactams lack supportive clinical data for managing GN-PJI, and their limited
bioavailability and suboptimal bone penetration further raise concern for their utility.

Many observational retrospective studies have concluded that rifampicin-based
therapy for staphylococcal PJI and FQ-based therapy for GN-PJI are associated with
better outcome. Unfortunately, confounding by indication, immortal time bias and
selection bias hampered the majority of these studies (41). Furthermore, head-to-
head comparison of different well-defined strategies was rarely performed. Most
studies compared all patients treated with rifampicin (or FQ) with all other treatment
regimens combined (i.e., non-rifampicin group or non-FQ group) instead of a specif-
ic strategy (e.g., clindamycin monotherapy or cotrimoxazole monotherapy). Earlier
work from our study group argued that this study design potentially introduces bias
towards the better defined regimens and likely underestimates the effectiveness of
specific strategies within the non-rifampicin or non-FQ group (42, 43). Such studies
carry the risk of unsubstantiated exclusion of equally effective alternative treatments.

Altogether, clinical data on the superiority of current first-line treatment options for
PJI treated with DAIR (i.e., rifampicin for staphylococcal PJI and fluoroquinolones for
GN-PJI) remain contradictory and inconclusive. How can that be reconciled with the
promising preclinical results of these antimicrobial drugs? Experimental animal cage
models have demonstrated that rifampicin-FQ combination therapy can effectively
eradicate staphylococcal implant associated infections with incubation periods of
2-3 days while monotherapy with FQ, vancomycin, daptomycin, or linezolid failed
to do so (44). However, in similar studies where biofilm incubation was extended to
14 days, rifampicin-based therapy failed to cure any animals (45). This observation
may partly explain the lack of clear benefit of these ‘biofilm-active’ agents in clinical
studies, as biofilms encountered in patients with PJl are often at least 1-2 weeks old,
making eradication by antibiotic therapy unlikely. Moreover, other factors are likely
to contribute as well. These include fundamental differences in host immunology
and local anatomical structures between animal models and humans, the presence
of additional bacterial virulence and different persistence mechanisms. These mech-
anisms include intracellular survival within osteoblasts and fibroblasts, colonization
of the osteocytic canalicular network, small-colony variant formation, enzymatic
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degradation of host tissues and toxin production (46-48). Surgical debridement and
mechanical removal of the biofilm are nonetheless considered essential for curing
PJI with implant retention. Alternative biofilm removal or disruption methods such
as thermal techniques, antimicrobial peptides, and electromagnetic approaches are
currently under investigation, but these lie outside the scope of this thesis. If de-
bridement is performed suboptimal (i.e., biofilm and persister cells remain present
on the implant), the risk of relapse upon antibiotic cessation is high, even when
‘biofilm-active’ drugs are used. Within this conceptual framework, rifampicin’s ef-
fectiveness likely stems from its potent bactericidal and intracellular activity against
staphylococci rather than anti-biofilm properties.

If indeed monotherapy with drugs not considered ‘biofilm-active’ demonstrates
similar effectiveness in PJI treated with DAIR, a paradigm shift in the concept of
‘anti-biofilm antibiotics’ is needed. This fits within the increasing body of evidence
in which rifampicin was not superior to other antibiotics in the treatment of other
staphylococcal (implant associated) infections, like prosthetic valve endocarditis and
complicated Staphylococcus aureus bacteremia (49, 50). Such a finding challenges
also the recommendations of both the Infectious Diseases Society of America (IDSA)
and the European Bone and Joint Infection Society (EBJIS) to use or consider indefinite
antibiotic treatment for patients suffering an acute PJI managed with DAIR-approach
who were not treated with a “biofilm-active” drug (22, 51). The RICOTTA trial results
will help clinicians determine whether both rifampicin-based as non-rifampicin-based
treatment regimens can be considered as equally effective treatment regimens. A
further advantage of having more oral antimicrobial options is the ability to tailor
treatment to individual patients' needs. This benefit should not be underestimated.
It is particularly relevant in an elderly PJI population with chronic comorbidities and
polypharmacy, the globally rising antimicrobial resistance, and an increasing frequen-
cy of antibiotic shortages.

Antimicrobial treatment is one of the many prognostic factors in PJI. Other factors
such as chronicity of infection, timing and quality of surgical debridement, causative
pathogen, patient comorbidities, and quality of the bone and soft tissue are prob-
ably more strongly associated with outcome than the use of “biofilm-active” drugs
(52-54). Nonetheless, to further optimize rational antimicrobial policies for patients
treated with DAIR, high-quality data on the efficacy of different oral antimicrobial
regimens are necessary. Given the rarity of this infection large multicenter trials are
needed, like the RICOTTA trial and the RandOmised, Arthroplasty infection world-
wide Multidomain Adaptive Platform (ROADMAP) trial. The ROADMARP trial is a large
international Bayesian adaptive platform trial led by Australian researchers that aims
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to investigate multiple important questions on PJI treatment (ClinicalTrials.gov ID
NCT06771050).

