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Abstract. Introduction: Pseudomonas aeruginosa is one of the most common Gram-negative (GN) pathogens
in periprosthetic joint infections (PJIs). However, not many data are available on them. This study aimed to eval-
uate the prevalence of P. aeruginosa in hip and knee PJIs, patient characteristics, types of infection, resistance
patterns, treatments, and outcomes. Methods: We retrospectively analyzed culture-positive revision total hip and
knee arthroplasties (rTHA and rTKA) from 2008 to 2023. Cases were evaluated according to the International
Consensus Meeting (ICM) 2018 and European Bone and Joint Infection Society (EBJIS) criteria 2021. The suc-
cess rate was calculated according to Tier classification. Results: Among 1640 revision procedures performed
on 1286 patients, 195 revisions in 160 patients were positive for GN microorganisms, including 50 P. aerugi-
nosa cases (3.1 %, hip/knee: 39/11) in 38 patients. Most were chronic (64 %), monomicrobial (74 %) infections,
particularly infected rTHA (63.8 %). Proteus mirabilis was the main co-pathogen (23.1 %) in polymicrobial in-
fections. The mean follow-up time was 65.4 months. The most frequent surgical intervention was two-stage
exchange (48 %). Chronic infections required significantly more total revisions than acute cases. Success rates
decreased with each additional revision. Antibiotic resistance developed in three patients during subsequent revi-
sions. The overall success rate was 46 %. Reinfection-free survival decreased from 95 % at 12 months to 22.4 %
after 10 years. Conclusion: In our patient cohort, Pseudomonas aeruginosa accounted for one-third of hip and
knee GN PJIs, was mostly found in infected rTHA, and was monomicrobial. Changes in antimicrobial resis-
tance, high failure rates, and low long-term infection-free survival underline that Pseudomonas aeruginosa is a
challenging PJI pathogen.

1 Introduction

Periprosthetic joint infections (PJIs) represent a severe com-
plication following total joint arthroplasty (TJA). Gram-
negative (GN) PJIs are on the rise, with the literature report-
ing incidences of up to 23 % (Hsieh et al., 2009; Sujeesh et
al., 2018; Tattevin et al., 1999; Zimmerli et al., 2004). PJIs
caused by GN organisms are considered more challenging
due to their growing resistance to antibiotics, increased risk
of subsequent re-revisions, and their presence in highly co-
morbid patients, which is linked to worse outcomes (Hsieh et
al., 2009; Zmistowski et al., 2011).

Pseudomonas aeruginosa is an aerobic, biofilm-producing
GN bacteria. It is identified as one of the most prevalent
GN pathogens associated with hip and knee PJIs, account-
ing for approximately 20 %–40 % of cases (Hsieh et al.,
2009; Lyczak et al., 2000; Rodríguez-Pardo et al., 2014;
Zmistowski et al., 2011). Several studies have investigated
P. aeruginosa-associated PJIs. Cerioli et al. (2020) empha-
sized the difficulty in treating implant-associated infections,
which require prolonged intravenous and oral antibiotics.
Kim et al. (2024) reported variable infection clearance rates
after DAIR and two-stage revisions. Prié et al. (2022) ob-
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served favorable outcomes (82 %) in chronic, monomicro-
bial ciprofloxacin-susceptible PJIs treated with one-stage ex-
change, whereas Shah et al. (2016) found worse outcomes
in patients managed with DAIR. Liu et al. (2025) noted
that P. aeruginosa is not more difficult to treat than other
GN bacteria in cases of acute infections when it is treated
with DAIR. Although previous studies provide valuable in-
sights into P. aeruginosa-associated PJIs, the results remain
heterogeneous, limited by non-standardized outcome report-
ing tools and definitions with variable follow-up duration.
Moreover, there is a paucity of data on whether antibiotic re-
sistance can evolve in patients undergoing one or more sub-
sequent re-revisions with P. aeruginosa-positive cultures.

