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The management of orthopedic infections has continuously been gaining increasing
interest in the past few years. Various developments of new techniques have enhanced
pre- and intraoperative diagnostics, leading to an increased number of identified pathogen
organisms in septic but also assumed aseptic revisions. In addition to surgical debridement,
knowledge about the systemic and local antibiotic therapy of bone and joint infections is
an indispensable premise for a successful outcome. This Special Issue deals with all these
topics and more, and includes research articles as well as a review.

The enhancement of microbiological detection techniques has led to an increasing
number of organisms at the site of periprosthetic joint infections (PJI). Anagnostakos et al.
evaluated the frequency and antibiotic resistance profiles of rare pathogens at the site
of hip and knee PJIs [1]. These organisms accounted for almost 10% of all infections.
Most of these pathogens were multi-susceptible to the tested antibiotics. The authors
concluded that no specific adjustment of the systemic antibiotic therapy is required in
these cases. Darwich et al. assessed the outcome of PJIs with superinfections with a
difficult-to-treat (DTT) pathogen [2]. PJI caused initially by a non-DTT pathogen with a
superinfection with a DTT pathogen was significantly associated with the worst outcome
in comparison to non-DTT-PJI, PJI caused initially by a DTT pathogen, and to non-DTT-PJI
with a non-DTT superinfection.

Despite the improvement made to microbiological techniques, there still exists no gold
standard method with a 100% sensitivity and specificity. Based on this problem, Fink et al.
described a graphical representation of cell count as a new technique in PJI diagnosis [3].
At the site of 322 cases, a significant correlation between the graphical matrices of synovial
cell counting and the histological types of Morawietz and Krenn was found. This new
approach might help to increase the diagnostic value of cell count analysis in the diagnosis
of PJI and specifically distinguish between elevated cell counts in the automatic analysis
because of infection and debris wear.

Regarding the systemic therapy of PJI, rifampicin is accepted as being a valuable
adjunct due to its biofilm activity. Rifampicin resistance might therefore have a devastating
effect on the clinical outcome. Darwich et al. evaluated the incidence of rifampicin
resistance between two groups of patients with a PJI treated with antibiotic regimens
involving either immediate or delayed additional rifampicin administration and the effect
of this resistance on the outcome [4]. A significant association between the immediate start
of rifampicin after surgical revision in the treatment of PJI and the emergence of rifampicin
resistance was found, but with no significant effect on outcome.

In addition to systemic antibiotic therapy, local antibiotic therapy by means of spacers
or beads is also crucial in the successful management of PJIs. Regarding the production of
custom-made hip spacers, Mederake et al. presented a new technique [5]. In a cohort of
130 patients, the infection eradication rate was 92% at a median follow-up of 51 months.
Spacer-related complications were observed in 10% of the cases. In another study by
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Anagnostakos et al., the antibiotic impregnation of hip and knee spacers and beads was
investigated in relation to the resistance profiles of the causative organisms and the infecti-
ological outcome [6]. Complete susceptibility was present in 38.7% of the cases and partial
susceptibility in 28%. In the remaining 33.3%, no precise statement could be made, because
either there was a culture-negative infection or the antibiotics were not tested against the
specific organism. Treatment failure was observed in 6.7% of the cases. Independent of
which antibiotic impregnation was used, when the organism was susceptible against the
locally inserted antibiotics or not tested, reinfection or persistence of infection was observed
in the great majority of cases. Since these findings cannot be solely explained by the inter-
pretation of the antibiotic resistance profiles, the optimal impregnation of antibiotic-loaded
bone cement should be further investigated in future studies.

Tuecking et al. performed a detailed revision risk analysis after single- vs. two-stage
revision surgery in the management of knee PJIs [7]. No significant difference was found
between both groups in overall and implant survival with respect to reinfection. High
reinfection rates were found for patients with DTT organisms and low- to semi-constrained
implant types, in comparison to constrained implant types. A statistically comparable
revision rate for recurrence of infection could be shown for both groups, although a
tendency toward a higher reinfection rate for single-stage change was evident. Bdeir et al.
described their experience with the management of shoulder PJIs by use of an algorithm
initially established for hip and knee PJIs [8]. The treatment failure rate was 10.5%. After
interpretation of these findings, the authors suggested that therapeutical algorithms and
recommendations developed for the treatment of PJI of the hip and knee are also applicable
to the shoulder joint.

Local antibiotic therapy is not only of advantage at the site of PJIs, but also in the
management of septic arthritis of native joints. In an in vitro model, Papalia et al. reported
on the possible effect of vancomycin on the activity of tenocytes at the site of anterior
cruciate ligament reconstruction [9]. After testing different concentrations of vancomycin
over various time periods with regard to metabolic activity, cell toxicity and apoptosis,
vancomycin was found to be useful and safe, if used at a concentration of 2.5 mg/mL for
up to one hour of treatment.

In their review work, Goh and Parvizi reported on the influence of antibiotics on the
diagnosis of PJI [10]. The effect of prophylactic and therapeutic antibiotic administration
on the diagnostic accuracy of microbiological cultures and serum or synovial biomarkers is
presented. Of interest is the fact that preoperative antibiotic administration seems to have
a negligible effect on the sensitivity of more recent biomarkers such as alpha defensin and
leukocyte esterase. Newer molecular techniques, such as 16S rRNA gene sequencing or
metagenomic next generation sequencing (mNGS), might pose a solution in enhancing the
sensitivity of microbiological diagnostics in the future; however, these methods have not
yet gained widespread adoption.

Within this Special Issue, all authors have done a great job and provided high-quality
articles. We hope that this Special Issue will not only provide some new information about
orthopedic infections, but also encourage our colleagues to carry on with clinical and
scientific work in order to further enhance the treatment of our patients.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Periprosthetic joint infection (PJI) is a serious complication after total joint arthroplasty.
In the course of a PJI, superinfections with pathogens that do not match the primary infecting
micro-organism may occur. To our knowledge, there are no published data on the outcome of
such infections in the literature. The aim of this study was to assess the outcome of PJI with
superinfections with a difficult-to-treat (DTT) pathogen. Data of 169 consecutive patients with PJI
were retrospectively analyzed in this single-center study. Cases were categorized into: Group 1
including non-DTT-PJI without superinfection, Group 2 DTT-PJI without superinfection, Group
3 non-DTT-PJI with DTT superinfection, and Group 4 non-DTT-PJI with non-DTT superinfection.
Group 3 comprised 24 patients and showed, after a mean follow-up of 13.5 ± 10.8 months, the
worst outcome with infection resolution in 17.4% of cases (p = 0.0001), PJI-related mortality of
8.7% (p = 0.0001), mean revision rate of 6 ± 3.6 (p < 0.0001), and duration of antibiotic treatment of
71.2 ± 45.2 days (p = 0.0023). PJI caused initially by a non-DTT pathogen with a superinfection with
a DTT pathogen is significantly associated with the worst outcome in comparison to non-DTT-PJI,
PJI caused initially by a DTT pathogen, and to non-DTT-PJI with a non-DTT superinfection.

Keywords: outcome; difficult to treat pathogen; DTT; microorganism; superinfection; periprosthetic
joint infection; PJI

1. Introduction

Periprosthetic joint infections (PJI) are considered as one of the most serious compli-
cations after total joint arthroplasty (TJA). Occurring in 1% to 2% of primary total knee
and hip arthroplasty cases [1–5] and in 5 to 15% of revision cases [5,6], it is considered as
the most common cause of early failure after total knee arthroplasty (TKA) [7] and failure
after total hip arthroplasty (THA) [8], representing almost 15% of all hip revision cases [9].
PJI have become a considerable challenge for infectiologists and orthopedic surgeons,
creating a substantial economic burden and forcing prolonged periods of hospitalization
and surgical revisions [4,10].

With a continuously aging population, the number of TJA performed per year all
over the world is constantly increasing, consequently resulting in a growing number of
concomitant PJI [11,12]. Despite the great interest and attention given to this issue, includ-
ing improvements in the diagnosis and therapy algorithms, as well as the advances in
preventive measures and perioperative preparations, such as laminar flow systems, periop-
erative systemic antibiotic prophylaxis, and decreased traffic in operating rooms [13–15],

Antibiotics 2021, 10, 1145. https://doi.org/10.3390/antibiotics10101145 https://www.mdpi.com/journal/antibiotics4
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microbiological failure rates of up to 40% are reported in the recent literature after one- or
two-stage revisions [16–20].

Alongside patient-related factors and misdiagnosis or delayed therapy [21], microbio-
logical factors [22] and the entity of the infecting micro-organism [23–25] are considered as
a few of the most important aspects affecting the outcome in PJI. For instance, the successful
eradication of a Gram-negative PJI is far more difficult than that of a Gram-positive PJI,
as per Hsieh et al. [26], who reported success rates of 27% versus 47% after prosthesis
retention regimens.

In approximately 10 to 20% of cases, the infection is polymicrobial and, in 10 to 30% of
cases, the cultures are negative [27,28]. This makes the treatment of the PJI and the choice
of the most appropriate therapy regimen even more complicated.

Another key factor is biofilm formation and its crucial role in the pathogenesis and
course of PJI. This important element led to the establishment of antimicrobial treatment
regimens with biofilm-active antibiotics, such as fluoroquinolones in PJI involving Gram-
negative biofilm-forming pathogens and rifampicin in PJI caused by staphylococci or
similar Gram-positive biofilm-forming pathogens [29–31]. The high success rates of these
antimicrobial strategies in comparison to non-biofilm-active antibiotics have been repeat-
edly confirmed in the literature [32,33]. Accordingly, micro-organisms for which no highly
bioavailable biofilm-active antibiotic is available [5,34,35] are categorized as difficult-to-
treat (DTT) [29,31,36] and pose an additional challenge in the treatment of PJI [5]. PJI caused
by DTT pathogens (DTT PJI) are known to have a higher risk of clinical and microbiological
failure, which, in turn, calls for an increased number of revisions; they require longer
periods of antimicrobial treatment and respectively longer prosthesis-free phases [37–39].

In the course of treatment of PJI, where generally prolonged treatment regimens with
multiple revisions are needed [40], superinfections with pathogens that do not match the
primary infecting micro-organism may occur. Of special interest are superinfections with
resistant pathogens, such as DTT pathogens that are not adequately covered by the initially
administered antibiotic treatment. A classic example is PJI caused by Gram-positive
pathogens and treated accordingly with antibiotics for Gram-positive organisms that show
a superinfection with a resistant Gram-negative pathogen that is obviously not adequately
covered by the initially administered antibiotic treatment.

Studies investigating the outcome of DTT PJI are sparse and involve mainly an indi-
vidual pathogen [23,41,42]. DTT micro-organisms are either initially causing the PJI and
are identified in the first surgical revision or appear at a later stage of the treatment and are
identified in one of the subsequent necessary surgical revisions as a superinfection. To our
best knowledge, there are no data analyzing the outcome after superinfection with a DTT
pathogen in the course of the treatment of a PJI.

The aim of this study is to evaluate the prevalence of superinfections with a DTT
pathogen in the course of a PJI and assess their effect on the outcome in comparison to
non-DTT PJI, initial DTT infections, or superinfections with a non-DTT pathogen.

2. Results

A total of 169 patients with 169 hip or knee prostheses were included in this study.
Group 1 consisted of 91 patients (53.8%). In 78 PJI patients, a DTT pathogen was involved:
in 54 of them (69.2%), the DTT pathogen was detected in the first operation (Group 2) and, in
24 patients (30.8%), the DTT pathogen was considered as a superinfection and was detected
at a later stage in the course of the PJI (Group 3). Group 4 comprised 16 patients (9.5%).

The recorded parameters did not significantly differ between groups. An overview of
the characteristics of all patients, as well as of the formed groups, can be found in Table 1.

Regarding perioperative parameters, the mean interval duration between detection of
the DTT pathogen causing the superinfection and the last revision without evidence of a
DTT pathogen was 35.5 ± 47.2 days (7–179). A mean duration of 132.5 ± 195 days (8–901)
was observed between the first revision and the surgical revision where the DTT pathogen
causing the superinfection was detected.
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Table 1. Patient data.

Patient Characteristics Total
(n = 169)

Group 1
(n = 91)

Group 2
(n = 54)

Group 3
(n = 24)

Group 4
(n = 16) p-Value *

Age Mean ± SD
(range)

71.1 ± 13.1
(20–97)

70.6 ± 13.9
(20–93)

71.75 ± 10.9
(48–89)

71.1 ± 14.6
(35–97)

65.9 ± 10.9
(50–86) 0.6809

Sex
Female

n (%)
84 (49.7%) 47 (51.7%) 28 (51.9%) 9 (37.5%) 6 (37.5%)

0.5898Male 85 (50.3%) 44 (48.3%) 26 (48.1%) 15 (62.5%) 10 (62.5%)

Side
Right

n (%)
81 (47.9%) 38 (41.8%) 26 (48.1%) 15 (62.5%) 5 (31.3%)

0.2663Left 88 (52.1%) 53 (58.2%) 28 (51.9%) 9 (37.5%) 11 (68.7%)

Affected
joint

Hip
n (%)

89 (52.5%) 39 (43.4%) 34 (63%) 15 (61.9%) 5 (30.8%)
0.8602Knee 80 (47.5%) 52 (56.6%) 20 (37%) 9 (38.1%) 11 (69.2%)

BMI
(Kg/m2)

Mean ± SD
(range)

29.5 ± 6.5
(16.4–46.8)

28.8 ± 6.5
(17.6–46.8)

30.7 ± 6.3
(16.4–45.1)

29.5 ± 6.7
(18.5–42.3)

31.7 ± 7
(20–44.1) 0.3324

ASA
Score Median ± SD 3 ± 0.6 3 ± 0.6 3 ± 0.6 3 ± 0.8 2.5 ± 0.5 0.7147

Anti-
coagulation

Yes
n (%)

67 (39.5%) 31 (34.1%) 24 (44.4%) 13 (54.2%) 2 (12.5%)
0.0743No 102 (60.5%) 60 (65.9%) 30 (55.6%) 11 (45.8%) 14 (87.5%)

SD, standard deviation; BMI, body mass index; ASA, American Society of Anesthesiologists; * p < 0.05 indicates statistical significance.

The number of surgical revisions was also the highest in the group with DTT super-
infections (Group 3), with a mean revision rate of 6 ± 3.6 revisions (2–14) (p < 0.0001).
In this group, a mean of 2.4 ± 1.3 revisions were performed before detection of the DTT
pathogen (p = 0.9917).

Concerning therapeutic concepts, the longest total duration of antibiotic treatment was also
observed in the group of DTT superinfections (Group 3), with a mean of 71.2 ± 45.2 days (14–228)
(of which 28.7 ± 7.5 days were orally administered) against 46.3 ± 29.5 days (4–217) (of which
28.3 ± 9.4 days were orally administered) in the group of non-DTT PJI with no superinfections
(Group 1) and 61.1 ± 39.7 days (4–181) (of which 27.2 ± 12.1 days were orally administered) in
the group of PJI with an initial detection of a non-DTT pathogen and no superinfection (Group 2)
(p = 0.0023). An overview of all perioperative parameters can be found in Table 2.

Table 2. Perioperative parameters.

Parameters Total
(n = 169)

Group 1
(n = 91)

Group 2
(n = 54)

Group 3
(n = 24)

Group 4
(n = 16) p-Value *

Treatment
before

admission
Antibiotic n (%) 24 (14.2%) 13 (14.3%) 6 (11.1%) 5 (20.8%) 2 (12.5%) 0.8534
Surgical 25 (14.8%) 11 (12.1%) 6 (11.1%) 5 (20.8%) 2 (12.5%)

Antibiotic
treatment Total duration in days Mean ± SD

(range)
54.8 ± 36.7

(4–228)
46.3 ± 29.5

(4–217)
61.1 ± 39.7

(4–181)
71.2 ± 45.2

(14–228)
64.3 ± 47.3

(22–217) 0.0023

Surgical
treatment

- Prosthesis
retention

n (%)
66 (40.7%) 44 (52.4%) 15 (28.8%) 7 (30.2%) 4 (25%)

0.0080

- Prosthesis
exchange with
cement spacer

75 (46.3%) 33 (39.3%) 31 (57.4%) 11 (45.8%) 12 (75%)

- Prosthesis
exchange
without
cement spacer

21 (13%) 7 (8.3%) 8 (14.8%) 6 (24%) 0

Replantation
after prosthesis

removal
n (%) 65/96

(67.7%)
29/40

(72.5%)
27/39

(69.2%)
9/17

(52.9%)
9/12
(75%) 0.6221

Number of
revisions

Mean ± SD
(range)

3.3 ± 3
(1–20)

2.3 ± 1.9
(1–14)

3.7 ± 3.3
(1–20)

6 ± 3.6
(2–14)

4.4 ± 2.9
(2–14) <0.0001

SD, standard deviation; * p < 0.05 indicates statistical significance.
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The most detected DTT pathogens causing both initial DTT infections, as well as DTT
superinfections were coagulase-negative staphylococci, followed by enterococci. Three
cases of polymicrobial infection (two cases in Group 2 and one case in Group 3), each with
a combination of a coagulase-negative staphylococcus and an enterococcus, were observed.
All DTT superinfections were caused by new micro-organisms that were not detected in
previous revisions. There were no superinfections with pathogen species matching the
initial pathogen but with an upgraded resistance profile.

A presentation of the DTT pathogen distribution can be found in Table 3.

Table 3. Detected difficult-to-treat pathogens.

Pathogen Total
(n = 78)

Group 2
(n = 54)

Group 3
(n = 24)

Coagulase-negative staphylococci n (%) 47 (60.3%) 35 (64.8%) 12 (50%)

Enterococci n (%) 25 (32.1%) 15 (27.8%) 10 (41.7%)

Pseudomonas aeruginosa n (%) 5 (6.4%) 3 (5.6%) 2 (8.3%)

Candida albicans n (%) 4 (5.1%) 3 (5.6%) 1 (4.2%)

Polymicrobial * n (%) 3 (3.9%) 2 (3.8%) 1 (4.2%)
* 3 polymicrobial cases, each with a combination of a coagulase-negative staphylococcus and an enterococcus.

The mean follow-up period was 13.5 ± 10.8 months (1–112). Seven patients (4%) lived
abroad and were lost to follow-up. The number of patients free of infection (including
all follow-up periods) was higher in Group 1 (67.9%) in comparison to all other groups
(42.6% in Group 2, 17.4% in Group 3, and 43.8% in Group 4) (p = 0.0001). Similarly, the
highest rates of therapy failure and PJI-related death were observed in Group 3, with
69.6% and 8.7% compared to 25% and 3.55% in Group 1 and 40.7% and 1.9% in Group 2,
respectively (p = 0.0001). A summary of patient outcomes can be found in Table 4.

Table 4. Overview of patient outcomes.

Outcome Total
(n = 169)

Group 1
(n = 91)

Group 2
(n = 54)

Group 3
(n = 24)

Group 4
(n = 16)

Free of infection 84 (52.2%) 57 (67.9%) 23 (42.6%) 4 (17.4%) 7 (43.8%)

- Definitely free of infection 9 (5.6%) 7 (8.3%) 2 (3.7%) 0 (%) 2 (12.5%)

- Probably free of infection 75 (46.6%) 50 (59.5%) 21 (38.9%) 4 (17.4%) 5 (31.3%)

Therapy failure 59 (36.6%) 21 (25%) 22 (40.7%) 16 (69.6%) 9 (56.2%)

- Recurrence 20 (12.4%) 9 (10.7%) 8 (14.8%) 3 (13.1%) 4 (25%)

- New infection 19 (11.8%) 7 (8.3%) 8 (14.8%) 4 (17.4%) 3 (18.7%)

Change of the surgical treatment regimen 20 (12.4%) 5 (6%) 6 (11.1%) 9 (39.1%) 2 (12.5%)

Death 18 (11.2%) 6 (7.1%) 9 (16.7%) 3 (13%) 0

- Death due to sepsis 6 (3.7%) 3 (3.55%) 1 (1.9%) 2 (8.7%) -

- Death due to a non-PJI-related cause 12 (7.5%) 3 (3.55%) 8 (14.8%) 1 (4.3%) -
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3. Discussion

PJI remains one of the most devastating complications after TJA [1–5]. With the
continuously increasing number of TJA worldwide, as well as the surge of resistant organ-
isms, the management of PJI continues to be a big challenge for orthopedic surgeons and
infectiologists [23,25], and a huge financial burden on the healthcare system [43].

It is well established in the literature that the outcome of PJI is strongly affected by the
type of infecting micro-organism and its resistance features [26,44,45]. In a recent animal model
study, Masters et al. [46] showed the characteristics of implant-associated bone infection caused
by Staphylococcus aureus and Streptococcus agalactiae. While osteotropic Staphylococcus aureus
colonies were found in the osteocyte lacuno–canalicular network, Streptococcus agalactiae colo-
nized blood vessels within cortical bone, revealing its more vasculotropic behavior. It is also
documented that PJI involving resistant micro-organisms are associated with poor outcomes.
Bradbury et al. [23], Tornero et al. [41], Deirmengian et al. [47], Chiu et al. [48], Walls et al. [42],
and Tsumura et al. [49] investigated the outcome in patients with PJI secondary to methicillin-
resistant Staphylococcus aureus and documented, according to the surgical treatment option,
success rates varying from 16 to 100%. Kheir et al. [50] and Martinez-Pastor et al. [51] exam-
ined the outcome of PJI secondary to enterococci and to extended-spectrum beta-lactamase-
producing Enterobacteriaceae and observed treatment success rates of 51.7% and 57.2%, respec-
tively. Kuo et al. [52] examined treatment outcomes in patients with fungal PJI and reported
success rates of 55.2% at 1 year and 40.5% at 5 years.

These studies assessed the outcome of PJI caused by resistant pathogens, but investi-
gated just one particular type of micro-organism at a time. The outcome of PJI involving
superinfections with DTT pathogens appearing at a later stage of the treatment and identi-
fied in one of the subsequent necessary surgical revisions has not yet been examined.

The present study reports considerably worse outcomes in patients with a superin-
fection with a DTT pathogen according to the criteria published by Laffer et al. [34]. Our
study documents the influence of such a superinfection on both the infection resolution
and therapy failure, as well as on death rates in comparison not only to non-DTT PJI, but
also to PJI caused initially by a DTT pathogen and with PJI with a non-DTT superinfection.

The comparison between PJI involving a DTT pathogen (Group 2 or 3) (where a DTT
pathogen was detected at any point in the course of the infection) to non-DTT PJI (Group 1
or 4) (where no DTT pathogen was detected in the entire course of the infection) shows
lower rates of infection resolution (42.6% and 17.4% versus 67.9% and 43.8%, respectively)
and higher rates of therapy failure (40.7% and 69.6% versus 25% and 56.2%, respectively)
(p = 0.0001). This result is expected, and it goes in line with the results already published by
Wimmer et al. [53], who investigated the outcome of PJI involving DTT pathogens and also
reported worse treatment success rates in the DTT group. Akgün et al. [37] also investigated
PJI secondary to DTT pathogens and reported somewhat similar outcomes, but longer
hospital stays, longer implant-free intervals, and longer antimicrobial treatment phases in
the DTT group. These studies offer valuable data about DTT PJI; however, the timing of
the first detection of the DTT pathogen in these studies was not recorded or considered.

In the current study, the further subcategorization of the DTT PJI showed that the
rates of complete infection resolution, therapy failure, and PJI-related death were the worst
in the group of patients with DTT superinfection (Group 3), where, initially, a non-DTT
pathogen was the causative agent and the DTT pathogen was detected at a later stage in
the course of the infection (17.4%, 69.9% and 8.7%, respectively) (p = 0.0001). These rates
were shown to be even worse than those of patients (Group 2) with PJI caused by a DTT
pathogen detected initially at the start in the first surgical revision (42.6%, 40.7%, and 1.9%)
(p = 0.0001). Moreover, it was interesting that the rates in the group of patients with a
non-DTT superinfection (Group 4) (43.8% and 56.2%, respectively) were also worse than
those of the group of patients with an initial DTT (Group 2) (p = 0.0001).
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This means that the outcomes in PJI can be categorized in the following order (better
to worse):

1. PJI caused initially by a non-DTT micro-organism where no pathogen switch is
detected in the entire course of the infection (Group 1);

2. PJI caused initially by a DTT micro-organism from the start, detected in the first
surgical revision where no pathogen switch is detected in the entire course of the
infection (Group 2);

3. PJI caused initially by a non-DTT micro-organism with a superinfection or pathogen
switch to another non-DTT pathogen in the course of the infection (Group 4);

4. PJI caused initially by a non-DTT micro-organism with a superinfection or pathogen
switch to a DTT pathogen in the course of the infection (Group 3).

A possible explanation for this observation is the discrepancy in the number of per-
formed surgical revisions per group [54]. Most revisions were performed in patients with
a DTT superinfection (Group 3) (6 ± 3.6 revisions), followed by patients with a non-DTT
superinfection (4.4 ± 2.9 revisions) (Group 4) (p < 0.0001). Multiple revisions are associated,
among others, with multiple incision wounds with skin bridges, loss of soft tissue, and
vascular insufficiency, which predicts higher complication rates [54] and may suggest that
the local clinical findings may sometimes have a stronger effect on the outcome than the
identity of the infecting micro-organism.

In fact, the effect of the systemic host status may be another explanation for the
observed differences in outcome and is supported by two arguments:

The first is that coagulase-negative staphylococci, which possess a very limited innate
virulence [55], were the most abundant DTT found in the presenting cohort.

Secondly, the comparison of outcome between PJI with versus PJI without superinfec-
tion (Group 1 and 2 versus Group 3 and 4) shows worse outcomes in the first subgroup,
independent from the DTT involvement (therapy failure: 62.5% versus 29.7%, p = 0.0002).
This shows that the group of patients with superinfections involve the most probably
primarily susceptible hosts that have fallen prey to opportunistic (super)infections that
cannot be easily treated by surgical and antimicrobial interventions that were developed to
cure infections from otherwise healthy tissues and hosts.

One of the limitations of this study is the low level of evidence, which is due to its
retrospective and descriptive design.

Some of the results in this study were obtained after the subcategorization of the
PJI caused by DTT pathogen in several subgroups to highlight the effect of the time
of appearance of the DTT pathogen in the course of the PJI on the outcome. A direct
comparison of these results with those in the literature was not always possible due to the
lack of such a subcategorization in the similar publications investigating PJI.

Another limitation is the rather small sample size in some of the analyzed subgroups,
even though the study reports on a large number of patients with PJI and DTT PJI. A
detailed subgroup analysis had to be clustered due to the small number of cases in the sub-
groups and the resulting marked limitation of statistical significance, so that a comparison
could only be made between PJI with an initial DTT (Group 2) and non-DTT (Group 1), as
well as DTT (Group 3) and non-DTT superinfection (Group 4), without taking into account
the initial causative micro-organism. The group of patients with an initial DTT PJI and a
DTT or non-DTT superinfection comprised a very small number of cases and was, for that
reason, not considered in the comparisons.

In addition, a further subdivision of the groups according to the affected joint and
further reduction in the number of patients per group was not done, since the analyzed
and established treatment concepts in the literature affecting the outcome are applicable
for both joints.

One more limitation is the lack of homogeneity in the measurement of patient out-
comes in similar studies that also evaluated outcomes in PJI patients. This heterogeneity
may have led to the observed discrepancy when comparing the results of the current study
with those from the literature. For instance, Bradbury et al. [23] considered patients with
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a chronic antibiotic suppression a success. Kheir et al. [50] and Kuo et al. [52] adopted
the Delphi consensus criteria [56] to define treatment success and did not consider CRP
values to be an essential success criterium. On the other hand, Tornero et al. [41] and
Chiu et al. [48] considered only prosthesis retention as a successful treatment.

In comparison with data in the literature, the definition of DTT was also heterogenous.
In the current study, DTT pathogens were classified according to the criteria presented by
Wimmer et al. [53]. However, several other studies [29,31,57] proposed other classifications
that omitted some of the pathogens considered as DTT in the present study, or considered
other resistance profiles as DTT, which limited the comparability of the results.

Lastly, the surgical treatment of the included patients was performed by different
surgeons that may have used different surgical techniques. Although the treatment follows
the same well-defined internal algorithm, a small effect on the course of the infection
cannot be excluded, which is considered as another limitation of the study.

4. Materials and Methods
4.1. Study Population

In this retrospective observational single-center study, all patients presenting or referred
to our university hospital between 2015 and 2020 with a PJI were included. There were no
exclusion criteria. The routine clinical data were collected and retrospectively analyzed.

4.2. Periprosthetic Joint Infection and DTT Pathogens

The management of all orthopedic-device-related infections in our university hospital
is multidisciplinary and jointly directed by orthopedic surgeons and physicians from the
institute of medical microbiology and hygiene, involving regular rounds to set and control
all diagnostic and treatment aspects in order to provide the best treatment of PJI.

PJI was diagnosed according to the new criteria proposed by Parvizi et al. [58] based
on the criteria of the Musculoskeletal Infection Society (MSIS) [59].

Detected pathogens were scanned for the presence of DTT micro-organisms. In cases
with a previously known causative pathogen and in emergency cases, a preoperative joint
aspiration was not performed. Otherwise, the aspiration was routinely done. A portion of
the collected aspirate was sent for cell count determination and cytological differentiation.
The rest was sterilely inoculated immediately into blood culture vials [60].

Intraoperatively, a minimum of 4 double specimens were collected. Each double
specimen consisted of 2 tissue samples from the same anatomical site. To allow matching
of the results, one tissue sample was sent for microbiological culturing and the other for
histopathological analysis. Cultures were considered negative if there was no growth of
micro-organisms within 10 days [61]. Proof of a PJI in the histopathological examination
of the intraoperative samples was based on the classification of Morawietz et al. [62]. The
results and the detected pathogens were registered. Superinfections were also documented.

As defined by Wimmer et al. [53], micro-organisms for which no highly bioavailable
biofilm-active bactericidal antibiotic is available were categorized as DTT (Table 5).
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Table 5. Definition of “Difficult-to-treat” in the detected pathogens.

Pathogen Resistance

Staphylococcus spp.

Rifampin
Fluoroquinolones

Oxacillin
Trimethoprim/sulfamethoxazole

Linezolid
Doxycyclin

Enterococcus spp. Aminopenicillin

Pseudomonas spp. Fluoroquinolones

Yeast Oral available azoles

Small colony variants (SCV)

Rifampin and fluoroquinolones have excellent biofilm activity and offer a high
bioavailability. Staphylococcus spp. resistant to these antibiotics were considered as DTT.

Micro-organisms with a sensibility to only agents with low oral bioavailability, such as
Staphylococcus spp. resistant to trimethoprim/sulfamethoxazole, doxycycline, and linezolid
or Enterococcus spp. resistant to aminopenicillins, were classified as DTT, since alternative
agents possess low oral bioavailability [53].

Micro-organisms that were only sensible to agents available for intravenous use, such
as fluoroquinolone-resistant Pseudomonas spp. or yeasts resistant to azoles, were also
categorized as DTT, since alternative agents are only available for intravenous use [53].

Slow-growing organisms, such as small colony variants (SCV), were considered as DTT,
as they are characterized with an enhanced intracellular persistence [63] and gene expression
involving formation of biofilms [64], allowing them to avoid antimicrobial activity [53].

Additional pathogens also considered as DTT but not detected in the patients included
in the current study involved: fluoroquinolone-resistant Acinetobacter spp., since alternative
antimicrobial agents are only available for intravenous use; Cutibacterium spp. due to the
difficulty in their detection and eradication [65]; extended-spectrum β-lactamases (ESBL)-
producing Enterobacterales, since this resistance is often combined with fluoroquinolone
resistance, which make them only prone to agents available for intravenous use; and other
slow-growing organisms, such as nutritionally variant streptococci.

After pathogen identification and consideration of sample sizes and clinical relevance,
the following groups were formed:

1. Group 1: PJI with an initial detection of a non-DTT pathogen and no superinfection;
2. Group 2: PJI with an initial detection of a DTT pathogen and no superinfection;
3. Group 3: PJI with an initial detection of a non-DTT pathogen and a DTT superinfection item;
4. Group 4: PJI with an initial detection of a non-DTT pathogen and a non-DTT superinfection.

4.3. Recorded Parameters

Recorded patient parameters included age, sex, side, body mass index (BMI), preop-
erative comorbidity using American Society of Anesthesiologists (ASA) Physical Status
Classification System [66], and preoperative anticoagulation. Surgical and antibiotic thera-
pies that already started before admission were also documented.

Perioperative parameters included intraoperatively detected pathogen, results of the
histopathologic examination of intraoperative tissue specimens, surgical treatment option,
and duration of the antimicrobial treatment regime.

4.4. Surgical Treatment

Choice of the surgical treatment was met according to a standardized algorithm [40].
Treatment options involved debridement, antibiotics, and implant retention (DAIR) with
exchange of its mobile parts, two-stage prosthesis exchange with a long 8-week interval
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between removal of the prosthesis and replantation, and multistage prosthesis exchange,
where additional revisions and debridement, as well as spacer exchange (when applicable),
were performed till the local findings were satisfactory for a replantation.

One-stage prosthesis exchange or two-stage prosthesis exchange with a short interval
(2–4 weeks) were not performed.

Dual antibiotic-loaded bone cement was used for the cement spacers. Cement was
prefabricated ready-made and not self-mixed. Antibiotic combination consisted routinely
of 0.5 g gentamicin and 2 g vancomycin per 40 g PMMA, or, alternatively, of 1 g gentamicin
and 1 g clindamycin per 40 g polymethylmethacrylate (PMMA). Selection of the cement
was carried out according to the detected organism in previous surgeries [67].