Part 3: Suppressive antimicrobial therapy for prosthetic joint infections

The third part of this thesis investigated the concept and clinical application of sup-
pressive antimicrobial therapy (SAT), a widely used strategy in prosthetic joint in-
fection (PJI) management that remains largely unsupported by scientific evidence.

To identify worldwide differences in the practice of SAT in PJI and determine future
research objectives we performed a global survey among PJI experts, detailed in
chapter 5. The answers from 330 respondents across 42 countries showcased a large
variety for SAT indication, preferred antimicrobial regimen, optimal dosing schedule,
treatment duration and outpatient follow-up both within and between Europe, North
America and Oceania. Notably, North American respondents were more inclined to
prescribe SAT across a variety of clinical scenarios, whereas European respondents
were more conservative. The survey also revealed that some physicians use SAT for
a fixed treatment duration with a goal to increase chance of cure instead of suppres-
sion. This finding raises conceptual questions about the term “suppressive therapy”
and its clinical implications. To further elucidate these differences in SAT practice and
establish uniform definitions, we performed a systematic literature review, presented
in chapter 6. Consistent with survey findings, the review that included 42 studies
confirmed clear geographic variation: studies performed in North America frequently
describe any use of oral antibiotics after DAIR, even for finite durations with curative
intent, as SAT. Conversely, European studies usually reserve the term SAT for indefi-
nite antimicrobial therapy aimed at relapse prevention in patients deemed incurable
(e.g., chronic PJI treated with DAIR or without any surgery) or with unacceptable
relapse risks (e.g., elderly or frail patients). This conceptual and semantic heteroge-
neity has practical consequences. When the same term is used for both curative and
non-curative intent, study outcomes become difficult to interpret, and clinical recom-
mendations increase the risk of being misapplied. To address this, a clear terminology
is needed to differentiate between these two strategies. Based on expert consensus
using a modified Delphi approach, two new definitions were proposed to improve
clinical communication, future research comparability, and data interpretation.

Outcomes and Patient Risk Stratification

The overall pooled SAT success rate of 74% (95% Cl 70%-79%) (n = 2467 patients), as
reported in chapter 6, is surprisingly high given the complexity and refractory nature
of many cases. We found no difference in outcome depending on the patient popu-
lation that received SAT. On the other hand, in the cohort we analyzed in chapter 7,
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we found that high-risk patients on SAT (i.e., late chronic PJI treated with DAIR or PJI
treated without surgery) had a higher chance of relapse compared to patients with an
acute PJI treated with DAIR in the presence of risk factors and patients in whom SAT
was started because a relapse was deemed unacceptable. From a pathophysiological
point of view: these patients likely differ in the presence of viable bacteria through
several persistence mechanisms, as discussed above, such as biofilm-associated
persisters and intracellular survival, from which latent infection may relapse. In all
published observational studies, a subgroup of patients may have been cured already
even before initiating SAT which has a positive effect on the reported outcome. This
unknown proportion of patients already cured before the start of SAT probably differs
between groups, complicating interpretation of SAT effectiveness. For that reason,
we advocate that future studies stratify patients based on a prespecified risk of re-
lapse if SAT would be withheld. To this end, we developed an expert-opinion-based
risk classification, based on the findings of our systematic review, which stratifies
patients into five risk groups.

Duration and Discontinuation of SAT

Despite the lack of supporting evidence, patients on SAT are frequently prescribed
lower antibiotic doses than what is usually prescribed during the therapeutic treat-
ment phase. Further, treatment discontinuation is also common, as described in
Chapters 5 and 6. In chapter 7, these two treatment strategies were addressed by
analyzing a cohort of 108 patients of high and medium risk patients with orthopedic
implant infections—including PJI, fracture-related infections, and spinal implant infec-
tions—managed with SAT. We found an overall success rate of 69% and no difference
between standardly dosed SAT and low dosed SAT. Furthermore, discontinuation of
SAT after a median duration of two years in 25 patients with normalized inflamma-
tory parameters and without symptoms appeared safe; only one patient (4%) who
stopped therapy experienced relapse. This outcome did not change including only
PJl and is in line with studies with comparable patient populations.

These findings are at odds with current dogmas that a PJI has to be suppressed as
long as the biofilm (or the implant) is not removed and that antibiotics need to be
dosed based on traditional PK/PD targets that take into account minimal inhibitory
concentration (MIC) of planktonic micro-organisms. Moreover, it implies that bio-
film and persister bacterial populations have a limited lifespan and can ultimately be
cleared by host immunity after long-term antibiotic pressure.

Data on SAT discontinuation in patients with a higher risk of relapse remain sparse.
Our findings support the possibility of safe SAT cessation even in high-risk patients
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and are corroborated by a similar study by Pradier et al., which stopped SAT at two
years in a comparable patient population (56). Other studies on optimal SAT duration
after DAIR in diverse populations also reported that continuing antibiotics beyond
one to two years does not further improve outcome (57-59).