The primary aim of this study was to analyze the preva-
lence of P. aeruginosa in hip and knee PJIs over a 16-
year period. The secondary aims were to determine clini-
cal characteristics, surgical interventions, the microbial spec-
trum of co-pathogens, antibiotic treatment, and changes in
the antibiotic resistance patterns in patients undergoing sub-
sequent P. aeruginosa-positive re-revisions and to assess the
re-revision free survival.

2 Methods and materials

2.1 Study design and population

After the institution’s research ethics board ap-
proval (EK 10/2020), a retrospective single-center analysis
was conducted from our prospectively maintained arthro-
plasty and PJI databases. We analyzed a total of 1640 culture-
positive hip and knee revision arthroplasties (rTHA/rTKA)
performed on 1286 patients between January 2008 and
December 2023. All patients who underwent septic or
aseptic rTHA/rTKA with a positive intraoperative culture
for P. aeruginosa were included for the final analysis.

Cases were classified based on the International Consen-
sus Meeting (ICM) 2018 (Shohat et al., 2019) and the Euro-
pean Bone and Joint Infection Society (EBJIS) criteria (Mc-
nally et al., 2021). Patient-specific risk factors were evalu-
ated using the McPherson classification (Coughlan and Tay-
lor, 2020) and Charlson Comorbidity Index (CCI) (Roffman
et al., 2016). PJIs were classified as acute or chronic based
on onset of symptoms after primary or revision arthroplasty:
acute if within 3 months and chronic if after 3 months (Zim-
merli et al., 2004). Presumed aseptic revisions that yielded
positive cultures from intraoperative samples were classified
as unexpected positive intraoperative cultures (UPICs). Fur-
thermore, infected cases were defined as infected primary
TJA if the infection occurred after primary implantation or
as infected revision TJA if the infection occurred after asep-
tic revision surgery.

2.2 Follow-up and clinical outcome

The mean follow-up time was 65.4± 38 months, after ex-
cluding the follow-up duration of the five patients who died
within that period from the calculation. All subsequent re-
revisions with a positive intraoperative culture of P. aerug-
inosa were included. Tier classification was used to access
the clinical outcome at a minimum follow-up of 1 year and
ranged from Tier 1 to 4. Infection control without the need
for continued antibiotic therapy or subsequent re-revisions
was classified as “Tier 1”. Continuous suppressive antibiotic
treatment was designated as “Tier 2”, while any requirement
for surgical intervention or spacer retention was defined as
“Tier 3”. Mortality occurring within less than 1 year (4A) or
more than 1 year (4B) from the initiation of PJI treatment
was classified as “Tier 4” (Abblitt et al., 2019). Tier 1 and
Tier 4B were accepted as successful as long as the death was
unrelated to PJI.

2.3 Microbiological analysis

Routine microbiological analysis was conducted on peripros-
thetic tissue samples, intraoperative swabs, and implant son-
ication fluid during all revision surgeries. The median num-
ber of cultures obtained per surgery was 4.5 (range: 1–10)
with a median number of two (range: 1–9) positive P. aerug-
inosa results. Swabs were considered positive cultures only
when obtained intraoperatively. Explanted devices were im-
mediately placed into sonication containers, to which saline
solution was added to cover the implants completely. The
container was then vortexed and sonicated. Periprosthetic
tissue samples, intraoperative swabs, and sonication fluids
(0.1 mL) were analyzed for bacteria and fungi using standard
microbiological techniques, as described previously (Frank
et al., 2021). Antimicrobial susceptibility profiling was de-
termined using the BD system (Becton Dickinson and Com-
pany, Franklin Lakes, NJ) according to the manufacturer’s
recommendations and interpreted following the European
Committee on Antimicrobial Susceptibility Testing guide-
lines.

2.4 Statistical analysis

Continuous variables were assessed for normality using
Shapiro–Wilk tests and presented as means (M)± standard
deviations (SD) or medians (MD) with interquartile
ranges (IQR), displayed as the first (Q1) and third (Q3) quar-
tiles. Comparisons were performed using the Mann–Whitney
U test. Categorical variables were analyzed using the χ2 test
of independence and Fisher’s exact test. A binary logistic re-
gression model was performed to identify independent pre-
dictors of treatment success. For all tests, a p value of< 0.05
was considered significant. The Kaplan–Meier method was
used to estimate reinfection-free survival rate with 95 % con-
fidence intervals (CIs). Statistical analyses were performed
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with IBM, SPSS version 26.0 statistic software (SPSS Inc.,
Chicago, IL).