Replantation was performed only when the local findings were satisfactory (healed
surgical wound with no swelling, erythema, tenderness, or discharge from the incision
site) and the laboratory results showed no signs of persistent infection (C-reactive protein
(CRP) < 10 mg/L) [68]. In case a persistent infection was suspected, an additional surgical
revision with debridement and specimen collection was performed. In cases with inserted
spacers, the spacer was also exchanged.

4.5. Antimicrobial Treatment Regime

Intravenous antibiotics were regularly administered for the first 2 weeks, followed by
oral antimicrobials for 4 weeks under close clinical and laboratory monitoring.

In cases of replantation, the surgery was planned only after satisfactory local findings
and laboratory results following a 2-week antibiotic-free interval.

After replantation and according to the infecting pathogen, antibiotics were once again
intravenously administered for 2 weeks, followed by oral biofilm-active antimicrobials for
4 weeks under close clinical and laboratory monitoring [40]. In cases with involvement
of a DTT pathogen with a high resistance and a sensibility only to agents with low oral
bioavailability or to agents only available for intravenous use, postoperative antibiotics
were administered intravenously for 4 to 6 weeks.

4.6. Outcome

The end outcome was evaluated based on different clinical and microbiological factors,
and was defined according to Laffer et al. [34] as one of the following:

• Free of infection:

# Definitely free of infection: CRP < 10 mg/L, no clinical signs of infection,
follow-up more than 2 years;

# Probably free of infection: CRP < 10 mg/L, no clinical signs of infection, follow-
up less than 2 years;

• Therapy failure:

# Recurrence: Recurrence of the infection caused by the same pathogen or with-
out evidence of pathogens;

# New infection: Recurrence of the infection caused by a new pathogen;
# Change of the surgical treatment regimen to resection arthroplasty, amputation,

or chronic antibiotic suppression;

• Death due to sepsis;
• Death due to a non-PJI-related cause.

4.7. Statistical Analysis

All statistical calculations were performed using SAS software, release 9.4 (SAS Insti-
tute Inc., Cary, NC, USA). For quantitative variables, mean values and standard deviations
were calculated. Categorical variables are presented as percentages, whereas continuous
variables are presented as either mean ± standard deviation (SD) or median with interquar-
tile range (IQR). In order to compare outcome groups regarding qualitative parameters, a
chi-square or G test was used, where appropriate. For normally distributed data, a one-way
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analysis of variance (ANOVA) was performed to compare the mean values of different
outcomes. Subgroup analysis was performed for the following groups: PJI with a non-DTT
pathogen, PJI with an initial DTT pathogen, PJI with DTT superinfection in the course of
the PJI, and PJI with non-DTT superinfection in the course of the PJI. A p-value of <0.05
was considered statistically significant.

4.8. Ethics Approval

This study was approved by the Ethics Committee of clinical research at our institution
(Ethics Committee II, University Medical Centre Mannheim, Medical Faculty Mannheim,
Heidelberg University, Theodor-Kutzer-Ufer 1–3, 68167, Mannheim, Approval 2021-814)
and performed in accordance with the local ethical standards and the principles of the 1964
Helsinki Declaration and its later amendments.

5. Conclusions

This study confirms that PJI caused initially by a non-DTT pathogen with a superin-
fection of a DTT pathogen (Group 3) show the highest number of surgical revisions and
are associated with failure rates of up to 69.6% in comparison to 56.2% in initially non-DTT
PJI with a non-DTT superinfection, 40.7% in initially DTT PJI without superinfections
(Group 2), and 25% in initially non-DTT PJI without superinfections (Group 1).
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Abstract: Rifampin is one of the most important biofilm-active antibiotics in the treatment of peripros-
thetic joint infection (PJI), and antibiotic regimens not involving rifampin were shown to have higher
failure rates. Therefore, an emerging rifampin resistance can have a devastating effect on the outcome
of PJI. The aim of this study was to compare the incidence of rifampin resistance between two
groups of patients with a PJI treated with antibiotic regimens involving either immediate or delayed
additional rifampin administration and to evaluate the effect of this resistance on the outcome. In this
retrospective analysis of routinely collected data, all patients who presented with an acute/chronic PJI
between 2018 and 2020 were recorded in the context of a single-center comparative cohort study. Two
groups were formed: Group 1 included 25 patients with a PJI presenting in 2018–2019. These patients
received additional rifampin only after pathogen detection in the intraoperative specimens. Group 2
included 37 patients presenting in 2019–2020. These patients were treated directly postoperatively
with an empiric antibiotic therapy including rifampin. In all, 62 patients (32 females) with a mean
age of 68 years and 322 operations were included. We found a rifampin-resistant organism in 16% of
cases. Rifampin resistance increased significantly from 12% in Group 1 to 19% in Group 2 (p < 0.05).
The treatment failure rate was 16% in Group 1 and 16.2% in Group 2 (p = 0.83). The most commonly
isolated rifampin-resistant pathogen was Staphylococcus epidermidis (86%) (p < 0.05). The present
study shows a significant association between the immediate start of rifampin after surgical revision
in the treatment of PJI and the emergence of rifampin resistance, however with no significant effect
on outcome.

Keywords: rifampin; resistance; periprosthetic joint infection; PJI; antibiotic; outcome

1. Introduction

Periprosthetic joint infections (PJI) are some of the most dreaded complications after
total joint arthroplasty (TJA) [1] and are associated with multiple revision operations and a
one-year mortality ranging from 8 to 26% [2]. In the current literature, infection rates after
primary TJA range from 0.2 to 1.5% [3] and increase after revision TJA to about 5% and up
to 15% in cases of mega implants [2,3].

Therapeutic algorithms of PJI include intravenous antibiotics and an operative treat-
ment that differs according to the type of infection (acute or chronic): debridement, an-
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tibiotics, and implant retention (DAIR) in cases of acute PJI and implant removal with or
without the implantation of an antibiotics-covered spacer in a two/multiple stage exchange
regime in cases of chronic PJI [4,5].

Biofilm-active antibiotics are associated with better outcomes regarding infection
resolution and joint function [6], and rifampin-containing antibiotic therapy regimes are
recommended for PJI caused by Gram-positive microorganisms [7]. Since most PJIs are
caused by Gram-positive microorganisms [8] and because of its biofilm activity, rifampin is
considered one of the most important antibiotics in the treatment of PJI [4], and antibiotic
treatments not involving rifampin were shown to have higher failure rates [9–11].

In the current literature, both the necessity of long antibiotic treatment intervals and
the resulting emergence of antibiotic resistance are well documented. For that reason, one
of the most cumbersome complications is the emergence of antibiotic resistance, especially
to antibiotic classes commonly used in PJI such as the highly biofilm-active rifampin [4].
In this context, only a few studies have evaluated the risk factors for the emergence of
rifampin resistance throughout the treatment of PJI. In particular, the timing of rifampin
administration might influence the development of resistance [12].

Many authors recommended administration of rifampin directly after surgical revision
in DAIR regimes and after replantation in a two/multiple stage exchange, as they suggest
rifampin in these first days might be most effective in preventing biofilm formation on
the surface of the prosthesis [5,13,14]. Others prefer to wait until the wounds are dry and
the drains are removed [5], or even until the antimicrobial susceptibility of the causing
microorganism to rifampin is known and confirmed [15].

The aim of this retrospective clinical study is to compare the incidence of rifampin
resistance between two groups of patients with a PJI treated with antibiotic regimens
involving either immediate or delayed additional rifampin administration and to evaluate
the effect of this resistance on the outcome.

2. Results
2.1. Study Population

A total of 62 patients (32 females and 30 males) with a mean age of 68.2 ± 11.5 years
were included. The first group receiving additional rifampin only after pathogen detection
consisted of 25 patients, and the second group treated directly postoperatively with an
empiric antibiotic therapy including rifampin consisted of 37 patients.

The recorded parameters of the patients of each of the 2 groups did not statistically
differ.

In total, at a mean follow up of 14.1 ± 11.4 months (6–48 months) (16 ± 13.8 months
in Group 1 and 12.6 ± 9.1 months in Group 2), 10 cases (16.1%) of treatment failure
(16.1% in Group 1 and 16.2% in Group 2, p = 0.83) and 6 deaths (9.7%) were observed.
Concerning treatment options, 32% (8/25) of patients in Group 1 and 32.4% (12/37) of
Group 2 underwent a switch of treatment strategy from DAIR to prosthesis exchange.
One-stage exchange protocol was not performed.

An overview of all the parameters in total and those of each group are to be found in
Table 1.

Considering all performed revisions, the mean time period between 2 revisions was
21 ± 22 days. In Group 1, the mean duration from the first surgical revision until detection
of the microorganism and release of the definitive antibiogram equated with the first
administration of rifampin and lasted 8.3 ± 2.5 days (4–11 days).

The use of intravenous rifampin was higher in Group 2 (65% versus 36%, p < 0.05)
due to the fact that in this group the rifampin treatment was started empirically. Regarding
the subsequent use of oral rifampin, there were no significant differences between groups
(p = 0.15).
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Table 1. Patient data.

Parameter Total Group 1 Group 2 p-Value *

Number of patients n (%) 62 25 (40.3%) 37 (59.7%) –

Number of revisions n (%) 322 (100%) 117 (36%) 205 (64%) 0.30

Age Mean ± SD years 68.2 ± 11.5 68.4 ± 2.8 68.1 ± 9.7 0.64

Sex
Males n (%) 30 (48%) 12 (48%) 18 (49%)

1.00Females n (%) 32 (52%) 13 (52%) 19 (51%)

Side
Right n (%) 31(50%) 11 (44%) 20 (54%)

0.61Left n (%) 31 (50%) 14 (56%) 17(46%)

Involved joint Hip n (%) 39 (63%) 19 (76%) 20 (54%)
0.07Knee n (%) 23 (37%) 6 (24%) 17 (46%)

BMI Mean ± SD Kg/m2 30.2 ± 8.9 28.9 ± 1.6 31.1 ± 9.5 0.33

ASA Score

ASA Score 1 n (%) 1 (2%) 1 (2%) 0 (0%)

0.74
ASA Score 2 n (%) 25 (40%) 9 (36%) 16 (43%)
ASA Score 3 n (%) 33 (53%) 14 (60%) 19 (52%)
ASA Score 4 n (%) 3 (5%) 1 (2%) 2 (5%)

Type of infection Acute n (%) 33 (53%) 15 (60%) 18 (49%)
0.61Chronic n (%) 29 (47%) 10 (40%) 19 (51%)

Number of revisions per
patient Mean ± SD 5.3 ± 4.4 4.8 ± 4.6 5.6 ± 4.4 0.10

Operative therapy
DAIR n (%) 25/62 (40.3%) 10/25 (40%) 15/37 (40.5%)

0.17Prosthesis exchange n
(%) 17/62 (27.4%) 7/25 (28%) 10/37 (27%)

Therapy switch n (%) 20/62 (32.3%) 8/25 (32%) 12/37 (32.5%)

Number of operations
with detected rifampin

resistance
n (%) 52/322 (16%) 14/117 (12%) 38/205 (19%) <0.05

Interval between surgical
revision and rifampin

administration
Mean ± SD days – 8.3 ± 2.5 0 –

Treatment failure n (%) 10/62 (16.1%) 4/25 (16%) 6/37 (16.2%) 0.83

SD—Standard Deviation, BMI—Body Mass index, ASA—American Society of Anesthesiology, DAIR—debridement, antibiotics, implant
retention, * p-value < 0.05 was considered as statistically significant.

2.2. Rifampin Resistance and Subgroup Analysis

In 52 (16%) of the 322 performed operations, a rifampin-resistant organism was
found. The prevalence of rifampin resistance varied significantly between the two analyzed
groups, where an increase from 12% (14/117 operations) in the first group to 19% (38/205
operations) in the second group was observed (p < 0.05). In Group 1, the addition of
rifampin took place after the detection of the causing microorganism. The 14 cases with
rifampin resistance in Group 1 were cases in which the rifampin resistance developed
during the course of the PJI and was only detected later and not at the first revision. A
significant correlation with type of infection (acute or chronic) or surgical treatment regime
(DAIR or two/multiple stage exchange) was not observed. Only the time of administration
of rifampin varied between the two groups. All other covariates did not statistically differ
between groups.

The most commonly isolated rifampin-resistant pathogen in both groups was Staphy-
lococcus epidermidis with 45 cases (86%) (p < 0.05). An overview of all identified rifampin-
resistant pathogens can be found in Table 2.
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Table 2. Identified rifampin-resistant pathogens.

Rifampin-Resistant Pathogen Group 1 Group 2 p-Value *

S. epidermidis 11 (21%) 34 (65%) <0.05
S. hominis 1 (2%) 1 (2%) 0.51

S. heamolyticus 2 (4%) 2 (4%) 0.32
S. capitis 0 (0%) 1 (2%) 1.00

S.—Staphylococcus, * p-Value < 0.05 was considered statistically significant.

The most administered partner-antibiotics with rifampin in both Groups were van-
comycin and flucloxacillin (see Supplementary Materials Table S1). A detailed overview of
all detected pathogens per group with their minimum inhibitory concentrations (MIC) can
be found in Supplementary Materials Table S2.

The comparison of the baseline characteristics between the patients with a rifampin
resistance and those without rifampin resistance in each of the two groups did not show
significant differences (Table 3). Further analysis showed that the patients with a rifampin
resistance in both Group 1 and Group 2 underwent a higher number of surgical revisions
in comparison to the remaining patients in each group (Group 1: 8.6 ± 7.1 vs. 3 ± 2.1
revisions p < 0.05 and Group 2: 6.4 ± 4.2 vs. 4.4 ± 4.5 revisions p < 0.05). In Group 1, the
patients with a rifampin resistance received longer periods of antibiotic treatment (296.1 ±
306 days vs. 91.7 ± 128 days, p < 0.05). And in Group 2, compared to the rest of the group,
the proportion of chronic PJI was higher in patients with a rifampin resistance (80% vs.
33.3%, p < 0.05).

Regarding the outcome, of the 10 cases of treatment failure reported, 4 cases were in
Group 1 (16%) (1 case with rifampin resistance, p = 0.55) and 6 in Group 2 (16.2%) (4 cases
with rifampin resistance, p = 0.67). Concerning mortality, of the six death cases observed,
three were in Group 1 (one represented a PJI-related death) and three were in Group 2
(one represented a PJI-related death). Causes of PJI-unrelated death included two cases of
pneumonia with respiratory failure, one case of heart failure with decompensation and one
case of bowel ischemia with septic shock.

In both groups, the emergence of the rifampin resistance did not seem to significantly
affect the outcome (p = 0.55 and p = 0.67, respectively).
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3. Discussion

Because of its biofilm activity, rifampin is considered one of the most important
antibiotics in the treatment of PJI [4], and antibiotic treatments not involving rifampin were
shown to have higher failure rates [9–11].

A recent multi-center randomized controlled trial study conducted in Norway in
2020 [16] questioned the efficacy of rifampin in acute staphylococcal PJI treated with
DAIR. Karlsen et al. [16] examined the two-year outcome of 48 patients with an acute
staphylococcal knee or hip PJI treated with DAIR after being randomized according to
the antibiotic treatment with or without additional rifampin therapy. The study could
not significantly prove the advantage of rifampin addition. However, the results were
skeptically viewed due to the underpowering of the study caused by small sample size.

A more recent multi-center study published by Beldman et al. [17] in 2021 investigated
the outcome of a large cohort of 669 patients with acute staphylococcal PJI and found
a significant advantage of antibiotic treatment involving rifampin. In their study, the
treatment failure rates increased from 32.2% (131/407 cases) with additional rifampin to
54.2% (142/262) without additional rifampin.

Both of these recent studies focused on the outcome but did not collect data regarding
microbiological failure and did not consider the development of resistance as a confounding
factor. Actually, there is paucity of data investigating the timing of rifampin administration
and its effect on resistance emergence.

According to a Spanish survey conducted between 1999 and 2008, rifampin resistance
was detected in only 0.26% of the methicillin-sensitive Staphylococcus aureus (MSSA) and
3.26% of the methicillin-resistant Staphylococcus aureus (MRSA) [18]. However, several stud-
ies show that rifampin resistance can quickly emerge due to a single-step point mutation
caused when rifampin is not adequately used [18–22]. Thus, it is crucial to control adequate
use and timing of administration.

The results of the present single-center comparative cohort study retrospectively
analyzing routinely collected data show a significant association between the immediate
start of rifampin after surgical revision in the treatment of PJI and the emergence of rifampin
resistance compared to delayed administration of rifampin.

Beldman et al. [17] reported an association between immediate start of rifampin
therapy and treatment failure. However, the authors could not evaluate the causality of
developing resistances on this association since no microbiological data had been collected
on the development of pathogen resistance. Our results significantly confirm the association
between immediate start of rifampin after surgical revision and emergence of rifampin
resistance, which may explain the effect on treatment failure rates seen in the study of
Beldman et al. [17].

Although an association between immediate start of rifampin and emergence of
rifampin resistance has been shown, a significant effect on the outcome could not be
established. A possible explanation may be the fact that the patients in Group 2, where
the rates of rifampin resistance were higher, received in many cases highly biofilm-active
i.v. antibiotics instead of rifampin compared to patients with a rifampin resistance in
Group 1. As mentioned earlier, the most administered partner-antibiotics with rifampin in
both groups were vancomycin and flucloxacillin. However, in Group 2 daptomycin was
occasionally used [23], which may have had a positive effect on the infect resolution in
rifampin-resistant cases. The optimized efficacy of rifampin adjunction to daptomycin in
resistant PJI cases has been previously reported [24,25].

In the current study, daptomycin was used in 5 patients, all with a PJI caused by
rifampin-resistant S. epidermidis. However, in comparison to vancomycin (most frequent
antibiotic partner), the revision rates (p = 0.43) and failure rates (p = 1.00) did not show any
significant differences. The limited significance is due to the small number of cases in this
subgroup.

In the current study, the further analysis of the patients with rifampin resistance in
each group showed that those with rifampin resistance underwent significantly more
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revisions than their counterparts without rifampin resistance in each group (Group 1: 8.6 ±
7.1 vs 3 ± 2.1 revisions p < 0.05 and Group 2: 6.4 ± 4.2 vs 4.4 ± 4.5 revisions p < 0.05). These
results are in line with those published by Achermann et al. [12], where an association
was observed between ≥3 surgical revisions and the emergence of rifampin resistance
(p < 0.05) in staphylococcal PJI. Achermann et al. [12] suggest an inoculation of rifampin-
resistant strains from the skin to the joint as a possible route of infection. These results
associate the increased number of surgeries with the emergence of rifampin resistance;
however, the hypothesis that the delayed rifampin administration leads to an increased
number of revisions is not supported (4.8 ± 4.6 revisions in Group 1 vs 5.6 ± 4.4 revisions
in Group 2, p = 0.10). This means that although the timing of rifampin administration
affects the emergence of rifampin resistance, the increased number of revisions may have
been the result of insufficient debridement surgeries and a deficient initial “source control”
independent from the rifampin therapy. In other words, even if the rifampin administration
was delayed, a suboptimal debridement could still lead to more necessary revisions and
ultimately may play a role in the emergence of rifampin resistance.

One of the limitations of this study is the low level of evidence due to its retrospective
design. Another limitation is the rather small number of patients per study group, which
limited the statistical significance of the analysis of some associations, especially when the
rifampin-resistant pathogens were subcategorized according to the species involved.

The role of rifampin in the management of PJI, especially that caused by Staphylococcus
aureus and treated by DAIR, is well documented in the literature [26,27]. In the current
study, patients with a PJI caused by Staphylococcus aureus and managed with DAIR in
each of the groups were separately analyzed. In total, 6 cases of Staphylococcus aureus in
Group 1 and 9 cases in Group 2 were observed, of which 3/6 (50%) and 6/9 (66.7%) were
managed with DAIR (p = 0.62). One case of treatment failure in each of the 2 subgroups
was recorded (p = 1.00), and none of the PJIs caused by Staphylococcus aureus developed a
rifampin resistance. The observed results after DAIR and combination antibiotic therapy in
combination with rifampin is comparable with data in the literature [26,27]; however, as
mentioned earlier, because of the small number of patients per study subgroup the results
were not significant.

The absence of emerging rifampin resistance in PJI cases caused by Staphylococcus au-
reus may be due to their low total incidence in the included patients. In the present study, an
incidence of 24% was observed, which is lower than that reported by Pulido et al. [3], where
an incidence of 38% was documented (19% methicillin-sensitive Staphylococcus aureus and
19% methicillin-resistant Staphylococcus aureus). The low incidence of Staphylococcus aureus
PJI was investigated by Ribau et al. [28] in a recent meta-analysis involving 32 publications.
The study concluded that preoperative screening and decolonization measurements reduce
the risk of Staphylococcus aureus infection. This may explain the lower incidence in the
patients of the current study since these measurements, including preoperative nasal and
whole-body decolonization as well as preoperative screening, form part of the standard of
care and preoperative preparation in our hospital.

The patients included in this study were not randomized and the inclusion was
performed in near but different time frames. This time difference may have had an effect
on the nature of the infecting organisms and their resistance profiles, which is considered a
third limitation of the study. Another limitation is the heterogenous measurement criteria
used to assess patient outcomes in similar studies investigating PJI [29–31]. This lack
of homogeneity may have limited the comparability of the results of the current study
with those in the literature. A last limitation lies in the fact that different surgeons were
involved in the surgical treatment of the included patients. Even when the choice of the
most appropriate treatment option follows a previously well-defined internal algorithm,
some technical decisions were made at the discretion of the treating surgeon, which may
have had a small effect on the course of the infection.
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4. Materials and Methods
4.1. Study Population and Antibiotics

In this retrospective analysis of routinely collected data, all patients who presented
with an acute/chronic PJI between 2018 and 2020 were recorded in the context of a single-
center comparative cohort study. There were no exclusion criteria. This study has been
reported in line with the STROBE Guidelines [32].

The diagnostic criteria for a PJI were defined according to the guidelines of the
Muscoloskeletal Infection Society (MSIS) [33].

The patients were categorized in 2 groups; the first group included all patients with a
PJI presenting from 01/2018 to 06/2019, and the second group included all patients with a
PJI presenting from 07/2019 to 12/2020.

The patients of each of the two groups were given a different regime of antibiotic
therapy. The inclusion to each group and the selection of the used antibiotic regime was
not randomized. The inclusion in each of the groups was done according to the time of
presentation to the hospital. The first group of patients received an empiric therapy without
rifampin directly after the surgical revision and rifampin was added only after pathogen
detection in the microbiological examination of the specimens collected intraoperatively,
while the second group was treated directly postoperatively with an empiric antibiotic
therapy including rifampin.

Patients with a PJI caused by a rifampin-resistant strain detected directly in the first
revision were excluded, since the rifampin resistance in these cases was independent of the
timing of rifampin administration.

Patients with a PJI caused exclusively (in the whole course of the infection) by mi-
croorganisms where rifampin is not effective such as Gram-negative bacilli, were also
excluded.

According to the internal hospital protocol, rifampin was administered in a dose of 300
mg twice daily during the total duration of the antibiotic treatment (2 weeks intravenous
and 4 weeks orally).

None of the patients presented with an allergy or intolerance preventing the use of
rifampin, and none of the patients developed a hepatotoxicity or organ toxicity leading to
an unplanned early discontinuation of the rifampin treatment.

The values presented in this study are based on the number of detected pathogens
rather than the number of patients. Some patients presented with a polymicrobial infection
while others presented with different pathogens in each operative revision; therefore,
the number of cases was defined by the number of pathogens to provide a more precise
analysis.

4.2. Recorded Parameters

The recorded parameters included age, sex, operated side, involved joint, body-mass-
index (BMI), preoperative comorbidity using ASA (American society of Anesthesiologists)
Physical Status Classification System [34], type of infection (acute or chronic), operative and
antibiotic therapy regime and the time period of intravenous and oral antibiotic therapy.

The detected pathogens were also documented. Rifampin resistance was determined
according to the guidelines of the Clinical & Laboratory Standards Institute (CLSI) using
the Vitek II system (bioMerieux, Nürtingen, Germany) and documented in microbiology
laboratory reports. Rifampin resistance of the same pathogen in the same patient was
considered one case, even if it was detected several times in one or more revisions in the
course of the infection. The time of rifampin administration in relation to the operative
revision and in relation to the time of microorganism detection as well as the duration of
antibiotic therapy involving rifampin have been registered.

Based on the guidelines of the Infectious Diseases Society of America, acute infections
were defined as those appearing within 4 weeks after primary implantation or causing
symptoms of less than 3 weeks. Chronic infections were the remaining infections occurring
beyond these time limits [35]. Labeling of the infections as acute or chronic was done

24



Antibiotics 2021, 10, 1139

according to these criteria directly on the first presentation, since at this stage the classi-
fication of the infection plays an essential role in the choice of the appropriate surgical
strategy. Therefore, the results shown in Tables 1 and 3 refer to this first labeling. However,
a transition from acute to chronic, such as in the case of unsatisfactory results after the first
surgical intervention and the need of a second revision, is clearly possible.

Therapy regimes were based on the guidelines of the International Consensus Group
on Periprosthetic Joint Infection [36] and included debridement, antibiotics, and prosthe-
sis retention (DAIR) in cases of acute PJI or exchange of prosthesis in the context of a
two/multiple stage exchange regime with or without cement spacer implantation in cases
of chronic PJI. One-stage exchange protocol was not performed.

A minimum of 4 pairs of deep tissue specimens were obtained intraoperatively. Each
pair was obtained from the same anatomical site. The specimens of each pair were divided
and sent either for histopathological analysis or for microbiological culturing to allow
result matching.

Cultures with no pathogen growth after an extended incubation period of minimum
10 days were considered negative [37]. Signs of PJI in the histopathological examination
of the specimens were defined according to the classification of Morawietz et al. [38]. The
results and the detected pathogens were registered.

Patient outcomes were categorized based on the classification proposed by Parvizi
et al. [29] and were defined as:

• Infect resolution: no clinical signs of infection, CRP < 10 mg/L;
• Treatment failure: persistent clinical signs of infection after the definitive revision of

the PJI, infection recurrence caused by the same or different pathogen or need of a
subsequent surgery owing to infection after the definitive revision of the PJI, chronic
antibiotic suppression, death due to a PJI-related sepsis.

Cases requiring a change of treatment strategy such as a switch from DAIR to pros-
thesis exchange strategy, for example, were not defined as treatment failure as long as
they meet the criteria mentioned above in the entire follow-up period after the definitive
revision of the PJI.

The reported number of revisions was defined as the total number of performed
revisions since the first presentation with the PJI.

The included patients were evaluated at fixed times postoperatively (6 weeks, 3 months,
6 months, 1 year, 2 years and then every 2 years). The results reported in the presenting
study are the ones recorded in the last follow-up examination.

4.3. Statistical Analysis

All statistical calculations were performed using SAS software, release 9.4 (SAS In-
stitute Inc., Cary, NC, USA). Quantitative data are presented as the mean and standard
deviation; discrete variables, the median and range are given. For approximately normally
distributed data, two sample t-tests were used in order to compare the mean values of two
groups. For skewed variables Mann–Whitney U-tests were performed instead. In order to
compare groups regarding qualitative parameters, a Chi-square test or Fisher’s exact test
was used. Correlation analyses were determined by the Spearman correlation coefficient.
Statistical significance has been assumed for p values less than 0.05.

4.4. Ethics Approval

This study was approved by the Ethics Committee of clinical research at our institution
(Ethics Committee II, University Medical Centre Mannheim, Medical Faculty Mannheim,
Heidelberg University, Theodor-Kutzer-Ufer 1–3, 68167, Mannheim, Approval 2021-814)
and performed in accordance with the local ethical standards and the principles of the 1964
Helsinki Declaration and its later amendments.
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5. Conclusions

The results of the present retrospective single-center comparative cohort study show
a significant association between the immediate start of rifampin after surgical revision
in the treatment of PJI and the emergence of rifampin resistance compared to delayed
administration of rifampin, however with no significant effect on outcome. An additional
independent factor is the significantly higher number of surgical revisions in the groups of
patients with emerging rifampin resistance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Abstract: Aim: This study was designed to answer the question whether a graphical representation
increase the diagnostic value of automated leucocyte counting of the synovial fluid in the diagnosis
of periprosthetic joint infections (PJI). Material and methods: Synovial aspirates from 322 patients
(162 women, 160 men) with revisions of 192 total knee and 130 hip arthroplasties were analysed
with microbiological cultivation, determination of cell counts and assay of the biomarker alpha-
defensin (170 cases). In addition, microbiological and histological analysis of the periprosthetic
tissue obtained during the revision surgery was carried out using the ICM classification and the
histological classification of Morawietz and Krenn. The synovial aspirates were additionally analysed
to produce dot plot representations (LMNE matrices) of the cells and particles in the aspirates using
the hematology analyser ABX Pentra XL 80. Results: 112 patients (34.8%) had an infection according
to the ICM criteria. When analysing the graphical LMNE matrices from synovia cell counting, four
types could be differentiated: the type “wear particles” (I) in 28.3%, the type “infection” (II) in 24.8%,
the “combined” type (III) in 15.5% and “indeterminate” type (IV) in 31.4%. There was a significant
correlation between the graphical LMNE-types and the histological types of Morawietz and Krenn
(p < 0.001 and Cramer test V value of 0.529). The addition of the LMNE-Matrix assessment increased
the diagnostic value of the cell count and the cut-off value of the WBC count could be set lower by
adding the LMNE-Matrix to the diagnostic procedure. Conclusion: The graphical representation of
the cell count analysis of synovial aspirates is a new and helpful method for differentiating between
real periprosthetic infections with an increased leukocyte count and false positive data resulting from
wear particles. This new approach helps to increase the diagnostic value of cell count analysis in the
diagnosis of PJI.

Keywords: periprosthetic joint infection; diagnosis; leukocyte; cell count

1. Introduction

Periprosthetic joint infection (PJI) is a devastating complication of arthroplasty proce-
dures and has many consequences. The level of incidence for total hip and knee arthro-
plasties ranges between 1% and 2% on average [1]. However, in some reports this type of
infection is claimed to be the most frequent cause of implant failure during the first five
years following surgery [2–4]. Thus, the accuracy of the preoperative diagnosis of possible
periprosthetic joint infection becomes especially important in cases of loosened or painful
endoprostheses [5,6].
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Whereas early infections, i.e., those occurring within the first four weeks of implanta-
tion, usually cause local and systemic inflammatory reactions, these signs are often missing
in cases of late PJI. This makes the diagnosis of late periprosthetic infections very much
more difficult.

An important diagnostic method for late PJI is the determination of the leukocyte
count (WBC) in the joint synovia. Some authors consider it one of the most important
diagnostic parameters [7,8] and it is one of the criteria in the definition of the PJI, the MSIS
criteria and the more recent ICM criteria [9–11]. However, the cut-off value given in the
literature for the leukocyte number that correlates with a positive PJI differs considerably
between investigators, with a range from 1100 to 5000 cells/µL (Table 1). A reason for
this could be that factors such as the time elapsed since the operation, the duration of the
symptoms, the causative microorganism, previous antibiotic use and co-morbid conditions
all seem to influence the results [12–15]. On the other hand, when determining the cell
count, wear particles from the articulation surface of the joint (polyethylene particles
or metal particles) may also be counted, which incorrectly increases the final cell count
measured in the cell counter [16–18]. This could explain why Deirmengian et al. [18] found
an increased risk of false-positive automated synovial fluid WBC counts from hip and knee
arthroplasties. This phenomenon applies above all to metallic wear particles that arise from
metal-on-metal articulations and metal-on-polyethylene articulations with corrosion. Here
metal particles in the joint aspirate have been reported to produce falsely high leukocyte
values during cell counting, an increased serum CRP-level and a positive alpha-defensin
assay in at least one third of cases [17,19–24]. In addition, aspirates that resemble pus can
occur in metal-metal pairings, which make it difficult to differentiate between aspirates
associated with joint infection and those containing metal wear particles [20–24]. Therefore,
especially when wear particle debris is accompanied by an increased serum CRP-level and
positive alpha-defensin in the aspirate, or even one positive culture, exact counting of the
leukocytes in the aspirate is necessary to distinguish between wear debris (leading to less
than six points in the ICM-criteria [10]) and a real periprosthetic joint infection (with at
least six points in the ICM-criteria [10]). Therefore, an automated synovial WBC counting
that can differentiate between wear particles and raised numbers of leukocytes due to
periprosthetic joint infection would be helpful to diagnose and treat these patients correctly.

Table 1. Overview of the literature of cell count analysis in the aspirate for the diagnosis of periprosthetic joint infection.
N = number of joints, H = hip arthroplasty, K = knee arthroplasty, 2 w = duration of symptoms of two weeks, PPV = Positive
Predictive Value, NPV = Negative Predictive Value.

Autor N Cut-Off Sensi-Tivity Specifi-City PPV NPV Accu-Racy

Balato
2018 [25] 167 K >2800/µL

>72% PMN
83.8%
84%

89.7%
91%

Bergin 2010 [26] 64 K >2500/µL
>60% PMN 71% 98% 91% 93% 92%

Della Valle 2007 [7] 105 K >3000/µL
>65% PMN 100% 98.1% 97.6% 100% 98.9%

Ghanem 2008 [27] 429 K >1100/µL
>64% PMN

90.7%
95.0%

88.1%
94.7%

87.2%
91.6%

91.5%
96.9%

Mason 2003 [28] 86 K >2500/mL
>60%PMN 98% 95% 91% 82%

Parvizi 2006 [29] 145 K >1760/µL
>73%PMN

Trampuz 2004 [8] 133 K >1700/µL
>65% PMN

94%
97%

88%
98%

73%
94%

98%
99%

Zmistowski 2012 [30] 150 K >3000/µL
>75%PMN

93%
93%

94%
83%

93%
84%

94%
93%

93%
88%
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Table 1. Cont.