Future research should therefore focus on identifying the conditions under which
SAT can be safely discontinued, acknowledging that patients receiving SAT are highly
heterogeneous with varying relapse risks. The key challenge is to determine which
subgroups can safely stop therapy and which clinical, microbiological, and radiological
parameters might guide this decision. Ideally, patients within predefined risk strata
are randomized to either discontinue SAT after a fixed duration (e.g., two years) or
continue indefinitely, to compare relapse rates and inform risk-based cessation strat-
egies. In parallel, pharmacokinetic and pharmacodynamic studies should define new
PK/PD targets to further optimize antimicrobial dosing in the context of suppression.

In conclusion, part 3 of this thesis underscores that, although SAT can be effective,
treatment must be individualized. Uniform definitions of long-term antimicrobial
therapy and careful patient stratification will be essential to reliably evaluate the
effectiveness of different SAT strategies across diverse patient populations.
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Pathophysiological concept of antimicrobial therapy for prosthetic joint infections
The findings in this thesis fit into, and further shaped, our understanding of the bio-
film and persister cell dynamics during antimicrobial treatment of PJI. This theory is
outlined in this final section of the discussion and summarized in Figure 1 (see also
chapter 7), which depicts chronic PJI treated with DAIR and the interplay between
antimicrobial therapy, biofilm and persister biology.

legend

biofilm persisters ® bacteria

Figure 1. Persister cell dynamics during suppressive antimicrobial therapy in chronic prosthetic
joint infection managed with debridement, antibiotics and implant retention.

Left triangle: Treatment of a chronic prosthetic joint infection with debridement and implant
retention followed by therapeutic antimicrobial treatment. During this phase, all metabolically
active bacteria in the (peri-)prosthetic tissue are killed but some persisters endure in the biofilm.
Right triangle: Suppressive antimicrobial therapy (SAT) is only aimed at those bacteria that
switch back from a persister state to a metabolically active state, thereby preventing spread
into the periprosthetic tissue, which otherwise would lead to clinical relapse. For this specific
goal, low-dose SAT could be sufficient. Under these conditions the biofilm slowly degrades and
cure can be achieved. Reproduced from Chapter 7. Created with BioRender.com

We distinguish three (overlapping) phases of treatment of PJI. The initial phase takes
place during the initial 6-12 weeks of antimicrobial therapy during which planktonic
bacteria on the prosthesis surface and in adjacent bone and soft tissue are eradicat-
ed, essentially treating osteomyelitis. When persisters on the implant are thought
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to remain, a second phase of treatment is warranted with long-term suppressive
antimicrobial therapy because these persisters can revert to a planktonic state and
reinvade peri-prosthetic tissue. SAT thus represents a period of sustained antimicro-
bial exposure in which all bacteria that revert to their metabolically active state are
killed. This allows for the final phase: gradual reduction of the persister reservoir, pre-
sumably through natural decay—with a potential but uncertain role of host immunity.

To explain our finding that low-dose SAT regimens are effective, we assume that
persisters occasionally switch back to a planktonic state in such small numbers that
these can be eradicated with shorter cumulative time above the MIC (in case of
B-lactams)—together with immune-mediated clearance—than is generally considered
necessary for bone and joint infections.

The time required for complete clearance of persisters remains uncertain and likely

depends on factors such as the infecting microorganism, initial bacterial load, soft-tis-
sue conditions, and both systemic and local immune competence.
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Concluding Remarks

Prosthetic joint infections are a complex and evolving challenge, requiring a care-
ful balance of expertise of surgical and infectious diseases specialists. This thesis
highlights that optimal management requires more than surgical skill or antibiotic
selection—it demands multidisciplinary collaboration, integration of clinical, microbi-
ological and pathophysiological knowledge, and patient-centered decision-making.
In this thesis, clinical experience, critical appraisal of the literature, and observational
data sets were integrated to advance our understanding of the antimicrobial manage-
ment and treatment principles of prosthetic joint infections. Our findings challenge
the widely assumed superiority of “biofilm-active” agents in patients treated with
DAIR. In addition, it offers an explanation why suppressive antimicrobial therapy can
be administered at a lower dose without losing effectiveness and safely discontinued
after a certain time, even in high-risk patients. Nonetheless, uncertainties remain
regarding optimal antimicrobial regimen, dosing, and treatment duration. In future
research, clear stratification based on the probability of relapse of patients on SAT
is needed to better answer these important clinical questions. Variability in interna-
tional PJI practice and terminological inconsistencies further highlight the need for
standardized definitions and global collaboration.

Looking forward, large multicenter randomized controlled trials, like the RICOTTA
trial, will be essential to translate these insights into evidence-based guidelines aimed
at reducing disease burden, decreasing antimicrobial consumption, facilitating pa-
tient-tailored therapy, and ultimately improving outcomes for patients affected by
this devastating condition.
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