3 Results

Overall, 195/1640 (11.9 %; hip/knee: 139/56) procedures of
160/1286 (12.4 %) patients had a positive intraoperative cul-
ture for a GN pathogen. Of these, 50 revision arthroplasties
(25.6 %, hip/knee: 39/11) performed on 38 patients (23.8 %,
female/male: 27/11) yielded P. aeruginosa in intraoperative
cultures and were included in the final analysis.

From 50 P. aeruginosa-positive procedures, 47 (94 %) of
them were associated with PJI. Infections were acute in
13/47 cases (27.7 %) and chronic in 34/47 (72.3 %). Among
these infections, 12/47 (25.5 %) procedures were infected
primary TJAs and 35/47 (74.5 %) were infected revision
TJAs. A total of 37 cases (74 %) were identified as monomi-
crobial, with the remaining 13 cases (26 %) being polymicro-
bial. P. aeruginosa was identified in three presumed aseptic
revisions (6 %, hip/knee: 2/1). Detailed patient demograph-
ics, infection types, and classifications are presented in Ta-
ble 1.

3.1 Microbiological analysis and co-infections

A total of 225 samples were obtained from 50 revision proce-
dures, of which 177 (78.7 %) yielded a positive intraoperative
culture. Among 144/177 positive cultures, P. aeruginosa was
identified. Distributions of the microbiological spectrum are
displayed in Table 2.

Among the 13 polymicrobial cases, intraoperative cultures
identified two different pathogens in 9 cases (69.2 %), four
pathogens in 1 case (7.7 %), and five pathogens in 3 cases
(23.1 %). Proteus mirabilis was the most frequently observed
pathogen in co-infections, found in 3 cases (23.1 %), all of
which were rTHA. The distribution of concomitant microor-
ganisms is shown in Table 3.

Poly- or monomicrobial infections had no significant im-
pact on outcomes (p = 0.509). Polymicrobial cases were
mostly chronic (9/13) and identified during rTHA (10/13)
but showed no significant association with either rTHA (p =
0.554) or chronicity (p = 0.930).

3.2 Resistance pattern and treatment

No resistance to tobramycin was observed during antimi-
crobial susceptibility testing in all cases of culture-positive
P. aeruginosa. The highest antibiotic resistance was ob-
served among quinolones, with levofloxacin showing a re-
sistance rate of 17.7 %, followed by piperacillin/tazobactam
(15.2 %). The resistance rates of the tested antibiotics and
their distribution within rTHA and rTKA are presented in
Fig. 1. Multidrug-resistant Gram-negative bacteria (MDR-
GNB) were detected in 5/50 cases (10 %).

One patient experienced multiple recurrent episodes of
PJI, including two episodes caused by P. aeruginosa, with a
period of culture negativity between the episodes. Therefore,
a total of 39 treatment procedures are described for 38 pa-
tients.

The most frequently employed treatment was a combina-
tion of ciprofloxacin and meropenem (13/39), with an aver-
age duration of 54.8 days (mean: 60.4 d, range: 15 to 140 d).
This was followed by meropenem monotherapy (6/39),
which had an average duration of 61.1 d. The remaining pa-
tients received heterogenous treatment combinations includ-
ing piperacillin/tazobactam, imipenem, moxifloxacin, and
gentamicin.

Two patients developed complications during their antibi-
otic therapy. The first patient, who was receiving meropenem
and ciprofloxacin, developed leukopenia on postoperative
day 46, leading to the discontinuation of ciprofloxacin. The
second patient developed leukopenia on postoperative day 22
while receiving treatment with ciprofloxacin, piperacillin/-
tazobactam, and meropenem. All antibiotics were sub-
sequently discontinued. Detailed durations and treatment
modalities are available in the supplementary table.