Autor N Cut-Off Sensi-Tivity Specifi-City PPV NPV Accu-Racy

Choi
2016 [12] 138 H >5750/µL ≤ 2 w

>1556/µL > 2 w
94%
91%

100%
94%

100%
87%

89%
97%

99%
95%

De Vecchi 2018 [31] 21 H + 45 K >1600/µL
>3000/µl

100%
93.7%

82.3%
91.2%

84.2%
90.9%

100%
93.9%

Dinneen
2013 [32] 75 H >1580/µL

>80% PMN
89.5%
89.7%

91.3%
86.6%

Higuera
2017 [33] 453 H >3966/µL

>80% PMN
89.5%
92.1%

91.2%
85.8%

76.4%
59.3%

97.5%
98.0%

93.0%
87.0%

Spangehl 1999 [34] 202 H >5000/µL
>80% PMN 89% 85% 52% 98%

Schinsky 2008 [35] 201 H >4200/µL
>80% PMN

84%
84%

93%
82%

81%
65%

93%
93%

90%
83%

The different volume and the different behaviour with respect to light absorption
means that wear particles and leukocytes can be differentiated using a graphic representa-
tion of automated cell counting of synovial fluid. The data can be represented in a graphical
dot-plot display (LMNE-matrix). The wear particles will be found in the so-called NOISE
area (area of impurities) of these graphical representations (Figure 1). The analysis of the
aspirate would therefore produce different images according to the content of the synovial
fluid: the pure wear particle type where particles were present in significant numbers, the
pure infection type with high neutrophil counts, the combined type with high counts of
both neutrophils and wear particles, and possibly an indeterminate type with no clear
distribution of either cells or particles. A similar classification was developed by Morawietz
and Krenn [36–38] for the histological evaluation of the periprosthetic tissue. Therefore,
this histological evaluation and histopathological consensus classification of periprosthetic
membranes could function as a control for the differentiation of the different graphical
types obtained from the cell count analysis [37].

4  of  13 

eosinophils 

neutrophils 

monocytes 

lymphocytes 
large immature cells 
atypical lymphocytes 

NOISE

x-axis: cell volume

y-axis:

light absorption 

Figure 1. LMNE matrix with the different fields for the leukocyte populations and the NOISE area.
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Thus, the objectives of the present study were to answer the following questions:
When determining the cell count of the aspirate, can the different types of dot-plot image
be distinguished?

Do those types correlate with the types of histology characterized by Morawietz and
Krenn [36–38]?

Does the graphic representation of the cell count help to increase the diagnostic value
of the cell count measurement of the synovial fluid?

2. Results

112 patients (34.8%) had an infection according to the ICM criteria. When analysing
the LMNE matrices of the cells in the synovial fluid, four types could be differentiated. First,
there were clusters of data points at the border to, and in the NOISE area of, the LMNE
matrix, which could not be assigned to any cell type and were identified as wear particles
in subsequent tests (Figure 2). Analysing polyethylene wear particles produced in the
laboratory in Ringer’s solutions, revealed that they were associated with the NOISE area at
the top of the LMNE matrix, on the left (Figure 3a). In the case of clinically unambiguous
and macroscopically visible metal wear particles (with articulating ceramic heads in hip
prosthesis cups due to defective polyethylene inlays), the metal abrasion products were
mostly located in the lower left of the LMNE matrix at the border to the NOISE-area and
showed an “L”-shaped distribution (Figure 3b). Based on the classification by Morawietz
and Krenn [36–38] for the histological classification of periprosthetic synovial tissue, this
was classified as type I. 91 patients (28.3%) exhibited this type I LMNE matrix. A cluster
of data points that corresponds to the position of neutrophil leukocytes in the graphical
representation corresponded to infection type II (80 patients, 24.8%) (Figure 4). If the wear
particle levels as well as the neutrophil leukocyte levels were high, this was designated as
the combined type III (50 patients, 15.5%) (Figure 5). All other LMNE matrices that did not
show a clear differentiation of cell types or particles were classified as the indeterminate
type IV (101 patients, 31.4%) (Figure 6).
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Figure 2. LMNE matrix of a type I (abrasion type) with a cloud in the NOISE-area of a 65-year-old
male patient with an aspirate of the hip arthroplasty 15 years postoperative. The measured cell count
was 1500 cells/µL.
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Figure 3. (a) LMNE matrix of a type I with polyethylene wear particles produced in a laboratory.
The cloud is at the top in the NOISE area. (b) LMNE matrix of a type I with metal debris particles
in a 73-year-old male patient with an articulation of a ceramic head on the inner side of a cup with
disturbed inlay. The cloud is at the left bottom close to the NOISE area and the distribution is
“L”-shaped. The measured “cell count” was 6700 cells/µL.

33



Antibiotics 2021, 10, 346

Antibiotics 2021, 10, x    6  of  13 
 

 

(b) 

Figure 3. (a) LMNE matrix of a type I with polyethylene wear particles produced in a laboratory. 

The cloud is at the top in the NOISE area. (b) LMNE matrix of a type I with metal debris particles 

in a 73‐year‐old male patient with an articulation of a ceramic head on the inner side of a cup with 

disturbed inlay. The cloud is at the left bottom close to the NOISE area and the distribution is “L”‐

shaped. The measured “cell count” was 6700 cells/μL. 

 

Figure 4. LMNE matrix of a type II (infection type) with a cloud in the area of the neutrophil leu‐

kocytes in a 75‐year‐old patient with a late periprosthetic joint infection of a total knee arthro‐

plasty. The measured cell count was 1840 cells/μL. 

Figure 4. LMNE matrix of a type II (infection type) with a cloud in the area of the neutrophil
leukocytes in a 75-year-old patient with a late periprosthetic joint infection of a total knee arthroplasty.
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Figure 5. LMNE matrix of a type III (combined type) with one cloud in the area of the neutrophil
leukocytes and a second cloud in the NOISE area in a 76-year-old male patient with a periprosthetic
joint infection of a total knee arthroplasty. The measured cell count was 5840 cells/µL.
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Figure 6. LMNE matrix of a type IV (indifference type) with no clear cloud or increase in cell types or
particles in a 73-year-old patient. The measured cell count was 240 cells/µL.

Thus 130 aspirates (40.4%) were associated with an infection (type II and III) in the
LMNE matrix analysis (Table 2). Comparing the evaluation of the LMNE-matrices with
the histological types according to Morawietz and Krenn [36–38], there was a significant
correlation of p < 0.001 for the chi-square test and a Cramer test V value of 0.529. Table 3
shows the diagnostic value of the various tests taking into account the ICM criteria. It was
found that the addition of the LMNE-matrix evaluation increased the diagnostic value of
the cell count and the threshold value of the WBC count could be set lower by considering
the diagnostic significance of the LMNE-matrix as well (Table 3). The calculation of the
cell count threshold using the receiver operating characteristic curve analysis resulted in a
cut-off of 1400 cells/µL at a sensitivity of 90.2% and a specificity of 91.9% (Figure 7).

Table 2. Distribution of the patients according to the four different LMNE-matrices and the histologi-
cal types described by Morawietz and Krenn [36–38].

LMNE-Type
Histological Classification

TYPE I TYPE II TYPE III TYPE IV TOTAL

LMNE-Type I 65 0 1 25 91

LMNE-Type II 5 68 5 2 80

LMNE-Type III 15 21 6 8 50

LMNE-Type IV 36 0 2 63 101

TOTAL 121 89 14 98 322
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Table 3. Diagnostic value of the cell count at different thresholds (X) combined with the LMNE Type
2 or 3 (PJI); PPV = Positive Predictive Value, NPV = Negative Predictive Value., likelihood ratio green
dark = superior diagnostic evidence, light green = high diagnostic evidence.

Threshold of Cell Count Diagnostic Value
Likelihood

Ratio
Positive

Likelihood
Ratio

Negative

PJI Accuracy 93.5%

yes no Sensitivity 98.2% 10.86 0.02

pos. 110 19 129 Specificity 91.0%
X = 500

neg. 2 191 193 PPV 85.3%

112 210 322 NPV

PJI Accuracy 93.2%

yes no Sensitivity 93.8% 13.13 0.07

pos. 105 15 120 Specificity 92.9%
X = 1000

neg. 7 195 202 PPV 87.5%

112 210 322 NPV

PJI Accuracy 93.8%

yes no Sensitivity 90.2% 21.04 0.10

pos. 101 9 110 Specificity 95.7%
X = 1500

neg. 11 201 212 PPV 91.8%

112 210 322 NPV

PJI Accuracy 93.2%

yes no Sensitivity 86.6% 25.98 0.14

pos. 97 7 104 Specificity 96.7%
X = 2000

neg. 15 203 218 PPV 93.3%

112 210 322 NPV

PJI Accuracy 93.8%

yes no Sensitivity 84.8% 59.38 0.15

pos. 95 3 98 Specificity 98.6%
X = 2500

neg. 17 207 224 PPV 96.9%

112 210 322 NPV

PJI Accuracy 93.2%

yes no Sensitivity 82.1% 86.25 0.18

pos. 92 2 94 Specificity 99.0%
X = 3000

neg. 20 208 228 PPV 97.9%

112 210 322 NPV
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Figure 7. Receiver operating characteristics curve (ROC-curve) with the calculation of the threshold
of cell count at a value of 1400 cells/µL with a sensitivity of 90.2% and specificity of 91.9%.

3. Discussion

There was a significant level of agreement between the four distribution types in the
LMNE matrix in the cell count analysis and the four histopathological types described
by Morawietz and Krenn [36–38]. Thus, the type classification we have chosen seems to
agree with the other diagnostic methods. This in turn helps to distinguish between a real
infection and a wear debris type where the cluster shown on the cell counter matrix is
due to wear particles and not to actual leucocytes. Above all, this method can be used to
differentiate leukocytes from metallic abrasion particles, which appears to be of particular
importance, since joint aspirates containing metal abrasion particles can look like pus and
be associated with apparently very high cell counts, as well as exhibiting elevated CRP-
and alpha-defensin values. In the absence of a graphical representation of the cell count
data these features could be incorrectly interpreted as a periprosthetic infection [17,20–24].

Furthermore, the combination of cell count and LMNE types II or III enabled a
lowering of the cut-off value of the cell count in the aspirate without losing its high
sensitivity. Hereby, the combination of cell counting and the graphical representation in
the LMNE matrix means that fewer periprosthetic infections will be overlooked and the
diagnostic value of the cell count analysis in the joint aspirate is increased.

Even though this is the first description of such a type differentiation in cell count
analysis, this study has some weaknesses. The number of patients was high enough
to allow the significant correlations to be statistically recognized as such. Nevertheless,
this description represents a first pilot study and the type differentiation proposed here
must be verified by further studies with higher patient numbers. Furthermore, this type
classification, as well as that in histopathology, is somewhat dependent on the personal
interpretation and experience of the examiner. Even though the reliability of this type
classification was very high in our study, this does not rule out a certain subjectivity in the
interpretation of the LMNE matrices. In addition, the usefulness of the aspirate cell count
is lessened when blood is present [39]. Even though bloody aspirates were excluded in
this study according to the recommendation of Deirmengian et al. [39], even a little blood
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in the aspirate reduces the value of cell count measurement. In these cases, however, it is
helpful that more basophils, lymphocytes and eosinophils can be found in the blood than
in a joint aspirate, so that the interpretation of the data from an aspirate that contains blood
is easier to recognize. Thus, when blood is contaminating the aspirate, a high number of
neutrophils does not necessarily mean that there is an infection. Centrifuging the aspirate
beforehand should help to make the interpretation more straightforward; this procedure
significantly improved the readability of leukocyte esterase strips, for example [40]. It
should be noted that such an LMNE matrix of the synovial aspirate cannot be created
by all cell counting devices. This is because the creation of the LMNE matrix requires
the measurement of the light absorption of the cells or particles and many cell counting
devices only measure the scattered light and the size of the cells or particles. Moreover,
the threshold of cell count in the ROC curve analysis at 1400 cells/µL was relatively low
in our patient group. This threshold is slightly lower than that of Ghanem et al. [27],
Trampuz et al. [8], DeVecchi et al. [31] and Dineen et al. [32] (Table 1) and is presumably
due to the composition of the patient group that exhibited a high proportion of low-grade
infections. However, this should not have any influence on the additional benefit of the
LMNE matrix as a diagnostic tool.

Another possibility to distinguish leukocytes and wear particles in the aspirate in-
volves manual counting by a laboratory technician using a microscope. However, manual
counting of WBC in synovial fluid is less accurate than automated counting because it has
been shown to result in an inter-observer variance of more than 20% [41–44]. Therefore,
the improved automated counting procedure described here seems to be more promising
than the traditional manual alternative.

Despite those weaknesses mentioned, in our opinion the graphic representation of
the cell count analysis of synovial aspirates from joints with endoprostheses is a new
and helpful method for diagnosing true periprosthetic infections. Using a device that
graphically displays an increased leukocyte count and identifies wear particles that would
otherwise lead to an incorrect interpretation of the data, will increase the diagnostic value
of the cell count analysis. In our opinion, this technology should therefore be included in
the diagnostic armamentarium of the orthopaedic specialist faced with cases of loosened
or painful endoprostheses.

4. Materials and Methods

This prospective analysis included 390 patients (202 women, 188 men) who had
revision surgery (212 total knee replacements, 178 total hip replacements). They all under-
went a prior aspiration of the joint. Systemic inflammatory diseases such as rheumatoid
arthritis were excluded because these diseases can be associated with the presence of
leukocytes in the joint in the absence of a PJI [45]. Patients with a punctio sicca (dry taps)
(35 hips) and 31 bloody aspirates were also excluded according to the recommendation
of Deirmengian et al. [39], since the latter significantly reduce the sensitivity of cell count
measurement [39]. This left 322 patients (162 women, 160 men) with revisions of 192
total knee replacements and 130 hip replacements. The mean age of the patients was
69.5 ± 10.9 years (28–95 years). The revision operation was carried out 83.1 ± 78.4 months
(2–339 months) after the primary implantation. None of the patients took any antibiotics in
the four weeks preceding the aspiration. The joint aspiration techniques were carried out
under sterile conditions.

Cell numbers were determined for each aspirate by pipetting at least 1 mL synovial
fluid into an EDTA tube before determining the cell count with the laboratory diagnostic
device, ABX Pentra XL 80 (Horiba Medical, Montpellier, France). The ABX Pentra XL 80
is a device for the analysis of the cell count and the WBC-differentiation of blood and
body fluids. Here we selected the so-called 5-DIFF mode from the various processing
modes available. A total of 26 laboratory parameters are recorded, including the five cell
types eosinophils, neutrophils, monocytes, lymphocytes and basophils as well as atypical
lymphocytes and large, immature cells. These cell types are graphically mapped in a
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so-called LMNE matrix, plotting their cell volume (x-axis) against their light scattering or
refraction and absorption (y-axis) (Figure 1). The analysis is based on a combination of
impedance measurement, flow cytometry and cytochemistry. This enables the graphical
assignment and thus differentiation of the four leukocyte populations: lymphocytes, mono-
cytes, neutrophils and eosinophils (Figure 1). Impurities—in our case, wear particles–are
found in the so-called NOISE area of the LMNE matrix (Figure 1).

The evaluations and assignment of the individual matrices to the four different types
of image were carried out twice by two examiners (BF and MH) independently of one
another and without knowledge of the histology. It showed a high reliability, with an
intrarater intraclass correlation coefficient of 0.99 and of 0.98 between raters, respectively.

Additionally, the harvested fluid was immediately aspirated into paediatric blood
culture bottles containing BD BACTEC-PEDS-PLUS/F-Medium (Becton Dickinson, Heidel-
berg, Germany) and were incubated for 14 days [46]. In cases where enough synovial fluid
was aspirated, alpha-defensin was also analysed using an ELISA-Test (170 cases). Serum
CRP-levels were determined in all cases.

During the revision surgery itself, samples were taken from five different areas close
to the prosthesis (synovium and periprosthetic tissue). In addition, five samples from the
synovium and the periprosthetic connective tissue membrane associated with the loosened
prosthesis were obtained for histological assessment. Perioperative antibiotics were only
administered once all the samples had been taken. The biopsy samples were each placed
in sterile tubes and transferred together with the aspirated fluid to the microbiological
laboratory within an hour of sampling. The samples were streaked onto blood agar and
inoculated into special nutrient broth for anaerobic organisms. All the samples were incu-
bated for 14 days [46]. The results together with results of the aspiration were analysed
according to the ICM-criteria [9–11]. Hereby the results were rated as periprosthetic joint
infection (PJI) when the sum of the diagnostic results was at least 6. The classification by
Morawietz and Krenn et al. [36–38] was used for the histological analysis of the peripros-
thetic tissue in order to differentiate between the wear particle type (I), the infection type
(II), the combined type (III) and the indeterminate type (IV). In addition, the number of
polymorphonuclear leukocytes per high power microscope field was also determined.

Statistical evaluation was performed using SPSS for Windows (version 22; IBM Corp.;
Armonk, NY, USA). The chi-square test was used for comparison of nominal variables
between groups, and Cramer-V was used for correlations between nominal variables (>0.5
was defined as strong correlation). The level of significance was generally set at p < 0.05.
A receiver operating characteristic (ROC) curve analysis was used for calculating the cell
count threshold. Sensitivity and specificity as well as likelihood ratios were calculated
in order to evaluate the performance of tests and to choose a diagnostic threshold that is
based on the best combination of sensitivity and specificity.
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Abstract: The frequency and clinical relevance of rare pathogens at the site of periprosthetic infections
of the hip and knee joint and their antibiotic resistance profiles have not yet been assessed in-
depth. We retrospectively analyzed all periprosthetic hip and knee joint infections that occurred
between 2016 and 2020 in a single center in southwest Germany. Among 165 infections, 9.7%
were caused by rare microorganisms such as Veilonella sp., Pasteurella sp., Pantoea sp., Citrobacter
koseri, Serratia marcescens, Parvimonas micra, Clostridium difficile, Finegoldia magna, Morganella
morganii, and yeasts. No resistance to piperacillin/tazobactam, carbapenemes, fluoroquinolones, or
gentamicin was observed. Some bacteria displayed resistance to ampicillin, ampicillin/sulbactam,
and cefuroxime. We present follow-up data of patients with infections due to rare pathogens and
discuss the importance of close, interdisciplinary collaboration between orthopedic surgeons and
clinical microbiologists to carefully select the most appropriate anti-infective treatment regimens for
the increasing number of patients with such infections.

Keywords: hip infection; knee infection; periprosthetic joint infection; antibiotic resistance

1. Introduction

Periprosthetic joint infections (PJI) after hip or knee arthroplasty are accepted to
be a rare but hazardous complication with an overall incidence of 1–2% [1]. Infections
significantly impact the clinical course of affected patients, as prolonged inpatient antibiotic
therapy and repeated surgery are frequently required to effectively treat these conditions.
The orthopedic community has increasingly acknowledged the importance of proper and
timely diagnosis as well as adequate treatment of PJIs in recent years [2]. The causative
pathogen is accordingly an important determinant of the clinical outcome. Indeed, it is
known that multidrug-resistant organisms are associated with a poorer outcome and a
higher risk of treatment failure [3,4].

Numerous studies have sought to investigate the exact epidemiology and microbi-
ological etiology of PJIs in either cohort studies [1,5–8] or analyses of data from national
registries [9–11]. All studies agree that staphylococci represent the most common causative
organisms identified at the sites of PJIs, whereas some geographical differences might be ob-
served [1]. For staphylococcal infections, there is compelling evidence regarding incidence,
resistance patterns, and suggested treatment regimens [5–11]. In contrast, much less is
known about other causative agents giving rise to PJIs, especially with regard to uncommon
microorganisms that some studies summarized under the term “other pathogens” [5–7].
However, their exact identification, resistance profiles, and targeted treatments are certainly
not of minor importance. Information about these rare organisms are currently available
from either single reviews [12] or numerous case reports [13–19].
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To the best of our knowledge, no study has dealt with this topic, yet. Hence, the aim of
the present retrospective study was to describe the microbiological etiology of hip and knee
PJIs in a large cohort at a single center over a 5-year period, with particular emphasis on
rare pathogens that have been described infrequently as agents of PJIs in the peer-reviewed
international literature.

2. Results

Between 2016 and 2020, 1654 arthroplasty surgeries of the hip and knee joint were
performed in the department of the first author. Of that total, 1078 were primary surgeries
(hip: 809, knee: 269), and 411 were carried out due to aseptic reasons (hip: 264; knee: 147).

In total, 165 cases of PJIs were documented during the study period. Of those, 100 in-
fections affected hip prostheses, while 65 prosthetic infections of the knee were diagnosed.
Fifty-six of the hip and fifty-seven of the knee patients, respectively, were not primarily op-
erated on by our department, but were referred to us from other hospitals. There were more
male than female patients and the mean age was 70.8 years (range: 35–89 years; Table 1).

Table 1. Demographic data in a study on the microbiological etiology of hip and knee prosthetic joint
infections at a single center in southwest Germany, 2016–2020.

Treatment Category n = Gender Mean Age (y.)
(Min–Max)

Total cohort 165 76 f/89 m 70.8 (35–89)

Hip—total 100 52 f/48 m 72 (35–89)

hip—DAIR 49 22 f/29 m 71.9 (35–89)

hip—2-stage * 51 30 f/19 m 72.1 (35–89)

knee—total 65 24 f/41 m 69.1 (51–87)

knee—DAIR 12 5 f/7 m 69.9 (57–80)

knee—2-stage 53 19 f/34 m 68.9 (51–87)
DAIR: debridement, antibiotics, irrigation, retention (of prosthesis); f: female; m: male; *: 12× spacer implantation,
37× Girdlestone hip; y.: years.

Based on a combination of microbiological techniques, at least one microorganism
was identified in 72.7% of the cases (120/165). There were 99 mono- and 21 polymicrobial
infections. In 45 cases (27.2%), the results were negative (knee: 20/65; hip 25/100); 20 of
the 45 negative cases received a pre-treatment with antibiotics (knee: 8/20; hip: 12/25).

Among the 120 cases with microbiological detection, 148 bacteria belonging to 34 dif-
ferent species could be identified. Gram-positive bacteria accounted for 80.4% (119/148)
and Gram-negative pathogens for 17.6% (26/148) of the cases. Fungal infections were
observed in 3 cases (2.0%). Staphylococci were the most common group of pathogens and
were found in 54.7% of the cases. The distribution of all pathogens is displayed in Table 2.

Of these detected cases, 10.9% were already positive on the Gram stain (18/165). Of
note, in one case, the staining was positive and correlated with positive histological findings
(Type II). The Gram-negative rods seen in the staining of this particular case could not be
cultivated, and a polymerase chain reaction (PCR) assays for bacteria was also negative. In
five cases pathogens were exclusively identified by PCR, while microbiological cultures
remained negative.

Based on our definition, a rare organism was observed in 16 cases (9.7%) (Table 2
and Table 4). There were 10 male and 6 female patients at a mean age of 68 (51–85) years.
The comorbidities of these patients are presented in Table 3. The majority of the patients
suffered from multiple comorbidities. There were 13 bacterial and 3 fungal infections.
Primary surgical indications included primary total hip arthroplasty in eight cases, primary
total knee arthroplasty in seven cases, and an aseptic acetabular cup revision arthroplasty
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in one case. DAIR procedures were carried out in seven cases and two-stage procedures in
nine cases (Table 4) (Figures 1 and 2).

Table 2. Overview of the identified 148 organisms at the sites of 165 periprosthetic hip and knee
joint infections.

Microorganism n (Percentage)

Staphylococcus epidermidis 43 (29.1%)

Methicillin-resistant S. epidermidis (MRSE) 33 (22.3%)

Methicillin-susceptible S. epidermidis (MSSE) 10 (6.8%)

Staphylococcus aureus 26 (17.6%)

Methicillin-resistant S. aureus (MRSA) 2 (1.4%)

Methicillin-susceptible S. aureus (MSSA) 24 (16.2%)

Enterococcus faecalis 13 (8.8%)

Beta-hemolytic streptococci 9 (6.0%)

Escherichia coli 6 (4.0%)

Serratia marcescens 4 (2.7%)

Pseudomonas aeruginosa 4 (2.7%)

Enterococcus faecium 4 (2.7%)

Staphylococcus caprae 3 (2.0%)

Staphylococcus haemolyticus 3 (2.0%)

Enterobacter cloacae 3 (2.0%)

Staphylococcus hominis 3 (2.0%)

Cutibacterium acnes 3 (2.0%)

Staphylococcus warneri 2 (1.3%)

Streptococcus gallolyticus 2 (1.3%)

Parvimonas micra 2 (1.3%)

Candida albicans 2 (1.3%)

Citrobacter koseri/diversus 1 (0.6%)

Pasteurella sp. 1 (0.6%)

Proteus mirabilis 1 (0.6%)

Alpha-hemolytic streptococci (not further specified) 1 (0.6%)

Klebsiella pneumoniae 1 (0.6%)

Staphylococcus capitis 1 (0.6%)

Pantoea sp. 1 (0.6%)

Clostridium difficile 1 (0.6%)

Finegoldia magna 1 (0.6%)

Streptococcus oralis 1 (0.6%)

Enterobacterales (not further specified) 1 (0.6%)

Streptococci–(not further specified) 1 (0.6%)

Veilonella parvula/ tobetsuensis 1 (0.6%)

Candida guilliermondii 1 (0.6%)

Morganella morganii 1 (0.6%)
n: absolute number; sp.: species.
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Figure 1. (a,b): Preoperative a.p. and lateral radiographs of the right knee joint of a 71-year-old 
male patient. Notice the osteolyses of the proximal medial tibia and the anterior part of the distal 
femur; (c,d): Intraoperative findings. After removal of the femoral component, pus was evident in 
the femoral canal (Serratia marcescens). An articulating antibiotic-loaded spacer was implanted for 
management of the infection; (e,f): After infection eradication, a condylar-constrained prosthesis 
was re-implanted. 

Figure 1. (a,b): Preoperative a.p. and lateral radiographs of the right knee joint of a 71-year-old
male patient. Notice the osteolyses of the proximal medial tibia and the anterior part of the distal
femur; (c,d): Intraoperative findings. After removal of the femoral component, pus was evident in
the femoral canal (Serratia marcescens). An articulating antibiotic-loaded spacer was implanted for
management of the infection; (e,f): After infection eradication, a condylar-constrained prosthesis was
re-implanted.
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Figure 2. (a): Preoperative a.p. radiographs of the pelvis of a 79-year old female patient with a 
femoral head necrosis and secondary osteoarthritis of the right hip joint; (b): Postoperative radio-
graphs after implantation of a cementless total hip arthroplasty; (c): Local findings 7 days after the 
surgery, indicating an early postoperative infection; (d): Purulent fluid was present in the joint 
(Clostridum difficile). The patient could be successfully treated by DAIR. 

The analysis of the resistance profiles of the identified bacteria (Table 4) did not show 
resistance to piperacillin/tazobactam, carbapenems, fluoroquinolones, or gentamicin. In 
some cases, bacterial strains were resistant to ampicillin, ampicillin/sulbactam, and ce-
furoxime. In four cases of anaerobic bacteria (Clostridium difficile, Finegoldia magna, Par-
vimonas micra, Veillonella spp.), no detailed resistance testing was carried out. 

From the 16 patients, three were lost during follow-up and one passed away due to 
reasons not related to the PJI. Among the remaining 12 patients, three suffered from a 
reinfection with a causative organism different than the one primarily identified. The first 
patient had a reinfection with Escherichia coli (previously Finegoldia magna), the second one 
with methicillin-resistant S. epidermidis (primarily Candida guilliermondii), and the third 
one with methicillin-susceptible Staphylococcus aureus (primarily Serratia marcescens) (Table 
5). All three underwent a two-stage procedure for further eradication of the infection. 

Table 5. Data on surgical and systemic antibiotic treatments and infections in a study on the microbiological etiology of 
hip and knee prosthetic joint infections at a single center in southwest Germany, 2016–2020. 

Organism Joint 
Primary Surgi-
cal Indication 

Treatment Pro-
cedure 

Systemic Antibiotic 
Therapy 

Follow-Up 
(Months) 

Infection 
Eradication 

Morganella morganii * 
(+ MSSA, E. faecalis) hip primary THA two-stage rifampicin + vancomycin lost unclear 

Veilonella parvula/to-
betsuensis knee primary TKA two-stage levofloxacine 12 yes 

Finegoldia magna hip primary THA DAIR ciprofloxacine 7 no 
Clostridium difficile hip primary THA DAIR rifampicin + ceftriaxone 10 yes 

Pantoea sp. knee primary TKA DAIR rifampicin + ciprofloxacin 13 yes 

Pasteurella sp. knee primary TKA DAIR 
rifampicin + cefurox-

ime/ciprofloxacine 54 yes 

Figure 2. (a): Preoperative a.p. radiographs of the pelvis of a 79-year old female patient with a femoral
head necrosis and secondary osteoarthritis of the right hip joint; (b): Postoperative radiographs
after implantation of a cementless total hip arthroplasty; (c): Local findings 7 days after the surgery,
indicating an early postoperative infection; (d): Purulent fluid was present in the joint (Clostridum
difficile). The patient could be successfully treated by DAIR.

The analysis of the resistance profiles of the identified bacteria (Table 4) did not
show resistance to piperacillin/tazobactam, carbapenems, fluoroquinolones, or gentamicin.
In some cases, bacterial strains were resistant to ampicillin, ampicillin/sulbactam, and
cefuroxime. In four cases of anaerobic bacteria (Clostridium difficile, Finegoldia magna,
Parvimonas micra, Veillonella spp.), no detailed resistance testing was carried out.

From the 16 patients, three were lost during follow-up and one passed away due to
reasons not related to the PJI. Among the remaining 12 patients, three suffered from a
reinfection with a causative organism different than the one primarily identified. The first
patient had a reinfection with Escherichia coli (previously Finegoldia magna), the second one
with methicillin-resistant S. epidermidis (primarily Candida guilliermondii), and the third one
with methicillin-susceptible Staphylococcus aureus (primarily Serratia marcescens) (Table 5). All
three underwent a two-stage procedure for further eradication of the infection.
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3. Discussion

The aim of the present study was to determine the occurrence of rare microorganisms
at the site of hip and knee PJIs and evaluate their antibiotic resistance patterns at a single
center. Our results demonstrate that such uncommon pathogens accounted for 9.7% of all
cases. None of these organisms was multi-drug resistant. However, in 25% of the cases,
that were followed up, reinfections occurred with organisms other than those primarily
identified.

The microbiological spectrum at the sites of PJIs, and in some cases their resistance
profile, has been described in various studies. In a retrospective single-center study, Rafiq
et al. found that coagulase-negative staphylococci were the most common organism in 67%
of the cases in a cohort of 337 infected THAs [7]. “Other” organisms were responsible for 5%
of the cases. Similar findings were described by Nickinson et al. at the sites of 121 infected
knee arthroplasties [6]. Coagulase-negative staphylococci were the dominant group in
49% of the cases, whereas “other” organisms were seen in 25% of the cases. Drago et al.
evaluated the microbiological findings of 429 PJIs of the hip and knee [5]. Staphylococci
were the most frequent organism in 66.6% of the cases, followed by Enterobacteriaceae and
Cutibacterium acnes [7]. There were no differences in the findings between hip and knee
PJIs. Among the “rarely” identified organisms, Acinetobacter sp. were observed in 4 cases,
Corynebacterium species in 10, Candida species in 1, and other anaerobes in 9 infections. In a
very detailed retrospective study of 294 hip and knee PJI cases, Tsai et al. reported that the
most common pathogenic organism was methicillin-susceptible S. aureus (26.5%), followed
by coagulase-negative staphylococci (14.3%) [1]. Culture-negative findings were present in
27.2% of the cases. A variety of rare organisms, such as Prevotella species, Parvimonas micra,
Salmonella enterica, and Morganella morganii could be identified. Interestingly, fungal and
Mycobacterium infections were observed in 1.7% of the cases.

To the best of our knowledge, the term “rare” has not yet been unambiguously
defined in the literature with regard to orthopedic infections. Several terms, such as “rare”,
“atypical”, and “unusual”, have been used for the description of organisms that are not
frequently identified at the sites of PJIs [12,18,20,21]. Caution must be exercised when trying
to propose such a definition because rigorous scientific and clinical criteria are lacking, and
such criteria might vary among different medical disciplines. The present definition used
here sought solely to identify the “true” rare organisms; however, we cannot disregard
the fact that under other circumstances (geographical differences, larger/smaller cohorts,
etc.) the rate of rare organisms might differ from the one identified in the present study.
Especially the geographical differences are of great importance. Aggarwal et al. evaluated
all PJIs treated over a period of 12 years at two referral centers: one in Europe and the other
in the United States [22]. The incidence of methicillin-resistant staphylococcal species, and
particularly S. aureus, was significantly higher in the US than in Europe. Likewise, 27%
of the Enterococcus infections were vancomycin-resistant in the US, whereas no isolates in
Europe showed such resistance.

There are various possible causes for the increasing detection of rare organisms. First
of all, the number of revision arthroplasty surgeries is increasing worldwide. Even if
the particular revision rates stay the same, the absolute numbers will increase, and thus
the possibility of identifying more pathogenic organisms. Over the past 10–15 years, a
significant number of new bacterial species or subgroups within known species has been
described [23]. The cases that were previously just called, for example, “staphylococci
with no further differentiation” can nowadays be classified into numerous subgroups [23].
Furthermore, new microbiological detection methods have been developed and established
in clinical practice. At the sites of implant infections, the use of sonication is recognized
to have additional advantages with regard to sensitivity and specificity compared to
the gold standard bacterial cultures [24,25]. The use of molecular biological techniques,
such as polymerase chain reaction (PCR), also count as an enhancement to diagnostic
measures despite their susceptibility to contamination and inhibition [26–28]. Prolonged
cultivation periods in the range of ≥ 14 days compared with standard cultures over 7 days
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demonstrated an increase in the detection rate by more than 25% [29], although more
recent studies question the necessity of extended culture duration in acute periprosthetic
hip and knee joint infections [30]. Last but not least, more tissue samples are nowadays
taken during surgery and sent for further microbiological examination, thus increasing the
possibility of a positive microbiological result. The Infectious Diseases Society of America
(IDSA) recommends submitting at least three and optimally five or six periprosthetic tissue
samples for aerobic and anaerobic culture [31].