3.3 Changes in the antibiotic resistance pattern during
subsequent re-revisions

Multiple revisions with positive P. aeruginosa culture were
identified in 8 (21.1 %) patients. All susceptibility changes
were observed in cases of rTHA. The first patient received
ceftolozane/tazobactam monotherapy, during which resis-
tance to cefepime developed; concurrently, the patient was
receiving caspofungin for the treatment of Candida dublin-
iensis infection. Meropenem monotherapy was administered
to the second patient, who subsequently developed resis-
tance to aztreonam. The third patient was likewise treated
with meropenem monotherapy; resistance to ceftazidime, ce-
fepime, meropenem, and piperacillin/tazobactam developed.
The fourth patient received dual therapy with ciprofloxacin,
imipenem, and piperacillin/tazobactam. Resistance initially
developed to imipenem, followed by additional resistance
to aztreonam, ciprofloxacin, meropenem, and piperacillin/-
tazobactam during continued ciprofloxacin and piperacillin/-
tazobactam therapy.

Polymicrobial infections were found in 3/8 patients. Ta-
ble 4 provides detailed information on these patients, in-
cluding the surgical site, the type of revision procedure per-
formed, the type of infection, the time between revisions, and
the changes observed in the resistance profile.

3.4 Surgical procedures and outcome

The revision surgeries comprised 18/50 (36 %) debride-
ment, antibiotics, and implant retention (DAIR) procedures;
24 (48 %) two-stage revisions; five single-stage revisions
(10 %); and three UPIC procedures (6 %). UPICs were iden-
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Table 1. Patient demographics and classifications according to the International Consensus Meeting 2018, European Bone and Joint In-
fection Society 2021, Charlson CI (Charlson Comorbidity Index), and McPherson score. Bold values indicate clinically relevant subgroup
classifications. These include positive intraoperative cultures, categorized as either UPIC or infected cases, and the Charlson Comorbidity
Index, which highlights patient comorbidities.

Culture-positive revision TJA
(2008–2023)
Proc.: 1640

Hip/knee: 971/669
Pat.: 1286

Pseudomonas aeruginosa
Positive revision TJA

Proc. (%): 50/1640 (3.1)
Pat. (%): 38/1286 (3)

Total Hip Knee

Proc: 50 Proc: 39/50 (78 %) Proc: 11/50 (22 %)
Pat: 38 Pat: 28/38 (73.7 %) Pat: 10/38 (26.3 %)

Male/female 11/27 7/21 4/6
Age in yrs. (avg±SD) 70± 12 69± 12.8 71± 9.7
BMI (avg±SD) 31.9± 6.1 32.7± 5.9 29.6± 6

UPIC (%) 3 (6) 2 (4) 1 (2)
Septic (%) 47 (94) 37 (74) 10 (20)

Acute PJI (%) 13 (27.7) 9 (19.2) 4 (8.5)
Chronic PJI (%) 34 (72.3) 28 (59.6) 6 (12.8)

Inf. Primary TJA (%) 12 (25.5) 7 (14.9) 5 (10.6)
Inf. Revision TJA (%) 35 (74.5) 30 (63.8) 5 (10.6)

Monomicrobial (%) 37 (74) 29 (58) 8 (16.0)
Polymicrobial (%) 13 (26) 10 (20) 3 (6.0)

ICM 2018
Infected (%) 40 (80) 34 (68) 6 (12)
Inconclusive (%) 8 (16) 4 (8) 4 (8)
Not infected (%) 2 (4) 1 (2) 1 (2)

EBJIS 2021
Confirmed (%) 36 (72) 29 (58) 7 (14)
Likely (%) 14 (28) 10 (20) 4 (8)
Unlikely (%) 0 (0) 0 (0) 0 (0)

Charlson CI, mdn±SD 4.1± 2.3 4.4± 2.5 3.7± 2.1

McPherson score
– Infection grade

I 13 9 4
II 3 2 1
III 34 28 6

– Systemic host grade
A 13 10 3
B 29 22 7
C 8 7 1

– Local extremity grade
1 10 6 4
2 27 20 7
3 13 13 0

Tier classification
1 (%) 15 (30) 12 (24) 3 (6)
2 (%) 0 (0) 0 (0) 0 (0)
3 (%) 18 (36) 14 (28) 4 (8)
4 (%) 17 (28) 13 (26) 4 (8)

TJA: total joint arthroplasty, SD: standard deviation, UPIC: unexpected positive intraoperative culture,
PJI: prosthetic joint infection, Proc: procedure, Pat: patient, n: number, BMI: body mass index, avg: average,
mdn: median.
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Table 2. Detailed total microbiological sample types and counts. The data are categorized by hip and knee, including samples with co-
infections.

Overall Hip Knee

Infected Infected UPIC Infected Infected UPIC
primary revision primary revision

TJA TJA TJA TJA

Microbiologies total (%) 225 (100) 45 (20) 133 (59.1) 4 (1.8) 19 (8.4) 17 (7.6) 7 (3.1)

Tissue sample total (%) 114 (50.6) 19 (8.4) 72 (32) 0 (0) 11 (4.9) 6 (2.7) 6 (2.7)
Swab intraoperative (%) 87 (38.7) 21 (9.3) 49 (21.8) 4 (1.8) 5 (2.2) 8 (3.6) 0 (0)
Sonication total (%) 24 (10.7) 5 (2.2) 12 (5.3) 0 (0) 3 (1.3) 3 (1.3) 1 (0.4)

Total positive samples (%) 177 (78.7) 44 (19.6) 100 (44.4) 4 (1.8) 15 (6.7) 9 (4) 5 (2.2)

Pos. cultures for P. aeruginosa (%) 144 (64) 44 (19.6) 79 (35.1) 4 (1.8) 8 (3.6) 8 (3.6) 1 (0.4)

Tissue sample (%) 59 (26.2) 19 (8.4) 35 (15.6) 0 (0) 3 (1.3) 1 (0.4) 1 (0.4)
Swab intraoperative (%) 69 (30.7) 20 (8.9) 37 (16.4) 4 (1.8) 3 (1.3) 5 (2.2) 0 (0)
Sonication (%) 16 (7.1) 5 (2.2) 7 (3.1) 0 (0) 2 (0.9) 2 (0.9) 0 (0)

Detected microorganism (%) 200 (100) 44 (22) 111 (55.5) 4 (2) 23 (11.5) 9 (4.5) 9 (4.5

In monomicrobial (%) 119 (59.5) 44 (22) 57 (28.5) 4 (2) 7 (3.5) 7 (3.5) (0)
In polymicrobial (%) 81 (35.5) 0 (0) 54 (27) 0 (0) 16 (8) 2 (1) 9 (4.5)

P. aeruginosa in polymicrobial infections (%) 25 (12.5) 0 (0) 22 (11) 1 (0.5) 1 (0.5) 1 (0.5)
Detected co-pathogens (%) 56 (100) 0 (0) 32 (57.1) 15 (26.8) 1 (1.8) 8 (14.3)
GN Pathogens

Pseudomonas species 1 (1.8) 1 (1.8)
Proteus mirabilis 6 (10.7) 6 (10.7)
Escherichia coli 2 (3.6) 2 (3.6)
Citrobacter koseri 1 (1.8) 1 (1.8)
Bacteroides fragilis 4 (7.1) 4 (7.1)
Enterobacter cloacae 8 (14.3) 8 (4)

GP Pathogens
Staphylococcus haemolyticus 2 (3.6) 2 (3.6)
Beta-hemolytic Streptococci (Gr. A) 6 (10.7) 6 (10.7)
Enterococcus faecalis 6 (10.7) 6 (10.7)
Staphylococcus epidermidis 2 (3.6) 2 (3.6)
Bacillus cereus 1 (1.8) 1 (1.8)
Finegoldia magna 4 (7.1) 4 (7.1)
Propionibacterium propionicum 1 (1.8) 1 (1.8)
Cutibacterium avidum 2 (3.6) 3 (1.5) 2 (3.6)
Staphylococcus aureus 3 (1.5) 3 (1.5)

Fungi
Candida parapsilosis 1 (1.8) 1 (1.8)
Candida dubliniensis 3 (1.5) 3 (1.5)

PJI: periprosthetic joint infection, TJA: total joint arthroplasty, GN: Gram-negative, GP: Gram-positive, UPIC: unexpected intraoperative cultures, Gr.: group.

tified in two aseptic stem/cup exchange procedures and in
one single-stage revision performed due to mechanical com-
plications. Two-stage revisions include resection arthroplasty
and spacer implantation. Surgical procedures are detailed in
Fig. 2.