Regarding the results presented here, it is important not to over-interpret the relative
frequency of each identified organism. Such values are dynamic and greatly depend on
“trends” of diagnostics and treatment. The more revision surgeries are performed, the
more tissue samples are taken and investigated, and with the improvement of diagnostic
measures, the higher is the possibility of identifying more pathogenic agents. Our study
acknowledges the increasing relevance of these lesser known pathogens with regard to
musculoskeletal infections and in particular PJIs. The origin of infections caused by these
pathogens frequently remains unknown, but might have been hematogenous in some cases.
Indeed, many of these bacteria belong to the physiological microbiota environment in other
parts of the human body, as is exemplarily shown in Table 6 for some of the pathogens
detected in our study.

Data in the literature on PJIs are scarce for the rare pathogens found in our study.
Some of these organisms (P. micra) have been described at the sites of PJIs following dental
procedures [32], although there is considerable debate as to whether an antibiotic treatment
should be provided in the prevention of those infections [33]. Others, such as F. magna,
have been seen either at the site of polymicrobial infections [34] or in a single report of
two cases [13]. PJIs due to Veilonella species [14,16,35], Pantoea species [19], Pasteurella
species [15,36–41], and Citrobacter [42,43] are exceedingly rare. Of note, most of these
bacteria (9/13) are Gram-negative. It is generally accepted that the eradication of Gram-
negative PJIs can be difficult, with success rates ranging between 52 and 75%, depending
on whether DAIR or two-stage procedures have been carried out [44,45]. Similar results
have been reported for fungal PJIs. At the sites in 31 cases, Azzam et al. reported that
70% of the patients treated with DAIR suffered from infection persistence and required
resection arthroplasty [46]. However, only 9 of the 29 patients undergoing resection
arthroplasty underwent eventual eradication of the infection and delayed reconstruction.
In a systematic review of surgical treatments (one-stage, two-stage, resection arthroplasty,
DAIR) and clinical outcomes, Fusini et al. observed total success in 63% of the cases [47].
Kuiper et al. described an 85% success rate when two-stage exchange arthroplasty was
performed [48]. Overall, it is apparent that all these scarce reports with a discrepancy of
outcomes do not allow for a generalization of conclusions.
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The usual perioperative antibiotic prophylaxis involves a first- or second-generation
cephalosporin (cefazolin or cefuroxime) regardless of the type of surgery (primary or
revision) or comorbidities of the patient [49]. This choice is often appropriate because
Gram-positive bacteria are responsible for the majority of PJIs [5]. On the other hand,
difficult-to-treat PJIs are becoming an increasing problem [50,51], and such antibiotic
therapy might not be effective against these infections. The resistance patterns of the
organisms in the present study show that these organisms were not multi-drug resistant and
were susceptible to a wide range of tested antibiotics in vitro. In single cases, resistance was
seen against ampicillin and cefuroxime, mainly in Serratia marcescens, which is intrinsically
resistant to ampicillin. No resistance was observed against fluoroquinolones, and especially
ciprofloxacin, which is regarded to be a cornerstone in the treatment of Gram-negative
PJI [52]. Despite the antibiotic susceptibility of these organisms, 25% of the patients
that were followed up suffered from reinfections with an organism other than primarily
identified. We do not regard this as a failure of treatment. It is generally accepted that
successful treatment of PJI does not depend solely on systemic antibiotic therapy, but
also on other factors such as surgical debridement, local antibiotic therapy, or patient
comorbidities. In particular, the presence of certain comorbidities such as diabetes mellitus,
obesity, hypertension, hepatitis C, drug abuse, and heart and renal disorders are recognized
to be risk factors for the emergence of PJI in general [1,8]. The sole role of each comorbidity
in the emergence of a PJI caused by a rare organism is, however, unclear, and difficult to
evaluate based on the small number of patients identified in the present work as well as
the limited data in the literature.

Several limitations of our study are presented for consideration. The study was
retrospective, with all the drawbacks of such a design. Due to this design, we were not able
to determine which antibiotics were previously received by patients who were referred to
us. The presently suggested definition of “rare organisms” is a first attempt, and might be
further modified in the future. The 16 cases evaluated did not allow for a generalization
of conclusions about the pathogenicity of these organisms at the sites of PJIs. Finally,
further progress in infectious disease diagnostics will certainly change and improve our
understanding of the microbiological etiology of PJIs in the foreseeable future, e.g., by the
introduction of metagenomic sequencing in routine clinical practice [53].

4. Materials and Methods

A retrospective analysis of the internal arthroplasty data bank of the department of
the first author was performed for identification of all periprosthetic hip and knee joint
infections during the time period 2016–2020. Inclusion criteria were all revisions that
were performed due to septic reasons, with complete documentation of all diagnostic
measures. Patients that had revision arthroplasty surgery for any other reasons, and those
with insufficient or incomplete documentation, were excluded from the study. Due to the
retrospective study design, approval by the local ethics committee was unnecessary.

The primary aim of the study was to identify the rates and resistance patterns of
rare pathogenic organisms at the sites of hip and knee PJIs. The secondary goal was to
determine infection eradication rates at the sites of these rare infections.

Infections included in this analysis were defined by the criteria of the Musculoskeletal
Infection Society (MSIS) [54]. Preoperatively, a joint aspiration was performed to differ-
entiate aseptic from septic prosthesis loosening, except for those patients whose positive
blood cultures confirmed hematogenous infections or who presented with systemic sepsis
signs and were immediately operated on. A further exclusion concerned patients who
had fistulas. In these cases, we preferred to take direct tissue samples during surgery.
If joint aspiration revealed negative microbiological findings, but clinical, laboratory or
radiological findings pointed strongly to the presence of an infection, an arthroscopic or
open biopsy was performed prior to the prosthesis revision.
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4.1. Surgical Management

All patients, suffering from an early or acute hematogenous PJI were initially treated by
means of DAIR (debridement, antibiotics, irrigation, retention (of prosthesis)). All infected,
necrotic, or ischemic tissue layers were debrided. Removable prosthetic components (knee:
polyethylene insert; hip: acetabular cup insert, femoral head) were always exchanged. A
pulsatile lavage with at least 5 L Ringer’s solution was also performed.

All patients with a late PJI and those having had two unsuccessful DAIR surgeries
with persistence of infection [55] underwent a two-stage procedure. In the first surgery,
all prosthetic components including cement were removed, and all infected, necrotic, or
ischemic tissue layers were debrided. A pulsatile lavage with at least 5 L Ringer’s solution
was always performed.

At the sites of hip infections, the primary goal has always been to implant an antibiotic-
loaded spacer. In these cases, the spacer was intraoperatively produced by means of
commercially available molds (Stage OneTM, Fa. ZimmerBiomet, Freiburg im Breisgau,
Germany). However, patients with a reduced medical condition and unable to avoid
putting any weight on the operated extremity postoperatively, those who suffered from
large osseous defects of the proximal femur or acetabulum, and those who needed a
transfemoral approach for the safe removal of the femoral stem were deemed better suited
for a resection arthroplasty (Girdlestone procedure) due to the higher theoretical risk of a
secondary spacer dislocation or fracture during the interim phase [56]. In these cases, 2–3
antibiotic-loaded beads (Septopal®, Fa. ZimmerBiomet, Freiburg im Breisgau, Germany)
were inserted into the acetabulum and the femoral canal.

Regarding knee infections, the presence of bone defects, according to the Anderson
Orthopedic Research Institute (AORI) bone defect protocol [57], helped us decide whether
an articulating or a static spacer should be implanted. All patients with bone defects
I-IIA were treated with an articulating spacer (Copal knee molds, Fa. Hereaus, Wehrheim,
Germany). Patients suffering from bone defects IIB-III were treated with a static spacer.
This spacer was molded individually according to the particular joint space geometry.

For the intraoperative production of hip and knee spacers, commercially available
antibiotic-loaded bone cement was used, loaded either with gentamicin or gentamicin +
clindamycin (Palacos® R + G/Copal® G + C, Fa. Hereaus, Wehrheim, Germany). Depend-
ing on the particular causative organism and its resistance profile, 2 g vancomycin/40 g
bone cement were additionally incorporated into the cement in certain cases.

After the operation, an immediate, systemic antibiotic therapy was started—either
specific if the causative organism was preoperatively known, or a calculated therapy with
1.5 g cefuroxime intravenously (thrice daily) if the causative organism were unknown, and
adjusted if necessary during the further course. All patients received an antibiotic therapy
over 6 weeks, consisting of administration 3–4 weeks intravenously and 2–3 weeks orally.
All knee joints with a static spacer were immobilized in a cast in full extension. Patients
with an articulating spacer were allowed to flex their knee as tolerated. All patients (hip
and knee) were allowed to walk on crutches with no weight on the operated extremity.

Six weeks after the spacer implantation or the Girdlestone procedure, the antibiotic
therapy was paused for 7–10 days and the serum inflammation parameters (C-reactive
protein, blood cell count) controlled. If the laboratory parameters were normal, a prosthe-
sis reimplantation was then planned if the wound had healed and the general medical
condition of the patient allowed for it. The types of implants used were chosen based
on the amount of bone loss and quality. A joint aspiration was not routinely carried out
prior to spacer explantation and prosthesis reimplantation because data in the literature
demonstrated no benefit from such a measure [58,59].

4.2. Microbiological and Histopathological Diagnostic Techniques

Tissue samples from at least 5 different locations along with joint fluid (when present)
were taken and sent for further microbiological and histological examination. All samples
were sent within 30 min to our Microbiologic and Pathologic Institute.
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Upon histopathological analysis, all samples were classified in accordance with the
system of Krenn and Morawietz to provide an estimate of the probability of infection [60].

Upon receipt for microbiological analysis, all samples were immediately processed
and subjected to microscopic examination using a Gram stain. Different agar media and
enrichment broths were used for microbiological culture, i.e., Columbia blood agar and
MacConkey agar for aerobic culture, and Schaedler agar plates for anaerobic culture.
Thioglycolate bouillons of each sample were inspected daily for an incubation period of
7 days until 2018, which was then prolonged to 14 days per sample to account for any slowly
growing bacteria [29]. Culture-grown colonies of bacteria or fungi were subjected to further
analysis using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry or the VITEK® 2 system (BioMérieux; Nürtingen, Germany) for species
identification. Antimicrobial susceptibility testing was performed using either the VITEK®

2 system or agar disc diffusion tests, as appropriate. Samples without microbiological
growth but with suspicious histopathology results were further analyzed by a broad-range
16S rRNA PCR to assess the presence of bacterial nucleic acids. PCR-positive samples were
subsequently sequenced to reach identification at the genus or species level.

For the organisms exclusively identified by 16S PCR, no resistance testing could be per-
formed. All laboratory procedures were in accordance with the microbiological-infectiological
quality standards (MiQs) of the German Society of Hygiene and Microbiology.

4.3. Definition of Rare Organisms

The term “rare” has not been unambiguously defined with regard to PJI. Therefore, we
had to subjectively set classification criteria. This decision was made by both the treating
orthopedic surgeons and the microbiologists involved in the management of these cases.

First of all, we decided not to define the rarity of the organisms solely based on their
occurrence in our study, to avoid setting-specificity. Moreover, we sought to distinguish
between the truly rare organisms and the “unusual” or “atypical” ones. The latter organ-
isms would probably be those that are frequently identified at the sites of other infections
(e.g., pneumonia, urinary tract infections), but not typically at the site of a PJI. In our
opinion, however, they do not warrant automatic classification as “rare” and rather should
be named “unusual” or “atypical”. Last but not least, we searched the international peer-
reviewed literature in English for every pathogenic organism detected in the present study
in order to identify whether there were many or only a few scientific publications about
that particular organism.

Following these preparatory steps, an organism was defined as “rare” if (1) it was not
typically associated with PJI, or (2) it had only been described in a maximum of 10 case
reports or a small case series about PJIs in the English literature. An exclusion applied here
to fungal infections, because these are the only organisms that are recognized to be rare
causative organisms in PJIs according to the literature, with an incidence rate of less than
1% [46–48].

5. Conclusions

To our knowledge, the present study is the first that sought to determine the occurrence
of rare organisms and their antibiotic resistance patterns at the sites of hip and knee PJIs.
Such pathogens accounted for approximately 10% of all infections. No organism was
multi-drug resistant or difficult to treat. Although orthopedic surgeons are responsible for
the practical treatment, these findings call for the establishment of close, interdisciplinary
collaboration with clinical microbiologists and infectious disease specialists to carefully
select the most appropriate anti-infective treatment options for patients suffering from PJIs
due to such less-common causative agents.
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Abstract: Periprosthetic joint infection (PJI) remains one of the most common causes of revision
knee arthroplasty. Controversy continues to surround the proper operative technique of PJI in knee
arthroplasty with single- or two-stage replacement. Significant variations are seen in the eradication
rates of PJI and in implant survival rates. This detailed retrospective analysis of a single tertiary center
is intended to provide further data and insight comparing single- and two-stage revision surgery. A
retrospective analysis of all revision total knee arthroplasty (TKA) surgeries from 2013 to 2019 was
performed and screened with respect to single- or two-stage TKA revisions. Single- and two-stage
revisions were analyzed with regard to implant survival, revision rate, microbiological spectrum,
and other typical demographic characteristics. A total of 63 patients were included, with 15 patients
undergoing single-stage revision and 48 patients undergoing two-stage revision. The mean follow-up
time was 40.7 to 43.7 months. Statistically, no difference was found between both groups in overall
survival (54.4% vs. 70.1%, p = 0.68) and implant survival with respect to reinfection (71.4% vs. 82.4%,
p = 0.48). Further, high reinfection rates were found for patients with difficult-to-treat organisms and
low- to semi-constrained implant types, in comparison to constrained implant types. A statistically
comparable revision rate for recurrence of infection could be shown for both groups, although a
tendency to higher reinfection rate for single-stage change was evident. The revision rate in this
single-center study was comparably high, which could be caused by the high comorbidity and high
proportion of difficult-to-treat bacteria in patients at a tertiary center. In this patient population, the
expectation of implant survival should be critically discussed with patients.

Keywords: periprosthetic joint infection; PJI; single-stage revision TKA; two-stage revision TKA;
revision risk; rTKA

1. Introduction

Periprosthetic joint infection (PJI) in knee arthroplasty is one of the major causes of
revision surgery [1,2]. In 14.5% to 25.2% of cases after primary total knee arthroplasty
(TKA), revisions are caused by PJI. Further, an increased risk of failure due to PJI is found
in patients undergoing revision total knee arthroplasty (rTKA) [3]. In a single-center study
of 566 rTKA, 46% of re-revisions were caused by PJI [3]. Keeping in mind that the numbers
for TKA are steadily increasing [4], the number of PJIs can also be expected to increase
significantly, if infection rates are remaining constant. Despite established and studied
treatment strategies, PJI shows a high occurrence rate of reinfection with 19% to 23% [5,6].
The diagnosis and treatment of PJI often have serious consequences for patients with
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significant morbidity and mortality [7,8] and also pose serious challenges to health care
systems [4].

While early onset infections are usually treated with open debridement, replace-
ment of the tibial insert, and targeted antibiotic therapy, late-onset infections are treated
with component replacement, either in a one- or two-stage procedure. For many years,
two-stage replacement of knee arthroplasty for infections was the gold standard [9]. To
overcome the morbidity of two-stage procedures, septic single-stage arthroplasty was
introduced [10]. Two-stage revision involves removal of the prosthesis, installation of static
or mobile antibiotic-loaded cement spacers, leaving the spacers in place for approximately
6 weeks with concurrent antibiotic therapy, followed by reimplantation of the prostheses
and renewed postoperative antibiotic therapy [9]. The single-stage procedure involves
radical soft tissue debridement and osseous debridement with direct reimplantation of the
prosthesis with the use of antibiotic-loaded cement and postoperative antibiotic therapy [9].

Single-stage revision offers benefits in terms of health economic costs, hospitaliza-
tion and length of stay, and improved morbidity, as well as patient satisfaction [11,12].
However, concerns still remain that higher reinfection rates may persist after single-stage
procedures [13]. Reinfection rates in between different studies of single- or two-stage
revision TKA procedures vary significantly. Reported reinfection rates vary from 7.6% to
38.25% [14], regardless of the technique used. Lately, several studies report comparable
outcomes and reinfection rates for direct comparison of single- vs. two-stage revision
arthroplasty [15–17]. Nevertheless, there are still uncertainties, for example, regarding the
influence of patient selection and indication criteria for single-stage TKA revision [17,18].
Furthermore, studies show large variations in reinfection rates [14] so that in addition to
large, methodologically highly qualitative studies, data from retrospective studies with an
exact evaluation of the patients’ demographic data are still needed.

For this reason, this single tertiary center analysis examined the midterm results after
single- and two-stage revision to add valuable data on survival rates and reinfection rates,
in comparison to both techniques. Detailed analysis on patients’ demographics and risk
factors was carried out.

2. Results
2.1. Group Sizes and Patient Inclusion

A total of 68 cases were included in this single-center retrospective cohort study
comparing single- and two-stage TKA revision, whereas only 63 cases were available
for implant survival and reinfection risk analysis. The in-clinic database consisted of
1422 TKA revisions, with component exchange from 01/2013 to 12/2019, whereas of these
120 patients showed a late-onset PJI following the EBJIS criteria (Figure 1). A total of
50 cases needed to be excluded in the two-stage group due to the loss of follow-up, i.e.,
we were unable to contact patients or incomplete microbiological or pathological data
necessary for PJI evaluation following EBJIS criteria was not available. A total of two cases
were unable to be contacted in the single-stage revision group.

Within the course of the two-stage TKA revisions, five patients died (mortality rate:
9.4%), whereas none of the patients in the single-stage group died within the perioperative
course or in relation to the operation. Of those five cases in the two-stage group, two
patients died in the period between prosthesis explantation and reimplantation. Three of
the five patients died after reimplantation in the direct postoperative course. Other deaths
were included in the Kaplan–Meier analysis. However, only one additional death was
observed in the two-stage group, deceased 10 months postoperatively.
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Figure 1. Study flow diagram: TKA, total knee arthroplasty; rTKA, revision TKA; PJI, peripros-
thetic joint infection; EBJIS, European Bone and Joint Infection Society; LFU, lost to follow-up; FU, 
follow-up; *, patients did not meet inclusion criteria due to incomplete data for PJI evaluation, e.g., 
inadequate number of intraoperative tissue samples for microbiological analysis; **, died in the 
course of implant removal or reimplantation procedure and analyzed separately. 

2.2. Demographic Data 
Demographic data of both groups are summarized in Table 1. Mean follow-up time 

was comparable between single-stage revision and two-stage revision groups (47.3 ± 19.2 
months, 40.7 ± 23.1 months; p = 0.982). Age, body mass index (BMI), American Society of 
Anesthesiologists physical status score (ASA), and microbiological organism characteris-
tics (difficult-to-treat organisms (DTT)) showed no differences between the groups (Table 
1). The distribution of gender and used implant types showed differences between the 
groups (Table 1). Although low constraint prostheses (cruciate-retaining (CR)/posterior 
stabilized (PS), and semi-constrained) were mainly used in the single-stage group (78.5%), 
the proportion of constraint prostheses predominated in the two-stage group (56.3%, p = 
0.048). In the two-stage group, mobile spacers (77.1%) were predominantly used. 

Table 1. Group-specific demographic data. 

Demographic Variables  Single-Stage Two-Stage p Value 
Group size n 15 48  

Age (years) 
mean (±SD) 65.0 (±10.2) 69.3 (±11.1) 

0.315 min 49.0 51.0 
max 84.0 93.0 

BMI (kg/ m2) 
mean (±SD) 

min 
30.1 (±5.9) 

20.2  
29.9 (±7.2) 

19.6 0.725 
max 42.6 46.3 

Gender female 11 (73.3%) 20 (41.7%) 0.041 * 

ASA score 
I 2 (13.3%) 1 (2.1%) 

0.377 II 9 (60.0%) 33 (68.8%) 
III 4 (26.7%) 14 (29.2%) 

TKA revisions with component
exchange within 2013 to 2019

n=  1422

TKA revisions due to PJI following
EBJIS criteria [19] 

n=  172

TKA revisions due to other reasons
(e.g. instability, loosening)

n=  1250

TKA revisions due infection with
late-onset PJI

n=  120

TKA revisions due infection with
early-onset PJI

n=  52

Single-stage rTKA
n=  17

Two-stage rTKA
n=  103

Single-stage rTKA included
n=  15

LFU
n=  2 Two-stage rTKA with complete FU

n=  53

Exclusion/ LFU
Excluded *: n=  15 

LFU: n=  35

Perioperative death **: n=  5No death**

Two-stage rTKA included
n=  48

Figure 1. Study flow diagram: TKA, total knee arthroplasty; rTKA, revision TKA; PJI, periprosthetic joint infection; EBJIS,
European Bone and Joint Infection Society; LFU, lost to follow-up; FU, follow-up; *, patients did not meet inclusion criteria
due to incomplete data for PJI evaluation, e.g., inadequate number of intraoperative tissue samples for microbiological
analysis; **, died in the course of implant removal or reimplantation procedure and analyzed separately.

2.2. Demographic Data

Demographic data of both groups are summarized in Table 1. Mean follow-up time
was comparable between single-stage revision and two-stage revision groups (47.3 ± 19.2
months, 40.7 ± 23.1 months; p = 0.982). Age, body mass index (BMI), American Society of
Anesthesiologists physical status score (ASA), and microbiological organism characteristics
(difficult-to-treat organisms (DTT)) showed no differences between the groups (Table 1). The
distribution of gender and used implant types showed differences between the groups
(Table 1). Although low constraint prostheses (cruciate-retaining (CR)/posterior stabilized
(PS), and semi-constrained) were mainly used in the single-stage group (78.5%), the pro-
portion of constraint prostheses predominated in the two-stage group (56.3%, p = 0.048). In
the two-stage group, mobile spacers (77.1%) were predominantly used.
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Table 1. Group-specific demographic data.

Demographic Variables Single-Stage Two-Stage p Value

Group size n 15 48

Age (years)
mean (±SD) 65.0 (±10.2) 69.3 (±11.1)

0.315min 49.0 51.0
max 84.0 93.0

BMI (kg/ m2)
mean (±SD)

min
30.1 (±5.9)

20.2
29.9 (±7.2)

19.6 0.725
max 42.6 46.3

Gender female 11 (73.3%) 20 (41.7%) 0.041 *

ASA score

I 2 (13.3%) 1 (2.1%)

0.377
II 9 (60.0%) 33 (68.8%)
III 4 (26.7%) 14 (29.2%)
IV

Mc Pherson score

Host grade A 7 (46.7%) 8 (16.7%)
0.150B 4 (26.7%) 27 (56.3%)

C 4 (26.7%) 13 (27.1%)
Local grade I 4 (26.7%) 2 (4.2%)

0.015 *II 7 (46.7%) 18 (37.5%)
III 4 (26.7%) 28 (58.3%)

Number of preoperations mean (± SD) 2.1 (±1.2) 3.3 (±2.3) 0.081

Follow up (months)
mean (± SD) 47.3 (±19.2) 40.7 (±23.1)

0.982min 22.0 18.0
max 75.0 92.0

Implants after revision

CR/ PS 3 (20.0%) 6 (12.5%)

0.048*
semi constrained 8 (53.3%) 13 (27.1%)

constrained 4 (26.7%) 27 (56.3%)
DFR 1 (2.1%)

arthrodesis 1 (2.1%)

Spacer type mobile 37 (77.1%) - - -
static 11 (22.9%)

Organism characteristics DTT 4 (26.4%) 18 (37.5%)
0.544non DTT 11 (73.3%) 30 (62.5%)

SD, standard deviation; ASA, American Society of Anesthesiologists score; MSIS, Musculoskeletal Infection Society score; CR, cruciate
retaining; PS, posterior stabilized; DFR, distal femoral replacement; DTT, difficult to treat [19]; * statistically significant.

The distribution of microbiological organisms between the groups is summarized in
Table 2. The most common organisms were coagulase-negative staphylococci (CNS) in
both groups, with 33.3% in the single-staged revision group and 27.1% in the two-stage
revision group, respectively. A high amount of Staphylococcus spp. (45.5%) found in the
two-stage revision group showed difficult-to-treat characteristics, whereas only 14.3% of
the Staphylococcus spp. in the single-stage revision group were DTT. Overall, the proportion
of DTT organisms was very high in both groups (26.4%, 37.5%, respectively; p = 0.544).
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Table 2. Distribution of microbiological organisms.

Microbiological Organism Resistance Single-Stage Two-Stage

Gram positive
Coagulase-negative staphylococcus 5 (33.3%) 13 (27.1%)

of those: Methicillin/Clindamycin 2 (4.2%)
Rifampicin 2 (4.2%)

Staphylococcus aureus 5 (10.4%)
of those: Methicillin 1 (2.1%)

Divers Staphylococcus spp. 2 (13.3) 4 (8.33%)
Streptococcus spp. 2 (4.2%)

Bacillus spp. 1 (2.1%)
Microccocus luteus 1 (2.1%)

Enterococcus faecalis 1 (6.7%) 3 (6.3%)
Propriobacterium acnes 1 (6.7%)

Fungi
Candida spp. 1 (6.7%) 1 (2.1%)

Others
Polymicrobial 1 (6.7%) 6 (12.5%)

No growth 4 (26.7%) 11 (22.9%)

2.3. Survival Rate Analysis

The mean survival did not differ in between groups due to all causes of revision
(p = 0.684) and due to recurrence of infection (p = 0.419), especially in the first 18 months
(Figure 2). Despite no statistical difference, the single-stage group showed higher revision
rates, especially with regard to infection-related revision (Figure 2, Table 3). The overall
Kaplan–Meier survival rate (Figure 2) was 85.7% (95% Ci 53.9 to 96.2) at 12 months for
single-stage revisions and 83.3% (95% Ci 68.2 to 91.7) for two-stage revisions, 63.5% (95%
Ci 33.1 to 83.0) vs. 73.4% (95% Ci 57.1 to 84.3) at 24 months, and 54.4% (95% Ci 24.8 to 76.7)
vs. 70.1% (95% Ci 53.2 to 81.9) at 36 months. Regarding the recurrence of infection, the
Kaplan–Meier survival rate was 85.7% (95% Ci 53.9 to 96.2) for single-stage revisions and
87.7% (95% Ci 72.9 to 94.7) for two-stage revisions at 12 months, 71.4% (95% Ci 40.6 to 88.2)
and 82.4% (95% Ci 66.5 to 91.2) at 24 and 36 months.

At final follow-up, a total of 7/15 cases (53.3%) had to be revised in the single-stage
group and 15/48 cases (31.3%) in the two-stage group, whereas 4/15 cases (26.7%, single-
stage) and 7/48 (14.6%, two-stage) were revised due to reinfection. Recurrence of infection
with the same germ was seen in 2/4 cases in the single-stage group (50%) and in 3/7 cases
in the two-stage group (42.9%). No germ but other positive PJI criteria were found in
2/4 cases in the single-stage group (50%) and in 3/7 cases in the two-stage group (42.9%).
Reinfection was found in 2/7 cases in the two-stage group (28.6%). The time between index
operation and overall re-revision and revision due to infection was comparable between
both groups (Table 3, p = 0.331, p = 0.497, respectively).
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2.4. Influence of Variables on Reinfection Rate

Statistical analysis of the influence of variables on the reinfection rate (gender, ASA
score, McPherson score, number of preoperations, implant type of reimplantation, spacer
type, or organism characteristics) did not show any significant risk factor (all p > 0.05).
However, it was striking that especially cases with a low constraint level implant restoration
(CR/PS or semi-constrained) were mainly responsible for reinfections in both groups
(100.0% of single-stage revisions, 85.7% of two-stage revisions, Table 4). Furthermore,
reinfections in the two-stage group were only found in cases restored with a mobile spacer,
while all cases (n = 11) with static spacers showed no revision due to reinfection. The
reinfection rate in the two-stage group was also very high in cases with DTT organisms.
Here, 71.4% of all reinfections in this group were found in cases with DTT organisms.

Table 4. Variable analysis on revision rate.

Variables Single-Stage Two-Stage

Overall Infection p Value * Overall Infection p Value *

Gender
female 5 (71.4%) 4 (100.0%)

0.52
6 (40.0%) 1 (14.3%)

0.21male 2 (28.6%) 9 (60.0%) 6 (85.7%)

ASA score
I 1 (14.3%) 1 (25.0%)

0.61 0.11
II 4 (57.1%) 2 (50.0%) 13 (86.7%) 7 (100.0%)
III 2 (28.6%) 1 (25.0%) 2 (13.3%)
IV

Host grade

Mc Pherson
score

A 4 (57.1%) 3 (75.0%)
0.12

1 (6.7%)
0.15B 2 (28.6%) 1 (25.0%) 8 (53.3%) 4 (57.1%)

C 1 (14.3%) 6 (40.0%) 3 (42.9%)
Local grade

I 2 (28.6%) 1 (25.0%)
>0.99 0.88II 3 (42.9%) 2 (50.0%) 8 (53.3%) 3 (42.9%)

III 2 (28.6%) 1 (25.0%) 7 (46.7%) 4 (57.1%)

Number of
preoperations Mean (± SD) 1.6 (±0.7) 1.3 (± 0.4) 0.13 2.9 (±1.6) 2.4 (±1.0) 0.41

Implants after
revision

CR/ PS 2 (28.6%) 1 (25.0%)
0.52

2 (13.3%) 2 (28.6%)
0.10Semi-constrained 3 (42.9%) 3 (75.0%) 6 (40.0%) 4 (57.1%)

Constrained 2 (28.6%) 7 (46.7%) 1 (14.3%)

Spacer type Mobile 13 (86.7%) 7 (100.0%)
0.18Static 2 (13.3%)

Organism
characteristics

DTT 2 (28.6%)
0.52

9 (60.0%) 5 (71.4%)
0.09non DTT 5 (71.4%) 4 (100.0%) 6 (40.0%) 2 (28.6%)

ASA, American Society of Anesthesiologists score; MSIS, Musculoskeletal Infection Society score; CR, cruciate retaining; PS, posterior
stabilized; DFR, distal femoral replacement; DTT, difficult to treat [19]; * chi-square test for trend.

3. Discussion

The main result of this study was a comparable survival rate after one-stage and two-
stage revision knee arthroplasty in the presence of periprosthetic infection. Furthermore,
the revision rate for recurrence of infection was statistically comparable, with a tendency
toward a higher r-infection rate after single-stage replacement. There was also an associa-
tion of higher reinfection rates with low- and semi-constrained prostheses, compared to
constrained prostheses.

Recently published studies mainly report comparable eradications rates and functional
outcomes for single-stage (87%) and two-stage revision TKA (85%) [20]. Therefore, single-
stage revision TKA became an increasingly used method due to possibly reducing surgical
procedures, antibiotic treatment, and costs [20]. Accordingly, this cohort analysis also
did not show any statistical differences between both groups in terms of overall implant
survival or infection-free implant survival. Nevertheless, a tendency to higher reinfection
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rates was found in the single-stage group. Despite the comparable revision rates in both
groups of this study, comparatively high infection-related revision rates were seen in
this cohort study. A recent review of 29 studies by Lazic et al. [21] showed a mean
eradication rate of 87 ± 8.8% (single-stage revision) and 83 ± 11.7% (two-stage revision) in
the treatment of PJI in TKA. Our cohort study showed significantly higher revision rates
in this comparison, with implant survival in terms of reinfection of 71.4% (single-stage
revision) and 82.4% (two-stage revision) at 2 years. While a detailed analysis of patient
demographics is limited in a review, our cohort study shows a high proportion of difficult-
to-treat organisms (approximately one-third of patients in both groups), as the cause of
PJI, and high patient morbidity, as measured by the McPherson score. Frequently, the
patient population in tertiary centers for orthopedic surgery is associated with increased
morbidity and multiple prior surgeries so that presentation to a tertiary center usually
occurs only after multiple prior surgeries. Accordingly, the proportion of multi-morbid
patients is increased. Wimmer et al. [19] have already shown that PJIs with difficult-to-treat
organisms occur mainly in patients with multiple comorbidities and thus increase the risk
of revision or reinfection. Furthermore, there are also studies that specifically investigate
implant survival after PJI revision with a complicated or resistant organism (Table 5).