Overall, the success rate was 46 % (23/50), considering
only Tier 1 and 4B cases to be successful (15/50 Tier 1
and 8/50 Tier 4B). No cases were classified as Tier 2,
while 18 were classified as Tier 3 and 9 as Tier 4A; all of

these were considered failures. Of the 27 failed procedures
(54 %), 4 were after rTKA and 23 were after rTHA. In sep-
tic cases, the highest success rate was achieved in single-
stage procedures (4/5, 80 %), whereas two-stage procedures
(10/24, 41.6 %) had the poorest outcome. Of the 18 cases
treated with DAIR, 13 had chronic infections, with a success
rate of 38.4 % (5/13), while 5 of them had acute infections
with a success rate of 60 % (3/5). In the UPIC group, there
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Table 3. Microorganisms that identified alongside Pseudomonas aeruginosa in polymicrobial infections.

Combination with first Combination with second Combination with third Combination with fourth
microorganism microorganism microorganism microorganism

rTHA Proteus mirabilis – – –
rTHA Candida dubliniensis – – –
rTHA Staphylococcus haemolyticus – – –
rTHA Beta-hemolytic Streptococcus (Group A) – – –
rTHA Enterococcus faecalis – – –
rTHA Cutibacterium avidum – – –
rTHA Proteus mirabilis – – –
rTKA Candida parapsilosis – – –
rTHA Pseudomonas species – – –
rTHA Staphylococcus haemolyticus – – –
rTHA Proteus mirabilis – – –
rTHA Bacteroides fragilis – – –
rTHA Finegoldia magna Escherichia coli Staphylococcus epidermidis Enterococcus faecalis
rTHA Candida parapsilosis Escherichia coli Staphylococcus epidermidis Citrobacter koseri
rTKA Pseudomonas species Staphylococcus aureus Bacillus cereus –
rTKA Staphylococcus haemolyticus Enterobacter cloacae Cutibacterium avidum Propionibacterium propionicum

Figure 1. Antibiotic resistance percentages in Pseudomonas aeruginosa antibiograms in revision total hip and knee arthroplasties
(AZT= aztreonam, CIP= ciprofloxacin, IMP= imipenem, TOB= tobramycin, AMI= amikacin, CAZ= ceftazidime, FEP= cefepime,
LVX= levofloxacin, MEM=meropenem, TZP= piperacillin/tazobactam, COL= colistin).

was 1 failed case due to a septic complication, subsequently
treated with resection arthroplasty.

A decrease in success rates was observed as the number of
revision surgeries increased (p < 0.001). The median num-
ber of overall required revision surgeries was 5 (range: 1–
13). A spacer retention or salvage-type procedure (resection
arthroplasty: 13, amputation: 6) was required for infection
control during follow-up in 19 of the 50 procedures. The
number of chronic infections and total revisions was signif-
icantly higher in the re-revision group compared to the pri-
mary revision (p < 0.001). The infected revision group un-
derwent an average of four subsequent revisions. Similarly,
chronic infections were associated with a greater total num-

ber of revisions (p < 0.001), with an average of three addi-
tional procedures.

Figure 3 illustrates the reinfection-free survival probability
over time. Median time was 85 months. The rate was 100 %,
85 %, 82 %, and 48 % following a 1-, 3-, 5-, and 10-year
follow-up period.

4 Discussion

We analyzed data from 38 patients who underwent a total of
50 hip and knee revision arthroplasties with a positive intra-
operative culture for P. aeruginosa. Overall, P. aeruginosa-
associated PJIs presented with considerable complexity,
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Figure 2. Surgical procedures that patients underwent for Pseudomonas PJI. Success rate calculated according to the MSIS Outcome Report-
ing Tool (MSIS ORT). Tier 1 and 4B accepted as successful. Proc/Pat= procedure count/patient count, TJA: total arthroplasty, FU: follow-up
duration, SR: success rate, DAIR: debridement, antibiotics, and implant retention, UPIC: unexpected intraoperative cultures.

Figure 3. Kaplan–Meier survival curve shows the reinfection-free
survival probability after Pseudomonas aeruginosa-associated in-
fection in revision total hip and knee arthroplasty.

showed changing antibiotic resistance patterns in patients
with subsequent re-revisions, and were characterized by high
rates of treatment failure. Remarkably, the majority of the
cases were rTHA (78 %) and a significant proportion of
these cases were infected revision TJAs, accounting for 70 %.
Moreover, P. aeruginosa-associated PJIs were predominantly
chronic and monomicrobial.

PJI cases caused by GN infection, including P. aerugi-
nosa, have been mostly documented as acute and polymi-
crobial (Cerioli et al., 2020; Hsieh et al., 2009). However,
our study mainly identified chronic and monomicrobial in-
fections, similar to the findings of Prié et al. (2022). This ob-
servation may be related to the high proportion of revision
TJAs within our cohort and aligns with the known strong
biofilm-forming capacity of P. aeruginosa, which has been
reported to hinder the detection of co-pathogens. Moreover,
our study predominantly used conventional diagnostic meth-

ods, which, as previous studies have suggested, may prefer-
entially detect fast-growing, dominant microorganisms. This
may potentially mask slower-growing, anaerobic microor-
ganisms that are difficult to culture, resulting in an underesti-
mation of true polymicrobial diversity (Dhawan et al., 2016;
Patnaik et al., 2025; Donlan, 2005; Trampuz et al., 2007).

Prior surgical interventions represent another key factor
contributing to infection persistence (Frank et al., 2021; Mit-
terer et al., 2022; Siegert et al., 2023). Such prior procedures
often compromise soft tissue quality, weaken the local im-
mune response, and thereby increase susceptibility to PJI,
particularly in revision TJAs (Zimmerli et al., 2004). Consis-
tently, previous aseptic revisions have been associated with
higher PJI incidence compared to primary TJAs (Lenguer-
rand et al., 2017). In line with this, our study showed that
infected revision cases had a significantly higher incidence
of chronic infection and greater total number of required re-
visions compared to revisions of primary TJAs. Our findings
underline the persistent and recurrent nature of P. aeruginosa
in PJIs, with multiple subsequent revisions with positive cul-
tures.

Polymicrobial infections were most commonly observed
in chronic cases and rTHA surgeries. Previous studies have
also shown that polymicrobial infections and GN bacteria are
more prevalent in rTHA than in rTKA (Stevoska et al., 2022;
Tsai et al., 2019). These findings may be explained by dif-
ferences in surgical exposure and soft tissue coverage. Fur-
thermore, P. mirabilis was the most commonly observed co-
pathogen in polymicrobial infections. This differs remark-
ably from other studies in which the dominant concomitant
organisms were Staphylococcus aureus (Shah et al., 2016),
GP cocci (Prié et al., 2022), and unspecified GP organisms
(Kim et al., 2024). However, a recent study reported fre-
quent concomitance of P. aeruginosa and Proteus mirabilis
(Achatz et al., 2025). The high rate of rTHA in our study,
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along with the anatomical proximity of the urinary system
to the hip joint and their shared vascular and lymphatic net-
works, may explain the frequent occurrence of concomitant
P. mirabilis infections.