In these studies, multidrug-resistant or difficult-to-treat organisms show significantly
reduced implant survival rates (Table 5) [19,22–26]. In their cohort study, Wimmer et al.
showed an implant survival rate of 68.9% in two-stage TKA revisions in patients with
DTT organisms [19]. In comparison, the two-stage cohort of the current study showed
an infection-free implant survival of 82.4% after 2 years. However, it should be noted
that only one-third of the patients in this cohort showed DTT organism in microbiological
analysis. Another reason for the reduced survival rate of the implants in the current study
could be the comparably high comorbidity scores (Mc Pherson score) of the included
patients. For example, more than 50% of the patients with reinfection in the two-stage
group presented with a local extremity grade of III and approximately 43% with a host
grade of C (Table 4). Wimmer et al. found a significant association between reinfection
risk and McPherson score [19]. It should be noted that in the presence of high patient
comorbidity or difficult-to-treat organism, a reduction in the success rate after one- or
two-stage change should be assumed and this should definitely be communicated with the
patient in terms of expectations. The results of revision surgery in a study population with
high-risk patients and complicated microbiological organism structure must necessarily
be studied and reported separately from revision cases with low-risk patients and multi-
sensitive organism structure.
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Another factor in the present retrospective analysis was the increased reinfection
rate in patients with low- (CR/PS) and semi-constraint (= condylar constrained knee,
CCK) prostheses. In the single-stage group, all reinfections were treated with a CR/PS
or CCK prosthesis, and in the two-stage group, 85.7% of the patients were treated with
these implant systems. One reason for the higher reinfection rate may be the reduced
radicality of the revision surgery since a substantial bone stock and soft tissue envelop
(e.g., collateral ligaments) must be functionally present during reimplantation of CR/PS or
CCK prostheses. In the context of a revision with constrained prostheses, a considerably
more radical revision is possible and, in some cases, also necessary. This may promote
infection eradication. Appropriately, a recent study by Ohlmeier et al. [27] showed an
eradication rate of PJI of 90% 6 years postoperatively after single-stage TKA revision
with the use of rotation hinge prostheses. Nevertheless, this study showed an increased
overall revision rate after rotating hinge prostheses with an overall survival rate of 75% at
6 years [27]. In contrast, a retrospective study of 132 patients with single-stage rotation and
CCK prostheses showed an eradication rate of 91% and an overall survival rate of 82.7% at
5 years [28]. Overall, however, it should be noted that the data available for the comparison
of different implant systems in PJI treatment are still very limited. Further studies on the
direct comparison of CCK and hinged prostheses should follow. In particular, it should
be investigated which implant survival is shown after low- or semi-constrained implant
treatment in patients with evidence of DTT organism or poor comorbidity scores.

As other studies have shown [29,30], patient selection for single-stage revisions re-
mains critical. Polymicrobial infections are a major factor. In our institution, polymicrobial
infections are not treated by single-stage revision if they are already known preoperatively.
Although our results cannot prove this, the knowledge about the germ and the resistance
status of this germ is very helpful in our experience. This might be essential, especially in
cases with concurrent high risk factors (poor bone stock or poor soft tissue status). Never-
theless, negative preoperative cultures in single-stage revisions do not necessarily have to
be an exclusion criterion, as recently shown by van den Kieboom et al. [15]. Moreover, the
possibility of one-stage revision should be considered as an option despite the presence
of risk factors regarding reinfection, especially in patients with increased perioperative
mortality risk. This has to be considered, especially considering the mortality rate, also
indicated in our study, after two-stage revision. Five patients (9.4%) died within the course
of the two-stage procedure or directly after reimplantation, whereas no perioperative death
was observed in the single-stage group. As mentioned before, these results also have
to be evaluated with limitations, since the number of cases in the single-stage group is
significantly lower. Nevertheless, this is another indication of a significant mortality risk
in the direct course of two-stage revisions. In this context, Pelt et al. found a mortality
rate of 8.6% in the interval between explantation and reimplantation in their analysis of
two-stage TKA revision procedures [31]. Lum et al. described an overall mortality rate
after two-stage TKA revision of 14.4%, with a mean follow-up of 3.8 years [4].

This study shows certain limitations. The main limitation is the limited number of
cases and thus significantly reduced statistical power. Despite numerous clear abnormali-
ties with regard to reinfections, these were not statistically significant, which could be due
to the small number of cases and correspondingly significantly reduced power. Despite
statistically non-significant differences, however, this detailed analysis was able to show
individual abnormalities with regard to the risk of reinfection and to illustrate the possibly
significantly higher revision rates in high-risk patients or complicated organism structures.
Furthermore, the demographic data of the groups showed differences in gender distribu-
tion, implant systems, and McPherson local extremity scores, which might have influenced
the results comparing both groups. In addition, there was also significant heterogeneity of
patients within the groups, which may equally limit the validity of the present results. It
should also be noted that only one polymicrobial infection was included in the single-stage
group. For this reason, the results regarding polymicrobial infections must be evaluated
with this limitation. In this context, however, it must be made clear that a polymicrobial
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infection, which was already known preoperatively, was considered an exclusion criterion
for a single-stage procedure in this study.

4. Materials and Methods

A retrospective cohort analysis was undertaken of all rTKA performed in a single
university center of orthopedic surgery (high-volume arthroplasty center) from 2013 to
2019. All cases of revision TKA were screened for the usual criteria for late-onset PJI
(criteria of European Bone and Joint Infection Society (EBJIS) [29]) and then classified into
two cohorts: single-stage or two-stage revision procedures.

The primary outcome of this study was implant survivorship defined by the cumu-
lative incidence of revision or revision due to reinfection in comparison to single- and
two-stage TKA revision. A revision was considered to be any procedure that involved the
removal of an implant (polyethylene insert, patellar component, femur, or tibia). Included
patients were censored at death or last patient contact at the time course of study data
collection. The secondary outcome was variable analysis on infection-free survivorship
including gender, ASA score, McPherson score, number of preoperations, implant type,
spacer type, and difficult-to-treat organism characteristics.

Survival of prosthesis and revision risk was analyzed by contacting patients or exam-
ination during an outpatient consultation. Patients were investigated regarding further
revision surgery (time of surgery, reason, location). In unclear cases, further treating physi-
cians or clinical centers were contacted if revision surgeries were performed outside our
hospital center. The minimal follow-up time was 18 months. Exclusion criteria were tumor
or trauma-related surgeries, lost to follow-up, incomplete diagnostic data (e.g., less than
three microbiological samples missing or incomplete pathological examination), and de-
clined participation. Death within the perioperative course of single- or two-stage revision
procedures were analyzed separately to allow a pure follow-up analysis regarding implant
survival and reinfection risk.

The in-clinic database was analyzed for age, BMI, sex, ASA score/Musculoskeletal
Infection Society score (MSIS), time of surgery, time to revision, reasons for revision,
implants previous to revision, microbiological specimen, and antibiotic drug usage.

Diagnosis of PJI was conducted using criteria of EBJIS, as described in the review of
Izakovicova et al. [29]. PJI was diagnosed if one or more of the following criteria were
found: (1) macroscopic infection signs (purulence or sinus tract), (2) leukocyte cell count
in synovial fluid (>2000 leukocytes per µL or >70% granulocytes (polymorphonuclear
leukocytes)), (3) periprosthetic tissue histology following the criteria of Krenn and Moraw-
ietz (≥23 granulocytes per 10 high-power fields) [32], and (4) positive microbiological
tissue samples (> 2 positive samples of minimum > 3 samples) or positive microbiological
synovial fluid analysis. Therefore, PJI might be diagnosed due to the mentioned criteria
with negative cultures of pre- or perioperative samples. The definition of difficult-to-treat
microbiological organism was based on the definition by Wimmer et al. [19].

The institutional absolute criteria against single-stage revision procedure were concur-
rent sepsis, impaired immune status (immunocompromise medication, immunocompro-
mise oncologic diseases), and preoperative known polymicrobial infection status. Relative
criteria against single-stage revision were preoperative existing massive bone defect (AORI
Type III) or weak soft tissue status (local grade III), with risk of postoperative necrosis (e.g.,
due to strong subcutaneous adhesions, thin skin covering). All patients not matching for
single-stage TKA revision were chosen for the two-stage revision procedure. The surgical
technique used in the one- and two-stage procedures is similar to the technique described
by Zahar et al. [9]. In both procedures, the lowest possible constraint level of the prostheses
was selected depending on the bone and soft tissue loss and, if necessary, supplemented
with cones, augments, and sleeves.

Antibiotic-loaded cement was used in both groups for reimplantation of the pros-
theses if it matched the antibiogram of the detected organisms, and in the other cases,
with vancomycin and gentamycin. In the single-stage procedure, i.v. antibiotics were
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given postoperatively for 2 weeks, followed by oral antibiotics for 10 weeks. In our in-
stitution, a total duration of antibiotic therapy of 12 weeks is chosen for the one-stage
change. The effectiveness of this duration time has already been proven [33] and is also
based on the EJBS/Proimplant Foundation recommendations [29]. Antibiotic therapy was
started intraoperatively directly after tissue sampling. In the two-stage procedure, i.v.
antibiotics were administered for 2 weeks after implant removal (likewise intraoperative
start of i.v. therapy), followed by oral antibiotics for 4 weeks. As also recommended
by the Pro-Implant Foundation [29], reimplantation after 6 weeks was followed by i.v.
antibiotics for 2 weeks and another oral antibiotic therapy for 6 weeks. No interruption of
antibiotics was performed, and no aspiration of the joint was performed preoperatively
before reimplantation. Initial intravenous antibiotic therapy was started with vancomycin
and clindamycin and was then de-escalated as soon as pathogens were known or adapted
to the resistance testing in collaboration with microbiologists. Adapted to the resistance
situation, if possible, dual antibiotic therapy for i.v. and oral administration was given.
Rifampicin, effective against biofilm, was added to the treatment in cases of infection with
Staphylococcus spp. or Gram-positive Anaerobes as soon as skin wound showed no drainage
and resistogram was suitable. In those cases, oral antibiotic therapy included rifampicin
in combination with fluocinolones or tetracyclines (ampicillin in cases of Gram-positive
Anaerobes). Further therapy for the other germs was determined individually with the
microbiologists for each patient.

Statistical analysis was performed using GraphPad Prism V9.0 (USA) and Microsoft
Excel. Kaplan–Meier curve analysis with revision for any reason and revision for reinfection
for endpoints were created using 95% confidence intervals. Nominal variables were
compared using Fisher’s exact test, ordinal variables were compared using a chi-square
test for trend, metric variables were tested on normality with Shapiro–Wilk test and then
compared with unpaired two-tailed t-test or Mann–Whitney U test depending on the
results of Shapiro–Wilk tests. Statistical significance level was set to p value < 0.05 for all
statistical tests.

5. Conclusions

This retrospective analysis showed comparable revision rates between one- and two-
stage TKA revision with PJI present. Reinfection rates were also statistically comparable
but tended to be higher in the one-stage group. In addition, there was evidence of higher
reinfection rates in low- and semi-constrained prostheses after PJI.
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Abstract: The choice of spacer in the interim phase of two-stage revision hip arthroplasty is crucial.
Conventional concepts like a Girdlestone situation, handformed or preformed bone cement spacers
show complications like soft-tissue contractions, abrasion of bone cement particles, dislocation,
breakage and a low level of mobility in the interim phase. To address these disadvantages, the senior
author developed a new technique for custom-made spacers in septic two-stage revision of total
hip arthroplasties using prosthetic implants with individualized antibiotic mixture in the cement
applying a mechanical inferior cementation method. The aim of this study was to evaluate the results
of these spacers with respect to their non-inferiority in terms of reinfection and survival-rate of
the new implant and to describe the complications associated with this procedure. Our collective
consisted of 130 patients with a median follow-up of nearly five years. With a reinfect-free rate
of 92% and a spacer-related complication rate of 10% (8% articular dislocation, 1% periprosthetic
joint fracture, 1% breakage), this procedure seems to be safe and superior regarding complications
compared to conventional concepts. Further studies are necessary to show the clinical benefit of
this procedure.

Keywords: spacer-periprosthetic joint infection-hip arthroplasty-two-stage revision-antibiotic therapy-
orthopedic infections-bone and joint infections

1. Introduction

Periprosthetic infections are serious complications of total hip arthroplasty with an
incidence of 1–2% [1–3]. In case of a late infection (later than 4 weeks after surgery), all for-
eign material has to be removed. In such cases, a distinction can be made between one- and
two-stage septic revisions. In one-stage septic revision, after removal of all foreign material
and radical debridement, a new, usually cemented, prosthesis is implanted in the same
operation using antibiotic-containing cement. However, knowledge of the microorganism
causing the infection and its antibiogram is essential for this procedure [1,4–6]. In selected
cases, this concept leads to success rates that are as high as those achieved in two-stage
septic revisions [7,8].

The two-stage septic revision includes an initial operation with removal of all foreign
material as well as radical debridement and mostly implantation of a spacer loaded with
antibiotics. This is followed by an intermediate phase of usually 6 to 12 weeks either
with a spacer or with a sine–sine Girdlestone-situation flanked by an antibiotic therapy
according to the antibiotic susceptibility profile of the microorganisms detected. Thereafter,
an implantation of a prosthesis, either cemented or cementless, is performed, followed by
6 to 12 weeks of the same protocol of antibiotic therapy as in the intermediate phase [1].
The two-stage septic revision is still the most commonly used method for the treatment
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of periprosthetic late infections. The disadvantage of the two-stage concept is that two
surgeries are necessary. The advantage is that surgical debridement is performed twice,
with the second operation allowing the eradication of any residual organisms remaining
after the first debridement. Antibiotics mostly tailored to the sensitivity of the pathogen
are added to the cement of the spacer. Studies between 1994 and 2009 showed success rates
of 90% to 100% for two-stage revision concepts for infected hip endoprostheses [9–12].

The spacer has several functions. The main function of the spacer is to locally release
the antibiotic into the infected bed of the prosthesis. Depending on its shape and design,
it can also help to minimize soft tissue contractions [9], which can make reimplantation
of the new prosthesis in the second step technically easier compared to the Girdlestone
situation in which the leg is shortened and where marked formation of scar tissue in the
former joint has occurred [1].

There are several different distinctions of spacers: static spacers, which have no
articulating surface, or mobile spacers, which form an articulating connection between two
spacer parts or the spacer and the debrided bone. Spacers can be preformed (e.g., Spacer G,
Tecres, Verona, Italy) or individually manufactured in the operating room (e.g., StageOne
Select, ZimmerBiomet, Warsaw, IN, USA or Prostalac, DePuySynthes, Warsaw, IN, USA).
All of these concepts have their advantages and disadvantages.

Mobile spacers can be divided into hemi- and articulating spacers. The hemispacers
(only on the femoral side) can be designed as monoblock (e.g., Spacer G, Tecres, Verona,
Italy) or modular devices (e.g., StageOne Select, ZimmerBiomet, Warsaw, IN, USA). The
disadvantages of these spacers include fracture of the spacer, dislocations and bone resorp-
tion at the acetabulum [13,14]. The hemispacer induces bone resorption at the acetabulum
because the hard cement has to articulate against the infection-related osteoporotic bone.
This is avoided with two-piece articulating spacers by giving the spacer a joint surface of
its own. However, this cement-based articular surface in the two-piece spacer can lead
to the release of abrasion-induced cement particles, which must be removed during the
reimplantation by debridement and synovectomy [15,16].

To address these disadvantages of the described spacer-techniques, a new technique
for custom-made spacers in septic two-stage revision of total hip arthroplasties using
prosthetic implants with individualized antibiotic mixture in the cement and mechanically
inferior cementation as spacers was developed [1,11,15,17,18]. While the idea of these
temporary prosthetic implants is to prevent the complications associated with pure cement
spacer implantation, their usage means bringing new avital metal and polyethylene sur-
faces into the joints that were considered septic prior to surgery. The aim of this study was
to evaluate the results of these custom-made spacers with respect to their non-inferiority in
terms of reinfection and survival-rate of the new implant and to describe the complications
associated with this procedure in a larger collective.

2. Material and Methods
2.1. Patients

Inclusion criterion was a septic two-stage revision operation with implantation of
the custom-made spacer as previously described [1,11,15,17,18]. Exclusion criterion was a
follow-up of less than 24 months post-reimplantation. Between April 2013 and October
2017, 141 patients with late periprosthetic infection of the hip endoprosthesis underwent
septic two-stage prosthesis revision surgery in the Orthopaedic Clinic Markgröningen.
Eleven cases were excluded because of a follow up of less than 24 months. The patient
cohort thus consisted of 130 cases with 52 women and 78 men having a median age of
71 (27–92) years, as well as an average body mass index of 29.4 ± 6.1. Diabetes mellitus
was known in 24 patients (18%) and a rheumatoid disease in nine patients (7%). Two
patients were classified as ASA 1, 59 patients as ASA 2, 67 patients as ASA 3, and 2 patients
as ASA 4. The majority of explanted prostheses were cementless, followed by revision
implants (Table 1).
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Table 1. Types of explanted prostheses.

Number %

Primary implant

Cementless total hip arthroplasty 60 45

Hybrid total hip arthroplasty 19 15

Cemented total hip arthroplasty 7 5

Bipolar prosthesis 2 2

Surface replacement prosthesis 2 2

Revision implant 40 31

In 92 cases, a primary implant was involved, but there were also 33 patients who
had already undergone one septic revision. Five patients had already undergone multiple
revision operations.

2.2. Microbiological Diagnosis

The periprosthetic infection was diagnosed prior to the explantation of the prosthesis
in all cases according to the criteria of the Musculoskeletal Infection Society (MSIS) 2014
and ICM 2018 [17,18]. Preoperative aspiration and/or biopsy with microbiological and
histological examination of the hip joint was performed; this is a standard procedure in our
clinic before any revision of a hip prosthesis is carried out and bacteriological cultivation
is assessed for 14 days according to Schäfer et al. [19]. Bacteriological and histological
examination according to the methods of Atkins et al. [20], Virolainen et al. [21] and
Pandey et al. [22] of the membrane at the site of loosening, which was removed during the
operation, was carried out to confirm the original diagnosis.

2.3. Surgical Procedure

After explantation of the infected prosthesis (62 cases endofemoral and 68 cases
transfemoral), a radical debridement followed. Thereafter, the custom-made interim
prosthesis was implanted. The stem spacer component consisted of a cemented prosthesis
stem that was encased in antibiotic-supplemented cement and, just before implantation,
was coated in the patient’s own blood in order to facilitate easier removal. The implantation
of the cemented spacer was performed with 6 min old cement to reduce to quality of
interdigitation of cement to make the removal of the spacer-cement easier in the following
operation. The two components of the spacer (femur and acetabulum) were articulated
with a metal head (Figure 1).

The acetabular spacer was formed out of a polyethylene cup cemented in either a
Müller cup (6 cases), Ganz ring (115 cases), or a Burch-Schneider-acetabular reinforcement
ring (9 cases) (ZimmerBiomet, Winterthur, Switzerland), which were fixed with two to
maximal four screws and with an individual mixture of antibiotics in the cement according
to the susceptibility of the microorganism.

In 68 cases, the femoral component was removed via a transfemoral approach when
the cementless stem was fully integrated into the bone or the cement mantle was tightly
embedded. The transfemoral approach was carried out using a previously published
modified Wagner technique [23,24]. Following a posterolateral incision, the posterolateral
edge of the femur ventral to the linea aspera was exposed in the septum intermusculare
lateral after ligation of the perforating vessels. The lateral circumference of the femur was
exposed in the area where the end of the osteotomy flap was going to be positioned and two
3.2 mm holes drilled under cooling (above the linea aspera and 180 degrees ventromedial
from the first hole). The ventromedial trochanter region was osteotomized using a chisel at
the vasto-gluteal border and then the dorsolateral osteotomy, the connecting osteotomy
between the two drill holes and the distal ventromedial osteotomy of about 3 cm were
performed with a water-cooled oscillating saw. The ventromedial osteotomy was completed
with a chisel that was introduced into the already prepared distal, ventral osteotomy and
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then driven blind under the vastus lateralis muscle to the proximal end of the osteotomy.
The flap with the vastus lateralis muscle attached was opened in a ventromedial direction.
If a transfemoral approach had been employed, after the cement-covered stem had been
inserted the bony flap was closed immediately with the two double cerclage wires (1.5 mm
diameter) and excess cement was removed from the flap (Figure 2). In the second step, the
transfemoral approach was opened again and after the implantation of the new prosthetic
components, the transfemoral approach was closed again using new double cerclage wires
of 1.5 mm diameter.
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2.4. Applied Bone Cement and Administered Antiinfective Substances

All cases underwent bacteriological examination prior to the revision surgery ac-
cording to the methods of Atkins et al. [20], Virolainen et al. [21] and Pandey et al. [22].
According to the anti-infective susceptibility profile of the microorganisms, a specific
mixture of anti-infective substances was applied to the bone cement according to a microbi-
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ologist’s suggestion. To avoid mechanical problems with the bone cement, a maximum
of 10% of the total cement powder weight was added as anti-infective substance (e.g., 2 g
Vancomycin plus 1 g Clindamycin plus 1 g Gentamycin in 40 g Copal cement). As indus-
trially prepared cement Copal cement [Heraeus, Darmstadt, Germany] was used. Since
not all anti-infective substances are suitable to be added to PMMA bone cement, the range
of substances to choose from was based on the recommendations of the PRO-IMPLANT-
Foundation as described by Kühn et al., 2017 [25]. The cement of the spacer contained two
anti-infective substances in 63 cases, three in 62 cases and four in 5 cases (Table 2).

Table 2. Spacer cement and the individual mixture of added anti-infective substances.

Spacer Cement Individually Added
Antiifective Substances Number

Copal 1 G + C (Gentamycin + Clindamycin) Vancomycin 58
Copal G + V (Gentamycin + Vancomycin) 36
Copal G + C (Gentamycin + Clindamycin) 27
Copal G + C (Gentamycin + Clindamycin) Vancomycin, Meropenem 4
Copal G + C (Gentamycin + Clindamycin) Meropenem 3
Copal G + C (Gentamycin + Clindamycin) Streptomycin 1
Copal G + C (Gentamycin + Clindamycin) Vancomycin, Amphotericin 1

1 Heraeus, Darmstadt, Germany.

2.5. Post-Operative Regime

After spacer implantation, the patients were discharged after two weeks of parenteral
antibiotic therapy and mobilization with partial weight bearing on the operated leg. There
was no restriction in range of motion for the operated joint beside the avoidance of move-
ments hazardous for dislocation. The parenteral anti-infective therapy was administered
specifically for each case according to a microbiologist’s suggestion and initiated during
surgery once the implant had been removed, the infected and ischemic tissues had been
effectively debrided, and at least 5 samples of tissue had been obtained for the microbio-
logical assessment (14 days of enrichment) from the joint capsule and from the membrane
around the loosened region as well as from the purportedly infected tissues.

Anti-infective treatment was performed for six weeks after the first stage surgery.
During the re-implantation procedure, at least five samples of tissue were removed

for bacteriological examination. Antibiotic treatment followed the same protocol as after
the first operation.

After re-implantation of the new prosthesis, the leg was subjected to partial weight
bearing by loading with 10 kg for a period of six weeks. Thereafter, the weight bearing was
gradually increased to full weight bearing 3 months postoperatively as previous described
by other authors for other cementless revision stems [11,25–27].

2.6. Follow-up

All patients were examined before the operation and then 3 months, 6 months,
9 months, one year, 18 months and two years after the operation and at the latest follow-up.
Inflammatory parameters (C-reactive protein) were also followed. According to Diaz-
Ledezma et al. [26] a patient could be judged infection-free at follow-up if he or she was
free from mortality related to periprosthetic joint infection, free from subsequent surgical
intervention for periprosthetic joint infection and if there was a microbiological and clinical
absence of the infection for at least 2 years. The suspicion of a periprosthetic joint infection
was again ruled out or confirmed with the MSIS criteria 2014 and the ICM criteria 2018. In
the event of one of these criteria and a confirmed periprosthetic joint infection, a reinfection
was assumed.

2.7. Statistical Analyses

Statistical analyses were conducted using IBM SPSS Version 20 (IBM, Armonk, NY,
USA) and Microsoft Excel (Microsoft, Redmond, WA, USA). Distributions of variables
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within the groups were assessed by histograms and a non-parametric approach was chosen.
Continuous variables are presented as medians and ranges, and categorical variables as
frequencies. Survival is presented with a Kaplan–Meier curve.

2.8. Ethical Approval

The study was conducted according to the guidelines of the Declaration of Helsinki,
and was approved by the local ethics board of the Ärztekammer Nordwürttemberg (regis-
tration number F-2014-021).

3. Results
3.1. Microbiological Etiology

Most frequently detected were Staphylococcus epidermidis, Cutibacterium acnes and
Staphylococcus aureus (Table 3) with Gram-positive bacteria involved in 72% of all cases. It
should be noted that among all infected cases, in three cases there was no causative mi-
croorganism detected, in 24 cases (18%) two different causative organisms were identified,
and in 1 case even three microorganisms were found positive (Supplementary Data S1).

Table 3. Identified microorganisms and the number of detections.

Classification Microorganism Number % of Cases Infected
by This Pathogen

Gram-positive cocci
(total in 93 cases/72%)

Staphylococcus epidermidis 38 29
Staphylococcus aureus 19 15
Staphylococcus capitis 6 5

Staphylococcus lugdunensis 3 2
Staphylococcus hominis 3 2
Staphylococcus warneri 3 2
Staphylococcus caprae 2 2

Staphylococcus haemolyticus 2 2
Staphylococcus saccharolyticus 2 2
Staphylococcus saprophyticus 1 1

Streptococcus salivarius 3 2
Streptococcus agalactiae 1 1
Streptococcus gordonii 1 1

Streptococcus anginosus 1 1
Streptococcus mitis/oralis 1 1

Enterococcus faecalis 7 5

Gram-positive rods
(total in 46 cases/35%)

Cutibacterium acnes 33 25
Cutibacterium granulosum 9 7

Listeria monocytogenes 2 2
Lactobacillus plantarum 1 1

Actinomyces odontolyticus 1 1

Gram-negative rods
(total in 11 cases/8%)

Escherichia coli 5 4
Klebsiella pneumoniae 2 2
Enterobacter aerogenes 1 1

Bacteroides fragilis 1 1
Proteus mirabilis 1 1

Morganella morganii 1 1

Atypical gram behaviour
(total in 1 case/1%) Mycobacterium tuberculosis 1 1

Fungal pathogen
(total in 2 cases/2%) Candida albicans 2 2

3.2. Antiinfective Therapy

All patients were administered parenteral anti-infective therapy for 2 weeks, starting
perioperatively at the first stage operation. The high bioavailability of the antibiotics
rifampicin and ciprofloxacin allowed their oral administration from the second day fol-
lowing surgery. There were 65 cases where one antibiotic or antimycotic substance was
administered systemically, 60 cases which received two anti-infective substances and four
cases with four anti-infective substances. One patient was administered six anti-infective
substances because of a mycobacterial infection (Table 4).
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Table 4. Intravenously administered anti-infective substances or combination of anti-infective
substances with number of patients.

Antibiotic 1 Antibiotic 2 Antibiotic 3 Number

Amoxicillin/Sulbactam 32
Vancomycin Rifampicin 27
Flucloxacillin 23
Levofloxacin Rifampicin 5
Vancomycin Fosfomycin 4
Cefuroxime 3
Meropenem Ciprofloxacin 3
Vancomycin Imipenem 3
Flucloxacillin Piperacillin/Tazobactam 2

Imipenem 2
Penicillin G 2
Penicillin V 2
Amoxicillin Rifampicin 1
Amoxicillin 1

Ampicillin/Sulbactam Clindamycin 1

Ampicillin/Sulbactam
Ethambutol, Pyrazinamide,

Amicacin, Rifabutin and
Moxifloxacin

1

Ampicillin/Sulbactam Metronidazole 1
Ampicillin/Sulbactam Vancomycin Fosfomycin 1

Ceftriaxone 1
Cephazolin Clindamycin 1

Cotrimoxazole Rifampicin Amphotericin B 1
Daptomycin 1
Flucloxacillin Rifampicin Amphotericin B 1
Fosfomycin Imipenem Vancomycin 1
Fosfomycin Ampicillin/Sulbactam 1
Fosfomycin Flucloxacillin 1
Fosfomycin Meropenem 1
Imipenem Ciprofloxacin 1

Levofloxacin Metronidazole 1
Meropenem Levofloxacin 1
Moxifloxacin Flucloxacillin 1
Vancomycin Meropenem 1
Vancomycin Piperacillin/Tazobactam 1
Voriconazole 1

Parenteral antibiotic therapy was followed by orally administered anti-infectives for
four weeks, having an anti-infective treatment of 6 weeks before performing the second
stage. There was no set time between the end of the first anti-infective therapy and the
second stage surgery. Two antibiotics or antimycotics were administered in 73 cases,
three antibiotics or antimycotics in 2 cases and five antibiotics in 1 case (Table 5).

Anti-infective treatment followed the same protocol as after the first operation being
finished six weeks postoperatively.

3.3. Follow-up

Median follow-up until dropout was 51 (24–92) months. Reasons for dropout were
reinfection (11 cases), death (7 cases) or end of follow-up (112 cases). No perioperative
deaths were observed in the collective and the reported drop-outs due to death were not
directly linked to septicemia associated with the infected prothesis.

At the end of the follow-up, 119 cases (92%) could be classified as “free of reinfect”
and 11 cases (8%) had to be classified as “reinfected”. Four of the eleven reinfected cases
had a prior septic revision surgery (Table 6).
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Table 5. Administered oral antibiotics or antimycotics or combination and number.

Antibiotic 1 Antibiotic 2 Antibiotic 3 Number

Levofloxacin Rifampicin 50
Amoxicillin/clavulanic acid 29

Cotrimoxazole Rifampicin 8
Linezolid 5

Clindamycin 4
Ciprofloxacin 4

Amoxicillin/clavulanic acid Levofloxacin 3
Cotrimoxazole 3
Moxifloxacin 2
Ciprofloxacin Linezolid 2
Clindamycin Rifampicin 2

Linezolid Rifampicin 2
Stopped because of elevated liver

parameters 3

Ampicillin/Sulbactam 2
Voriconazole 1

Ethambutol, Pyrazinamide,
Amicacin, Rifabutin and

Moxifloxacin
1

Amoxicillin/clavulanic acid Metronidazole 1
Moxifloxacin Rifampicin 1

Stopped because of linezolid allergy
(linezolid was only sensitive

antibiotic)
1

Cefuroxime Clindamycin 1
Levofloxacin Metronidazole 1

Cotrimoxazole Fluconazole 1
Amoxicillin/clavulanic acid Rifampicin Levofloxacin 1

Cotrimoxazole Rifampicin Levofloxacin 1
Levofloxacin Clindamycin 1

Table 6. Details of cases with persistent infection or reinfection.

Infected Case
Number

Prior Septic
Revision Surgery

Causative Microorganism at the
Time of Revision Surgery

Causative Microorganism at
the Time of Reinfect

1. No Staphylococcus aureus Not known

2. Yes Staphylococcus capitis
Staphylococcus aureus,

Corynebacterium urealyticum,
Cutibacterium acnes

3. Yes Cutibacterium acnes Cutibacterium granulosum

4. Yes Staphylococcus capitis,
Cutibacterium acnes Staphylococcus epidermidis

5. Yes Cutibacterium acnes Not known
6. Yes Staphylococcus epidermidis Cutibacterium granulosum
7. Yes Cutibacterium acnes Staphylococcus capitis
8. Yes Cutibacterium acnes Staphylococcus aureus
9. No Enterococcus faecalis Not known
10. No Candida albicans Staphylococcus epidermidis
11. No Escherichia coli Escherichia coli

Mean time of survival after the two-stage revision operation was 85 (95%-CI 81–89)
months (Figure 3).

In eight cases (6%), the samples taken during the second operation were positive for
bacterial infection. Staphylococcus epidermidis was detected in three cases (2.5%), Staphy-
lococcus aureus in a further three cases (2.5%) and Staphylococcus capitis in two cases (1%).
However, in each case, there was only just one positive culture out of at least 5 taken
samples. This is why these samples were considered as contamination. None of the cases
with a positive detection of microorganisms at the time of the second operation had a
reinfect during follow-up.
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3.4. Complications

Spacer-related complications occurred in 13 cases (10%) with the most frequent com-
plication being articular dislocation in 11 cases (8%). Besides dislocation, there was one
periprosthetic fracture (1%) and one cup breaking out (1%). Revision operation of the
spacer was necessary in eleven cases (8%).

4. Discussion

The implantation of spacers, especially mobile spacers, in the interim phase of two-
stage revision makes reimplantation easier and helps to maintain the patient’s mobility [9].
The technique described in the present work was developed in order to combine the advan-
tages of a single-stage procedure of a prosthetic implantation with the radical debridement
of the two-stage procedure. Due to the specific anti-infective local and systemic treatment,
it was assumed that, despite implanted prosthesis parts (e.g., polyethylene cup) in the
interim period, similarly high rates of freedom from infection would be achieved [7,8].

Furthermore, this method benefits from the implantation of stable implants and a
tribologically good articulation. One advantage of the method described is the avoidance
of cement particle abrasion through tribological implant articulation. This procedure is
also suitable for situations after transfemoral explantation, as correspondingly long pros-
thesis stems can be used. By using different cups (e.g., Ganz ring, Burch–Schneider ring),
acetabular defects can also be adequately addressed. In addition, a combined procedure
(one-stage cup change and two-stage stem change) is possible with this method [28]. Last
but not least, the procedure offers the antimicrobial advantage that an additional and tested
antibiotic can be added individually to the cement used.

The present study was carried out to evaluate the success rates and survival time after
reimplantation. In addition, spacer-specific complications should be investigated. The aim
of the study was to assess whether the present method does not have any disadvantage
compared to conventional spacers.

The procedure described herein with implantation of a custom-made interim prosthe-
sis results in a reinfect-free rate of 92% with a mean follow-up time of nearly 5 years. These
results are in line with existing literature using other spacer techniques [27,29–31]. A stan-
dardized procedure with a Girdlestone-situation showed a reinfect-free rate of 89% [27].
Chen et al. were able to reach a reinfect-free rate of 91% with a follow-up of over 9 years.
The spacer technique was a hand-made interim antibiotic-impregnated articulating poly-
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methyl methacrylate spacer [29]. Ibrahim et al. evaluated a mixed collective with mobile
and static spacers and reached a reinfect-free rate of 96% [30]. In a large-scale retrospec-
tive study, Triantafyllopoulos et al. reached with approximately 92%, an almost identical
reinfect-free rate as in our collective [31]. The main difference to conventional methods,
which could affect the risk of reinfection is the implantation of metal and polyethylene
prostheses parts. However, regarding the microbiology at the time of the reimplantation of
the prosthesis, only 6% of the samples taken were positive. Of note, all of these cases had
only one positive out of at least five taken samples classifying these positive samples as con-
tamination. Compared to studies investigating the value of reimplantation microbiology
showing a positive result in 5–14% our results are comparable or even lower. Furthermore,
these studies show that the reimplantation microbiology is not suitable to predict the risk
of reinfection [32,33].

Our results imply that although parts made of metal and polyethylene are implanted
in the interim phase, there are no infectiological disadvantages compared to conven-
tional methods.

With 10%, our complication rate can be classified as very low when comparing with
other studies ranging at 26% or even higher [34–36]. Having a closer look at the complica-
tions, the most frequent complication in our collective was the articular dislocation with
8%. Although the patient is allowed a full range of motion and it is a regular tribological
articulation, this rate is lower than in comparable studies with a range of 9–42%. The
breaking out of the cup and the periprosthetic femur fracture, each with only one case (1%)
in our collective, is also less than with conventional spacers ranging at 20% [35,36]. This
fact is certainly due to the cementation of stable implants.

The disadvantage compared to conventional hand-formed spacers made of cement
are the higher costs caused by the implants. More precisely, there are costs not only for
the cement used, but also for the additional prosthesis parts that are implanted. The exact
amount of the higher costs is difficult to estimate, as the prices can vary greatly depending
on the negotiations with the manufacturer. Since this is a temporary interim prosthesis, it is
possible to fall back on tried and tested prostheses that have been available on the market
for a long time in order to save costs. When choosing the prosthesis, the most important
aspect seems to be the high-quality tribological articulation. This is also guaranteed with
standard models that have been on the market for some time. New models, for example
with special surface coatings, modular prostheses or even custom-made products might
develop their advantages in long-term use, which is not relevant in the six week period of
interim spacers.

One clear strength of the study is the high number of patients evaluated. This offers
the opportunity of giving a very reliable statement to the key questions. Furthermore, the
consistent treatment regime without having different concepts in comparison gives our
results more weight.

A key limitation of our study is the retrospective character of the analysis with its
well-known weaknesses. In addition, as described, the clinical advantages of our method
can be assumed, but these are not scientifically proven in the present study by clinical
scores. Further studies to evaluate the clinical benefit must therefore follow. Such a study
is already planned in our clinic.

5. Conclusions

In this study, we were able to show that using customized interim protheses with
regular implant tribology does not lead to increased infection or complication rates while
at the same time allowing a free range of motion in the interim phase between two-staged
revision surgery. To ascertain the clinical advantage over conventional spacers, further
studies with recording of clinical scores must be carried out. Such a study is already being
planned at our center. Although first results are promising, we do not have enough data
yet to give a sufficient statement.
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Abstract: The optimal impregnation of antibiotic-loaded bone cement in the treatment of peripros-
thetic hip and knee joint infection is unknown. It is also unclear, whether a suboptimal impregnation
might be associated with a higher persistence of infection. A total of 93 patients (44 knee, 49 hip) were
retrospectively evaluated, and the most common organism was a methicillin-resistant Staphylococcus
epidermidis, followed by methicillin-susceptible Staphylococcus aureus. Of all the organisms, 37.1% were
resistant against gentamicin and 54.2% against clindamycin. All organisms were susceptible against
vancomycin. In 41 cases, gentamicin-loaded beads were inserted and in 52 cases, spacers: (2 loaded
only with gentamicin, 18 with gentamicin + vancomycin, 19 with gentamicin + clindamycin, and
13 with gentamicin + vancomycin + clindamycin). The analysis of each antibiotic impregnation
showed that complete susceptibility was present in 38.7% of the cases and partial susceptibility in 28%.
In the remaining 33.3%, no precise statement can be made because either there was a culture-negative
infection or the antibiotic(s) were not tested against the specific organism. At a mean follow-up of
27.9 months, treatment failure was observed in 6.7% of the cases. Independent of which antibiotic
impregnation was used, when the organism was susceptible against the locally inserted antibiotics
or not tested, reinfection or persistence of infection was observed in the great majority of cases.
Future studies about the investigation of the optimal impregnation of antibiotic-loaded bone cement
are welcome.

Keywords: hip spacer; knee spacer; antibiotic-loaded bone cement; antibiotic-impregnated bone
cement; infection persistence; reinfection

1. Introduction

Periprosthetic hip and knee joint infections (PJI) pose a rare but hazardous complica-
tion. At the site of late infections, a two-stage protocol is considered to be the treatment
of choice in Europe and North America [1,2], whereas single reports demonstrate equally
good results for the one-stage exchange arthroplasty [3,4]. Independent of which surgical
strategy is applied, it is universally accepted that the success of each procedure is based
on three columns: the surgical debridement of all infected, necrotic and ischemic tissue
including removal of all affected prosthetic components; as well as local and systemic
antibiotic therapy. With regard to the local antibiotic therapy, antibiotic-loaded acrylic
bone cement (ALAC) is established to be a valuable device although no prospective study
has yet demonstrated its efficacy over systemic antibiotics alone [5]. Either in the form of
beads or spacers, ALAC provides high local antibiotic concentrations during the postoper-
ative period, which vastly exceeds those after systemic administration, and has low or no
systemic side effects [1].

Depending on the particular causative organism (if preoperatively known) and its
antibiotic resistance profile, commercially available ALAC can be additionally loaded with
various antibiotics. Literature data show that in most cases ALAC is impregnated with
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a combination of an aminoglycoside and a glycopeptide because it produces a broader
antimicrobial spectrum and has a synergistic effect on their pharmacokinetic properties [1].
Industrial pre-fabricated ALAC is available with the impregnation of a single antibiotic
(aminoglycoside) or an antibiotic combination (aminoglycoside + glycopeptide or amino-
glycoside + lincosamide) [6].

Clinical practice shows that the identification of the causative bacterium does not
always succeed preoperatively. Moreover, even in cases with a positive preoperative
microbiologic result, the examination of the intraoperatively taken tissue samples might
demonstrate the presence of additional bacteria. Therefore, it cannot always be guaranteed
that ALAC will be loaded with the correct antibiotic(s). However, an inappropriate or a
suboptimal impregnation of cement beads or spacers might have a negative impact on
the clinical course and the eradication of the joint infection. Should any bacteria that are
resistant against the locally placed antibiotic agents survive the surgical debridement, the
risk of persistent infection might dramatically rise [7]. Other concerns include the well-
known limitations of commonly used antibiotics, ineffectiveness on bacteria within biofilms,
bacterial colonization of ALAC after the antibiotic release decreases to subtherapeutic levels
and alterations to the host microbiome [8].

To the best of our knowledge, no study has tried to investigate in a large collective
whether cement beads and spacers are loaded with the “correct” antibiotic(s), and what
impact this might have on the infection eradication rate at the site of periprosthetic hip and
knee joint infections.

2. Results
2.1. Demographic Data

A total of 93 consecutive patients (46 men, 47 women, mean age 70.6 (35–88) y.) were
included into the study. There were 44 knee (6 articulating, 38 static spacers) and 49 hip
cases (8 spacer, 41 Girdlestone). All demographic data are summarized in Table 1.

Table 1. Demographic data of all included patients.

n = Gender Mean Age (Years)
(Min–Max)

total collective 93 46 male,
47 female 70.6 (35–88)

hip (total) 49 19 male,
30 female 72.1 (35–88)

hip (Girdlestone) 41 13 male,
28 female 72.8 (35–88)

hip (spacer) 8 6 male,
2 female 68.6 (42–86)

knee (total) 44 27 male,
17 female 69.1 (51–87)

2.2. Microbiological Findings

In 71 of the 93 cases (76.3%), at least one pathogenic organism could be identified
(57 mono-and 14 polymicrobial infections). In the remaining 22 cases, the microbiological
examination revealed no bacteria growth (“culture-negative”); however, the histopatholog-
ical findings confirmed the presence of an active infection in each case. In 57 of the 93 cases
(61.3%) either an open biopsy or aspiration of joint fluid was preoperatively carried out,
revealing positive results in 89.5% of the cases (51/57).

A total of 90 different organisms (77 Gram-positive, 11 Gram-negative) were identified
(Table 2). In 2 cases, a fungal infection was present. The most common organism was a
methicillin-resistant Staphylococcus epidermidis (MRSE) in 23 cases, followed by methicillin-
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susceptible Staphylococcus aureus (MSSA) and beta-haemolytic streptococci in 13 and 8 cases,
respectively.

Table 2. Microbiological findings.

Pathogen Organism n =

MRSE 23

MSSA 13

beta-hem. streptococci 8

E. faecalis 7

E. faecium 5

MSSE 4

C. acnes 4

S. caprae 3

P. micra 2

E. coli 2

S. hemolyticus 2

Ps. aeruginosa 2

MRSA 1

C. koseri/diversus 1

S. warneri 1

Str. gallolyticus 1

Enterobacteriacae 1

Viridans streptococci 1

Streptococci—n.f.d. 1

S. hominis 1

S. marcescens 1

C. albicans 1

P. guillermondii 1

P. mirabilis 1

E. cloacae 1

M. morganii 1

Veilonella parvula/tobetsuensis 1

negative 22
MRSE: methicillin-resistant Staphylococcus epidermidis; MSSA: methicillin-susceptible Staphylococcus aureus; MSSE:
methicillin-susceptible Staphylococcus epidermidis; MRSA: methicillin-resistant Staphylococcus aureus; n.f.d.: no
further differentiation.

Among the bacteria tested for susceptibility against gentamicin, 62.9% were suscepti-
ble and 37.1% resistant. Regarding clindamycin, 45.8% of the bacteria were susceptible and
54.2% resistant. No organism demonstrated a resistance against vancomycin (100% sus-
ceptibility). Due to the small sample size of various identified organisms, the specific
resistance profile was analyzed only for MRSE and MSSA (Figure 1). The resistance rates
of MRSE against gentamicin and clindamycin were higher compared with those of MSSA,
respectively (Figure 1).
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Figure 1. Comparison of the antibiotic resistance rates of methicillin-resistant S. epidermidis (MRSE)
and methicillin-susceptible S. aureus (MSSA) against gentamicin, clindamycin and vancomycin.

2.3. Antibiotic Impregnation of the Spacers/Beads and Resistance Rates

All beads were solely loaded with gentamicin. Among the 52 spacers evaluated for
this study, 2 were loaded with gentamicin, 18 with gentamicin + vancomycin, 19 with
gentamicin + clindamycin, and 13 with gentamicin + vancomycin + clindamycin. All
data about the cement impregnation of the spacers in the whole collective as well as the
particular subgroups and the beads is shown in Figure 2.

Figure 2. Data about the cement impregnation of spacers and beads at the site of 93 periprosthetic
hip and knee joint infections.

The analysis of each antibiotic impregnation with regard to complete or partial suscep-
tibility against the particular pathogen organism(s) showed that a complete susceptibility
was present in 38.7% of the cases (36/93) and a partial susceptibility in 28% (26/93). In the
remaining 33.3% of the cases (31/93) no precise statement can be made because either there
was a culture-negative infection or the antibiotic(s) were not tested against the specific
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organism (e.g., no testing of Gram-negative organisms against vancomycin). All details
about each antibiotic impregnation in each group are summarized in Table 3.

Table 3. Evaluation of each antibiotic impregnation with regard to the susceptibility of the particular pathogen organism(s)
and the emergence of persistence of infection or reinfection.

Hip Girdlestone
(n = 41)

Hip Spacer
(n = 8)

Knee Spacer
(n = 44)

Total Collective
(n = 93)

Persistence of
Infection Reinfection

G s 20 0 0 20 0 2

p.s. 9 0 0 9 0 0

n.t./n.r. 12 1 1 14 0 0

G + C s 0 0 5 5 1 0

p.s. 0 2 7 9 0 0

n.t./n.r. 0 0 5 5 0 0

G + V s 0 1 7 8 2 1

p.s. 0 1 6 7 0 0

n.t./n.r. 0 2 1 3 0 3

G + C + V s 0 0 3 3 1 0

p.s. 0 1 4 5 0 0

n.t./n.r. 0 0 5 5 0 1

G: gentamicin; G + C: gentamicin + clindamycin; G + V: gentamicin + vancomycin; G + C + V: gentamicin + clindamycin + vancomycin; s:
susceptible; p.s.: partly susceptible; n.t./n.r.: not tested/not relevant.

2.4. Clinical and Infection Outcome

From the 93 included cases, 9 patients were lost in the follow-up, and 8 passed away
for reasons not related to their infection. Among the remaining 76 patients, 60 (27x hip,
33x knee) had a follow-up of at least 1 year (mean 27.9 months; min–max 12–44 months)
and could be evaluated.

In the hip group, 21 patients underwent prosthesis reimplantation after a mean in-
terim phase of 59.6 days. Six patients permanently retained a resection arthroplasty as
a definitive solution because either their comorbidities did not allow for a later prosthe-
sis reimplantation or the patients refused the second surgery. At a mean follow-up of
28 months (min–max 12–41 months) one patient showed persistence of infection, and three
patients suffered from reinfection.

In the knee group, 31 patients had prosthesis reimplantation, and two patients were
treated by a nail arthrodesis (mean interim phase 68.7 days). At a mean follow-up of
27.6 months (min–max 12–44 months), three patients showed persistence of infection, and
four patients suffered from reinfection. In the whole collective, treatment failure was
observed in 6.7% of the cases (Figure 3). All cases with a persistence of infection occurred
between 6 months and 4 years after the second stage, with most of them taking place within
the first 12 months. All patients were treated again with a two-stage procedure and had no
further complications during the next follow-up.

Independent of which antibiotic impregnation was used, when the organism was
susceptible against the locally inserted antibiotics or not tested, reinfection or persistence of
infection was observed in the great majority of cases. (Table 3). The most cases of reinfection
and persistence of infection, respectively were seen, when gentamicin-vancomycin-loaded
spacers were implanted.
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Figure 3. Infection outcome.

3. Discussion

The management of periprosthetic hip and knee joint infections can be challenging.
At the site of a two-stage procedure, ALAC plays a central role in the eradication of the
infection. To guarantee the correct impregnation of bone cement, two things are essential:
the preoperative identification of the causative pathogen organism, in order to know
against which antibiotics the particular organism is or is not susceptible, and adequate
knowledge about the pharmacokinetic properties of ALAC itself.

The preoperative diagnostic measures in revision arthroplasty surgery are still a topic
of debate. Several criteria have been proposed by various societies, such as the Muscu-
loskeletal Infection Society [9], the International Consensus Meeting on Periprosthetic Joint
Infection [10], and the European Bone and Joint Infection Society [11]. However, none
of them has been universally accepted yet. A reliable and valid pre- and intra-operative
diagnostic tool with 100% specificity and 100% sensitivity in the diagnosis or exclusion of a
PJI is still lacking [12].

Based on this problem, several studies have focused on this topic in the past years.
However there still exists no tool or biomarker that is regarded to be the gold standard.
Although a single abnormality in inflammation parameters, such as the erythrocyte sedi-
mentation rate (ESR) or the C-reactive protein (CRP) value, has been reported to increase
the likelihood of both infection or reoperation following revision arthroplasty [13], an
elevation of the CRP values could also be attributed to other causes like cardiovascular,
gastrointestinal, urologic or respiratory problems or even unknown causes [14]. On the
other side, normal CRP and white blood cell count values cannot rule out a PJI [15]. Syn-
ovial biomarkers might play a role in the future, but they are currently not established in
a clinical setting. The analysis of antimicrobial peptides and proinflammatory cytokines
might provide valuable information for the diagnosis of PJI [16]. Other authors described
an increase in interleukins such as IL-1 and IL-6 in synovial fluid at the site of PJIs [17,18].
The use of the synovial alpha 1 defensin [19,20] and the synovial leucocyte esterase strip
tests [12,21] certainly point to an improvement for the intraoperative diagnosis. However,
disadvantages for both tests are well known (e.g., the costs of the rapid lateral flow test for
the former and the possibility that blood in the synovial fluid could interfere with the color
change of the urinalysis strip for the latter) [19]. Nuclear imaging techniques, such as leu-
cocyte scintigraphy, have a sensitivity and specificity of 88% and 92%, respectively [22] but
are not routinely performed and depend on the particular surgical indication. The use of
the sonication has demonstrated promising results in several studies, whereas controversy
still exists regarding the universal use of this technique [23], and this method does not help
in the pre- and intra-operative setting.

90



Antibiotics 2021, 10, 143

In more than 50% of the cases in the present study, the causative organism was pre-
operatively known. The microbiological examination showed that staphylococci were the
most common identified organisms, which is consistent with other literature data [24,25].
Of all organisms, 37.1% were resistant against gentamicin and 54.2% against clindamycin.
All were susceptible against vancomycin. Interestingly, a relatively high incidence rate of
culture-negative PJI with 23.6% was observed, which is higher than the other rates reported
in the literature [26]. We cannot interpret this finding with certainty. Although further
microbiological methods, such as a broad-range 16S rRNA polymerase chain reaction, have
been additionally carried out in certain cases beside the standard cultures, this high rate
emphasizes the necessity for the optimization of the microbiological detection methods in
the future.

Knowledge of the pharmacokinetic properties of ALAC is an indispensable element
in the successful treatment of PJI. It is known that not every antibiotic equally qualifies for
incorporation into bone cement. Desirable characteristics include availability in powder
form, thermal stability, low influence on the mechanical properties of the bone cement,
elution in high concentrations for prolonged periods, a wide antimicrobial spectrum, and
being bactericidal in low concentrations [27]. Moreover, it is accepted that industrially
fabricated ALAC provides a more homogenous antibiotic elution than does ALAC that has
been manually loaded with additional antibiotics during surgery [28]. Last but not least, the
combination of different antibiotic groups (mostly an aminoglycoside with a glycopeptide)
demonstrates a synergistic effect with the amount of the released antibiotic amounts as well
as with the level above the minimal inhibitory concentration of the particular causative
organism, whereas this effect strongly depends on the antibiotic ratio used for impregnation
of the bone cement [27,28]. In addition to that, the efficacy of ALAC can be also be thwarted
by some additional mechanisms. Interstitial fluid flow from the wound to the peripheral
tissue creates a convection current that drives released antibiotic amounts away from the
bacteria [29]. Moreover, in an animal model, S. aureus was able to deform, proliferate, and
migrate into the osteocyte lacuno-canalicular network, thus making it extremely difficult
for the locally released antibiotics to be effective [30].

Despite numerous studies on this topic, hard scientific data about the optimal antibiotic
impregnation of bone cement in the management of PJI is missing. Data from the literature
provide only scarce recommendations that are mostly based on personal experiences [27] or
published after a consensus meeting [31]. On the other side, concerns have been expressed
that, when bone cement has been impregnated with the “wrong” antibiotics or the antibiotic
elution has decreased over time, spacers might act as foreign bodies that could again be
colonized by bacteria and support the persistence of infection [32–35]. Despite the presence
of single studies reporting on bacterial growth on antibiotic-loaded spacers, these literature
data should be critically evaluated. In some cases, the spacers have not been loaded with
antibiotics at all [32], so it is not surprising that these spacers demonstrated bacterial growth
on their surface.

The correct impregnation of the bone cement remains a great challenge even if all the
aforementioned information is taken into consideration. Although in more than half of the
cases, the causative organism was preoperatively known: complete susceptibility against
each particular impregnation was present in 38.7% and a partial one in 28% of the cases.
The identification of additional organisms to the one(s) preoperatively detected or a change
in the planned procedure (e.g., Girdlestone arthroplasty instead of spacer implantation
due to intraoperative femoral fracture or unexpected transfemoral approach) are factors
that cannot be preoperatively excluded and are frequently met in those revision surgeries.
Therefore, to expect to implant 100% correctly impregnated spacers or beads is not realistic.
In the present study, 4 different impregnations were used, which represents the necessity
for individuality of treatment at the PJI site. Unfortunately, due to the retrospective study
design and the involvement of several surgeons in the management of these cases, we
cannot identify the precise criteria according to which the particular spacer was loaded in
each individual case.
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Using a sole interpretation of the resistance profile as a basis for the cement impregna-
tion might also mislead the treating surgeon regarding the ideal antibiotic choice. Based on
the numbers of the antibiotic resistance determined in the present study, it might appear at
first sight always advisable to impregnate bone cement with vancomycin since no organism
demonstrated a resistance against it. On the other hand, it could have been expected that
clindamycin-containing spacers might had been more frequently involved in cases with
infection persistence. The results of the present study could support neither the first nor
the second hypothesis.

There are several possible explanations for these observations. The sample size in
each group might have been too small to justify such expectations and certainly deserves
further future investigation. The antibiotic impregnation itself (industrial vs. manual)
could be also another reason. Another possible explanation for not identifying suboptimal
cement impregnation as a sole risk factor for treatment failure is the fact that the surgical
debridement and the postoperative systemic antibiotic therapy also play a role in the
eradication of the infection. A major advantage of the two-stage procedure compared
with the one-stage procedure is that the surgeon has the opportunity to debride twice, not
only once, thus optimizing the bacteria load reduction. The treatment failure rate of the
present study was 6.7% at a mean follow-up of 27.9 months, which is at least similar to
the results of other studies [36–38]. Interestingly, the great majority of the cases that had
to be revised during the follow-up occurred within the first year. This emphasizes the
importance of a narrow monitoring of these patients during follow-up, especially within
the first 12 months.

Our study has certainly some limitations. This is a retrospective work with all draw-
backs of such a study design. A valid or even statistical analysis of the present data is
difficult to perform, since several surgeons were involved in the treatment of the cases, and
there are several types of spacers with a partly low number of cases. The present results
can be only interpreted within this descriptive study. Nevertheless, this is the first study
that tried to investigate this topic, and these results might act as a basis for future studies.

4. Materials and Methods

All patients, who were treated in our department between 2016 and 2020 with a two-
stage exchange arthroplasty at the site of late periprosthetic hip and knee joint infections,
were regarded to be potential candidates for inclusion in the study. The patients’ records
were retrospectively evaluated with regard to the following parameters: demographic data
(age and gender), microbiological and histopathological findings, type of ALAC device
used (beads, spacers), type of cement impregnation, joint infection outcome, and length of
follow-up.

All patients suffering from a late periprosthetic hip or knee infection were treated
according to an identical algorithm in our department. The infection was defined by the
criteria of the Musculoskeletal Infection Society (MSIS) [9]. Preoperatively, a joint aspiration
was performed to differentiate aseptic from septic prosthesis loosening, except for those
patients whose positive blood cultures confirmed hematogenous infections or those who
came with systemic sepsis signs and were immediately operated on. A further exemption
concerned patients who had fistulas. In these cases, we preferred to take direct tissue
samples during surgery. If joint aspiration revealed negative microbiological findings, but
clinical, laboratory or radiological findings pointed strongly to the presence of an infection,
an arthroscopic or open biopsy was performed prior to the prosthesis revision.

All cases were treated in a two-stage procedure. In the first surgery, all prosthetic
components including cement were removed, and all infected, necrotic or ischemic tissue
layers were debrided. A pulsatile lavage with at least 5 L Ringer’s solution was always
performed. Tissue samples from at least 5 different locations along with joint fluid were
taken and sent for further microbiological and histological examination. Until 2018, all
samples were cultured over 7 days. Since 2019, the culture period was extended to 14 days
because some bacteria can be only detected after a prolonged culture [39]. Regarding the
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histological findings, all samples were classified in accordance with the system of Krenn
and Morawietz [40]. For cases with negative culture but positive histological findings,
the samples were further investigated by means of a broad-range 16S rRNA polymerase
chain reaction.

At the site of hip infections, the primary goal has always been to implant an antibiotic-
loaded spacer. In these cases, the spacer was intraoperatively produced by means of
commercially available moulds (Stage OneTM, Fa. ZimmerBiomet, Freiburg im Breisgau,
Germany). However, patients with a reduced medical condition and unable to avoid
putting any weight on the operated extremity postoperatively, those who suffered from
large osseous defects of the proximal femur or acetabulum and those who needed a
transfemoral approach for the safe removal of the femoral stem, were deemed better suited
for a resection arthroplasty (Girdlestone procedure) due to the higher theoretical risk of a
secondary spacer dislocation or fracture during the interim phase [41]. In these cases, 2–
3 antibiotic-loaded beads (Septopal®, Fa. ZimmerBiomet, Freiburg im Breisgau, Germany)
were inserted into the acetabulum and the femoral canal.

Regarding knee infections, the presence of bone defects, according to the Anderson
Orthopedic Research Institute (AORI) bone defect protocol [42], helped us decide, whether
an articulating or a static spacer should be implanted. All patients with bone defects I-IIA
were treated with an articulating spacer (Copal knee moulds, Fa. Hereaus, Wehrheim,
Germany). Patients suffering from bone defects IIB-III were treated with a static spacer.
This spacer was moulded individually according to the particular joint space geometry.

For the intraoperative production of hip and knee spacers, commercially available
antibiotic-loaded bone cement was used, which was loaded either with gentamicin or
gentamicin + clindamycin (Palacos® R+G/Copal® G+C, Fa. Hereaus, Wehrheim, Ger-
many). Depending on the particular causative organism and its resistance profile, 2 g
vancomycin/40 g bone cement were additionally incorporated into the cement in cer-
tain cases.

After the operation, an immediate, systemic antibiotic therapy was started; either
specific, if the causative organism was preoperatively known, or a calculated therapy with
1.5 g cefuroxime intravenously, if the causative organism were unknown, and adjusted
if necessary during the further course. All patients received an antibiotic therapy over
6 weeks, consisting of 3–4 weeks intravenously and 2–3 weeks orally. All knee joints with
a static spacer were immobilized in a cast in full extension. Patients with an articulating
spacer were allowed to flex their knee as tolerated. All patients (hip and knee) were allowed
to walk on crutches with no weight on the operated extremity.

Six weeks after the spacer implantation or the Girdlestone procedure, the antibiotic
therapy was paused for 7–10 days and the serum inflammation parameters (C-reactive
protein, blood cell count) controlled. If the laboratory parameters were normal, a prosthe-
sis reimplantation was then planned if the wound had healed and the general medical
condition of the patient allowed for it. The type of implants used were chosen based on the
amount of bone loss and quality (Figures 4–6). A joint aspiration was not routinely carried
out prior to spacer explantation and prosthesis reimplantation because the literature data
has demonstrated no benefit to such a measure [43,44].

At reimplantation, soft-tissue specimens were taken again and sent for microbiological
and histopathological examination. In the event of the macroscopical presence of pus or
other tissue signs that might have been suspicious for the persistence of infection, the joint
was debrided again and the spacer only exchanged. All patients who underwent prosthesis
reimplantation did not receive postoperatively any systemic antibiotic therapy.

“Persistence of infection” pertained to those cases that showed infection by the same
pathogen organism that was first identified. “Reinfection” pertained to those cases that
suffered from infection by a different organism than was first detected. “Treatment failure”
was defined only by the persistence of infection.

The study was conducted in accordance with the Declaration of Helsinki.
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Figure 4. (a,b) Anterio-posterior (a) and lateral (b) radiographs of the right knee of a 69-year-old woman with a septic
loosening of the tibial component; (c,d) After prosthesis explantation, an articulating spacer was implanted; (e,f) Following
an interim period of 54 days, a condylar-constrained prosthesis was implanted (Triathlon TS®, Fa. Stryker, Duisburg, Ger-
many).

Figure 5. (a) Anterio-posterior radiographs of the pelvis of an 86-year-old man with a septic loosening of the femoral stem;
(b) Following prosthesis explantation, an articulating spacer was inserted into the femur; (c) After an interim period of
69 days, the prosthesis reimplantation was performed with cementless implants (Restoration Acetabular Shell®, Restoration
Stem®, Fa. Stryker, Duisburg, Germany).

Figure 6. (a) Anterio-posterior radiographs of the pelvis of 78-year-old woman. Notice that anchors are already present
in the major trochanter indicating a prior refixation; (b) During explantation, a refracture of the extremely weakened
major trochanter occurred, so a resection arthroplasty was carried out instead of a spacer implantation; (c) Following an
interim period of 54 days, the prosthesis reimplantation was performed (Burch-Schneider® antiprotrusio cage, cemented
polyethylene cup, Fa. ZimmerBiomet, Freiburg im Breisgau, Germany; GMRS®, Fa. Stryker, Duisburg, Germany).
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5. Conclusions

The management of hip and knee PJI is a complex procedure. The ideal impregnation
of bone cement for the management of these infections by means of spacers or beads is still
unknown. The present study could show a high rate of resistance among the causative
organisms against gentamicin and clindamycin, which however did not lead directly to
treatment failure. Although it is not based on hard scientific data, the authors recommend
impregnating spacers with all three antibiotics (gentamicin + clindamycin + vancomycin) in
order to achieve the best possible antimicrobial effect until the ideal cement impregnation
is defined. Future studies are required in order to enhance the antibiotic impregnation
of bone cement, and hence help optimize the treatment of periprosthetic hip and knee
joint infections.
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Abstract: Periprosthetic shoulder infection (PSI) remains a devastating complication after total
shoulder arthroplasty (TSA). Furthermore, there is a paucity in the literature regarding its diagnostic
and therapeutic management, especially the absence of therapy concepts devised exclusively for PSI.
The aim of the presenting study is to examine the characteristics and outcome of patients with PSI
who were treated according to well-established algorithms developed originally for periprosthetic
joint infection (PJI) of the hip and knee and determine if these algorithms can be applied to PSI.
This single-center case series included all patients with a PSI presenting between 2010 and 2020.
Recorded parameters included age, sex, affected side, BMI, ASA score, Charlson comorbidity index,
preoperative anticoagulation, indication for TSA (fracture, osteoarthritis or cuff-arthropathy), and
type of infection (acute or chronic PSI). The outcome was divided into treatment failure or infect
resolution. Staphylococcus epidermidis and aureus were the commonest infecting pathogens. Acute
PSI was mainly treated with debridement, irrigation, and retention of the prosthesis (DAIR) and
chronic cases with two/multiple-stage exchange. The treatment failure rate was 10.5%. C-reactive
protein was preoperatively elevated in 68.4% of cases. The mean number of operative revisions
was 3.6 ± 2.6, and the mean total duration of antibiotic treatment was 72.4 ± 41.4 days. The most
administered antibiotic was a combination of clindamycin and fluoroquinolone. In summary, the
data of the current study suggest that therapeutical algorithms and recommendations developed for
the treatment of PJI of the hip and knee are also applicable to PSI.

Keywords: periprosthetic joint infection; PJI; shoulder; PSI; characteristics; outcome; case series

1. Introduction

Total shoulder joint arthroplasty (TSA) experienced in the last years’ considerable
advancements and is nowadays a well-established treatment option for various diag-
noses such as proximal humerus fracture, osteoarthritis, and cuff tear arthropathy in the
elderly [1–3]. The increasing number of performed TSA is accompanied by growing com-
plication rates such as periprosthetic shoulder infection (PSI), where incidence estimates of
0.7 to 6% are reported [4–7]. PSI is considered one of the most devastating complications
of TSA and a common cause of surgical revision and persistent shoulder pain [8]. Not
only it constitutes a great burden to the health care system, but it is also associated with
unsatisfactory functional outcomes and impairment [4].

The most commonly identified microorganisms in PSI are Cutibacterium acnes and
coagulase-negative Staphylococcus [8–11], in contrast to the periprosthetic joint infection
(PJI) of the hip and knee in which mostly Staphylococcus aureus is detected [12]. Cases
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with low-virulence pathogens pose a challenge in addition to delayed diagnosis with
resulting delayed therapy [13]. Although, on the one hand, the spectrum of infecting
microorganisms in periprosthetic joint infection (PJI) vary between the shoulder and the
hip/knee and on the other hand, significant anatomical and biomechanical differences
are present, management of PSI and the different modalities of surgical therapy are often
based on guidelines for PJI of the hip or knee. These include debridement, irrigation, and
retention of the prosthesis (DAIR), one-, two- or multiple-stage exchange and resection
arthroplasty [14–18].

Several studies investigated the development of PSI [6] and documented an association
with numerous risk factors such as previous shoulder surgery [19,20], higher age [21,22],
male sex [20,22], increasing body mass index (BMI) [20,23], diabetes mellitus [19,20,23],
radiation therapy [19], use of steroids [23,24] and malignancy [23,24]. However, factors
affecting treatment failure in PSI are not intensively investigated [6]. In fact, only the isola-
tion of Cutibacterium acnes [6,25], smoking [26], and increasing BMI [27] were observed
to have a negative effect on the complication rates and patient outcomes. Concerning the
effect of PSI on the patient end outcomes, there is a paucity of data in the literature [28].

The aim of the presenting study is to examine the characteristics, and outcome of
patients with PSI who were treated according to well-established algorithms developed
originally for periprosthetic joint infection (PJI) of the hip and knee and determine if these
algorithms can be applied to PSI.

2. Results

Between 2010 and 2020, a total of 19 patients presented with a PSI were included in
this retrospective single-center case series. Data regarding demographic characteristics,
treatment strategies, and outcomes for included patients are summarized in Table 1.