The most common treatment regimen was a combina-
tion of meropenem and ciprofloxacin. This therapeutic ap-
proach is consistent with the literature, which advocates
for the use of a prolonged β-lactam antibiotic, such as
meropenem, in combination with ciprofloxacin for suscepti-
ble strains (Le Vavasseur and Zeller, 2022). Notably, fluoro-
quinolones are known to have the high rate of biofilm perme-
ability and bactericidal activity, particularly against P. aerug-
inosa (Abdi-Ali et al., 2006). Among fluoroquinolones,
ciprofloxacin is the only oral antibiotic with reliable activity
against P. aeruginosa and the ability to penetrate the deeper
layers of the biofilms (Anderl et al., 2000; Walters et al.,
2003). This is supported by a recent study, which found that
a minimum of 3 months of ciprofloxacin monotherapy was
associated with improved outcomes (Cerioli et al., 2020).
However, other studies did not observe any significant supe-
riority among various antibiotic regimens (Shah et al., 2016;
Tekes-Manuva et al., 2024). In our study, significance testing
was not performed due to heterogeneous antibiotic regimens,
precluding direct comparison with these findings. Neverthe-
less, the high failure rate observed in our cohort suggests that
achieving reliable treatment success in P. aeruginosa PJI re-
mains a persistent challenge despite existing recommenda-
tions.

Two-stage procedure is recommended for patients with
chronic PJIs, compromised soft tissue conditions, and/or in-
fections caused by DTR (difficult-to-treat) microorganisms
(Zimmerli et al., 2004). In our study, the majority of proce-
dures were performed as two-stage revisions, reflecting the
high prevalence of chronic infections. Although P. aerugi-
nosa is generally considered to be a DTR pathogen, a recent
study by Liu et al. (2025) suggests that early acute PJI caused
by P. aeruginosa does not present greater treatment chal-
lenges than other GN PJIs when treated with DAIR. How-
ever, previous studies have shown high DAIR failure rates
for chronic GN infections (Duque et al., 2017; Zhu et al.,
2021). According to the latest EBJIS recommendations (Sig-
mund et al., 2025), DAIR should not be performed in cases
of chronic infection. However, due to the retrospective design
of this study, the included DAIR procedures were performed
on a case-by-case basis by the surgeon, taking into account
the patient’s condition and the surgeon’s preference before
standardized in-house protocols were established.

An adequate follow-up period is essential for accurately
capturing changes in resistance patterns and outcomes, as
short follow-ups may fail to detect late microbiological
shifts, low-grade infections with failed infection control,
or persistent infections with undetected pathogens. To our
knowledge, this is the first study reporting changes in an-
tibiotic resistance patterns in patients with more than one
culture-positive P. aeruginosa re-revision with a long follow-

up. Previous studies have described microbial profile and
resistance changes during up to one following re-revision
or two-stage exchange procedure in a non-microorganism-
specific manner and focusing on other implant-related in-
fections (Akgün et al., 2017; Frank et al., 2021; Kim et
al., 2024; Kurd et al., 2010; Mitterer et al., 2022; Tan et
al., 2016). Since changes in microbial resistance may lead
to treatment failure (Frank et al., 2021), comprehending the
microorganism-specific resistance dynamics in chronic hip
and knee infections with long-term follow-up is essential.

Given the retrospective design of our study, several limi-
tations must be acknowledged. This study includes data be-
fore a standardized in-house protocol for intraoperative sam-
ple harvesting was established, resulting in a relatively high
number of swabs used for microbiological analysis. This may
have led to variations and inaccuracies in pathogen identifi-
cation. However, we only accepted swabs taken intraopera-
tively as a diagnostic tool until 2018. Additionally, defining
success based on surgical outcomes does not reflect patients’
clinical complaints, quality of life, and overall health status.
Furthermore, as our study is single-centered, it may be influ-
enced by specific patient demographics, comorbidities, and
local antibiotic resistance patterns. Due to the small cohorts
in subgroup analyses, the statistical power may be limited;
therefore results should be interpreted with caution.

5 Conclusion

In conclusion, P. aeruginosa-related PJIs are common among
GN PJIs and clinically challenging due to their high failure
rate. Our findings show that PJIs associated with P. aerugi-
nosa occur primarily in infected revision hip arthroplasties
and are usually chronic and monomicrobial. Infection du-
ration and total revision count significantly affect the clin-
ical outcomes. Changes in antibiotic resistance patterns in
patients with subsequent P. aeruginosa-positive re-revisions
highlight the necessity of comprehensive diagnostics and re-
flect the limitation of treatment options in achieving success-
ful infection control in P. aeruginosa-associated PJIs.
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