The series involved 11 females and 8 males with a mean age of 66.1 ± 11 years (range
48–93 years), a mean BMI of 27.8 ± 5.8 kg/m2 (20.2–39.1 kg/m2), a mean age-adjusted
CCI of 4.2 ± 2.3 (1–9) and a median ASA score of 2 ± 0.5 (2–3). A total of eight patients
(42.1%) presented to the hospital under anticoagulation. The mean preoperative serum CRP
level at admission was 74.7 ± 99 mg/L (5–331 mg/L). TSA was performed in 10 patients
(52.6%) for fracture of the proximal humerus and osteoarthritis or cuff-arthropathy for
the rest. A total of 12 (63.2%) patients presented with an acute PSI. In three patients, a
PSI-related surgical treatment was performed in an external hospital prior to the admission
to our hospital. The same three patients were under antibiotic treatment at the time of
admission. In six patients (31.6%), a preoperative joint aspiration was performed. None
of the patients was under antibiotic treatment at the time of aspiration. In four of the six
patients, the detected pathogen matched that detected intraoperatively (sensitivity 66.7%).
In the remaining two cases, no pathogen was detected in the aspiration, though a causing
microorganism was detected in the intraoperative tissue samples.

Staphylococcus species were responsible for 12 of the 19 reported PSI cases (63.2%).
Staphylococcus epidermidis was isolated in six cases (31.6%): in four cases (21.1%) as a
monomicrobial infection and in two cases (10.5%) along with Enterococcus faecalis and
Proteus mirabilis, respectively, as a polymicrobial infection. A total of five of the six cases
with Staphylococcus epidermidis involved methicillin-resistant strains. Staphylococcus
aureus was also detected in six cases (31.6%) (5 methicillin-susceptible and one methicillin-
resistant). In four cases (21.1%), a culture-negative PSI was diagnosed based on clinical and
histological findings. Citrobacter freundii, along with Escherichia coli, caused one polymi-
crobial infection, and Cutibacterium acnes and Escherichia coli caused one monomicrobial
infection each.
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In 8 patients (42.1%), the prosthesis was retained (DAIR), and in 11 patients (57.9%), a
two/multiple-stage exchange was performed. In 8 (72.7%) of these 11 patients, the implant
was loose. After implant removal, reimplantation was successful in seven cases (63.6%).
Two patients opted for a permanent resection arthroplasty and refused the reimplantation
due to advanced age (93 years old) in the first case and multimorbidity (ASA score 3,
age-adjusted CCI 5) with a satisfactory range of motion (Abduction of 110◦) in the second
case. In the two remaining cases, a treatment failure was observed with persistent infection
and consequent chronic antibiotic suppression.

The total mean number of operative revisions was 3.6 ± 2.6 (1–12), and the mean
total duration of antibiotic treatment was 72.4 ± 41.4 days (28–214 days). A total of 68% of
included PSI (13/19) were treated with clindamycin that was initially empirically started
to treat Cutibacterium acnes, which, according to literature, was considered as the most
common infecting agent in PSI. The combination was mainly with fluoroquinolone.

At a mean total follow-up of 57.6 ± 36.4 months (18–138 months), in 17 patients
(89.5%), an infection resolution was observed, and in 2 patients (10.5%), a treatment failure
(persistent infection with consequent chronic antibiotic suppression). One PSI-unrelated
death has been recorded. Regarding shoulder function, a mean abduction of 61.8◦ ± 20.5◦

was reported.

3. Discussion

PSI remains a devastating complication after TSA, with a prevalence ranging from 1%
to 19% after primary TSA and up to 15% after revision surgeries [29–31]. However, there is
a paucity in the literature regarding its diagnostic and therapeutic management, and the
main treatment protocols are often based on the more extensively investigated guidelines
for PJI of the hip or knee joint [32–34].

In the absence of therapy concepts devised exclusively for PSI at the time, the study
was in progress, the patients with PSI included in this study were treated according to
the well-established algorithms developed originally for PJI of the hip and knee. The aim
of the presenting study was to examine the characteristics and 5-year outcome of these
patients and determine if these opted algorithms can be applied to the shoulder joint.

In the present study, the most commonly detected causative pathogens were Staphy-
lococcus epidermidis and Staphylococcus aureus, each in 31.6% of cases. Cutibacterium
acnes was detected in one case (5.3%). This goes in line with data in the literature, where
low-virulence microorganisms such as coagulase-negative Staphylococci are reported as
the commonest infecting agents followed by Staphylococcus aureus [23,35]. However,
the rate of infections with Cutibacterium acnes is lower than those reported in the litera-
ture, where infection rates of up to 32.5% are documented [36]. This may be due to the
female predominance (58%) observed in the current study since the colonization with
Cutibacterium acnes is known to be greater in men than in women [37].

In 5 cases where an implant loosening was intraoperatively observed, the PSI was
classified as acute. The accuracy of this classification was questionable since implant
loosening is a classical feature of chronic or delayed and especially low-grade infections
caused typically by low-virulence pathogens [38]. Further analysis of these 5 cases showed
that all of them were classified as acute based on the subjective complaints of the patients
and their statements regarding the time of appearance of symptoms. None of the cases were
PSI appearing within 4 weeks after primary implantation. This implies that inaccuracies
in the statements provided by the patients may have had an effect on the classification of
the infections. On the other hand, the classification of periprosthetic infections in acute or
chronic and defining the specific time limit cut-off has been controversially discussed, and
the issue has been raised in the 2018 International Consensus Meeting on Musculoskeletal
Infection (MSKI) [39] that concluded that a periprosthetic infection is a continuum and
the strict distinction criteria between acute and chronic bone and implant-related infection
remain unclear.
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In total, in 2 of the 19 cases (10.5%), a treatment failure was reported. The first case was
a polymicrobial PSI caused by methicillin-resistant Staphylococcus epidermidis (MRSE),
Enterococcus faecalis, and Proteus mirabilis. The poorer outcome of polymicrobial PJI has
been shown in the publication of Tan et al. [40], where failure rates of 50.5% were observed,
in comparison to 31.5% in monomicrobial PJI and 30.2% in culture-negative PJI. The second
case involved an elderly multimorbid patient with an age-adjusted CCI of 5 and a BMI
of 30.4 kg/m2. Further analysis showed diabetes mellitus as well as malignant disease
(Stomach cancer with surgical resection and radiation therapy) in the medical history and
positive smoking status. In the publication of Hatta et al. [26] and Wagner et al. [27], the
negative effect of smoking and increased BMI (>30 kg/m2) on the outcome after TSA
was shown.

Regarding diagnostic parameters, CRP is one of the most commonly used biomarkers
for a systemic response to inflammation [41]. It is cost-effective, rapid, and implemented in
most of the diagnostic algorithms and recommendations for PJI diagnosis [42–44]. In the
present study, preoperative CRP was elevated in 13/19 cases (68.4%). This correlates with
the values reported in the systemic review of Mercurio et al. [36], where CRP was elevated
in 70% of the included PSI cases of the 21 analyzed studies.

The surgical treatment in all but two PSI secondary to low-virulence microorganisms
(Staphylococcus epidermidis and Cutibacterium acnes) and all but two PSI secondary to
Staphylococcus aureus was two/multiple-stage exchange. The eight cases treated with
DAIR involved six cases of acute PSI and two cases of chronic PSI.

A mean active abduction of 67.7◦ ± 20.7◦ was recorded after multiple-stage protocol
versus 53.75◦ ± 18.5◦ after DAIR. These results are consistent with those reported by
Sperling et al. [23], where the two-stage procedure was found to be the treatment regimen
with the best functional outcome. The clinical assessment of the patients in the study of
Sperling et al. [23] showed a mean active abduction of 100◦; considerably higher than
the patients included in the study of Ince et al. [24], where a mean active abduction
of 51.6◦ after the one-stage exchange was reported. However, the abduction values of
53.75◦ ± 18.5◦ after DAIR reported in the present study lie lower than those reported by
Mercurio et al. [36] and Lemmens et al. [18], where values of 100◦ and 86◦, respectively,
were reported. Further analysis of the cases managed with DAIR in the presenting study
revealed that these were older (67.4 ± 9.6 years versus 65.2 ± 12.2 years) and with more
comorbidities (CCI 4.5 ± 2.7 versus 4 ± 2.1), when compared with patients managed with
two/multiple-stage exchange. These two factors may have played a role regarding the
poorer functional outcome in the DAIR subgroup. Because of the small number of patients,
the results did not reach statistical significance (p 0.3417 and p 0.6158, respectively).

Two cases of chronic PSI were treated contrary to the algorithm with DAIR. Both cases
were culture-negative PSI. Otherwise, all other patients that underwent DAIR presented
with an acute PSI. The total duration of the antimicrobial treatment in this group was also
shorter than that in the two/multiple-stage group with 50.1 ± 13 days (28–70 days) versus
88.6 ± 47.7 days (43–214 days), and the number of revisions was also lower (2.5 ± 1.6 ver-
sus 4.4 ± 2.9 revisions). The results correlate with those published by Lemmens et al. [18],
where a median antibiotic treatment duration of 6 weeks after DAIR was reported. How-
ever, Lemmens et al. [18] did not report a difference in the antibiotic duration between
patients after DAIR and two-stage exchange.

The main infecting pathogens detected in the present study, namely Staphylococcus
epidermidis and aureus, did not vary from the spectrum of microorganisms commonly
found in PJI of the hip and knee [34,45].

A difference to be noted was the varying sensitivity of CRP in diagnosing the peripros-
thetic infection. In the current study, the sensitivity of CRP was 68.4%, considerably lower
than the values reported by van den Kieboom et al. [46], where a sensitivity of 94% in the
diagnosis of knee and hip PJI was observed.

To summarize, the data of the current study suggests that the therapeutical algorithms
and recommendations developed for the treatment of PJI of the hip and knee are also
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applicable to the shoulder joint, and published algorithms for the management of PSI do
not offer clear guidance regarding indication or provide a superior outcome. According
to the latest recommendations of the ICM on orthopedic infections concerning PSI, DAIR
was less successful in the treatment of chronic PSI, and there was insufficient high-quality
evidence to support or to discourage the use of this approach in the treatment of acute
PSI [47]. In addition, there was insufficient data to support the exchange of modular
parts during DAIR, especially in acute PSI cases [47]. Nonetheless, in the management
of PSI in patients of the current study, the classical recommendations of hip and knee
PJI management [48] were applied, and DAIR was mainly performed in acute cases, and
mobile modular parts were routinely exchanged. This led to a success rate of 100%, a rate
even higher than the reported success rates in the literature in hip and knee PJI, where
infection eradication rates of 75.40% and 52.6%, respectively, were reported [49].

Regarding one or two-stage exchange strategies, the indication and guidance algo-
rithm in chronic PSI cases in the ICM was unclear and lacking evidence [47]. In the
management of chronic PSI in the current study, the standard recommendations of hip
and knee PJI management [48] advising two-stage exchange were applied in five cases. A
success rate of 80% was observed, slightly lower than the rate of treatment success in hip
and knee PJI of 85.2% documented in the literature [50].

The surgical treatment option of each of the cases reported in the current study was
chosen, relying both on the internal algorithms of the hospital and on the individual patient
profile. The antimicrobial treatment option was also chosen based on the microbiolog-
ical findings of each case, and the management of the infection was jointly directed by
orthopedic surgeons and infectiologists from the institute of medical microbiology and
hygiene in a multidisciplinary context. The patients were examined regularly in close
follow-up examinations and for a relatively long period of time in order to detect any sign
of infection recurrence as soon as possible. All these factors played an important role in the
optimization of PSI management and were responsible for the satisfactory results observed
in this study.

One of the limitations of this study is the low level of evidence due to its retrospective
and descriptive design. Another limitation is the rather small total sample size, even though
the study is a single-center study with a prolonged follow-up that reports on a cohort
larger than similar prior studies. A third limitation of this study is the choice of treatment
regimen in the analyzed cases. These cases were included over a period of 10 years. Due
to this long duration of inclusion, the therapy regimes were obviously subject to further
development and improvement based on the evolving and available literature, which may
have had a small effect on the course of the infection and created a heterogenicity in the
management protocols.

4. Materials and Methods
4.1. Patient Collective

This case series included all patients with a PSI presenting between 2010 and 2020 to
the Orthopedic and Trauma Surgery Centre of the University Medical Centre Mannheim.
There were no exclusion criteria. The study has been reported in line with the PROCESS
Guideline [51].

4.2. Definitions and Parameters

PSI was diagnosed according to the updated and modified criteria of the Shoulder
Group of the International Consensus Meeting (ICM) on Orthopedic Infections [47].

Baseline characteristics included age, sex, affected side, and body mass index (BMI).
Preoperative patient status was evaluated using the ASA (American Society of Anesthe-
siologists) score [52] and the age-adjusted form of the Charlson comorbidity index [53].
Further recorded parameters involved preoperative anticoagulation, indication for TSA
(fracture, osteoarthritis or cuff-arthropathy), type of infection (acute or chronic PSI), and
treatment before admission (antimicrobial or surgical) as well as a preoperative serum
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level of C-reactive protein (CRP) at admission. In line with the guidelines of the Infectious
Diseases Society of America [54], the interval between primary TSA and PSI was divided
into acute infections (within 4 weeks after TSA or with symptoms of less than 3 weeks)
and chronic infections (occurring after these time limits). It was also documented if a
preoperative joint aspiration was performed. The infecting microorganism was recorded as
well as the type of surgical and antimicrobial treatment, the total duration of antimicrobials
administration (oral and intravenous) in days, the number of revisions performed and the
presence of an implant loosening.

The shoulder function was evaluated using the AO neutral-0-method to quantify
abduction [55]. Outcomes were categorized based on a modified version of the system
proposed by Laffer et al. [56] into:

• Infect resolution: no clinical signs of infection and CRP < 10 mg/L after a minimum
follow-up of 18 months;

• Treatment failure: persistent infection or re-infection through the same or a different
microorganism with or without the need of a surgical revision, chronic antibiotic
suppression, or death due to PSI-related sepsis.

4.3. Microbiological and Histological Methods

A preoperative joint aspiration was routinely performed, except in emergency cases
or in cases where the infecting pathogen was already identified in a previous surgery. The
joint aspirate was first sent to the laboratory to determine cell count as well for cytological
differentiation and second for culturing in sterilely inoculated blood culture vials [57]. The
ventral or dorsal approach was used to perform the joint aspiration.

Intraoperatively, a minimum of four specimens was collected for microbiological
culturing and four specimens for histopathological analysis. Every pair of tissue specimens
were obtained from the same anatomical site to match microbiological and histological
results. Cultures were considered negative if there was no growth of microorganisms
within 10 days [58]. The classification of Morawietz et al. [59] was used to define proof of a
PJI in the histopathological examination of the intraoperative samples. After all specimens
were collected, a specific or empiric antibiotic treatment was administered, according to
whether the identity of the causative microorganism is known or not.

4.4. Therapy Regimens

All orthopedic device-related infections in our university hospital are jointly managed
by orthopedic surgeons and physicians from the institute of medical microbiology and
hygiene. This multidisciplinary treatment concept involves regular rounds to set and
control all diagnostic and treatment aspects in order to provide the best treatment of PJI.

The surgical therapy was chosen according to a well-defined internal algorithm and
included: debridement, irrigation, and retention of the prosthesis (DAIR), two- or multiple-
stage exchange, and resection arthroplasty [34,60,61]. As mentioned earlier, in the absence
of therapy concepts devised exclusively for PSI in the study period, the surgical treatment
algorithms were based on the extensively investigated concepts developed originally for
PJI of the hip and knee [34].

Postoperatively, antibiotics were administered for a period of 6 weeks: intravenously
for the first 2 weeks then orally for further 4 weeks under close clinical and laboratory
monitoring [62].

Reimplantation was performed only when the local findings (healed surgical wound
with no swelling, erythema, tenderness, or discharge from incision site) and the laboratory
results (C-reactive protein (CRP) < 10 mg/L) were satisfactory and showed no signs of
persistent infection following a 2-week antibiotic-free interval [62].

After reimplantation, biofilm-active antibiotics were administered for a period of
2 weeks intravenously and further 4 weeks orally [63].
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5. Conclusions

The data of the current study suggests that the therapeutical algorithms and recom-
mendations developed for the treatment of PJI of the hip and knee are also applicable to the
shoulder joint provide satisfactory outcomes. The close collaboration between orthopedic
surgeons and infectiologists to set and control all diagnostic and treatment aspects is the
key element for the successful management of PSI.
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Abstract: Knee septic arthritis is a devastating complication following anterior cruciate ligament
(ACL) reconstruction. To prevent this issue, intraoperative soaking of ACL grafts with vancomycin is
often performed before implantation. Although vancomycin cytotoxicity has been reported several
times, little is known about its biological effect on tenocytes. The aim of this study was to evaluate
the in vitro effects of vancomycin on human primary tenocytes (hTCs). hTCs were isolated from
hamstring grafts of four patients undergoing ACL reconstruction. After expansion, hTCs were treated
with different concentrations of vancomycin (0, 2.5, 5, 10, 25, 50 and 100 mg/mL) for 10, 15, 30 and
60 min. In vitro cytotoxicity was evaluated measuring metabolic activity, cell toxicity, and apoptosis.
hTC metabolic activity was affected starting from 10 mg/mL vancomycin and decreased markedly at
100 mg/mL. Cell viability remained unaffected only at a concentration of 2.5 mg/mL vancomycin.
Vancomycin cytotoxicity was detected from 10 mg/mL after 15 min and at all higher concentrations.
Cells died when treated with concentrations higher than 5 mg/mL. The use of this antibiotic on
tendons to prevent infections could be useful and safe for resident cells if used at a concentration of
2.5 mg/mL for up to 1 h of treatment.

Keywords: anterior cruciate ligament; infection; tendon; vancomycin; human primary tenocytes;
hamstring graft; septic arthritis

1. Introduction

Anterior cruciate ligament (ACL) injury is among the most common and economically
costly sport injuries, frequently requiring expensive surgery and rehabilitation [1]. It affects
roughly 1 in 3000 people per year and an estimated 400,000–500,000 ACL reconstructions
(ACLR) are performed annually worldwide [2,3]. Post-operative knee septic arthritis repre-
sents a serious complication with an incidence rate between 0.14 and 1.7% [4]. The main risk
factors include revision surgery and the use of hamstring tendon autografts [5–9]. Several
microorganisms have been isolated from the synovial fluid of patients affected by septic
arthritis such as Staphylococci, the most prevalent coagulase-negative (CNS) bacteria, fol-
lowed by Staphylococcus aureus, Enterobacteriaceae, Propionibacterium acnes, Pseudomonas spp.,
and many others [10–13]. Early diagnosis and immediate antibiotic treatment are crucial.
However, the eradication of infections is challenging due to both the poor vascularization
of the tendon and bacterial biofilm formation [14].

A common practice to avoid knee septic arthritis after ACLR is the “vancomycin
wrap”, first described by Vertullo and colleagues [15], involving the soaking of the graft
for 10–15 min within a sterile gauze swab previously saturated with 5 mg/mL van-
comycin [16–18]. Vancomycin was first described in 1952 and approved by the FDA
in 1958 as an antibiotic active against Gram-positive and penicillin-resistant Staphylococci.
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Vancomycin was rapidly eclipsed by equally effective and less toxic antibiotics. However,
at the beginning of the 1980s, an increase in its use occurred due to its efficacy against
resistant pathogens such as Clostridium difficile, Streptococcus pneumoniae, and methicillin-
resistant Staphylococcus aureus (MRSA) [19]. The use of vancomycin in ACL wrap soaking
was supported by its activity against the most common pathogens involved in septic arthri-
tis and its low allergenicity. Even though several studies have documented vancomycin
toxicity on different musculoskeletal tissues and cells at therapeutical doses, little is known
about the biological effect of such antimicrobial use on tendon-derived cells.

The purpose of this study was to evaluate the toxicity of different concentrations of
vancomycin on human primary tenocytes (hTCs) in vitro. We hypothesized that a pro-
longed exposure of hTCs to the antibiotic and/or the increase of vancomycin concentration
would result in a reduction of cell viability and metabolic activity, which may negatively
impact on graft integrity and the success of surgery.

2. Results

The hamstring specimens used for the study were harvested from four patients who
underwent ACLR of the right knee. The subjects included were three males and one
female, with a mean age of 36.25 ± 13.15 years, without concomitant comorbidities or
pharmacological treatments (Table 1).

Table 1. Demographic characteristics of patients included in the study.

Patient Sex Age Comorbidities

1 M 38 None
2 M 19 None
3 M 37 None
4 F 51 None

2.1. Cell Metabolic Activity

An indirect measurement of cell status is the analysis of mitochondrial or metabolic
activity with MTT assay (Figure 1). Control cells were treated with 0 mg/mL of vancomycin
and were assumed to have 100% mitochondrial activity. The results of vancomycin treat-
ment at different concentrations were calculated using control cells as a reference. In the
dose-time curves under study, lower concentrations of vancomycin (2.5, 5, and 10 mg/mL)
reduced mitochondrial activity compared to 0 mg/mL without significant differences at all
time points analyzed. After 15 min, mitochondrial activity reduced with 25 and 100 mg/mL
vancomycin treatments by 53% ± 2% (p < 0.05) and 46% ± 20% (p < 0.01), respectively.
One-hundred milligrams per milliliter of vancomycin significantly reduced cell activity at
30 min (17% ± 14%; p < 0.001) and at 60 min (11% ± 5%; p < 0.001). Finally, a significant
detrimental effect of vancomycin was observed with 50 mg/mL after 60 min (25% ± 20%;
p < 0.05).
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Figure 1. MTT dose–time curves. (A) Each point corresponds to a vancomycin treatment at a 
different concentration at a certain timepoint. Relative metabolic activity was calculated considering 
0 mg/mL vancomycin as a baseline of 100%. (B) Relative metabolic activity was expressed as mean 
percentage ± standard deviation of at least three independent experiments. Mitochondrial activity 
was significantly reduced by 25 mg/mL vancomycin at 15 and 60 min, 50 mg/mL at 30 and 60 min, 
and 100 mg/mL at all timepoints after 10 min. Statistical significance was calculated versus the 
control group (0 mg/mL vancomycin) and reported as * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. See text 
for details. 

2.2. Cell Viability and Toxicity 
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viability and toxicity (Figures 2 and 3). Vancomycin treatment at 0 mg/mL was considered 
as a control and assumed to correspond to 100% cell viability. The results of the other 
vancomycin concentrations were compared to the control. In contrast, cells treated with 
MeOH for 30 min were assumed to suffer 100% cell death and all the other treatments 
were calculated comparing each measurement starting from this reference. Cells treated 
with 2.5 mg/mL vancomycin showed a significant reduction of viability (Figure 2) after 30 
min of treatment (54% ± 17%; p < 0.01) but did not show other significant alterations in 
viability and toxicity (Figures 2 and 3) compared to 0 mg/mL. Cell viability for all the other 
concentrations of vancomycin were significantly lower compared to 0 mg/mL at any time 
point, ranging from 41% to 9%, as shown in the table (Figure 2, p < 0.001). 

Figure 1. MTT dose-time curves. (A) Each point corresponds to a vancomycin treatment at a
different concentration at a certain timepoint. Relative metabolic activity was calculated considering
0 mg/mL vancomycin as a baseline of 100%. (B) Relative metabolic activity was expressed as mean
percentage ± standard deviation of at least three independent experiments. Mitochondrial activity
was significantly reduced by 25 mg/mL vancomycin at 15 and 60 min, 50 mg/mL at 30 and 60 min,
and 100 mg/mL at all timepoints after 10 min. Statistical significance was calculated versus the
control group (0 mg/mL vancomycin) and reported as * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. See
text for details.

2.2. Cell Viability and Toxicity

Membrane integrity was evaluated by live/dead assay to determine vancomycin
viability and toxicity (Figures 2 and 3). Vancomycin treatment at 0 mg/mL was considered
as a control and assumed to correspond to 100% cell viability. The results of the other
vancomycin concentrations were compared to the control. In contrast, cells treated with
MeOH for 30 min were assumed to suffer 100% cell death and all the other treatments
were calculated comparing each measurement starting from this reference. Cells treated
with 2.5 mg/mL vancomycin showed a significant reduction of viability (Figure 2) after
30 min of treatment (54% ± 17%; p < 0.01) but did not show other significant alterations
in viability and toxicity (Figures 2 and 3) compared to 0 mg/mL. Cell viability for all the
other concentrations of vancomycin were significantly lower compared to 0 mg/mL at any
time point, ranging from 41% to 9%, as shown in the table (Figure 2, p < 0.001).
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Figure 2. Cell viability dose–time curves. (A) Each point corresponds to a vancomycin treatment at 
a different concentration at a certain time point. Relative cell viability was calculated considering 0 
mg/mL vancomycin as a baseline of 100%. (B) Cell viability results were expressed as mean reduc-
tion of cell viability ± standard deviation for at least three independent experiments. Cell viability 
was significantly reduced by 10 mg/mL vancomycin at 60 min as well as by 25 mg/mL, 50 mg/mL, 
and 100 mg/mL approximately at all timepoints. Statistical significance was calculated versus the 
control group (0 mg/mL vancomycin) and reported as * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. See text 
for details. 

Regarding toxicity (Figure 3), the increase in cell death started to be significant after 
60 min of treatment with 10 mg/mL vancomycin (76% ± 19%; p < 0.01) but was not signif-
icant with 2.5, 5, and 10 mg/mL at the other timepoints analyzed. Higher concentrations 
of vancomycin were cytotoxic at all the time points examined in the study. The calculated 
half maximal inhibitory concentration (IC50) was 3.033 to 9.286 mg/mL at 10 min, 2.845 to 
9.228 mg/mL at 15 min, 1.497 to 6.879 mg/mL at 30 min, and 1.775 to 5.541 mg/mL at 60 
min. No significant increase of cytotoxicity was found in hTCs at 0 mg/mL vancomycin 
compared to cells in culture medium at all timepoints (Figure S1). 

Figure 2. Cell viability dose-time curves. (A) Each point corresponds to a vancomycin treatment at
a different concentration at a certain time point. Relative cell viability was calculated considering
0 mg/mL vancomycin as a baseline of 100%. (B) Cell viability results were expressed as mean reduc-
tion of cell viability ± standard deviation for at least three independent experiments. Cell viability
was significantly reduced by 10 mg/mL vancomycin at 60 min as well as by 25 mg/mL, 50 mg/mL,
and 100 mg/mL approximately at all timepoints. Statistical significance was calculated versus the
control group (0 mg/mL vancomycin) and reported as * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. See
text for details.

Regarding toxicity (Figure 3), the increase in cell death started to be significant after
60 min of treatment with 10 mg/mL vancomycin (76% ± 19%; p < 0.01) but was not signifi-
cant with 2.5, 5, and 10 mg/mL at the other timepoints analyzed. Higher concentrations of
vancomycin were cytotoxic at all the time points examined in the study. The calculated
half maximal inhibitory concentration (IC50) was 3.033 to 9.286 mg/mL at 10 min, 2.845
to 9.228 mg/mL at 15 min, 1.497 to 6.879 mg/mL at 30 min, and 1.775 to 5.541 mg/mL at
60 min. No significant increase of cytotoxicity was found in hTCs at 0 mg/mL vancomycin
compared to cells in culture medium at all timepoints (Figure S1).

2.3. Cell Apoptosis

To evaluate if toxic effects of higher concentrations of vancomycin caused cell death
through apoptotic processes, Annexin V/PI flow cytometric assay was performed. In-
terestingly, hTCs were Annexin V-FITC/PI negative at all the concentrations analyzed,
indicating the absence of early and late apoptosis. However, flow cytometric analysis after
24 h showed that cells treated with different concentrations of vancomycin at all time points
recovered and were still negative for both Annexin V and PI (data not shown).
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100 mg/mL approximately at all timepoints. Statistical significance was calculated versus the control 
group (0 mg/mL vancomycin) and reported as * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. See text for 
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condition may require prolonged antibiotic treatments, multiple reoperations, cartilage 
loss, hardware and graft removal, and can lead to arthrofibrosis in the most severe cases 

Figure 3. Cytotoxicity dose-time curves. (A) Each point corresponds to a vancomycin treatment at
a different concentration at a certain time point. Relative cytotoxicity was calculated considering
cells treated with MeOH for 30′ as a baseline of 100%. (B) Cytotoxicity results were expressed as
mean percentage ± standard deviation for at least three independent experiments. Cytotoxicity was
significantly increased by 10 mg/mL vancomycin at 60 min as well as by 25 mg/mL, 50 mg/mL,
and 100 mg/mL approximately at all timepoints. Statistical significance was calculated versus the
control group (0 mg/mL vancomycin) and reported as * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. See
text for details.

3. Discussion

The main findings of this study were that the dose and time of exposure to vancomycin,
conventionally employed during ACL graft soaking, may significantly reduce hTC viability
and metabolic activity in vitro.

Knee septic arthritis is one of the most feared and devastating complications follow-
ing ACLR. Although relatively less common than other orthopaedic-related infections,
the condition may require prolonged antibiotic treatments, multiple reoperations, carti-
lage loss, hardware and graft removal, and can lead to arthrofibrosis in the most severe
cases [20]. Vancomycin is active against Gram-positive bacteria, typically infecting bacteria,
has low allergenicity, and is less toxic to local tissues than alternative antibiotics, such
as tobramycin, cefazolin, and gentamicin [21]. Vancomycin soaking of the graft is often
performed during ACLR to reduce the risk of post-operative septic arthritis. Briefly, a
surgical swab is imbibed in vancomycin (usually 5 mg/mL) and then wrapped around the
graft for , before implantation [15]. The effectiveness of this technique may be explained
by the decontamination of a contaminated graft, which can occur during harvest prepa-
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ration or passage through the portals in up to 22% of cases [22], by intra-articular elution
of a loaded antibiotic reservoir, or both [13]. Indeed, after soaking, the graft itself may
act as an antimicrobial reservoir capable of continuously eluting vancomycin over the
minimum inhibitory concentration (MIC) needed to eliminate most microorganisms in-
volved in post-ACLR septic arthritis (S. aureus = 0.25 mg/mL, Streptococcus = 0.25 mg/mL,
Enterococcus spp. = 2 mg/mL) [23,24]. In an ex vivo study, Grayson et al. showed that
vancomycin release from tendons started immediately after soaking and was maintained
for at least 24 h, with a peak elution rate in the first 10 min, followed by a plateau at
successive intervals. Furthermore, the elution rate was measurably increased when thicker
tendons and higher vancomycin concentrations were employed, without ever reaching
commonly accepted toxic concentrations [23]. The technique is easy to perform and has
shown favorable results in terms of efficacy, safety, and cost-effectiveness [25]. Indeed,
a recent meta-analysis by Naendrup et al. concluded that vancomycin-soaking of the
graft dramatically reduced the rate of septic arthritis following ACLR, with no episodes
of infection reported in the analyzed cohorts [26]. However, how long the graft should
be presoaked and the biological effect of vancomycin concentration on graft tissues still
remains unclear.

To our knowledge, this is the first study to evaluate dose-time effects of vancomycin
on hTCs. In our experimental conditions, 2.5 mg/mL of vancomycin did not affect hTC
viability up to 60 min with no increase in cell death, showing a behavior that did not signif-
icantly differ from soaking in saline solution. Conversely, 5 mg/mL, corresponding to the
most used concentration for the vancomycin wrap procedure, resulted in a decrease in hTC
viability of approximately 60% compared to cells in the control group after 10 min, which is
the average duration of graft soaking [18,25,26]. The results obtained with live/dead assay
and MTT assay indicated that, even at 2.5 ng/mL, cells reduced their metabolic activity by
an average of 50% after 1 h of vancomycin treatment, while cell viability remained around
60% compared to 0 mg/mL at the same time point. While MTT is an indirect measure of
cell viability and metabolic activity, the difference between these two assays could be due
to a reduction in cell activity not directly correlated with the overall cell viability [27,28].

In the literature, several studies have reported the toxicity of vancomycin on different
cell types and tissues. In vitro experiments on porcine chondrocytes showed that van-
comycin exposure at 5 and 10 mg/mL for 1 h resulted in toxicity and caused cell death [29],
while in vivo intra-articular injections of vancomycin reduced rabbit chondrocyte viability
even at 1 mg/mL [30]. In contrast, 5 mg/mL vancomycin did not affect the cell number
and alkaline phosphatase activity of human osteoblasts treated for 10 and 14 days [31],
whereas 10 mg/mL was reported to cause death on MG-63 osteosarcoma cells in vitro [32].
Vancomycin had little effect on cell proliferation up to 1 mg/mL but could reduce os-
teogenic marker expression at 0.1 and 1 mg/mL in periosteal cells from rabbit tibia [33]. In
another study, 125 mg/mL of vancomycin induced osteoblast toxicity and inhibited bone
regeneration [21].

In a recent manuscript by Liu and colleagues, osteoblasts, myoblasts, and fibroblasts
were cultured in the presence of different amounts of vancomycin (1, 3, 6, or 12 mg/cm2)
for either 1 h or 48 h, in order to simulate the effects of a short (e.g., wound lavage)
or a long (e.g., antibiotic-loaded spacers) exposure on cells participating in joint tissue
repair. The authors found that 1 h vancomycin exposure reduced osteoblast and myoblast
survival and migration only at the highest dosage (12 mg/cm2). Conversely, a prolonged
vancomycin exposure significantly impaired both survival and migration in all cell types
at all concentrations tested [34]. According to our results, it may be reasonable to reduce
vancomycin concentration for graft soaking under 5 mg/mL to reduce the risk of graft
damage without affecting antimicrobial efficacy, as the MIC for most bacteria involved
in post-ACLR septic arthritis is approximately 2 mg/mL [23]. Moreover, as exposure to
2.5 mg/mL vancomycin did not result in toxicity at any time point, prolonged graft soaking
over the 10 min course, e.g., due to intraoperative complications, may be reasonably safe,
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while longer incubation at higher concentrations may further affect tendon cell metabolic
activity and viability.

Graft toxicity and resulting tenocyte death may theoretically lead to premature biome-
chanical graft failure with the need for reoperation. In an ex vivo study, Schüttler et al. [35]
contaminated porcine flexor digitorum profundus tendons with Staphylococcus epidermidis
and then soaked the specimens with 1, 2.5, 5, and 10 mg/mL vancomycin for either 10
or 20 min. Residual bacterial contamination and maximum load and stiffness were then
evaluated. While all specimens were still contaminated after 10 min, no signs of infection
were observed in the groups treated with 5 and 10 mg/mL vancomycin for 20 min after
one week of culture, while 42.9% of tendons treated with 2.5 mg/mL still showed bacterial
contamination. However, the study may be biased by both the small sample size and the
method of contamination, which is far from a clinical scenario. Surprisingly, no sign of
biomechanical impairment was noted in all groups.

This study has some limitations. The main relates to the in vitro experimental proce-
dure, which differs from the in vivo environment of tenocytes. Further experiments will be
performed to evaluate vancomycin toxicity on ex vivo tendon explants. As vancomycin
chondrotoxicity has been described as well, the combined effect of the antibiotic on both
tenocytes and chondrocytes should be investigated to define its role on the main joint cell
types. Moreover, it has been proposed that vancomycin could jeopardize the ligamenti-
zation process [32,36], which is characterized by the progressive replacement of tendon
specific features of the implanted grafts with ligamentous properties. It is recognized that
the combined intra-articular remodeling and ligamentization of the graft dictate the biome-
chanical function of ACL reconstruction. It has been demonstrated that low concentrations
of vancomycin have no deleterious effects on tenocytes [23] nor risk of re-rupture [25].
The present in vitro study did not analyze the effect of vancomycin on the ligamentization
process or biomechanical properties; therefore, further studies should be carried out to
confirm the mid- and long-term safety of the use of vancomycin.

4. Materials and Methods
4.1. Isolation and Culture of Human Tendon-Derived Primary Cells

Human hamstring samples were harvested from surgical waste materials of 4 patients
undergoing ACLR. All patients signed written informed consent and all the procedures
were approved by our Institutional Ethical Committee (patient data can be found in Table 1).
Tendons were collected as they arrived from the surgery room and processed the same day.
Tissues were washed two times with phosphate-buffered saline (PBS), minced into small
pieces, and digested with 0.5 mg/mL of collagenase type II (Worthington, Lakewood, NJ,
USA) for 2 h at 37 ◦C in RPMI medium with 5% fetal bovine serum (FBS). The digested
material was centrifuged; the pellet was placed in a Petri dish and cultured at 37 ◦C
and 5% CO2 in RPMI with 10% FBS, 1% penicillin/streptomycin (P/S) and 1% L-Glut
(Supplementary Figure S2). The medium was changed twice a week. Cells were passaged
with 1× Trypsin/EDTA when they reached 80–90% confluence for at least 3 passages (P3).
Each cell culture was derived from a single donor.

4.2. Vancomycin Treatment

At the third passage, hTCs were plated and the medium was removed after 24 h. Cells
were then treated with vancomycin (Hikma Italia S.P.A., Pavia, Italy) in saline solution
(0.9% NaCl, B. Braun, Melsungen, Germany) at 0, 2.5, 5, 10, 25, 50, and 100 mg/mL for 10,
15, 30, and 60 min. Each treatment was performed in triplicate. Cells with culture medium
and 0 mg/mL were used as a control. Cells treated with 70% MeOH for 30 min were used
as a positive control for cytotoxicity. At each time point, cell metabolic activity, viability,
toxicity, and apoptosis were assessed as described above.
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4.3. Cell Activity

Cell metabolic activity was measured with MTT assay (Sigma-Aldrich, St. Louis, MO,
USA), according to the manufacturer’s instructions. At the third passage, the cells were
plated in 96-multi-well plates (1.5 × 104 cells/well) and treated as described above. At
each time point, after vancomycin treatment, cells were incubated for 4 h with 10% MTT
solution. Its reduction by mitochondrial dehydrogenases to purple formazan crystals was
determined reading the absorbance at 550 nm (Tecan Infinite M200 PRO).

4.4. Cell Viability and Toxicity

Cell toxicity was determined analyzing the membrane integrity through the
LIVE/DEAD™ cell viability assay (Thermo Fisher Scientific), following the manufacturer’s
instructions. At P3, cells were plated in 96-multi-well plates (1.5 × 104 cells/well) and
treated as previously described. After the treatment, cells were incubated for 30 min
with ethidium homodimer-2 and calcein acetoxymethylester (AM) at room temperature
and washed with PBS 3 times. Green and red fluorescence were quantified reading the
fluorescence at 645 nm and 530 nm (Tecan Infinite M200 PRO).

4.5. Cell Apoptosis

Cell apoptosis was determined using flow cytometry Annexin V Apoptosis kit-
FITC (Novus Biologicals-BioTechne, Minneapolis, MN, USA). At P3, cells were plated
in 24-multi-well plates (3 × 104 cells/well) and treated as previously described. After
treatment, cells were washed with PBS, detached with trypsin/EDTA, and recovered. After
2 washes with PBS, cells were incubated with Annexin V/PI dyes for 20 min at room
temperature, according to the manufacturer’s instructions. Blocking buffer was added and
cells were analyzed with CytoFlex (Beckman Coulter, Brea, CA, USA).

4.6. Statistical Analysis

Each experiment was repeated at least three times with cells from 4 different donors.
Results are expressed as the mean ± standard deviation (SD). The statistical analysis of
the results was performed using one-way analysis of variance (ANOVA) with Dunnett’s
post-test comparing each value to 0 mg/mL treatment (Prism 5 GraphPad Software, La
Jolla, CA, USA). Nonlinear regression was performed to calculate the IC50. Statistical
significance was denoted by * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars represent SD.

5. Conclusions

Pre-soaking of ACL grafts in vancomycin is an efficacious, cost-effective, and safe
option to reduce the rate of post-ACLR septic arthritis. To our knowledge, this is the first
study to evaluate the dose-time effects of vancomycin on hTCs in vitro. From the data
presented, vancomycin was shown to be a safe treatment at 2.5 mg/mL up to 60 min, while
higher concentrations commonly used during the vancomycin wrap procedure may harm
the graft tenocyte viability and metabolic activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10091087/s1, Figure S1: Cytotoxicity dose time-curve of hTCs treated with 0 mg/mL
vancomycin (saline only) comparing cells cultured in DMEM as a baseline of 100%, Figure S2:
Microscopic representative images showing hTCs in culture.
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Abstract: Periprosthetic joint infection (PJI) is a rare but devastating complication after total joint
arthroplasty. An estimated 7–12% of patients have negative cultures despite clear clinical evidence of
infection. One oft-cited reason for this occurrence is the administration of antibiotics in the weeks
prior to obtaining cultures. This article reviews the influence of antibiotics on the diagnosis of PJI.
Specifically, we examine the effect of prophylactic and therapeutic antibiotic administration on the
diagnostic accuracy of microbiological cultures as well as serum and synovial biomarkers. We also
explore the potential of molecular techniques in overcoming these limitations in patients who have
received antibiotics before specimen collection and propose areas for future research.

Keywords: knee arthroplasty; hip arthroplasty; antibiotics; infection; periprosthetic joint infection;
diagnosis; culture; aspiration; molecular; synovial fluid

1. Introduction

Periprosthetic joint infection (PJI) is a rare but devastating complication after total
joint arthroplasty (TJA). The risk of PJI following total knee arthroplasty (TKA) varies
between 0.5% and 2% [1], whereas a slightly lower risk of 1% has been observed for
total hip arthroplasty (THA). Despite the low incidence of this complication, PJI is the
most common indication for revision TKA in the United States [2] and the third most
common indication for revision THA [3]. As the population ages and the demand for
joint arthroplasty continues to grow over the next decade [4], the prevalence of PJI will
invariably increase, posing a substantial economic burden to the healthcare system [5]. It
is therefore imperative that clinicians obtain a timely and accurate diagnosis to avert the
consequences of this disastrous complication.

In addition to a thorough history and physical examination, the diagnosis of PJI
often relies on serological tests and radiographic evaluation [6]. In particular, isolating
the infecting microorganism from cultures of fluid or tissue within the joint remains the
cornerstone for diagnosis and targeted antibiotic therapy, which has been shown to increase
the chances of treatment success [7]. This also provides valuable prognostic information for
patients and guides perioperative counseling [8]. According to the recent definition of PJI
proposed by the European Bone and Joint Infection Society (EBJIS), isolation of the same
pathogen from two separate intraoperative tissue or fluid samples is diagnostic of PJI [9].
However, while multiple clinical guidelines on the appropriate surgical and laboratory
techniques to maximize culture yield have been published [10], an estimated 7–12% of
patients still have negative cultures despite clear clinical evidence of infection, such as a
draining sinus or a high synovial fluid white blood cell (WBC) count [8,11,12]. An oft-cited
reason for this occurrence is the administration of antibiotics in the weeks prior to obtaining
cultures [11], prompting the guidelines of major orthopedic associations to recommend
against this practice until the diagnosis of PJI has been reliably established [13].
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This narrative review discusses the influence of antibiotics on the diagnosis of PJI.
Specifically, we examine the effects of antibiotic administration on the diagnostic accuracy
of microbiological cultures as well as serum and synovial biomarkers. We also explore the
potential of molecular techniques in overcoming these limitations in patients who have
received antibiotics before specimen collection and propose areas for future research.

2. Premature Antimicrobial Administration in Hematogenous PJI

Hematogenous PJI, a subtype of PJI, remains a unique clinical entity as patients
suffering from this complication are often at a higher risk of premature antimicrobial
administration to treat the source of infection, prior to implant revision or even the onset
of symptoms for an infected joint. This type of PJI often manifests in the late postoperative
period after an uneventful course and is usually caused by hematogenous spread from a
distant infectious focus. The incidence of late PJIs (manifesting 2 years post-implantation or
later) is estimated at 0.07% per prosthesis-year [14], and the proportion of hematogenous PJI
is estimated at 20–35% of all PJI episodes [15]. As Staphylocccus aureus is the most common
cause of bacteremia [16] and the majority of patients with S. aureus PJI obtain this infection
via the hematogenous route [17], it is often assumed that most cases of hematogenous
PJI are caused by S. aureus. However, it is important to note that this is an erroneous
presumption, since recent studies have shown that S. aureus is only responsible for 28–41%
of such cases and Streptococcal species are also highly prevalent [15,18]. With regards to the
source of hematogenous PJI, a recent study by Rakow et al. showed that the cardiovascular
system (including native or prosthetic valve endocarditis, implantable device-associated
infections, and central or peripheral catheter-related infections) was the site of primary
infection in 68% of cases [18]. In contrast, Zeller et al. determined that the skin (15%) and
teeth (11%) were the most common portals of entry in hematogenous PJIs [15], although it
remains uncertain whether “skin” infections also encompassed infected intravenous sites,
as was done in historical studies [19]. Notwithstanding, it is important that all physicians
be familiar with the epidemiology, origins, and microbiological features of hematogenous
PJI, as this can guide treatment decisions in regards to whether early administration of
antibiotic therapy is warranted, or whether such treatment may be premature and should
be deferred till after microbiological isolation of the PJI organism is performed. These
decisions have important clinical implications on the diagnosis of PJI and may do more
harm than good in most cases. The influence of antibiotic administration on the accuracy
of various laboratory tests used in the diagnosis of PJI is outlined in the following sections.

3. Antibiotics and Culture Yield
3.1. Therapeutic Antibiotics

The gold standard for the diagnosis of PJI has traditionally been the isolation of an
organism from microbiological cultures obtained intraoperatively. However, this is not
always possible despite clinical evidence confirming the presence of PJI—a phenomenon
commonly referred to as culture-negative periprosthetic joint infections (CN-PJI) [11]. The
prevalence of CN-PJI has been noted to be as high as 40% [12,20,21]. Possible reasons for
negative cultures have been proposed, such as infection by fastidious pathogens, biofilm
encapsulation, uncommon organisms (e.g., fungi or mycobacteria) that do not replicate
on routine culture media, inadequate sampling or transportation, as well as insufficient
resuscitation in the laboratory [10,22]. Nonetheless, the most important cause of failure
to isolate an organism from intraoperative cultures is the administration of antibiotics
before obtaining samples from the infected joint [11,12,23]. Sub-therapeutic or mistargeted
antimicrobial treatment has been shown to induce a viable but non-culturable (VBNC)
physiological state in many pathogens [24–27], rendering the results of these cultures falsely
negative. This cellular state is characterized by low metabolic activity and the absence
of growth on routine bacteriological media [28]. Metabolic activity and culturability can
be restored if the appropriate nutritional stimulation is provided—this process is known
as resuscitation [29]. Unfortunately, antimicrobials that act on growing cells are often
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unable to eradicate VBNC cells, likely because their metabolic activity has decreased
to such an extent that they effectively become resistant to treatment [30]. For instance,
vancomycin was found to be effective against VBNC Enterococcus faecalis cells only when
administered at five hundred times the minimum inhibitory concentration [31]. While most
pathogens are generally unable to cause infection when in a VBNC state, these bacteria
still retain their virulence and can cause infection after being resuscitated [25]. VBNC
microorganisms have been postulated to be the cause of re-infections in patients who
initially experience remission following antimicrobial therapy, as in the case of recurrent
gastric ulceration by Helicobacter pylori or recurrent urinary tract infections by Escherichia coli.
These findings likely account for the phenomenon of CN-PJI, especially in the setting of
prior antibiotic administration. False-negative results not only preclude the selection of
targeted antimicrobial therapy and lead to lower rates of treatment success [32], but also
result in unnecessary anxiety for patients who may challenge the diagnosis of PJI due to an
inability to isolate a pathogen [12]. Furthermore, empirical treatment of CN-PJI usually
entails administering broad-spectrum or multiple antibiotics to cover the most common
microorganisms according to epidemiological surveys, which may be less effective and
increases the risk of adverse reactions or systemic toxicity. Consequently, it is imperative
that extra efforts be made to isolate the infecting organism in all cases of PJI.

Culture-negative infections have been reported in multiple fields in clinical medicine [33–36].
A recent multicenter, single-group, diagnostic study of 325 patients with severe sepsis
reported a significant difference in the proportion of positive blood cultures in patients who
had specimens taken pre- (31.4%) and post-antimicrobial (19.4%) administration, indicating
that the initiation of empirical therapy reduced the sensitivity of blood cultures [35].
In addition to its implications on culture yield, septic patients who have cultures after
initiation of antimicrobials may also have longer intensive care unit (ICU) and hospital stays,
as well as greater mortality risk [34]. Current evidence in orthopedic surgery also cautions
against the use of antibiotics in the period leading up to revision arthroplasty [11,23,37,38].
Trampuz et al. demonstrated that any administration of antibiotics in the two weeks
before obtaining intraarticular cultures adversely influenced the sensitivity of cultures
and was associated with a higher false negative rate (55% vs. 23%) [37]. In another case-
control study of 60 patients, Berbari et al. found that 53% of patients who had CN-PJI
received antimicrobial therapy within three months before the diagnosis and 23% received
the antimicrobial agent up to the time samples were taken from the infected joint [11].
Similarly, Malekzadeh et al. found that patients with CN-PJI were four times more likely to
have received antimicrobial therapy in the preceding three months before diagnosis [23].
In the same vein, Shahi et al. reported that patients with antibiotic use before aspiration
had a higher rate of CN-PJI compared to those without any antibiotic history [38]. Given
these considerations, clinical practice guidelines have recommended against preemptive
treatment before a thorough evaluation for PJI, advising clinicians to withhold antibiotic
therapy for at least two weeks before intraoperative specimen collection to improve culture
yield [13]. For the same reason, the Infectious Diseases Society of America (IDSA) clinical
practice guidelines further recommend against antibiotic therapy for at least two weeks
before joint aspiration to increase the chances of isolating the causative organism [39].
Based on the available literature, the general consensus is to discontinue antibiotic therapy
for a minimum of two weeks prior to surgical intervention or culture. However, whether
these recommendations can be applied uniformly to all suspected cases of PJI remains
unknown. In particular, several authors have proposed that an even longer period without
antimicrobial exposure may be required to culture certain fastidious organisms [37,40,41].
Future research is needed to refine the present guidelines with regards to the effect of
different antimicrobial agents on the culture yield of differing organisms, as well as to define
the optimal antibiotic-free period before obtaining samples in patients with suspected PJI.
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3.2. Prophylactic Antibiotics

It is important to make a distinction between therapeutic antibiotics (which often re-
quires a prolonged course of treatment) and prophylactic antibiotics (which often comprises
a single dose administered perioperatively [42]). While the abovementioned studies have
demonstrated that antibiotic administration prior to identifying the causative pathogen
increases the risk of false-negative cultures [23], the need to withhold pre-incision prophy-
lactic antibiotics remains a controversial issue in orthopedic surgery [43–47]. Prophylactic
antibiotics were traditionally believed to interfere with culture yields from intraopera-
tive samples, leading some investigators to advocate against their use in the context of
revision arthroplasty for suspected PJI [40,48]. Although this practice appears logical,
withholding prophylactic antibiotics may increase the risk of surgical site infection or
systemic dissemination perioperatively. Moreover, recent evidence has largely refuted
this belief [43–47]. Two randomized controlled trials also demonstrated identical rates of
positive intraoperative cultures [43] and concordant cultures [44] in patients who did or
did not receive prophylactic antibiotics before incision. Utilizing intraoperative controls,
Bedencic et al. obtained samples from the same surgical site before and after cefazolin
infusion and found no difference in the mean number of colony-forming units (CFU) per
gram of tissue between the two sets of cultures. Importantly, the tissue concentrations
of cefazolin were all higher than the minimum inhibitory concentration at the time of
obtaining the second sample [45]. More recently, a large cohort study of 425 revision TKAs
reported no difference in the number of positive cultures between non-prophylaxis and
prophylaxis groups (26% vs. 27%) [47], and the species of bacteria cultured were also
similar. Furthermore, as a trend toward a higher rate of PJI in the early postoperative
period was found in the group who did not receive antibiotic prophylaxis (6.4% vs. 1.6%),
the authors cautioned against withholding prophylactic antibiotics for patients undergoing
aseptic revision arthroplasty. Given the large body of evidence suggesting that the practice
of withholding prophylactic antibiotics to maximize culture yield may not be as critical as
previously thought, the 2018 International Consensus Meeting (ICM) recommended that
perioperative antibiotic administration for revision TJA should not be routinely withheld,
but should instead be guided by the degree of clinical suspicion for PJI and whether or not
a causative organism has been isolated before surgery [10].

4. Antibiotics and Biomarkers

Serum and synovial biomarkers are useful adjuncts in the diagnosis of PJI [6], es-
pecially in the absence of major criteria such as a communicating sinus tract or two pos-
itive cultures [49]. Biomarkers are measurable biological substances that are part of a
physiological or pathological pathways or the pharmacological response to therapeutic
interventions [50]. As with its impact on culture yield, antibiotic administration prior to ob-
taining blood or synovial fluid samples may also adversely affect the accuracy of common
biomarkers used to support the diagnosis of PJI. Shahi et al. found that a higher percentage
of biomarker values were below the Musculoskeletal Infection Society (MSIS)-determined
threshold for erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), and syn-
ovial polymorphonuclear cell percentage (PMN%) in patients who received antibiotics
compared to patients who did not, indicating a higher rate of false-negatives [38], and
median biomarker values were also lower in the group with antibiotic use. Two possible
mechanisms may account for these findings. Firstly, antibiotics have been shown to display
anti-inflammatory properties by inhibiting interleukin (IL)-1 and tumor necrosis factor
(TNF) production [51], and these effects may be more pronounced in certain classes of
antibiotics including macrolides and quinolones [52,53]. Secondly, antibiotics may decrease
the inflammatory response indirectly by decreasing bacterial load and macrophage activa-
tion. This leads to an attenuation of the cytokine cascade, reduction in IL-1, TNF, and IL-6,
and decrease in inflammatory markers such as ESR and CRP [54]. As synovial fluid cell
counts and differentials fluctuate according to serum levels [55,56], this will concomitantly
cause a decline in synovial biomarkers. These mechanisms support the claim that antibi-
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otics administration in patients with suspected PJI affects the values of common serologic
and synovial biomarkers used in diagnostic criteria. Future research could be directed at
establishing new cutoffs for PJI diagnosis in patients who inadvertently receive antibiotics
before a diagnostic workup.

Newer serum and synovial fluid biomarkers play an integral role in the diagnosis of PJI
and have been incorporated into recent guidelines as minor diagnostic criteria [49]. Serum
IL-6 has been established as a valuable inflammatory marker in association with sepsis,
trauma, and major surgery. Given that IL-6 lies upstream of traditional biomarkers in the
inflammatory cascade, it is postulated to be a more rapid and sensitive blood test for the
detection of PJI [57]. Berbari et al. found that IL-6 had the highest accuracy in diagnosing
PJI when compared to ESR and CRP [58]. A growing interest in the use of IL-6 has led to
its incorporation into the latest clinical practice guidelines [13]. Notwithstanding, current
barriers to its use include the relatively high cost and technical skills required to run the
analysis. As serum IL-6 assays become more widely available for clinical use, this biomarker
could be used in combination with other routine markers like CRP, further enhancing their
diagnostic yield as shown in previous studies [59]. Synovial fluid biomarkers with a high
specificity for PJI include leukocyte esterase and human alpha-defensin. Leukocyte esterase
is an enzyme secreted by activated neutrophils following their migration to the site of
infection. Its use has gained recognition in the diagnosis of urological infections, and
more recently, PJI [60]. Leukocyte esterase tests are readily available, point-of-care tests
requiring the application of infected joint fluid onto colorimetric strips. Detection of the
enzyme is then reflected as a color change on the test strip [60]. Despite its utility, one
major limitation is that the contamination of fluid samples with blood can interfere with the
colorimetric changes of the test strip [61], although this may be overcome by centrifuging
samples prior to application. Tischler et al. showed that leukocyte esterase testing had a
high specificity and moderate sensitivity in the diagnosis of PJI [61], while Wetters et al.
reported a sensitivity of 92.9–100%, and specificity of 77.0–88.8% [62]. Alpha defensin is
another synovial fluid biomarker with high accuracy when used in the diagnostic workup
for PJI [63]. Defensins are antimicrobial peptides that act on most Gram positive and
negative bacteria, fungi, and enveloped viruses [64]. They are commonly secreted by
neutrophils as well as certain macrophage cell lines, and their synthesis is induced by
pro-inflammatory cytokines or microbiological products. While their precise antimicrobial
mechanism has yet to be fully elucidated, alpha-defensins are generally believed to cause a
disruption in pathogen membrane integrity, resulting in cell lysis [64,65]. Previous studies
have demonstrated the utility of alpha-defensin as a diagnostic tool for PJI [66]. Of note,
alpha-defensin provides consistent accuracy irrespective of the infecting organism species
or virulence [63], with studies reporting a sensitivity and specificity of over 95% for the
diagnosis of PJI [66–68]. Bingham et al. even suggested that the diagnostic accuracy of
synovial fluid alpha-defensin assays exceeded that of other available tests [66]. These
encouraging results ultimately led to its incorporation into previous diagnostic criteria
for PJI [49].

Interestingly, the effect of preoperative antibiotic administration on the sensitivity
of more recent biomarkers like alpha defensin and leukocyte esterase has been found to
be negligible. Deirmengian et al. analyzed the results from a single institution and did
not find any effect of pre-aspiration antibiotic administration on alpha-defensin levels or
sensitivity [68]. These findings were corroborated by Shahi et al. in a multicenter study of
106 PJIs, who reported that the 30 cases treated with antibiotics before diagnostic workup
had a similar median alpha-defensin level compared to the 76 untreated cases, suggesting
that alpha-defensin was more sensitive than ESR, CRP, fluid PMN%, and fluid culture
when screening for PJI in the setting of antibiotic use [69]. In another study, the same
authors found that the administration of antibiotics resulted in a decrease in the median
values and diagnostic sensitivity of the aforementioned biomarkers (serum ESR, CRP,
synovial WBC, and PMN%), but this was not observed for leukocyte esterase [70]. In
addition to the practical benefits of being point-of-care tests with immediate results, these
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findings demonstrate that synovial fluid alpha-defensin assays and leukocyte esterase
strip tests maintain their diagnostic accuracy even in the unfortunate but not uncommon
circumstance wherein antibiotics have been administered prematurely, unlike serum ESR
and CRP as well as synovial fluid WBC count and PMN%. For cases in which antibiotics
have been administered prior to diagnostic workup, current evidence suggests that synovial
alpha-defensin assays and leukocyte esterase strip tests may be used as reliable tools to
support or reject the diagnosis of PJI in conjunction with the clinical presentation and other
diagnostic criteria.

5. Current Solutions: Sonication of Implants

It is possible that newer techniques for microbiological identification such as sonication
fluid cultures could prove to be useful in these circumstances. Current evidence suggests
that low-intensity sonication of explanted prostheses is an effective means to disrupt biofilm
on the prosthetic surface to increase the sensitivity of microbiological isolation compared
to traditional sampling of synovial fluid or periprosthetic tissues [37,71,72]. Sonication
may also improve culture yield by dislodging sessile organisms on explanted prosthe-
ses [73]. Cultures of sonication fluid have demonstrated an improved sensitivity (78–97%)
in microorganism identification without compromising specificity (81–99%) [37,74–76].
In a key study by Trampuz et al., the authors found a sensitivity of 79% for sonication
fluid cultures, which was significantly greater than that of tissue cultures (61%) [37]. More
importantly, these findings persisted even in the presence of antimicrobial therapy within
14 days prior to surgery (75% vs. 45%). The superior diagnostic accuracy of sonication fluid
for microorganism identification was confirmed in a recent meta-analysis of 12 studies,
which reported a pooled sensitivity and specificity of 80% (95% CI, 0.74 to 0.84) and 95%
(95% CI, 0.90 to 0.98), respectively [77]. Despite these promising results, some authors
have suggested that the accuracy of sonication fluid cultures may vary based on the son-
ication technique used [78] as well as timing of PJI [79]. False-positive results have also
been observed and attributed to contamination during the sonication process [80]. To
overcome this limitation, most authors have recommended a diagnostic threshold of at
least five colony-forming units (CFUs) for sonication fluid cultures [37,76,77]. In view of
the overwhelming evidence demonstrating improved pathogen isolation with the use of
sonication fluid cultures relative to traditional synovial fluid or tissue cultures, sonication
of explanted prostheses for microbiological identification could be particularly useful in
the context of premature antibiotic administration wherein the risk of CN-PJI is far greater.

6. Future Solutions: Molecular Testing

The reliance on culture as the gold standard for diagnosis has led to the conundrum of
CN-PJI. Molecular techniques to detect bacterial DNA present a unique opportunity to im-
prove the accuracy of diagnosis for PJI, particularly in the setting of negative cultures [12].
Multiplex polymerase chain reaction (PCR)-based assays allow the detection of common
microorganisms and their resistance genes, improving sensitivity and reducing the time
to diagnosis compared with traditional cultures [81,82]. However, the requirement for
specific primers often results in the failure to detect atypical or less common pathogens as
well as resistance mechanisms [83]. Another molecular technique currently available is 16S
rRNA gene sequencing [81]. Unlike PCR-based assays, this method allows the detection
of a wider variety of bacterial species, prompting some authors to suggest that 16S rRNA
sequencing may have a higher sensitivity compared to bacterial cultures and PCR-based
techniques [81,84,85]. Primers used in this technique are specific for highly conserved
sequences that are found in almost all bacteria, as well as variable regions in between
them, thereby allowing the identification of a broad range of bacteria. However, major
limitations of this method include the inability to detect antimicrobial resistance genes and
polymicrobial infections, which can only be determined using high-throughput sequencing
methods rather than traditional capillary-based ones. More recently, metagenomic next
generation sequencing (mNGS) has been developed to overcome the shortcomings of
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previous molecular tests. This high-throughput sequencing technique enables the detection
of complete bacterial genomes, including unculturable, unsuspected, and non-viable organ-
isms in the sample [86–89]. Resistance genes can also be simultaneously detected using this
technique [88]. Direct sequencing of specimens improves the diagnostic yield compared to
traditional cultures [87], as recent studies have shown that mNGS was able to detect new
organisms in 16–44% of CN-PJI cases and 4–67% of culture-positive cases [86–89].

More importantly, current evidence suggests that molecular methods for pathogen
identification are unaffected by prior antibiotic administration. Fang et al. studied 8 pa-
tients who had antibiotic treatment prior to the diagnosis of CN-PJI and found that 3 of
8 had positive rRNA-PCR and 6 of 8 had positive DNA-PCR [90]. In another study of
144 patients with PJI, Cazanave et al. reported that 69.7% of patients receiving antimi-
crobial therapy within 14 days of surgery had bacteria isolated on tissue and sonicate
fluid cultures, whereas 87.9% of patients had bacteria detected from sonicate fluid using
PCR [83]. Similarly, a higher proportion of patients on antibiotic treatment within 28 days
of surgery had a positive PCR compared to those who had a positive sonicate fluid or tissue
culture. These findings led the authors to conclude that PCR assays were less affected by
antibiotic administration compared to traditional cultures, highlighting the persistence of
microbial DNA in synovial fluid and tissue specimens following a prolonged course of
antimicrobial treatment [91]. Overall, molecular techniques show considerable promise for
diagnosing PJI in patients who inadvertently received antibiotics before the collection of
intraoperative samples, overcoming the limitations of traditional cultures. Another area
that these newer techniques can be applied to is the management of patients undergoing
two-stage exchange arthroplasty. The first stage of this procedure involves the resection
of all components, aggressive debridement, and insertion of an antibiotic-loaded cement
spacer. This is followed by an interim stage of prolonged antibiotic administration that
is guided by the susceptibility of pathogen(s) isolated from intraoperative cultures. The
second and final stage involves the removal of the spacer, repeat debridement, and implan-
tation of new prostheses. As it is often difficult to ascertain whether infection has been
eradicated following a course of four to six weeks of systemic antibiotics in the interim
stage, current practice often involves rechecking inflammatory markers such as ESR and
CRP, although this has been shown to correlate poorly with the likelihood of residual
infection at the time of reimplantation [92–94]. Alternatively, synovial fluid cultures may
be taken after an “antibiotic holiday” of two weeks to improve diagnostic yield, prior to
new prosthesis implantation. In such cases, molecular testing not only circumvents the
need for an “antibiotic holiday”, but also provides rapidly available, more sensitive diag-
nostic information that can guide clinical decisions such as the appropriateness and timing
of reimplantation [95]. The utility of molecular methods may also extend to patients on
chronic suppressive antibiotic therapy, providing a reliable method for monitoring bacterial
load as well as the development of antimicrobial resistance. However, it is important to
note that while the ability to detect bacterial DNA even after cell death from antimicrobial
therapy may seem advantageous in these situations, this is in fact a double-edged sword
as these techniques cannot differentiate between active versus eradicated infections [91],
and previous studies have demonstrated that DNA can also be isolated from non-viable
bacteria in sterile joints, especially in cases of inflammatory arthritis [96]. Consequently, the
importance of clinical correlation and adjunctive tests to support the diagnosis of PJI cannot
be further emphasized [49]. Currently, high costs and complex laboratory workflows are
the main obstacles hindering the adoption of molecular testing. As these methods become
more cost-efficient over time, their speed of detection as well as improved sensitivity in
the setting of prior antibiotic administration compared to traditional cultures will allow
clinicians to initiate targeted antimicrobial therapy at an earlier time, potentially improving
the treatment outcomes for PJI in the future.
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7. Conclusions

No single test can confirm the diagnosis of PJI, hence current diagnostic criteria are
based on both clinical as well as laboratory findings [49]. Despite recent guidelines, it is
not uncommon to encounter patients with suspected PJI who have already been prescribed
antimicrobial therapy by their primary provider. This confounds the diagnostic picture
as it interferes with the identification of the causative organism on routine cultures and
affects the accuracy of commonly used biomarkers, resulting in confusion for patients and
clinicians regarding the diagnosis as well as the inability to administer culture-directed
antimicrobials that could increase the chance of infection eradication. Based on current
literature, it is the recommendation of the authors that pre-incision prophylactic antibiotics
should not be withheld for cases of suspected PJI, but therapeutic antibiotics for the
treatment of the infected joint or any concurrent infection (e.g., urinary tract infection)
should be withheld for at least two weeks prior to the collection of intraoperative cultures
for otherwise medically-stable patients, since the early initiation of antimicrobial therapy
is unlikely to be associated with improved chances of treatment success. Exceptions to
this rule include patients in whom the causative organism has been reliably identified
prior to surgical treatment (e.g., on preoperative joint aspiration). Another exception
pertains to a patient with suspected PJI due to bacteremia from another source (e.g.,
bacterial endocarditis). Such cases should be managed according to clinical judgement—as
the need to treat the cardiac source of infection takes precedence, the patient should be
promptly started on intravenous antibiotics. However, if the patient is medically stable,
blood cultures should be taken prior to antibiotics, as this would not only guide antibiotic
selection when treating the cardiac source, but also possibly isolate the causative organism
for the infected joint. Similarly, for unstable patients in whom the infected joint has been
determined to be the source of sepsis, early collection of cultures (e.g., joint aspiration
and/or blood cultures) and initiation of antibiotic therapy should be prioritized. In the
event that a patient inadvertently received antibiotics prior to the collection of cultures,
newer molecular techniques could be used to identify the infecting organism, especially
in culture-negative cases, since their diagnostic accuracy is maintained even in patients
who receive antimicrobials prematurely. It is possible that once these highly sensitive
molecular methods gain widespread adoption, clinicians will be prompted to question the
necessity of withholding antibiotics until intraoperative sampling is performed. Until then,
it is imperative that primary care and emergency providers recognize the implications of
premature antibiotic administration as outlined in this article, as this can render an already
challenging orthopedic complication even more difficult to manage and increase morbidity
risk for the patient.
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